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Foreword 

This publication, Environmental Toxicology and Risk Assessment: BioMarkers and Risk 
Assessment--Fifth Volume, contains papers present at the symposium of the same name, 
held on 3-5 April 1995 in Denver, Colorado. The symposium was sponsored by ASTM 
Committees E-47 on Biological Effects. David A. Bengtson of the University of Rhode 
Island in Kingston, RI and Diane S. Henshel of Indiana University in Bloomington, IN 
presided as symposium chairpersons and are editors of the resulting publication. 
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Overview 

This volume includes papers presented at the ASTM Fifth Symposium on Environmen- 
tal Toxicology and Risk Assessment, held in April 1995, in Denver, Colorado and sponsored 
by ASTM Committee E-47 on Biological Effects and Environmental Fate. The theme of the 
Symposium was Biomarkers and Risk Assessment. From the total of more than 100 oral and 
poster presentations at the Symposium, this volume represents a select few for which 
manuscripts were submitted and subjected to a rigorous peer-review process. As with the 
previous four ASTM Symposia on Environmental Toxicology and Risk Assessment, presen- 
tations at the meeting included a mixture of theme-session and non-theme contributions. The 
contributions to this volume are similarly divided between papers on the biomarker theme 
and those on general environmental toxicology and risk assessment. 

The goals of the plenary session and the several biomarker-focused sessions throughout 
the Symposium were both to explore the usefulness of established biomarkers and to 
identify new biomarkers that are under development. A critical question is "How might 
biomarkers be useful in the future in the environmental and risk assessment processes?" 

What is a biomarker? As defined by ASTM, a biomarker is 'a biological measure (within 
organisms) of exposure to, effects of, or susceptibility to environmental stress using molecu- 
lar, genetic, biochemical, histological or physiological techniques." Thus, biomarkers are 
generally sublethal changes. Ideally, they should be consistently quantifiable (that is, the 
measured results should be readily replicable). The quantifiability of different biomarker 
techniques varies. Histopathological markers tend to be more qualitative, whereas biochemi- 
cal and physiological markers tend to be very quantitative. Biomarkers are being developed 
at several levels of biological organization. Those at higher levels (anatomical or physiologi- 
cal) are presumed to integrate changes occurring at lower levels of organization (molecular 
or cellular). One of the most important challenges of biomarkers research is to understand 
the mechanisms of change at a given level and to then understand whether and how those 
changes are integrated at the next higher level. 

Why use biomarkers in environmental and risk assessments? Classical endpoints used for 
risk assessment, for example, mortality or tumor induction, are either too severe or take too 
long to develop. Using death as the endpoint to establish safe levels of exposure leaves very 
little margin for the variation in sensitivity between individuals in a species or between 
species. We now estimate safe levels based on some safe or acceptable exposure level, a no- 
effect level or an effective dose for 10% of the population (ED 10), integrating uncertainty 
and judgment factors into the equation. If our margin of safety is wrong for some untested 
population, we have allowed the possibility of a lethal effect in some percentage of a 
particularly sensitive population. If, on the other hand, safe levels are established based on 
more subtle, sublethal endpoints, such as biomarkers, behavior, or other biological indica- 
tors, then even super-sensitive populations will be better protected from such severe effects 
as increased mortality. In addition, toxicity testing for exposure and effects should be as 
cost-effective and time-efficient as possible, because many chemicals and sites must be 
tested with limited funding. Standard testing for cancer (tumorigenesis) is very costly 
because it requires a large number of animals to be maintained under test conditions for a 
large portion of their lifespan. Many short-term, biomarker-based mutagenicity tests have 
been developed and more are in development. Each such test has its limitations and 
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X OVERVIEW 

appropriate uses, but a battery of such tests can be used to screen chemicals that require 
further testing as potential mutagens or carcinogens to target animal species. Another 
example of the potential uses of biomarkers is in the relatively new field of endocrine 
disruption. Until recently, chemicals that disrupt the endocrine system were only identified 
during testing for reproductive effects, which is also a costly endeavor in terms of time and 
money. More rapid and less costly screening techniques have recently been developed to 
assess the potential for chemicals to affect the endocrine system. It is becoming clear that 
some chemicals disrupt parts of the endocrine system beyond those involved in reproduc- 
tion. Biomarker-based assays are facilitating the search for other endocrine-disrupting ef- 
fects of environmental compounds (natural and anthropogenic). In the long term, there will 
be a need for molecular-level biomarkers that allow determination of "effect" and "no 
effect" levels for chemicals that will be protective of even sensitive populations. 

The three invited speakers in the plenary session, Drs. John Stegeman, John McLachlan 
and Steven Bartell, discussed biomarkers and their use in the environmental and risk 
assessment process. Dr. Stegeman discussed many types of biomarkers, especially some of 
the more well-established biochemical and molecular markers now in use. He pointed out 
that each marker (measurement) has its own unique utility and pitfalls. Each measurement 
has a different time course, a different sensitivity and something separate to contribute to 
our understanding of a process, such that maximum information about an exposure is gained 
when several measurements are made in concert. Several factors must be considered when 
developing biomarker-based assays, such as the relative species and chemical specificities of 
the endpoints being measured; these specificites can often be determined empirically. 
Understanding the mechanisms controlling the interaction of the chemical with the mea- 
sured endpoint helps to identify the potential functional significance of changes in that 
endpoint. Further understanding mechanisms under different physiological conditions (in- 
cluding such natural influences as daily or seasonal homeostatic fluctuations) improves our 
ability to interpret a given biomarker endpoint. Dr. Stegeman further pointed out that one 
needs to understand the causes of both increases and decreases in the signal that one 
measures in order to adequately interpret the measurements. Once the measurements are 
made, their biological implications for the animal must be understood. The effects measured 
must be interpreted within the context of the animal or species to respond. Determination of 
linkages between the measured biomarker effects and biologically significant effects at the 
organismal and population levels represent a research challenge for the future. 

The second plenary speaker, Dr. McLachlan, addressed the need for standardization in 
biomarker-based assays. Given the important role that standardization generally plays in 
research, and the fact that we have no real standards as yet in the biomarker arena, it is time 
to focus on the devlopment of standards. Biomarker assays are based on perturbations in the 
normal homeostatic mechanisms of the body and are useful specifically because there are 
interactions between chemicals and cells and chemicals in cells, between cells in tissues, 
between tissues in organs, between organs in organisms, between organisms in populations, 
and between populations in communities. Effects or perturbations detected at one level of 
organization can have and do have effects at other levels of organization. When we 
understand these interactions, we can better interpret the relevance of perturbations in 
biomarker assays to the system as a whole. Dr. McLachlan pointed out that, during the last 
20 years, there has been considerable research on, and production of standards for, the 
interaction of the environmental agents with genetic material leading to disease and dysfunc- 
tion. We know a lot about, and have tests to measure, interactions of chemicals with our 
genome. We have many assays to look at mutation frequnecy and to try to correlate it with a 
variety of dysfunctions, especially cancer. Dr. McLachlan identified a currently emerging 
area of research as the study of environmental agents working through signaling molecules, Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
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not only membrane-related proteins but the whole array of gene regulation, gene expression 
and signals that enter the cell and result in a variety of adverse effects. He predicted that this 
would present a greater challenge both in terms of research and standards development than 
did the previous genetic research because the genetic research had "archival" material in 
the structure of DNA. The signaling research will be hampered by the differences in time 
scales over which the signaling events may occur and by the transient nature of the signals, 
such that they may not be detectable at the time the dysfunction is expressed. The new 
challenge presented by this research over the next 20 years will require as much ingenuity as 
has been applied to understanding the interactions of environmental agents with the genome 
over the last 20 years. The issue of environmental estrogens is one example of signaling 
mechanisms and their possible use in biomarker assays. Environmental estrogens are estro- 
gen mimics and can be considered a metaphor for molecules in the environment that mimic 
our internal signaling molecules. These environmental mimics work at the interface between 
the internal and external environment. Environmental estrogens will be increasingly impor- 
tant as metaphors for understanding signaling changes in a variety of systems and we need 
to know more about them and the biological systems they affect. 

The third plenary speaker, Dr. Bartell, discussed how the development of biomarkers, 
which have allowed us to characterize exposure and effects for some metals, organics and 
pesticides, could help us improve the ecological risk assessment process. Ecological risk 
assessment recognizes and attempts to identify, quantify and propagate all of the uncertain- 
ties inherent in the analysis and to express the results of the assessment as a probabilistic 
term based on those uncertainities. Dr. Bartell pointed out that biomarkers could help us 
with both exposure assessment and response with regard to the dose-response components 
of the ecological risk estimation. Biomarkers can indicate exposure to, or effects of, an 
environmental agent, but they cannot by themselves indicate what changes have been 
imposed upon the ecosystem as a whole. However, if we could develop relationships 
between intensities of different biomarkers and survivorship or reproduction probabilities, 
we could extrapolate from the biochemical level up to the population level. By understand- 
ing the linkages between cellular, organismal, and population levels, we could use 
biornarker results to predict probabilities at the higher levels of organization. The process of 
researching and understanding these linkages would very likely enable us to better under- 
stand the complexity of ecosystems generally. Thus, biomarkers might provide a catalyst for 
a more general understanding of the relationships between different levels of biological 
organization through the analysis of the propagation of perturbations through systems. Dr. 
Bartell concluded his remarks with the opinion that there is no inherent reason why we 
could not ultimately make intelligent decisions on regulation of contaminants directly from 
biomarkers, because we don't necessarily have to focus on population, community, or 
ecosystem level impacts. If the scientific basis is available, we could decide to use 
biomarkers as valid endpoints for decision making. Some biomarkers may be most useful in 
ecological risk assessment in the context of evaluation of sites with multiple contaminants. 
If biomarkers could be used to conduct an initial screening to help narrow the scope of the 
problem, so that attention could be focused on the contaminants posing the greatest risk, that 
could be a very beneficial use of biomarkers in risk assessment, in Dr. Bartell's opinion. 

The biomarkers section of this volume includes papers on a variety of biomarker re- 
sponses, including molecular, cellular, genetic, developmental and neurotoxicological, mea- 
sured in a variety of organisms from bacteria to humans. Some of these biomarkers are well 
established and have been tested in a number of species. Others are still being developed. 
The first two papers (Palmer & Selcer and Denslow et al.) address the use of vitellogenin as 
a biomarker for environmental estrogens and therefore contribute to the growing body of 
knowledge on the effects of endocrine disrupting chemicals and potential biological indica- Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
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tot's that may be used to assess exposure to these chemicals. Vitellogenin appears to be one 
such biomarker that will be useful across a variety of submammalian species. The next 
paper (Hewitt et al.) discusses findings that might also be related to reproductive problems 
in fish. Anderson et al. and Melancon describe the usefulness of  assessing the induction of  
specific cytochromes P450 as biomarkers of exposure to specific classes of chemicals, 
including many PAil 's ,  as well as laterally substituted chlorinated dioxins and PCB's. The 
reporter gene system described by Anderson et al. is currently under consideration for 
inclusion as an ASTM standard. A series of  three papers (Lucas & Straume, Law et al., and 
Donnelly et al.) on genotoxicity follows, describing biomarkers that are being developed as 
indicators of  exposure and effects and providing evidence of genetic damage due to both 
chemical agents and radiation. This section on cellular- and molecular-level biomarkers 
closes with a set of papers on smoke exposure in humans (Rees et al.), aromatic hydrocar- 
bon toxicity in plants (Gensemer et al.), identification of proteins (Bradley et al.) and toxic 
effects in cladocerans (Fort et al.). The Gensemer et al. paper is noteworthy in its correlation 
of  the biomarker endpoint with a populadon-level effect. Fort et al. demonstrate that subtle 
changes in membrane potential are clearly biomarkers of  functional effect at the cellular 
level. The next set of  three papers (Fort and Stover, Dickerson et al. and Henshel) explore 
embryological development as an integrator of cellular-level effects of  toxicants on orga- 
nisms. Embryonic development is a very sensitive life stage and there are relatively few 
well-established biomarkers to assess adverse developmental effects. The FETAX assay, 
which is extended in the paper by Fort and Stover, is one of the better-tested biomarkers of 
effects on embryonic development in field situations. The early embryo assay, discussed in 
the papers by Dickerson et al. and Henshel, is now being developed for future use in field 
assessments. Finally, the last two papers in the Biomarkers section (Henshel et al. and Fells 
et al.) examine potential biomarkers of neurotoxicity in birds and mammals. Henshel et al. 
provide information on a biomarker for developmental neurotoxic effects, for which there is 
a paucity of  biomarker assays at present. The papers by Fells et al. and Henshel discuss the 
critical question of the use of appropriate animal models in the devlopment of  biomarkers; 
use of  an appropriate model may determine whether the biologically relevant effect (retinal 
degeneration induced by methanol exposure in the case of  Fells et al.) will be observed or 
not. The question is important when one tries to mimic effects seen in a particular species, 
for example, humans, because biochemical differences among species have been well 
documented. The Fells et al. paper especially emphasizes the importance of  understanding 
the mechanism underlying the change measured as an effect. 

The papers presented in this section thus represent an up-to-date, broad survey of the 
several classes of biomarkers that are currently being studied and the several classes of  
vertebrates and invertebrates in which these methods can be evaluated. 

The second section of this volume contains papers from the Symposium that do not 
include biomarkers among the techniques used. The first two papers are in the field of 
aquatic toxicology. Lussier et al. provide information that can be used to improve an 
existing ASTM standard on life-cycle tests with saltwater mysids. Lytle and Lytle then 
present results from toxicity tests with a salt marsh macrophyte, which represents a group of 
organisms relatively little tested in comparison to their importance in the environment. The 
next two papers (Pinza et al. and McCauley et al.) deal with problems (ammonia in 
sediments and porewater extraction, respectively) that have vexed sediment toxicologists for 
years. The three papers on beahvior (Lipton et al., Nepomnyashchikh et al. and Misra et al.), 
each of  which is interesting in its own right, provide a useful reminder of the connection of 
biomarker parameters to higher levels of biological factors, such that behavioral changes can 
be used as an indicator of functional effect; both behavior and biomarkers are most useful 
when they yield information about sublethal effects of toxicants. Indeed, behavior-based Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
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assays are being developed for use in toxicity assessments for application to risk assessment. 
Harrass and Klemm and Hall provide excellent reviews and valuable advice on quality 
assurance and toxicity identification, respectively, in the context of laboratory toxicity 
testing. Peterson and Knowlton then describe a computer-based risk assessment system and 
Mahoney et al. discuss the difficulties for risk assessors when dealing with different forms 
of chromium in the environment. Finally, papers by Hsu and Yeung and Li and Yeung 
provide a mathematical model and a new method of data interpretation, respectively, for 
engineering problems associated with volatile organic compounds (VOC), although these 
papers may have more general relevance to those outside the VOC field as well. The papers 
in this second section thus provide a potpourri of interesting and valuable information 
ranging over the broad spectrum of the field of environmental toxicology and risk assess- 
ment. 

We wish to thank both the authors and reviewers of the papers for their considerable 
efforts, the editorial staff of ASTM (especially Shannon Wainwright) for their constant help, 
and Kenneth St. John of the ASTM Committee on Publications for continually pushing us to 
meet deadlines. 

Diane S. Henshel 
Indiana University, School of Pubfic and Environmental Affairs, 

Bloomington, IN 47405; Symposium Chairperson and Editor. 

David A. Bengtson 
University of Rhode Island, Department of Biological Sciences, 

Kingston, RI 02881; Symposium Chairperson and Editor. 
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Brent D. Palmer I and Kyle W. Selcer 2 

V I T E L L O G E N I N  AS A B I O M A R K E R  FOR XENOBIOTIC ESTROGENS:  
A REVIEW 

REFERENCE: Palmer, B. D. and Selcer, K. W., "Vitellogenin as a Biomarker for 
Xenobiotic Estrogens: A Review," Environmental Toxicology and Risk Assessment: 
Biomarkers and Risk Assessment--Fifth Volume, ASTM STP 1306, David A. Bengtson and 
Diane S. Henshel, Eds., American Society for Testing and Materials, 1996. 

ABSTRACT: A number of chemical pollutants have physiological effects mimicking 
those of estrogen. These xenobiotic estrogens pose an insidious risk to wildlife and 
humans by disrupting reproductive and developmental processes, thereby impairing both 
the exposed individuals and their offspring. Xenobiotic estrogens are impacting both 
wildlife and human health, thus it is important to screen chemicals for estrogenic 
potential, and to monitor environmental levels of estrogenic pollutants. Although most 
known xenobiotic estrogens show little structural similarity, they do produce predictable 
physiological responses. This allows the use of functional estrogenicity assays 
employing specific biomarkers of estrogen action, such as vitellogenin. Vitellogenin is 
an egg-yolk precursor protein produced by the liver in response to estrogens and estrogen 
agonists. Vitellogenin is normally found only in the serum of adult female oviparous 
vertebrates, but it can be induced in males and immature females by estrogen. 
Vitellogenin induction bioassays can be used to screen chemicals for estrogenic and 
antiestrogenic activity, to test water for the presence of xenobiotic estrogens, and to 
screen wildlife populations for exposure to environmental estrogens. 

KEYWORDS: Vitellogenin, biomarker, xenobiotic, estrogen 
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4 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

XENOBIOTIC ESTROGENS 

The insidious effects of some environmental contaminants are mediated by their 
ability to mimic natural hormones in the body. One of the best known and most 
widespread of these endocrine disrupters are those that mimic the steroid hormone 
estrogen. Some of these pollutants were designed to be estrogenic and are present in the 
environment as a result of their widespread use. For example, quantities of oral 
contraceptives are released via the urine into community waste water systems (Rail and 
McLachlan 1980). The artificial estrogen diethylstilbestrol (DES) was taken by 
approximately 5 million pregnant women worldwide from 1941-1971. DES also was 
released extensively in the United States when it was used for increasing weight gain in 
livestock (Knight 1980). However, most environmental estrogens were not designed to 
have endocrine functions and are inadvertently estrogenic. These agents, often termed 
xenobiotic estrogens, include pesticides and many common industrial chemicals (Table 
1). Xenobiotic estrogens are important because they have been implicated in the 
disruption of reproductive and developmental processes in both wildlife and humans. 
Particularly, levels of estrogenic compounds that do not induce cancer may have 
enormous impact on reproductive and developmental systems. This indicates that levels 
that have been considered "safe" based on cancer studies may actually cause serious 
health effects. Compounding this is the fact that many xenobiotics, since they are 
organic, biomagnify in the food web, bioaccumulate in fatty tissues, and are additive in 
their effects (Soto et al. 1996). 

Xenobiotic estrogens have been found to adversely affect reproduction and 
development of a wide variety of species. Many Xenobiotics both cross the placental 
barrier (van den Berg et al. 1987) and are transferred to newborns via breast milk 
(Courtney and Andrews 1985). In wildlife, xenobiotics accumulate in eggs (Bishop et al. 
1991). Much of the information on biological effects of environmental estrogens comes 
from studies of wildlife populations. Effects from exposure to xenobiotic estrogens 
include: alterations in development of the reproductive tract (Gray et al. 1989), sex 
changes and feminization (Fry and Toone 1981; Davis and Bortone 1992; Gray 1992; 
Guillette et al. 1994), altered hormone ratios (Guillette et al. 1994, 1995) and 
reproductive failure (Fox 1992; Patnode and Curtis, 1994). A large body of correlative 
evidence suggests that there may be global consequences from contamination of the 
environment with estrogenic chemicals (Colborn and Clements 1992). 

There may be human health effects associated with exposure to xenobiotic 
estrogens, although these have not been demonstrated unequivocally. Associations have 
been proposed between increased levels of xenobiotic estrogens in the environment and 
several human reproductive and developmental anomalies, including: precocious puberty 
(McLaehlan 1985), increased incidence of breast cancer (Wolff et al. 1993), testicular 
cancer (Brown et al. 1986; Osterlind 1986; Boyle et al. 1987) and prostate cancer (Hoel 
et al. 1992) and reduced sperm count (Carlsen et al. 1992; Sharpe and Skakkebaek 1993). 
That there is concern about the possibility of xenobiotic estrogens impacting human 
health is evidenced by the large amount of attention this topic has received in recent 
years (e.g., Colborn et al. 1993; McLachlan 1993; Raloff 1993, 1994; Shore et al. 1993; 
Cotton 1994; Ginsburg 1994). 
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TABLE l--Xenobiotic estrogens*. 

Pesticides 

DDT and metabolites (o,p'-DDT, p,p'DDT, o,p'DDD) 
Methoxychlor metabolites (mono- and didemethylated methoxychlor) 
Chlordecone (Kepone) 
Dieldren 
Alpha and beta-endosulfan 
Gamma-hexachlorocyclohexane (g-HCH: lindane) 
Toxaphene 

Industrial Chemicals 

Polychlorinated biphenyls (PCBs) 
Alkylphenol polyethoxylates 
Bisphenol-A 
t-Butylhydroxyanisole (BHA) 
Benzylbutylphthalate 
Diphenylphthalate 

*From Soto et al. 1996. 

There are a variety of ways that chemicals can influence estrogenic pathways in 
the body. Some PCBs and dioxins operate through the Ah receptor to influence steroid 
levels (by altering their metabolism) or downregulate estrogen receptor levels (Gasiewicz 
and Rucci 1991; Lin et al. 1991a; Zacharewski et al, 1991, 1992). Activation of the Ah 
receptor may also cause downregulation of growth factor receptors, which serve to 
mediate estrogenic responses (Lin et al. 1991b; Abbot et al. 1992; Schrenck et al., 1992). 
However, most xenobiotic estrogens bind to the endogenous estrogen receptors and elicit 
either agonistic and/or antagonistic responses. DDT is a xenobiotic estrogen, and 
probably the best studied example of an exogenous hormone mimic (Bulger and Kupfer 
1983a, b; McLachlan 1985). The earliest laboratory account of the estrogenic nature of 
DDT was the discovery that DDT was uterotropic (increased uterine weight) in rats 
(Levin et al. 1968; Welch et al. 1969). Further, mice exposed to DDT exhibited 
prolonged estrous cycles and decreases in ova implantation (Lundberg 1973). It was 
established that the o,p'isomer of DDT was largely responsible for the uterotropic 
activity (Welch et al. 1969). DDT binds to the estrogen receptor, and initiates the same 
sequence of events as natural estrogens (Nelson 1974). This includes an increase in 
uterine DNA synthesis (Ireland et al. 1980) and induction of protein synthesis and 
secretion (Stancel et al. 1980). Many of these induced proteins are enzymatic in nature 
(Singgal et al. 1970; Cohen et al. 1970; Kaye et al. 1971; Bulger et al. 1978a; Bulger and 
Kupfer 1978 1983b). Particularly notable, one of the proteins induced by o,p'-DDT in 
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6 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

the rat uterus is the receptor molecule for another sex steroid, progesterone (Mason and 
Schulte 1980). 

Other xenobiotics are also hormone mimics. PCBs are a wide class of 
compounds and a major industrial pollutant. Many PCB congeners have either 
estrogenic or antiestrogenic properties (Jansen et al. 1993). PCBs have extensive effects 
on reproductive systems (Reijnders 1988), including stimulation of uterotropic effects, 
prolonged estrous cycles, impaired fertility, reduced number of young, and reduced 
maternal ability to carry young to term (see Swain et al. 1993). In reptiles, 2', 4', 5'- 
trichloro-4-biphenylol has been shown to be estrogenic and induce complete sex-reversal 
during embryonic development (Bergeron et al. 1994). These effects are mediated in 
part by PCBs ability to bind to estrogen receptors (Nelson 1974; Korach et al. 1988). 
Alkylphenols are another group of widespread industrial pollutants that are estrogenic 
(Soto et al. 1991). They are used in making plastics, aerosols and surfactants, and are an 
ingredient in many other products, such as spermicidal foams. 

Some xenobiotics mimic endogenous hormones only after being metabolized, or 
activated, in the body. Methoxychlor (bis-p-methoxy DDT) is a proestrogen, and is 
metabolized by the hepatic mixed-function oxidase (MFO) system into estrogenic 
products (Nelson et al. 1976, 1978; Bulger et al. 1978b; Ousterhout et al. 1979, 1981). 
The estrogenic metabolite of methoxychlor was shown to be about 10 times more active 
than o,p'-DDT in rodents (Ousterhout et al. 1981). 

A variety chemicals known to be estrogenic show little structural similarity 
(McLachlan 1993). The only structural component shared by most (but not all) of the 
natural, synthetic and xenobiotic estrogens is a phenyl ring (Daux and Weeks 1980). 
Otherwise, estrogenic compounds vary dramatically in their structure. However, many 
xenobiotic estrogens bind agonistically to the estrogen receptor to elicit estrogenic 
responses. The molecular basis of estrogenicity appears to reside in a compound's ability 
to bind to the estrogen receptor and elicit biological effects (Daux and Weeks 1980; 
Katzenellenbogen et al. 1980; McLachlan et al. 1987; Korach et al. 1988). The result of 
an estrogenic compound binding to the estrogen receptor is usually an alteration in the 
rate of transcription of estrogen-dependent genes and subsequent changes in synthesis of 
estrogen-dependent proteins (OqVlalley and Tsai 1992). Thus, the definition of an 
estrogenic compound relies more on function than structure (McLachlan 1993). 

FUNCTIONAL ASSAYS FOR XENOBIOTIC ESTROGENS 

The lack of structural similarity among xenobiotic estrogens precludes the 
development of a test method for estrogenicity based on molecular structure. Recently, 
several researchers have proposed the use of functional assays for the screening of 
potentially estrogenic compounds. Soto et al. (1992) developed an assay based on 
growth of estrogen-dependent breast cancer cells. McLachlan (1993) has proposed the 
use of cells transfected with the estrogen receptor and a specific reporter gene. 
Vitellogenin induction is another effective means of assessing estrogenicity. These 
proposed assays differ in the endpoint they use; however, they are all similar in that they 
measure some aspect of biological activity known to be estrogen specific. It is likely that 
each will prove to be useful in determining the estrogenicity of various compounds. 
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PALMER AND SELCER ON VITTELOGENIN 7 

Functional assays for xenobiotic estrogens should meet several criteria (Palmer 
and Palmer 1995). They should measure a physiological response to estrogenic 
compounds. This response should ideally be through known biochemical pathways that 
are thoroughly understood. The endpoint of the functional assay must be quantifiable 
and dose-responsive. The response should also be applicable to a wide variety of 
vertebrates in order to screen diverse wildlife populations. Finally, the assay should 
preferably utilize samples that can be readily obtained in the laboratory or field without 
causing undo stress or harm to the animal. 

VITELLOGENIN AS A BIOMARKER 

Vitellogenin is a serum protein occurring naturally in adult female 
nonmammalian vertebrates (Ho 1987; Lazier and MacKay 1993). Vitellogenin is the 
precursor molecule for egg yolk, which is essential as the source of metabolic energy for 
the developing embryo. The liver synthesizes and secretes vitellogenin, which is carried 
in the bloodstream to the oocytes. The developing oocytes take up vitellogenin and 
cleave it into the egg yolk proteins lipovitellin and phosvitins (Lazier and MacKay 1993). 

Vitellogenin is a phospholipoglycoprotein that usually circulates as a dimer of 
400-500 kilodaltons (kDa)(Callard and Ho 1987). The vitellogenin polypeptides of 
various species are commonly about 200-250 kDa. There are multiple vitellogenin forms 
present in the plasma of several species, including chicken, several fish and Xenopus (Ho 
1987; Lazier and MacKay 1993). The basic organization of the vitellogenin polypeptide 
is similar among various species of vertebrates. The vitellogenin polypeptide consists of 
lipid-rich and phosphate-rich regions. These regions are separated by enzymatic 
cleavage in the oocyte into the yolk proteins lipovitellin and phosvitin, respectively. 
Vitellogenin is glycosylated and contains about 1.4 % carbohydrate by weight. The 
lipovitellin region of the molecule is lipidated and contains as much as 20 % lipid by 
weight. The phosvitin region of the molecule consists of a large percentage (up to 50 %) 
of serine residues, most of which are phosphorylated, resulting in as much as 10 % 
phosphorus by weight for this region of the molecule. 

Estrogen is the primary stimulus for vitellogenin production. Estrogen promotes 
vitellogenesis in members of all nonmammalian vertebrate classes (Ho 1987; Lazier and 
MacKay 1993). In each of these groups, the time of vitellogenin production in adult 
females corresponds to the period of elevated estrogen levels. Furthermore, vitellogenin 
production can be induced in males and in nonvitellogenic females by administration of 
estrogen (Ding et al. 1989; Kishida et al. 1992). The production of vitellogenin in 
response to estrogenic compounds is rapid, sensitive, and dose-dependent (Ho et al. 
1981; Lazier and MacKay, 1993). The strength of the vitellogenic response indicates the 
relative ability of xenobiotic compounds to stimulate estrogenic pathways. Estrogen is 
the primary inducer of vitellogenin (Tata and Smith 1979), although other factors have a 
role in modulating the vitellogenic response (Ho et al. 1981; Wangh 1982; Camevali and 
Mosconi 1992; Camevati et al. 1992; Carnevali et al, 1993). A recent study found that 
cortisol may have a transient effect on inducing vitellogenin mRNAs in fish by an 
unknown mechanism, although these are rapidly cleared and do not result in production 
of vitellogenin protein (Ding et al. 1994). 
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8 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

The utility of vitellogenin as a biomarker for estrogenic compounds is based on 
several facts. Vitellogenin induction is a physiological response to the presence of 
estrogen or estrogenic chemicals. The mechanism of vitellogenin production has been 
extensively studied as a model for steroid action. Vitellogenin is universally produced by 
all nonmammalian vertebrates in a dose-dependent manner. Vitellogenin is normally 
female-specific, but vitellogenin is inducible in male animals by estrogen and estrogenic 
compounds. Male oviparous vertebrates normally will not have vitellogenin in their 
blood unless they are exposed to estrogen or an estrogenic compound. Therefore, the 
presence of vitellogenin in the blood of male oviparous animals can serve as an indicator 
of exposure to xenobiotie estrogens. Finally, vitellogenin is readily quantified. These 
characteristics make vitellogenin uniquely qualified to serve as a functional biomarker 
for exposure to estrogenic compounds. 

UTILITY OF VITELLOGENIN ASSAYS 

Recent information on the abundance and potential health hazards of xenobiotic 
contamination of the environment has brought attention to the need for assays to screen 
chemicals for estrogenic activity (Colborn et al. 1993; McLachlan 1993). Vitellogenin 
induction assays can be employed in various ways to investigate different aspects of 
environmental estrogens. Potential uses include screening compounds for estrogenicity 
and antiestrogenicity, testing waters for the presence of xenobiotic estrogens, and 
evaluating exposure of wildlife populations to estrogenic compounds. In fact, 
vitellogenin induction is unique in that this same estrogen-dependent response can be 
employed for screening compounds both in vitro and in vivo. 

The in vitro vitellogenin induction assay involves the use of primary cultures of 
hepatocytes. Pelissero et a1.(1993) first proposed the use of cultured rainbow trout 
hepatocytes as a test for estrogenic chemicals. They demonstrated the relative 
estrogenicity of several natural and artificial estrogens (e.g., ethinylestradiol and 
diethylstilbestrol) as well as six phytoestrogens. The various chemicals showed dose- 
responsive induction of vitellogenin. This induction was blocked by the antiestrogen 
tamoxifen, conf'mning that the mechanism of vitellogenin induction was via the estrogen 
receptor. Trout hepatocytes have subsequently been used to identify alkylphenolic and 
phthalate compounds that are estrogenic in vitro (Jobling and Sumpter 1993; White et al. 
1994). Other sources of hepatocytes should also prove useful for vitellogenin induction 
assays. 

Primary hepatocyte cultures have certain advantages for estrogenicity screening, 
including ready availability of tissues and the ability to rapidly screen large numbers of 
chemicals. However, there are also limitations associated with the use of primary 
cultures. Primary cultures are subject to variation in response due to the use of livers 
from different individuals. Furthermore, the responsiveness of hepatocytes generally 
diminishes with time. This limits the screening to relatively short-term exposures. 
Flouriot et al. (1993), using estrogen receptor and vitellogenin as markers of estrogen 
responsiveness, reported that monolayers of trout hepatocytes became unresponsive to 
estrogens within 5-10 days. However, they found that aggregates of hepatocytes in 
defined medium remained responsive to estrogens for up to 30 days. Perhaps the major 
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limitation of in vitro screening assays is the potentially limited metabolism of the test 
compounds compared with the whole animal. Some known xenobiotic compounds are 
estrogenic only after metabolic conversion. While hepatocytes have an array of 
metabolic enzymes, it is unlikely they possess the full complement found in the whole 
animal. Furthermore, cell culture systems lack other important factors that may 
influence estrogenicity, such as serum transport proteins, which influence effective 
exposure levels. 

While in vitro systems are advantageous for screening large numbers of 
compounds for estrogenic effects, in vivo studies can provide a more precise measure of 
potential effects in living organisms. In vivo systems allow evaluation of uptake, 
transport, metabolism, and excretion of test compounds. Furthermore, in vivo systems 
lend themselves to long-term studies of exposure to xenobiotic estrogens. The classic 
method of assessing estrogenicity in vivo is the ovariectomized rodent uterotropic assay, 
which has proven to be a sensitive and reliable indicator of estrogenicity. However, the 
vitellogenin induction assay has several advantages over the uterotropic assay, not the 
least of which is that it employs nonmammalian model systems. Another advantage of 
the vitellogenin induction assay is that it can be employed to assess the effects of 
exposure to xenobiotic estrogens in aquatic systems. To date, vitellogenin induction 
assays have been applied to fish (Pelissero et al. 1991a, b; Purdom et al. 1994) as well as 
to aquatic reptiles and amphibians (Palmer and Palmer 1995). Palmer and Palmer (1995) 
reported that DES and the persistent pesticide o,p'-DDT cause dose-dependent induction 
of vitellogenin in the red-eared turtle and in Xenopus, demonstrating the potential utility 
of vitellogenin induction as a screen for xenobiotic estrogens. Chakravorty et al. (1992) 
used the suppression of vitellogenin levels in determining the antiestrogenic effects of 
endosulfan in catfish. 

The in vivo vitellogenin induction assay can be adapted to test waters for the 
presence of estrogenic contaminants. This involves placing caged aquatic animals, 
known to lack vitellogenin, into waters suspected of containing xenobiotic estrogens, 
then regularly sampling their serum for vitellogenin. Although the causative compound 
is not identified by this method, it serves as a rapid and inexpensive test of water quality. 
Positive results can be followed up with chemical analyses to identify the causative 
agents and their concentrations. Purdom et al. (1994) used this approach to test sewage 
effluent for estrogenicity, using caged trout and carp as model organisms. They found 
induction of vitellogenin in the plasma of males in the mg/ml range, which is comparable 
to levels reached in vitellogenic females. 

Vitellogenin assays can also be used to screen wildlife population for exposure to 
xenobiotic estrogens (Palmer and Selcer 1994; Palmer et al. 1994). Many wildlife 
species have experienced unexplained declines in population size over the past few 
decades. It has been suggested that environmental endocrine disrupters may be one 
causative factor (Colborn et al. 1993). Thus, population biologists are increasingly 
interested in determining if particular populations are being affected by xenobiotic 
estrogens. This can be accomplished by testing plasma samples of males or juvenile 
females for the presence of vitellogenin. If vitellogenin is found, there is a high 
probability that the local environment contains estrogenic agents. However, for these 
types of studies to be meaningful, several considerations must be taken into account. The 
normal levels of vitellogenin (from a reference population) for males and juveniles of the 
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species in question must be determined. For example, there have been several reports of 
low levels of vitellogenin in male fish (So et al. 1985; Copeland et al. 1986; Copeland 
and Thomas 1988; Pelissero et al. 1989; Goodwin et al. 1992; Kishida and Specker 
1993). It is important to assay for endogenous estrogens, which may be artificially 
elevated for due to other causes. Also, the vitellogenin of the species in question should 
be characterized with regard to number of vitellogenin forms, molecular weight, and 
cross-reactivity with any antibodies used in the assay. 

METHODS FOR MEASURING VITELLOGENIN 

Use of vitellogenin induction as a biomarker of estrogenicity requires a method 
for measuring vitellogenin levels in cell culture medium or plasma. A number of 
techniques have been employed to quantify vitellogenin. Because vitellogenin is a 
calcium-binding phospholipoprotein, indirect estimates of vitellogenin have been made 
based on changes in plasma phosphoprotein, calcium or lipid (e.g., Dessauer and Fox 
1959; Redshaw et al. 1969; Craik 1978; Elliott et al. 1979). Some techniques require 
separation of vitellogenin, which is then measured colorimetrically. Vitellogenin can be 
purified by precipitation or chromatography, followed by protein assay. Alternately, 
vitellogenin can be separated from other plasma proteins by polyacrylamide gel 
electrophoresis and quantified by computerized densitometry (Palmer and Palmer 1995). 
Most commonly, vitellogenin is measured using immunological approaches. The most 
widely employed of these are radioimmunoassays (e.g., Redshaw and Follett 1976; Gapp 
et al. 1979; Idler et al. 1979; Sumpter 1985; So et al. 1985; Norberg and Haux 1988; 
Tyler and Sumpter 1990) and enzyme-linked immunosorbent assays (Rodriguez et al. 
1989; Carnevali et al. 1991; Goodwin et al. 1992; Kishida et al. 1992; Specker and 
Anderson 1994; Palmer and Palmer 1995). Both methods are highly specific, sensitive 
and accurate when used for detection of homologous vitellogenins. For large scale 
applications, the enzyme-linked immunosorbent assays may be preferable since they do 
not require radioactivity. Furthermore, the labeled vitellogenin used in the 
radioimmunoassays may be unstable in some species (Idler et al. 1979; Sumpter 1985). 

Regardless of the type of immunoassay used, a specific vitellogenin antibody is 
required. The antibody is typically generated from semipurified or purified vitellogenin. 
Vitellogenin is relatively simple to purify in most species using dimethylformamide 
precipitation (Hod et al. 1979; Goodwin et al. 1992), EDTA/Mg precipitation (Wiley et 
al. 1979; Bradley and Grizzle 1989; Selcer and Palmer 1995; Palmer and Palmer 1995) 
or DEAE chromatography (Wiley et al. 1979; Kashida et al. 1992; Selcer and Palmer 
1995). However, purified fish vitellogenin appears to be unstable and more difficult to 
purify (Tyler and Sumpter 1990). Most studies have utilized polyclonal antibodies, but 
recently monoclonal antibodies have proven effective in vitellogenin immunoassays 
(Goodwin et al. 1992). Monoclonal antibodies will be particularly valuable for large- 
scale screening of chemicals for estrogenicity using the vitellogenin induction assays. 

Ideally, a homologous antibody should be used in a vitellogenin immunoassay. 
However, with the recent interest in evaluation of vitellogenin in diverse wildlife 
populations, some of which may be threatened, it may be necessary to develop antibodies 
that demonstrate significant cross-reactivity among species. This would obviate 
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purifying vitellogenin and generating specific antibodies for each species to be examined. 
Unfortunately, the vitellogenin polypeptides do not show a high degree of homology 
among species, resulting in fairly low cross-reactivity for most antibodies. However, 
there are homologous regions of the vitellogenin proteins that may allow development of 
broadly cross-reactive antibodies. This approach has been attempted for fish 
vitellogenins. Folmar et al. (1995) generated antibodies against a peptide representing 
the most homologous portion of the n-terminal amino acid regions of six fish species. 

It is likely that a broadly cross-reactive antibody can be developed for 
vitellogenin. We used the program Clustal to perform a multiple alignment on the five 
full vitellogenin sequences currently available in the protein databases. These sequences 
( Gallus, Ichthyomyzon, Xenopus, Acipenser, and Fundulus) represent individuals from 
four classes of vertebrates. After alignment, there were six regions of 10 amino acids or 
longer that showed reasonably high homology, 60-73 % (Palmer et al. 1994). Antibodies 
generated against peptides based on these regions may prove to be broadly cross-reactive, 
even among species in different classes. 

Most assays used to measure vitellogenin induction by estrogenic compounds are 
based on detection of the vitellogenin protein in plasma or culture medium. However, 
molecular approaches can also be used to measure stimulation of vitellogenin. Estrogen 
regulation of vitellogenin gene transcription represents one of the classic model systems 
used to study the molecular mechanisms of steroid hormone action (Tata and Smith 
1979; Shapiro et al. 1989). Consequently, methods to measure vitellogenin gene 
expression are well established. /ndu.ction of vitellogenin mRNA is a sensitive and rapid 
response to the presence of estrogenic agents. Vitellogenin mRNA can be readily 
measured by Northern blotting and by slot and dot hybridization assays. A more 
sensitive assay, especially for small samples, can be developed using rt-PCR. 
Vitellogenin rnRNA assays can be employed in vitro, using cultured hepatocytes, or in 
vivo. Assays for induction of vitellogenin mRNA may prove to be the best methods for 
screening large numbers of chemicals for estrogenicity. 

CONCLUSIONS AND FUTURE DIRECTIONS 

Vitellogenin is a versatile biomarker for exposure to xenobiotic estrogens. It is 
applicable for screening chemicals for estrogenicity and antiestrogenicity both in vitro 
and in vivo, testing water for the presence of estrogenic agents, and assessing the effects 
of environmental estrogens on wildlife populations. Advancements in techniques will 
enhance the speed, sensitivity and utility of vitellogenin assay systems. The diversity of 
species suitable for vitellogenin induction studies should be examined to develop more 
sensitive models and determine cross-species variation. For in vitro systems, the 
development of immortalized hepatocyte cell lines will reduce interassay variation, 
increase the potential duration of treatment regimens, and provide uniformity among 
investigators. New molecular methods, such as rt-PCR, will enhance the sensitivity of 
vitellogenin assays. In the field, the screening of diverse wildlife species necessitates the 
development of broad spectrum antibodies that will provide reliable, specific and 
sensitive eross-reactivities with multiple vertebrate vitellogenins. Lastly, standardization 
of laboratory and field methodologies will facilitate increased use of vitellogenin assays, 
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12 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

replication of studies, and direct comparison of data from multiple investigators. Clearly, 
the usefulness of vitellogenin as a biomarker for xenobiotic estrogens and antiestrogens is 
well established. New advancements in the methodologies will only serve to increase its 
utility. 
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INTRODUCTION 

There have been numerous recent reports on how 
estrogenic chemicals in the environment affect a variety of 
aquatic species (Pelissero et al. 1991, Colborn et al. 1993, 
Jobling and Sumpter 1993, Hileman 1994, Purdom et al. 1994, 
Sumpter 1995). These chemicals include detergents, 
plasticizers and a wide variety of chlorinated hydrocarbons. 
An initial review of those chemicals known to be estrogenic 
shows little structural similarity, making a priori 
identification of estrogenic chemicals potentially difficult 
(McLachlan 1993). 

Vitellogenin (VTG), the estrogen-inducible egg yolk 
precursor protein found in all oviparous vertebrates 
(Wallace 1985, Specker and Sullivan 1994), is a promising 
biomarker to verify exposure of animals to environmental 
contaminants that mimic estrogen. VTG is normally 
synthesized in the liver of maturing females with growing 
oocytes. Males of some species (Ding et al. 1989, Kishida 
and Specker 1993) are also capable of producing measurable 
quantities of VTG, but most males only produce VTG when 
exposed to exogenous estrogens or estrogen mimics. Here we 
discuss development of polyclonal antisera and monoclonal 
antibodies to VTGs of teleost fishes, their cross 
reactivities within and among teleost families and their 
potential use in bioassays of estrogenic activity. 

MATERIALS AND METHODS 

Purification o fVitelloqenin: 

Striped bass (Morone saxatilis) and rainbow trout 
(Oncorhynchus mykiss) VTGs used to make monoclonal 
antibodies were purified from fish treated with estradiol- 
17~ (E2) as described previously (Tao et al. 1993, Hara et 
al. 1993). 

Preparation of Antibodies: 

Anti-VTG peptide antisera were raised in rabbits 
against a peptide fifteen amino acids long. This peptide 
was derived from a consensus sequence to the N-terminal 
portion of several vertebrate vitellogenins (Folmar et al. 
1995), including striped bass, pinfish (Lagodon rhomboides), 
brown bullhead (Ameiurus nebulosus), yellow perch (Perca 
flavescens), and medaka (Oryzias latipes) (Heppell et al. 
1995). 
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Monoclonal antibody 2D8 was raised against rainbow 
trout in Balb/C mice and tested against striped bass and 
rainbow trout VTGs as described previously (Heppell et al. 
1995, Heppell 1994). Monoclonal antibodies HLI081-1C8 and 
HLI082-3HI were raised against purified striped bass VTG in 
Balb/C mice. Specifically, mice were immunized by 
intraperitoneal injection with i00 ug of striped bass VTG 
mixed 1:2 with Freund's complete adjuvant. Mice were 
boosted two times at three week intervals with 50 ug antigen 
in incomplete adjuvant. Mouse serum was collected from the 
tail vein to check for antibody production before 
sacrificing the mice. Hybridoma's were produced by standard 
methods (Harlow and Lane 1988), and each colony was screened 
for VTG cross-reactivity by direct ELISA using both striped 
bass and rainbow trout VTGs. Colonies which showed 
immunoreactivity with both rainbow trout and striped bass 
VTGs were selected for cloning. Monoclonal antibodies 
(mabs) were harvested by collecting tissue culture 
supernatant and were used in Western blots as described 
below. 

Western Blots: 

Serum samples from eel (Anguilla rostrata), carp 
(Cyprinus carpio), brown bullhead, hardhead catfish (Arius 
felis), rainbow trout, striped bass, largemouth bass 
(Micropterus salmonides), bluegill sunfish (Lepomis 
macrochirus), pinfish and white mullet (Mugil curema) were 
diluted ten-fold with Laemmli sample buffer (Laemmli 1970) 
for naturally vitellogenic fish and fifty-fold for E 2- 
induced fish and run in 7 1/2% polyacrylamide tris-tricine 
SDS gels (Schagger and yon Jagow 1987). For each species, 
samples presumably devoid of VTG (untreated males) were used 
as controls. Each sample represents a single animal. These 
results, however, are representative of hundreds of 
analyses, although the exact number varies from species to 
species. 

For Western blot analysis, the gels were electroblotted 
to PVDF membranes (Millipore, Immobilon P). Membranes were 
blocked with 5% non-fat dry milk (Johnson et al. 1984) in 
TBST (i0 mM Tris, pH 7, 150 mM NaCl, 0.5% Tween) overnight, 
incubated with primary antibody (1:3,000 dilution for the 
anti-VTG peptide antibody in 5% milk or directly with the 
tissue culture supernatant for monoclonal antibodies) for 
two hours at room temperature, washed with TBST and then 
probed with goat anti-rabbit or anti-mouse alkaline- 
phosphatase conjugated secondary antibody (dilution 1:5,000) 
for 1 hr. The blots were developed by incubating with 
bromochloroindolyl phosphate/nitro blue tetrazolium 
substrate which marks cross-reactive VTGs in purple. 
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RESULTS 

Previously we reported on the preparation of a 
monospecific anti-VTG peptide antiserum and an IgM class 
monoclonal VTG antibody (Heppell et al. 1995). In this 
report we further characterize their specificities and 
compare them with new IgG class monoclonal antibodies 
prepared in balb/C mice immunized with striped bass VTG. 

The consensus peptide used to immunize rabbits for the 
monospecific antiserum was based on N-terminal sequences for 
VTGs from 6 teleost fish: striped bass, mummichog, pinfish, 
brown bullhead, yellow perch and medaka (Folmar et al. 1995; 
Heppell et al. 1995). Sequences at this end of the molecule 
were not identical among all of these species, but they were 
highly conserved (87-100%). 

This polyclonal antiserum cross-reacts well with all 
species in this group, reacting with VTG from striped bass, 
pinfish, brown bullhead, and hardhead catfish (Fig. i). 
However, the antiserum does not cross-react with VTG from 
more primitive fishes, such as common carp and rainbow 
trout, and it appears to have some cross-reactivity with 
other serum proteins in some of the fish tested. For 
example, it does not react with VTG from rainbow trout, but 
does react with a 76 kDa serum protein present in serum from 
both female and male trout (Fig. i). 

The monoclonal antibody, 2D8 (IgM class), raised 
against rainbow trout VTG was identified for its strong 
cross-reactivity with striped bass and trout VTGs, the 
initial selection criterion used for screening (Heppell et 
al. 1995). These two fish are widely separated in 
evolutionary time, increasing the likelihood that any 
epitope the monoclonal antibody recognized in both species 
would be a very conserved region. Western blot tests of 
that antibody indicated that it did not cross-react with 
normal male plasma from either species, suggesting that the 
epitope is unique to VTG (Heppell et al. 1995). 

In this study, we tested the 2D8 antibody by Western 
blot against a panel of VTGs obtained from different fish 
species, including pinfish, striped bass, rainbow trout, 
hardhead catfish, brown bullhead, and carp (Fig. 2). Normal 
male (control) serum from each species was also tested for 
non-specific binding to the antibody. Antibody 2D8 reacted 
with all VTGs tested (Fig. 2). 

Additional monoclonal antibodies were developed in mice 
using an experiment reciprocal to the one employed for the 
production of monoclonal 2D8, i.e., the mice were initially 
immunized with purified striped bass VTG. We obtained 25 
hybridomas specific for striped bass VTG of which only two 
(HLI081-1C8 and HLI082-3HI) cross-reacted with rainbow trout 
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FIG. i. SDS-PAGE and Western blot analysis of six different 
fish sera probed with the anti-VTG peptide antibody. Lanes 
a-b, E2-stimulated carp serum and male control; lanes c-d, 
serum from a vitellogenic female brown bullhead and male 
control; lanes e-f, serum from a vitellogenic female 
hardhead catfish and male control; lanes g-h, E2-induced 
plasma from rainbow trout and male control; lanes i-j, E2- 
induced serum from striped bass and male control; lanes k-l, 
E2-induced serum from pinfish and male control. (A) 7.5% 
acrylamide tris-tricine gels stained with Coomassie blue, 
(B) Corresponding Western blots probed with the anti-VTG 
peptide antibody. Molecular mass standards, rainbow 
molecular weight markers from Amersham (first lane) are 
Myosin, 200 kDa; Phosphorylase b, 97 kDa; Bovine Serum 
Albumin, 69 kDa; Ovalbumin, 46 kDa; Carbonic anhydrase, 30 
kDa and Trypsin inhibitor, 21.5 kDA. 
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FIG. 2. SDS-PAGE and Western blot analysis of ten 
different fish sera using the monoclonal 2D8. Lanes a-b, 
E2-stimulated striped bass serum and male control; lanes c- 
d, E2-stimulated rainbow trout plasma and male control; 
lanes e-f, E2-induced carp serum and male control; lanes g- 
h, female vitellogenic hardhead catfish serum and male 
control; lanes i-j, E2-induced pinfish serum and male 
control; lanes k-l, female vitellogenic brown bullhead 
serum and male control. (A) 7.5% acrylamide tris-tricine 
gels stained with Coomassie blue, (B) Corresponding Western 
blots probed with the monoclonal 2D8 (IgM) antibody. MW 
markers are as described for Fig. i. 
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VTG. Both appear to react specifically with VTG since 
neither cross-reacted with serum proteins from control males 
(Figs. 3 and 4). The two antibodies appear to recognize 
different epitopes as judged by the different pattern of 
recognition obtained with slightly degraded vitellogenin. 
For example, antibody HLI082-3HI recognized a high MW VTG 
band (>180 kDa) and a number of smaller MW bands, presumably 
degradation products of the 180 kDa band. This is 
especially evident with the bluegill VTG sample in which the 
180 kDa band is totally missing, but a number of smaller 
bands are present. Antibody HLI081-1C8 recognizes both the 
180 kDa band and a ca. 120 kDa band when both are present 
in the sample. Antibody HLI081-1C8 reacts with VTG from 
white mullet, pinfish, largemouth bass, bluegill sunfish, 
striped bass and rainbow trout, but not with hardhead 
catfish, brown bullhead, carp or eel. Antibody HLI082-3HI 
reacts with the same VTGs and also with VTG from eel, but 
not with VTG from carp, brown bullhead or hardhead catfish. 

DISCUSSION 

Considering the nutritional role of VTG in developing 
embryos of invertebrates and four classes of vertebrates, it 
seems likely that there would be few evolutionary 
constraints imposed on the primary structure of VTG. The 
few sequences of VTGs found in the protein databases confirm 
that, at the amino acid level, VTGs from fishes vary 
extensively (Specker and Sullivan 1994). This variation 
probably accounts for the poor cross-reactivity of 
polyclonal antibodies from one species to another (Campbell 
and Idler 1980, So et al. 1985). VTGs, however, do share 
spotty but significant stretches of similarity (Carnevali 
and Belvedere 1991). This raises the possibility that we 
could prepare monospecific or monoclonal antibodies to these 
regions, reagents that could be used across all classes of 
oviparous vertebrates for VTG immunoassays. 

The four VTG antibody preparations we have used 
apparently recognize different epitopes conserved to 
differing degrees. The first antibody preparation we 
developed was a polyclonal, monospecific antiserum made 
against a peptide representing the N-terminal sequence of 
VTG from several teleost fish. This antiserum has the 
narrowest range of phylogenetic cross-reactivity, possibly 
because the N-terminal sequence of VTG has changed during 
vertebrate evolution. It also is a low affinity antibody, 
with an association constant in the order of 106 mol -I (the 
lowest measurable affinity by Western blot analysis, Harlow 
and Lane 1988). 

Monoclonal 2D8 appears to be the most "universal" of 
the antibodies we have made to date. In addition to cross- 
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FIG. 3. SDS-PAGE and Western blot analysis of ten different 
fish sera probed with the monoclonal antibody HCI081-IC8. 
Serum samples from vitellogenic females and male controls. 
Lanes a-b, striped bass; lanes c-d, bluegill sunfish; lanes 
e-f, largemouth bass; lanes g-h, pinfish; lanes i-j, white 
mullet; lanes k-l, eel; lanes m-n, carp; lanes o-p, brown 
bullhead; lanes q-r, hardhead catfish; lanes s-t, rainbow 
trout. (A and B) 7.5% poly acrylamide tris-tricine gels 
stained with Coomassie blue. (C and D) Western blots probed 
with the HLI081-1C8 (IgG class) antibody. Molecular mass 
standards are as described for Fig. 1 (~ = VTG band). 
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FIG. 4. Western blot analysis of the ten different fish 
sera used in Figure 3 probed with the monoclonal antibody 
HLI082-3HI. Serum samples from vitellogenic females and 
male controls. Molecular mass standards are as described 
for Fig. i. 
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reacting with all the species of fish we tested in this 
study, antibody 2D8 recognizes gag grouper (Mycteroperca 
microlepis) and fathead minnow (Pimephales promelas) 
(Sullivan and Heppell, unpublished) and also cross-reacts 
with VTGs from bullfrogs (Rana catesbeiana), chickens 
(Gallus domestica), and black rat snakes (Elaphe obsoleta) 
(Heppell 1994), suggesting that the relevant epitope is 
highly conserved among vertebrate animals. This antibody is 
in the IgM class, which is a group that is notoriously 
sticky and of low affinity. Non-specific binding to other 
serum proteins (Fig. 2) is a characteristic of IgM class 
antibodies.. Under optimal conditions, this non-specific 
binding can be diluted out in Western blots. Although this 
antibody still exhibits low non-specific binding in 
screening ELISAs (Heppell 1994), this mAb can be used with 
confidence to distinguish between vitellogenic females and 
males (Heppell et al. 1995). We plan to continue working 
with this antibody, determine its cross-reactivity with VTG 
from additional fish species, identify the epitope and 
measure the affinity to individual VTGs. We also intend to 
fractionate the antibody into FAb fragments to reduce no- 
specific binding. These tests will be important for 
choosing a corresponding "universal" VTG standard for 
bioassay development. 

The antibodies with the highest affinities for 
vitellogenin are the IgG antibodies HLI081-1C8 and 
HLI082-3HI, as determined by Western blot analysis. These 
antibodies cross-react only with serum or plasma from 
vitellogenic females or males that have been induced with E z 
Each of these antibodies recognizes a different VTG epitope 
as suggested by their pattern of recognition on the Western 
blot. In the vitellogenins that are recognized, both 
antibodies bind to the larger VTG band (>180 kDa). The 
binding site for HLI081-1C8 is also present in the smaller 
VTG band (ca. 120 kDa) as demonstrated in Fig. 3 C and D. It 
appears that the 180 kDa band is more easily degraded, 
giving rise to a number of smaller fragments that are still 
recognized by antibody HLI082-3HI. These smaller fragments 
do not appear to be normal serum proteins, since they are 
not present in the serum from untreated males (Fig. 4 A and 
B). This is most apparent when looking at the serum sample 
for bluegill sunfish in which the 180 kDa band for VTG is 
missing from the sample. In this case, HLI082-3HI binds 
only to the lower molecular weight bands in the female and 
not in the male, while HLI081-1C8 binds only to the ca. 120 
kDa band in the female. We plan to do further experiments 
to determine whether the 180 KDa and 120 kDa proteins are 
different gene products or whether the 120 kDa band 
originates from the 180 kDa band. 

The epitopes for HLI081-1C8 and HLI082-3HI appear to 
differ from the one recognized by antibody 2D8, described 
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above. Neither of these IgG-class antibodies has the full 
cross-reactivity with other VTGs observed with antibody 2D8, 
implying that their corresponding epitopes are not as highly 
conserved. We are producing additional monoclonal 
antibodies, using other fish VTGs as immunogens in order to 
develop an extensive panel of antibodies that can be used 
individually or in combination for VTG detection and 
quantitation. 

There are over 27,000 chemicals on the Toxic Substances 
Act (TOSCA) inventory, of which several hundred are 
considered estrogenic or estrogen receptor agonists. We 
have recently developed a quantitative VTG ELISA which 
enhances our ability to screen large numbers of samples. 
This ELISA will be essential to develop Quantitative 
Structure Activity Relationships (QSARs) to determine the 
relative estrogenicity for this vast array of chemicals; 
however, the presence of VTG does not differentiate between 
direct activation of the estrogen receptor and 
hyperproduction of the natural ligand. 
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ABSTRACT: Methodology was developed for the isolation and recovery of 
compounds from a commercial lampricide tblanulation associated with hepatic mixed 
function oxygenase (MFO) enzyme induction in fish. MFO induction in laboratory 
bioassays was characterized and optimized prior to fractionation experiments. 
Recovery and isolation of MFO activity directed the chemical fractionations. 
Fractionation techniques were developed on a preparative scale so that fish exposures 
could be conducted directly. Formulation impurities associated with MFO induction 
were separated from the active lampricide using solid phase extraction. Subsequent 
HPLC fractionations isolated activity in distinct fractions, indicating that multiple 
tbtraulation impurities are associated with the observed MFO induction. Activity was 
recovered from each fraction using toluene extraction and the extracts were 
characterized by GC-MS. No activity was associated with several compounds 
confirmed in the bioactive fractions and other structures are proposed. A preliminary 
application of these techniques to potential reproductive dysfunctions in fish is 
discussed. 
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Induction of the P450IA1 isosyme of hepatic mixed function oxygenase (MFO) 
enzymes from aquatic exposure to anthropogenic pollutants is well documented for 
several fish species. The mechanism of induction of this enzymatic system has been 
intensively studied and characterized. Induction, and in some cases, subsequent 
toxicity, is mediated by binding of the chemical within the cell to the aryl hydrocarbon 
(Ah) receptor (Poland et al. 1976; Safe et al. 1985, 1986; Safe 1986). Several classes 
of compounds which demonstrate a high affinity for the Ah receptor are persistent, 
bioaccumulative and toxic substances. These compound classes are planar aromatic 
hydrocarbons such as polychlorinated biphenyls (PCBs) (Safe et al. 1985) and selected 
polyaromatic hydrocarbons (PAHs) (Klotz et al. 1983). 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (TCDD) has one of the highest affinities for the receptor and the potencies of 
other compounds are frequently expressed relative to TCDD (North Atlantic Treaty 
Organization 1986, Parrott et al. 1995). Induction of P450IA1 in aquatic species is 
considered as a biomarker for the presence of these types of compounds and an 
indication of potential toxicity (Payne et al. 1987). However, in environmental 
situations induction is often a result of the presence of multiple inducers, known and 
unknown. It is desirable to identify the responsible chemichls in these cases because 
of the potential toxicity associated with materials which are known to cause MFO 
induction. Existing protocols on toxicity identification/evaluations (TIE) for bioactive 
substances from environmental matrices deal with compounds associated with acute 
and chronic toxicity (U.S. Environmental Protection Agency, 1991, 1992, 1993a, 
1993b) and have not been applied to fractionations directed by indicators of potential 
toxicity such as MFO induction. 

The objective of this research was to develop toxicity identification/evaluation 
(TIE) fracfionation techniques to consistently recover and isolate compounds from 
complex matrices associated with MFO induction in fish. Methodologies have been 
developed using a field formulation of the lampficide containing 3-trifluoromethyl-4- 
nitrophenol (TFM). Periodic TFM treatments of nursery streams have been the 
primary means of controlling sea lamprey (Petromyzon marinus) populations in the 
Great Lakes Basin since the late 1950s. MFO induction at remote, non-industrialized 
sites was recently associated with lampricides (Munkittrick et al. 1994). Detailed 
experiments showed that induction was not associated with TFM itself and was 
presumably a contaminant in the field formulation. Using the lampficide formulation, 
this paper describes an approach to isolate and identify the compounds associated with 
MFO induction from complex matrices. 

TIE METHOD DEVELOPMENT 

Ootimization and Standardization of Fish Exoosures 

Rainbow trout exposure conditions were modified from the previous study. 
The objective of the optimization was to generate consistent, maximal MFO induction 
for tracking during TIE experiments, while minimizing acute toxicity. The acute 
toxicity of TFM to salmonid species is well documented and is highly dependent on 
pH (Bills et al. 1988) and dissolved oxygen (Seelye and Scholefield 1990). All TIE 
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method development experiments were performed on the formulation batch (Hoescht 
1990-2; Sea Lamprey Control Centre, Saulte Ste. Marie ON) used in the previous 
study (Munkittrick et al. 1994). Exposures were conducted using juvenile rainbow 
trout (3-5 g; Rainbow Spnngs Hatchery, Thamesford, ON) in darkness and glass 
aquaria containing 12 L of dechlorinated Burlington city tap water (pH 7.5 - 8.0, 
hardness 128 - 133 mg/L CaCO3), at a loading density of 2.5 g/L (n = 6). Fish were 
acclimated to 13~ and ted (Martin's Feed Mill, Elmira ON) ad libitum until 6 d prior 
to exposures and were not fed dunng exposures. 

Data was checked for normality and equal variances using SYSTAT software. 
One-way analyses of variance (ANOVA, p<0.001) were conducted for individual 
experiments using log transformed data. Tukey's HSD pairwise comparisons and Post 
Hoc contrasts were used to compare differences between treatments.Bars on all graphs 
depict +_1 standard error of the mean. 

The first experiment determined the optimal concentration of the field 
formulation for exposures. Dose response exposures showed high levels .of MFO 
induction at 150pL field formulation/12 L water or 4.6 mg/L TFM (Fig. 1) after 72 h 
static exposures (Fig. 1). High levels of mortality were encountered above this 
concentration (data not shown). Steep toxicity curves are associated with fish 
exposure to TFM itself (National Research Council of Canada 1985). This 
concentration is within the range of treatment concentrations (1.0 - 14.0 mg/L 
(National Research Council of Canada 1985)) used in the Great Lakes basin. 
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Figure 1. Relationship between rainbow trout hepatic EROD activity and 
concentration of the TFM field formulation. Formulation aliquots were diluted in 12 L 
holding water for exposures. EROD activities have been normalized for protein 
content. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



40 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Due to the high throughput of fractions anticipated from the TIE, it was 
desirable to utilize exposure conditions which minimized labour intensity. Static 
conditions would be suited for these experiments. Although these conditions do not 
exactly match field situations (12-18 h continuous, followed by depuration) potentially 
higher levels of MFO may be necessary for charting induction during detailed TIE 
experiments. Once identified and obtained in pure fol~,  candidate compounds would 
then be tested under treatment conditions as part of the confirmation process. Using 
4.6 mg/L of the active ingredient, static exposures showed an apparent induction 
maximum in fish exposed for 72 h (Fig. 2) without acute toxicity. 
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Figure 2. Rainbow trout hepatic EROD activity for static exposures to 4.6 mg/L 
(active ingredient) TFM formulation after 24, 48, 72 and 96 h. 

For each experiment, positive and negative references were conducted 
concurrently. Positive references consisted of one exposure to a known inducing 
fraction corresponding to a previous fractionation experiment as well as one exposure 
to whole filtered (<1 tam) formulation; filtering had previously shown no effect on 
MFO induction (Munkittrick et al. 1994). Negative reference fish were exposed to the 
maximum amount of solvents and/or buffer associated with the exposed fractions. 
Duplicate negative references were performed for each experiment. The development 
of these exposure conditions enabled the comparative assessment of the potential to 
induce fish MFO activity of batches from two manufacturers. The batch used for TIE 
method development (1990-2) was utilized as a positive reference for formulation 
batch testing (Fig. 3). 
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Figure 3. Rainbow trout hepatic EROD activity associated with TFM field 
formulation batches from two manufacturers. Fish were exposed under conditions 
developed for TIE experiments. (Form. Ref.) refers to fish exposed to the batch used 
for TIE method development and as a positive reference for batch testing. 

RaiI~bOw Trout Henatic MFO Activity 

The measurement of hepatic MFO activity as ethoxyresorufin-O-deethylase 
(EROD) induction followed the methods of McMaster et al. (1991) but was optimized 
for TIE exposures by utilizing liver homogenates rather than traditional post 
mitochondrial supernatants (PMS) containing microsomes. This provided greater 
sensitivity for detecting MFO induction and reduced analysis time. EROD activities 
are reported in fluorescence units (FU), corresponding to the amount of substrate 
produced during the enzymatic assay. A high correlation (FU = 0.569(pmol/mg/min) 
+ 1.28; r1=0.89) between homogenate and post mitochondrial supernatant (PMS) 
activities normalized for protein was shown for fish exposed to a range of formulation 
concentrations (Fig. 4). 
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Figure 4. Relationship between EROD activities derived from whole liver 
homogenates (FU) and post mitochondrial supernatants normalized for protein 
(pmol/min/mg protein). Both values were derived from the same individual fish. 
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Under the exposure conditions developed, the relative induction of filtered 
formulation over negative reference activity was 31 _+6.2 (SE) fold for over 50 
separate experiments. 

Isolation of Bioactive Formulation Impurities 

There are several approaches to the isolation of bioactive compounds, which 
depend on matrix characteristics as well as the bioassay method. Standard protocols 
(U.S. Environmental Protection Agency 1991, 1992, 1993a, 1993b) begin with some 
form of bulk fractionation where separations are based on compound class properties, 
for example, purgeables. Once isolated, separations can then be initiated within a 
compound class. A similar approach was adopted for the lampdcide tbrmulation but 
for a different objective. The first objective in the isolation procedure was to separate 
bioactive impurities from the primary formulation ingredient, TFM. The TFM field 
formulation is a mixture of TFM (37% w/v), isopropanol and aqueous sodium 
hydroxide; the pH of the tbrmulation is approximately 9.5. It was desirable to 
separate bioactive components from TFM because it was demonstrated that TFM was 
not associated with MFO induction (Munkittrick et al. 1994) and it was suspected that 
the bioactive compounds are present at low levels in the formulation. In order to 
isolate trace amounts of bioactive impurities from the mixture of contaminants 
presumably present, it is necessary to concentrate the mixture. Exposures to higher 
concentrations of the contaminants would not be possible with TFM present because 
of the acute toxicity encountered above 4.6 mgtL.. Chromatographic separations 
would also be facilitated once the large TFM interference was removed. 

Solid phase extraction experiments 

Previous HPLC separations using C18 columns demonstrated that TFM could be 
separated from bioactive components using this stationacr phase (Munkittrick et al. 
1994). However, tbrmulation characteristics (namely pH) caused a rapid deterioration 
in column efficiency. It was hypothesized that the same separations could be achieved 
using solid phase extraction (SPE) C~8 cartridges. It was speculated that the inducing 
contaminants were less polar than TFM, and following the methods of Burkhard et al. 
(1991) it should be possible to selectively elute TFM from the cartridge, leaving 
bioactive formulation impurities adsorbed to the packing. Bioactive impurities could 
then be recovered in a separate, less polar solvent elution. All fractionations were 
performed on a preparative scale using 150 uL formulation so that the fractions 
generated were exposed directly using the standardized bioassay. The presence of 
TFM in each fraction was monitored visually and at its absorbance maximum, 290 rim. 
The first experiment used a 100 mg C~8 cartridge and employed solvent conditions 
similar to those used previously for HPLC separations (Munkittrick et al. 1994). Fig. 
5 shows the EROD activity associated with these fractions. 
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Figure 5. Rainbow trout hepatic EROD activity associated with fractions 
generated from solid phase extraction of the TFM formulation using 100 mg Ct8 
cartridges. 

Fraction 1 was collected with 1 mL 25:75 methanol:pH 4 0.2M acetate buffer, 
fraction 2 with a subsequent 2 mL 85:15 methanol:buffer and fraction 3 with 2 mL 
100% methanol. Foffnulation TFM was distributed between fractions 1 and 2 and 
separation from induction was unsuccessful. A slightly improved separation was seen 
when the polarity of the first solvent/buffer mixture was increased to 10:90 
methanol:buffer (Fig. 6). 
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Figure 6. Rainbow trout hepatic EROD activity associated with fractions 
generated from solid phase extraction of the TFM formulation using 100 mg Ct8 
cartridges and a more polar initial elution solvent mixture. 
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It was hypothesized that the incomplete separation of TFM from inducing 
contaminants may be due to insufficient chromatographic capacity of the 100 mg SPE 
cartridges. Under slightly modified elution conditions, a larger cartndge size (500 mg) 
showed an enhanced separation of TFM from induction (Fig. 7). 
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Figure 7. Rainbow trout hepatic EROD activity associated with fractions 
generated from solid phase extraction of the TFM formulation using 500 mg C18 
cartridges. 

Elution volumes were slightly modified because of the larger packing. Fraction 
1 was eluted with the formulation volume plus 0.5 mL of 10:90 methanol:acetate 
buffer; fractions 2,3 and 4 were eluted with 0.5 mL 10:90 methanol:acetate buffer, 
and fraction 5 was eluted with 1.5 mL methanol. TFM was absent from fractions 4 
and 5. These observations suggested that the capacity of the smaller cartridges may 
have been exceeded. Further experiments utilized 500 mg SPE cartridges. 

Methanol fractions after 500 mg SPE fractionations were profiled by HPLC 
and showed a significant amount of residual TFM. It was hypothesized that 
protonation of TFM was occurring during elution with the methanol:pH 4 acetate 
buffer mixture; the pK. of TFM is approximately 6.1 (National Research Council of 
Canada 1985). A buffer with a pH above the pK~ of TFM should maintain TFM 
dissociation and facilitate its complete elution. Trials using a pH 8 0.2M 
(tnhydroxymethyl)amine buffer with low proportions of methanol demonstrated 
removal of TFM only after relatively large elution volumes (>10 mL). Increasing the 
proportion of methanol to 40:60 methanol:tris buffer showed >99.99% removal of 
TFM after 9 mL (SPE-1). Fommlation impurities were visibly removed in a post 1.5 
mL methanol elution (SPE-2). Fish exposures to both fractions showed no induction 
was associated with SPE-1 and that formulation activity was recovered in the methanol 
traction (SPE-2) (p<0.001) (Hewitt et al. 1996). SPE-2 fractions could now be 
fractionated directly using preparative HPLC. 
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HPLC separations 

The objective of HPLC fractionation experiments was to isolate activity in a 
narrow chromatographic window to facilitate chemical characterizations on a minimum 
number of candidates. HPLC separations were conducted on a preparative scale so 
that SPE-2 fractions could be fractionated without volume adjustment. The fractions 
generated from the HPLC could then be directly exposed to fish. HPLC fractionations 
were carried out using a Waters (Millipore Corp., Miltbrd, MA) system consisting of a 
717 autosampler, a 600E system controller, a 610 valve station and a 481 
spectrophotometer UV detector set at 254 nm (Millipore Corp.). UV detection at 254 
nm provided a crude means of detecting materials containing one or more aromatic 
rings, a characteristic common to known inducers. It should be emphasized however, 
that experiments were directed by MFO induction; this detection method provided 
consistent reference locations within chromatograms for fractionation purposes. 

Separations were achieved with a 500 mm x 9.4 mm i.d. reverse phase Partisil 
10 ODS 2 column (Watman Inc., Clifton, NJ). Methanol and a pH 4 0.2M acetate 
buffer were used for HPLC separations as they were previously successful in eluting 
inducing formulation impurities (Munkittrick et al. 1994). Solvent programming was 
optimized to achieve maximal resolution of components visible at 254 nm: flow rate 
4 mL/min, column preconditioning and an initial 2 min hold of 10:90 (%) 
methanol:0.2 M pH 4 acetate (Caledon Laboratories) buffer, linear gradient to 100% 
methanol at 34 min and hold for 21 min. 

To ensure recovery of activity from the HPLC system, fish were exposed to the 
entire run from an injection of SPE-1 (Fig. 8). EROD activity was recovered in the 
region showing visible peaks at 254nm. Fractions from this region were initially 
collected during the elution of three main segments. Further collections corresponded 
to the location of large peaks for reproducibility. Activity was eventually isolated in 
two distinct narrow regions which demonstrated that a minimum of two formulation 
impurities were associated with MFO induction (Fig. 8). For complete resolution of 
activity at the chromatographic limit of the HPLC method, the final collections were 
exposed at 5 formulation equivalents. 
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Figure 8. Rainbow trout hepatic EROD activity associated with HPLC fractions 
generated after solid phase extraction of the TFM formulation. Activities are 
expressed relative to reference because exposures were performed separately. Both 
final active fractions were exposed at 5 formulation equivalents. 

Chemical Characterizations of Bioactive Fractions 

The bioactive fractions generated by HPLC fractionation of SPE-2 were 
characterized by GC-MS. GC-MS analyses were performed using a Hewlett Packard 
5890 GC equipped with a retention gap consisting of 1 m x 0.53 mm i.d. deactivated 
fused silica get connected to a 2.5 m x 0.25 mm i.d. section of deactivated fused 
silica. The retention gap was fitted to a 60 m x 0.25 mm i.d. DB-5 (J&W Scientific, 
Folsom, CA) column bonded to 0.25 lam phase thickness. The GC was interfaced at 
280~ to a VG Autospec-Q mass spectrometer (Fisons, VG Analytical, Manchester, 
UK). Injections were 2 pL on-column with a helium (ultra high purity carrier grade, 
CANOX) carder. GC injections were cold on-column to ensure complete delivery of 
bioactive extracts onto the GC column and to reduce the risk of decomposition of 
thermally labile compounds. Injector temperatures were programmed to follow oven 
conditions. GC oven temperatures were gradually increased over a wide temperature 
range to resolve compounds covering a broad range of polarities. Oven and injector 
temperatures were initially held at 80~ for 0.1 mix then programmed at 4~ to 
280~ held for 2 mix, programmed at 4~ to 290~ and held for 10 min. 
Positive ion electron impact mass spectra were obtained using both full scan and 
selection ion monitoring techniques. Full scan mass spectra of unknowns are 
necessary for structure determination. The identifications assigned to components 
detected by GC-MS in the bioactive fractions should follow published guidelines 
concerning identification of unknowns (Christman 1984). Tentative identifications are 
assigned when the postulated structure of an unknown is based solely on interpretation 
of its mass spectrum. Identifications are noted as confident when there is no authentic 
standard available but either the spectral or chromatographic data matches closely 
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published data, including mass spectral data bases and retention indices. Compounds 
are described as confirmed when retention times and mass spectra match those for 
authentic standards analyzed under identical conditions. 

The bioactive fractions were a mixture of methanol and acetate buffer and 
required solvent exchange prior to characterization. To determine the recovery of 
bioactive compounds, each fraction was solvent extracted, the extracts reduced in 
volume to just dryness and then redissolved in methanol for fish exposures. MFO 
induction in the resuspended extracts were compared to separate original bioactive 
fractions. Fish exposures to ethyl ether extracts of both fractions showed partial 
recovery of activity (71% and 43% respectively) while toluene extractions showed 
complete recovery of activity in both fractions (p<0.001) (Fig 9). This also indicated 
that the responsible compounds were relatively nonvolatile. 
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Figure 9. Rainbow trout hepatic EROD activity associated with inducing HPLC 
fractions and their respective toluene extracts. The fractions and extracts were each 
exposed at 3 formulation equivalents. Letters above bars correspond to groups which 
were statistically independent of each other. 

The chromatograms of the bioactive fractions were compared in detail with 
analysis blanks for the determination of unique constituents. The major components of 
the bioactive fractions were confirmed by synthesis as nitro-, trifluoromethyl-, and/or 
chloro diphenyl ethers. Fish exposures to the pure materials at a range of formulation 
equivalent concentrations showed no MFO induction was associated with these 
compounds (Hewitt et al. 1996). Although the identities of the compounds responsible 
for induction remained unknown at this juncture in the TIE, it could be concluded that 
these impurities were not associated with induction. These findings are significant 
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because low levels of MFO induction have been associated with diphenyl ethers (Chui 
et al. 1986) and relatively high levels of these materials were present in the 
formulation (Hewitt et al. 1996). It should be emphasized that even if the TIE is 
ultimately unsuccessful in that the responsible compounds are not fully characterized, 
the elimination of materials identified during the course of the TIE that are not 
associated with the endpoint can yield useful information (Hewitt et al. 1995). 
Further, properties of the responsible compounds which become evident during the 
TIE (polarity, volatility) will augment characterizations. Ideally, as in this case, the 
materials were obtained in pure form from custom synthesis and were exposed in 
known, accurate concentrations to assess their bioactivity potential. 

Further separations were necessary to isolate the responsible compounds. 
Although not employed here, other techniques such as normal phase HPLC could be 
applied. For the lampricide formulation being investigated further separations were 
realized by reinjection onto the reverse phase column under modified elution 
conditions. 

HPLC Subfractionations 

The bioactive fractions were concentrated three-fold prior to reinjection to 
facilitate the resolution of trace materials. Solvent conditions were optimized for each 
fraction to achieve the greatest resolution of components visible at 254nm. Recovery 
of activity after passage through the HPLC system was verified for both new elution 
conditions prior to fractionation experiments (p<0.001). Activity from both 
reinjections were eventually recovered in a total of three new fractions. A 
trisubstituted dibenzo-p-dioxin possessing chloro-, nitro-, and trifluoromethyl 
substituents was confidently identified in two of these fractions by GC-MS (Hewitt et 
al. 1996). 

Aoolication to Other Phvsiolo~ical Responses 

The goal of the development of the TIE techniques described is their 
application to a variety of physiological responses. In addition to elevated levels of 
MFO activity, altered levels of circulating sex steroid hormones in both male and 
female goldfish were associated with waterborne exposures to the lampricide 
formulation (Munkittrick et al. 1994). The TIE methodology developed using MFO 
induction was tested using circulating levels of sex steroids in fish as an endpoint. 
Preliminary experiments were conducted using the SPE-2 fraction of the TFM 
formulation. Male goldfish were dosed by intraperitoneal injection and basal levels of 
circulating steroids were measuresed after 4 days using the methods described in 
Munkittrick et al. (1994). Significantly decreased levels of both testosterone and 11- 
ketotestosterone were associated with exposure to the SPE-2 fraction (Fig. 10). Using 
this endpoint, the TIE methodology can be applied to determine the identity of the 
chemicals responsible for this response. Each step of the TIE must be validated for 
recovery of the biological activity as was documented here for MFO induction. 
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Figure 10. Circulating levels of testosterone and 11-ketotestosterone in male 
goldfish exposed by intraperitoneal injection to 0.1, 1 and 3 lampricide formulation 
equivalents of the SPE-2 fraction containing formulation impurities. 

S U M M A R Y  

A TFM lampricide formulation was utilized to develop TIE techniques directed 
by hepatic MFO induction in fish. Prior to fractionation experiments, bioassay 
conditions were optimized to consistently obtain the highest response while 
maintaining low toxicity. Hepatic MFO determinations were modified from traditional 
assays to increase sensitivity and reduce analysis time. Solid phase extraction was 
successful in separating bioactive formulation impurities from the primary formulation 
ingredient, TFM. Induction was recovered after solid phase extraction which enabled 
direct fractionation by preparative HPLC. Activity was not compromised after passage 
through the HPLC system and was eventually isolated in two distinct fractions. 
Further fractionations were eventually achieved by reinjection of each fraction onto the 
HPLC under modified conditions. Bioassays verified that activity was recovered from 
each fraction by toluene extraction preceding chemical characterizations. Toluene 
extracts were characterized by cold on-column GC-MS. Characterization of bioactive 
fractions by GC-MS resulted in the elimination of three nitro-, trifiuoromethyl- and/or 
chloro- diphenyl ethers as inducers. A chloro-, nitro-, trifluoromethyl dibenzo-p-dioxin 
has also been confidently identified in two active fractions. These techniques have 
also been initiated for the identification of compounds associated with potential 
reproductive abnormalities in fish. 
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ABSTRACT:  Thirty. sediment samples were collected from the vicinity of the Naval 
Docking Facility in San Diego Bay and used to conduct bioassays with amphipods (solid- 
phase), oyster larvae (elutriate), Microtox, and a new rapid screening test called the 
c)r P450 Reporter Gene System (RGS). This RGS cell line, from a human liver 
cancer cell, has been engineered to produce luciferase, when the CYP1A1 gene on the 
chromosome is induced by toxic and carcinogenic organics (dioxin, coplanar PCBs, PAHs). 
Elutriates were tested with both Microtox and oyster larvae, and organic extracts of 
sediments were tested with Microtox and the P450 RGS assay. Chemical analyses included 
total organic carbon (TOC), and acid volatile sulfides (AVS) along with a wide range of 
metals and organic chemicals. The simultaneously extracted metals (SEM) to AVS ratio 
was compared to the toxic response of oyster larvae and amphipods. Along each of the 
piers sampled, contaminant concentrations decreased with distance from shore. A 
correlation matrix analysis of  all biological and chemical data was conducted. The 
strongest correlation (0.78, r2=0.61) between a chemical measurement and a biological 
response was that of total PAH versus the P450 RGS response. The use of P450 RGS as a 
screening tool to assess the relative risk of  contaminants on sediments is biologically 
meaningful, and is a rapid and inexpensive means of  determining which samples require 
complete chemical characterization. 
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Location 
San Diego Bay is the southern-most embayment on the west coast of  the United 

States. Located approximately 16 km north of  the U.S.-Mexican Border, the Bay is about 24 
km in length and varies in width from 0.4 km to 4 kin. Depths vary from approximately 12 m 
in the ship channel, to about 1 m in many areas in the South Bay. The Bay has a deep entrance 
to the harbor and an extensive area for sheltered anchorage. 

While the Bay is classified as an estuarine system, freshwater input has been greatly 
reduced over the years as a result of  dam construction, the extensive use of  ground waters, and 
diversion of  the San Diego River. Freshwater input is now limited to that from periodic surface 
drainage of  the metropolitan area and intermittent flow from several streams during periods of  
rainfall. 

Objectives 
This study was conducted to determine if sediments in and around the Naval facilities 

in San Diego Bay posed an ecological risk to the biota inhabiting the Bay, or possibly to 
humans consuming fish or shellfish from the Bay. Sediments were collected from 25 stations in 
the vicinity of the Naval Station (near National City) and 5 stations off the Naval Amphibious 
Base to determine contaminant concentrations and toxicity (Figure 1). Five sample stations 
along each of  the transect lines (A-E) were located to reveal sediment contaminant 
concentration gradients perpendicular to the shoreline. Contaminant concentrations were also 
examined for longshore gradients, particularly near the mouth of  Chollas (station A-I) and 
Paleta (station C-I) Creeks. The five stations offthe Amphibious Base were randomly chosen 
in locations that were presumed to be reference stations. 

The basic design for toxicity evaluations was to conduct testing that would subject the 
organisms or test systems to contaminants that were either water-soluble, or required 
extraction with an organic solvent. Tests were selected which ranged in duration from a few 
minutes to 10 days. Two separate tests were used to evaluate the toxicity of  a water extract 
and two additional tests evaluated the toxicity of  organic extracts. Dilutions of  the seawater 
extract (elutriate) of  a sediment sample were first tested with Microtox (luminescent bacteria) 
and oyster (Crassostrea gigas) embryos. Dilutions of  the dichloromethane (DCM) extract of  
a sediment were tested again with Microtox and with the new P450 Reporter Gene System 
(RGS). A longer term test was the 10-day solid phase amphipod test, using Rhepoxynius 
abronius. Reference toxicants were included in each test to determine the relative sensitivities 
of  the organisms, in relation to previous testing, and in relation to each other. 

Methods 

Sampling Design 
The aerial distribution of  sampling stations can be described as a simple grid (Figure 1) 

with station designations containing two characters, a letter (A-F) and a number (1-5). 
Stations with the same letter (A-E) were associated with transects orthogonal to shore. 
Orthogonal transects were ordered from A in the North to E in the South. Reference stations 
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F I G .  1 - -  Location of Sediment Sampling Stations in San Diego Bay. Transects A to 
E, in the Naval docks, are on the East side of the Bay, numbered.from shore (1 stations) to the 
ship channel (5 stations). Reference stations are located on the West side of the Bay, near the 
Naval Amphibious Base. 
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(F), across the Bay in an area presumed to be relatively uncontaminated, were numerically 
ordered fi'om South (F1) to North (F5). Other stations (A-E) with the same number (e.g., 1) 
were associated with transects parallel to shore. Parallel transects were ascendingly ordered 
fi-om shore (1 stations) to the ship channel (5 stations). 

FieM Collection Methods 
Sediments for this program were collected from the Navy research Vessel ECOS on 

two occasions. Samples for chemistry, Microtox, P450 RGS and amphipod toxicity tests 
were collected on July 1 and 2, 1993. Samples for the bivalve elutriate test were obtained on 
September 2, 1993. Station locations were pre-plotted and entered into a differential 
geographic positioning system (GPS) which was utilized for navigation. Sediments were 
collected with a modified chain-rigged Van Veen sampler. Upon retrieval to the vessel, excess 
water was carefully poured off, with minimal loss of  the surface layer of  fine sediment. The 
grab was inspected and if any indication of incomplete collection was observed, such as visible 
washing out of  the sample or incomplete closure of  the grab, the sample was rejected. 
Sediment was collected from the top 6 centimeters with a Teflon spatula, taking care not to 
touch the sides of  the grab. Samples were placed into pre-cleaned, labeled containers, using 
glass jars for organic constituents and toxicity tests and polyethylene containers for evaluation 
of metals and particle size. Sediments were stored in ice chests with blue ice and kept at 4 ~ C 
while being transported to the Carlsbad, CA laboratory of Columbia Analytical Services 
(CAS). Samples for chemical analysis were carefully packaged to prevent breakage and 
shipped at 4 ~ C with full chain of  custody documentation to the CAS laboratory in Kelso, 
Washington for chemical analyses. At the Carlsbad laboratory, sediments to be used in toxicity 
testing were stored at 4 ~ C for less than two weeks before test initiation. 

Analytical Chemical and Biological Methods 
Table 2 fists the methods used in both chemical and biological testing. The majority of  

the procedures are standard EPA or ASTM methods, so they will not be described in detail 
here. As discussed under objectives, the biological testing was designed to detect both water- 
soluble and solvent extractable contaminants. As described in the U.S. Army Corps of  
Engineers "Greenbook" (COE 1991), sediment elutriates were prepared, using 1:4 (by weight) 
slurries of  sediment to seawater. These slurries were agitated for one hour in a rotary mixer 
and the water (elutriate) was then filtered through 0.45 micron filters to remove fine particles 
and bacteria. The elutriates were maintained at 4 ~ C for 2 days until toxicity testing was 
initiated. Biological tests used with these elutriates were Microtox (luminescent bacteria) and 
the oyster larval bioassay (normal development). Dilutions of  0, 12.5, 25, 50 and 100% 
elutriate were used to determine the potential toxicity of  the sediment samples. After testing 
dilutions of  several samples with Microtox, it was observed that even the 100% elutriate of  
several samples failed to significantly reduce light emission. Therefore, the 100% elutriates of  
the remaining samples were tested first, to determine if there was any significant toxicity. 

Organic extracts of  the sediment samples were first prepared by the standard EPA 
3540 method using 40 g of  wet sediment and dichloromethane (DCM). The volume of DCM 
was reduced to 1 mL by evaporation, and then 1 mL of additional DCM was added back 
before dividing this volume to two 1 mL portions. One of the vials with 1 mL of DCM was 
used in testing with the P450 Reporter Gene System (RGS), while the DCM in the second vial 
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was exchanged with non-denatured ethanol to be used in the Microtox assay. For Microtox, 
dilutions of 0, 12.5, 25, 50 and 100% were prepared. As described in the Microtox protocol, 
ethanol extracts were tested to determine the extent of luminescent reduction. The calculated 
dilution that produced a 50% light reduction (ECso) was determined with a statistical program 
supplied with the instrument. The P450 RGS induction was determined by applying 2 I, tL of 
the DCM extract to 2 mL of media covering approximately one million 101L cells in individual 
wells. The induction response from DCM alone was used as control and set equal to unity. 
Responses from sediment extracts were expressed as fold induction, after dividing by the 
control response. 

The chemical analyses listed in Table 1 include some of the most recent approaches, 
such as total organic carbon (% TOC) normalization of the concentrations of organic 
compounds and acid volatile sulfide (AVS) normalization of the simultaneously extracted 
metals (SEM). 

TABLE 1 - -  Methods used to Measure Study Parameters 

MEASUREMENT METHOD 

Grain Size 

% Solids 

Total Organic Carbon 

Total Sediment Metals 

Acid Volatile Sulfide 

Simultaneously Extracted Metals 

PCBs and Pesticides 

Polycyclic Aromatic Hydrocarbons 

Organic Extraction 

Biological Analyses 

Elutriate Preparation 

Microtox with Elutriate 

Oyster larval test ~4th Elutriate 

Microtox with Organic Extract 

P450 with Organic Extract 

Solid Phase test with Amphipods 

Plumb 1981 

EPA 160.3 

ASTM D4129-82 Modified 

EPA 6010 Most Metals 
EPA 7060 Arsenic 
EPA 7471 Mercury 
EPA 7740 Selenium 
EPA 7841 Thalium 

EPA 1991 Draft, Allen et al. 1993 

EPA 1991 Draft, Allen et al. 1993 

EPA 3540/8080 

EPA 3540/GC/MS SIM 

EPA 3540, with and ~4thout modifications 
described by Microbics, Inc. for Microtox 

COE Greenbook 1991 

Battelle 1992 

ASTM 1993 

Battelle 1992 

Anderson et al. 1995 

ASTM 1993 
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Data Evaluation 
Several numerical techniques were employed in the analysis of  the project data 

including descriptive, quantal, and hypothesis tests. Descriptive statistics were used to provide 
a summary of gathered information and included arithmetic mean, standard deviation, 
coefficient of  variation (Sokal and Rohlf 1969), Pearson's correlation (SAS 1982) and 
histograms. 

Due to the quantal nature of  the data collected during the conduct of  the bivalve 
bioassays, probit analyses (Hewlett and Plackett 1979), a parametric procedure and the 
spearman-Karber Method (Finney 1978), a non-parametric procedure, were used to evaluate 
effects. Quantal procedures were used to estimate the amount of  test substance (sediment 
elutriate) needed to affect 50 % of the developing bivalve embryos in a 48-hour period; or 
more commonly stated the 48-hour ECs0 value. Other toxicological parameters, including the 
no effects concentration (NOEC) were processed using ToxCalc software. 

The One-Way analysis of Variance (ANOVA) was used for testing two null 
hypotheses on transects A to E; 1) transects parallel to shore do not differ significantly (p< or 
=0.05) from each other with respect to parameters tested, and 2) transects orthogonal to shore 
do not differ significantly (p< or =0.05) from each other with respect to the parameters tested. 
The reference stations (group F) were not selected in the same manner as A to E stations, and 
these were not included in the ANOVA. Additionally, the Student-Newman-Kuels multiple 
range test (Steel and Torrie 1980) was used to separate transects that were found to differ 
significantly (p< or =0.05). Forty-three biological and chemical parameters were reviewed 
using ANOVA. 

Results 

Sediment Analyses 
The sediments were composed of mixtures of  sand, silt and clay, with tittle if any gravel 

present (Fig. 2). Station E3 contained 27% gravel, but all others were 0 to 7% gravel and 

FIG. 2 --Percent of Grclvel, Sand, Silt and Clay in Sediments. 
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most contained zero. Sand varied from a low of  9% at D2 to 82% at station F4. The average 
sand content of  F stations was greater than that of  other station groups. While there were 
exceptions, the stations that were most distant fi'om land tended to contain the higher 
proportion of  sand. In Figure 3, the percentage of  solids in the sediment samples is plotted 
against the percentage of  silt and clay combined. As the amount of fine material increased, the 
percent solids decreased. The percentage of  total organic carbon increased with the increase in 
percentage of  fine-grained material (Fig. 4). 

FIG. 3 - -  Relationship between % Solids and Fine Grain Material in Sediments. 

FIG. 4 - -  Relationship between % Total Organic Carbon and % Solids in 
Sediment Samples. 
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T A B L E  2 - -  Total Metals Concentrations (mg.~) in Sediments 

Station Barium Chromium Copper Lead Mercur 5 Nickel Tin Vanadium Zinc 

A1 85 22 30 64 0 0 

A2 l l 0  45 l l 7  197 0.5 12 

A3 62 38 90 35 0.4 0 

A4 39 26 5! 25 0.4 0 

A5 16 15 30 0 0 0 

B1 139 99 486 120 1.5 25 

B2 69 24 41 0 0 0 

B3 123 [18 162 82 2 24 

B4 82 47 98 42 0.5 11 

B5 28 22 44 20 0.2 0 

CI 116 49 156 102 0.4 12 

C2 164 20 30 0 0 0 

C3 93 38 87 26 0.3 11 

C4 124 70 161 57 0.7 16 

C5 28 21 46 0 0.2 0 

DI 137 84 358 68 1.5 19 

D2 133 99 89 41 1.2 19 

D3 95 46 129 34 0.5 11 

D4 36 24 60 0 0 0 

D5 25 18 36 2! 0 0 

El 117 63 371 74 [ 16 

E2 108 60 400 42 0.4 17 

E3 96 53 188 36 0.4 14 

E4 101 59 185 42 0.5 17 

E5 56 36 73 26 0.3 0 

F1 41 29 50 24 0.3 0 

F2 27 22 42 25 0.2 0 

F3 40 28 56 22 0.3 0 

F4 17 17 33 0 0 0 

F5 24 22 46 0 0.2 0 

0 56 134 

0 64 206 

0 48 135 

0 30 97 

0 15 60 

19 91 444 

0 45 69 

22 82 313 

0 56 162 

0 25 91 

0 58 516 

0 48 58 

0 62 124 

0 87 227 

0 24 91 

10 93 330 

11 96 191 

0 66 161 

0 31 94 

0 20 74 

72 313 

88 244 

0 78 189 

11 81 222 

0 46 137 

0 36 106 

0 25 99 

0 34 112 

0 19 80 

0 26 106 
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62 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Table 2 shows the total metals composition of the 30 sediment samples, including non- 
toxic elements such as AI, Ca, Fe, Mg, K, and Na. Metals that may be problems in bays and 
estuaries (Long and Morgan 1990) are copper, chromimn, lead and zinc (Fig. 5). Values 
between 50 and 100 mg/kg (ppm) for these metals were quite common. Copper and zinc 
reached high concentrations (300 ppm) at stations B1, C1, D1, and El. This was the first 
indication that stations in the inner most (1 stations, nearshore) portion of each sampling group 
(A-E) may contain the highest contamination level of that specific group of stations. 

The highest values for acid volatile sulfide (moles of AVS) were in most cases found in 
the first sample (1 stations) within each group (A-E). For example, the highest values were 
Al(=17), B1 (=26), C1 (=23), D1 (=12), and E1 (=8). An exception was within the high-sand 
F group, where the highest value was 17 moles of sulfide for station F3. As noted above, 
sediments from stations near the shoreline were also the samples that contained the highest 
levels of total Cu, Cr and Zn. The mild acid extractions used to measure the sulfide content of 
sediments were also used to measure the Simultaneously Extracted Metals (SEM). Significant 
concentrations were measured for Cr, Cu, Pb, and Zn in most samples (Table 3). As in the 
case of total metals, the SEM values were quite high in samples B1, C1, D1 and El. Sample 
B 1 had the highest concentrations for Cr, Cu, Pb and Zn. Those stations, which we expected 
would serve as reference stations (F), were the lowest in concentrations of these metals. 

FIG. 5 - -  Concentrations (mg/kg) of Total Chromium, Copper, Lead, and Zinc in 
Sediment Samples. 

Figure 6 compares the levels of potentially toxic metals (Cu. Cr, Pb, and Zn) from the 
total metals analyses to those from SEM analyses. As would be expected, there was a close 
relationship between the two sets of data. Because the presence of sulfides in sediments 
generally decreases the bioavailability of metals (Allen et al. 1993), the molar ratios of SEM to 
AVS are shown in Fig 7. Values greater than one are considered to show the potential for 
toxicity and bioavailability, while those with ratios less than one would not likely be toxic. 
Samples A2, B3, C3, and F2 showed the highest ratios, and would be expected to produce the 
most significant biological effects from metals. 
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FIG. 6 - -Dis t r ibu t ion  of Total Potentially Toxic Metals (Cr, Cu, Pb, Zn) in 
Sediments and the Same Simultaneously Extracted Metals (SEM) in the Sediment 
Extracts. 

FIG. 7 - -Rat io  of  the combined moles of  chromium, copper, lead, and zinc in the 
SEM extract to moles of sulfur in the A VS. Ratios of  I or less are presumed to indicate 
low potential metal toxicity and bioavailibility. 
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Because of  the high water content of  the sediments, and the methods used to quantify the 
PCBs and chlorinated pesticides, the detection limits for PCBs were either 100 or 200 lag/kg 
(ppb). PCBs were not found in any of  the sediment samples at concentrations above these 
detection limits. At the lower detection limit of  20 ppb for most of  the pesticides, none of  
those listed on the EPA Priority Pollutant List were found at concentrations above the 
detection level in any of  the sediment samples. 

The PAH characteristics of  the sediments were measured by quantification o f  36 
compounds, or groups of  compounds (i.e. C1-Naphthalenes = methylnaphthalenes) at 
individual detection limits o f  20 ppb. Table 4 shows the composition o f  individual PAHs in 
sediment samples, and the total PAH content. In most cases the PAH components found 
were in the intermediate to high molecular weight range (phenanthrene to 
benzo[g,h,i]perylene). The first station in each transect, however, also contained 
significant contamination from some of the lower molecular weight compounds (A1, B l, C 1, 
DI, and El), except for the F group. As shown in Figure 8, these nearshore stations contained 
the highest levels of  total PAH (from 7 to 20 ppm). Table 4 lists the total organic carbon 
(TOC) in the sediments so that the individual PAH concentrations can be normalized to ng of  
P A H / g  TOC. This may be useful in order to compared the data to Draft EPA Sediment 
Criteria, and Washington State Sediment Criteria, as will be done in the Discussion section. 

FIG. 8 - -  Concentrations (ng/g dry weight) of Total Polycycfic Aromatic 
Hydrocarbons (PAHs) in Sediments. 
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Biological Analyses 
Elutriates. None of  the 100% elutriate samples were found to reduce the fight 

emission of  Microtox. In most cases the light emission actually increased, which was likely the 
result of  added nutrients. 

A 50 % reduction in normal oyster larval development (ECs0), after 48 hours of  
exposure, was not produced by 100 % elutriates of  most sediments. An ECso was observed in 
a few of  the elutriates (A5, B5, C1, E2, F4, F5) at concentrations o f  34 to 86%. A more 
sensitive evaluation of  the data was to use the no effects concentrations (NOEC) for each 
sediment and convert these values to chronic toxicity units (TUc) by dividing them into 100. 
These TUc values are shown for each sediment site in Figure 9. Sediment elutriates producing 
the greatest effects on the oyster larvae were from stations A4, 5; B 1; E2, 5; and F2, 4. 

FIG. 9 - -  Chronic Toxicity Units (TUc; IOO/NOEC) for oyster larvae exposed to 
sediment elutriates. 

Organic ExtractsofSediments. The baseline response for the Microtox test 
was illustrated by sample B2 with an ECs0 of>100% (Fig. 10). The ECs0 values for Microtox 
from an exposure to the organic extracts of  sediment become smaller (greater dilution) as the 
toxicity o f  the extract increases. To provide an illustration that is easier to understand, and 
relate to the P450 RGS data, in Fig. 10 the ECho values were divided into 100, producing 
acute toxicity units (TUa). The greatest effects on the luminescence of  Microtox was from 
sediments extracts of  stations A1, 4, 5; B1, 5; C3; D1; E4; and F3, 4. Three of  these stations 
were nearest the shore in their transect (1 stations). 
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68 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

FIG. 10 - -Acute  Toxicity Units (100/EC50) for the luminescence of Microtox 
exposed to organic extracts of sediments. 

Background P450 RGS induction from both biogenic and anthropogenic compounds in 
these samples was approximately 20 fold, based on the induction produced by the extract of 
sediment from station F4, which contained relatively low amounts of toxic organic compounds. 
Studies on marine sediments fi-om other regions have shown the background P450 response is as 
low as 4 fold (Anderson et al. 1995). Within sample groups A-E, RGS induction was the greatest 
in the first sample, closest to the shore. In the reference group (F series), F2 produced a slightly 
higher level of P450 induction. Figure 11 shows the comparison between the responses of 
Microtox and RGS from exposure to sediment extracts. In Figure 11, the TUa values for 
Microtox (Fig. 10) were multiplied by a factor of 2 to make the range of values comparable. 
Increases in the heights of both bars represent increasing toxicity. The trend for RGS responses 
was a stepwise decrease in induction from the first sample in a group to the last (moving from 
shore outward). It was difficult to observe any consistent pattern from observation of the 
Microtox data. 

Solid Phase Testing. The amphipod, Rhepoxynius abronius, was used in 10-day sediment 
tests to determine the toxicity of the 30 samples. No sediments produced 50% or greater 
mortality for the amphipods (Fig. 12). Only three samples (A2, B1 and D5) produced 40% 
or greater mortality. Samples D2, D4, F1, and F4 produced between 30 and 40% mortality 
after 10 days of exposure. Considering the relative sensitivity of this species, and the rather 
high contamination levels in many of the samples, greater mortality was anticipated. 
Reference toxicant data gathered during the testing, indicated that these animals were 
responding as expected to copper (LCs0 = 230 ppb). 
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FIG. 11--  Pattern of Responses of the two Tests Used with Organic Extracts of 
Sea~ment. The TUa of Microtox was multiplied by 2 to bring the values m the appropriate 
range. 

FIG. 12 - -Pe rcen t  Mortality of Rhepoxynius abronius exposed for l O-days to 
the Sediment Samples. 
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Discussion and Conclusions 

Comparative Sensitivities of Biological Tests 
Table 5 summarizes the results of reference toxicant testing with copper and the three 

species used in this study. It is interesting to note that the 5- and 15-minute ECso values for 
Microtox are in the same range as the 96-hour LCs0 values for R. abronius. The 48-hour EC~0 
values for oyster larvae are approximately one order of magnitude lower than the other two 
tests. While the oyster larvae were quite sensitive, the effects on development observed were 

TABLE 5 - -Comparison of Copper Toxicity (llg/L) for Microtox, Oyster Larvae 
(Crassostrea gigas), and Amphipods (Rhepoxynius abronius). 

Measurement Microtox Oyster Larvae Amphipods 

5-min. ECso 320; 710 
15-min. ECs0 120; 290 
48-hour ECs0 17.0; 17.8; 19.0 
96-hour ECs0 230; 470; 410 

less than anticipated. If there was strong binding of the contaminants identified in this 
investigation to the sediments, the levels in the elutriates used in the larval exposure could have 
been very low. 

The first station in each group (A-E), except in the reference series (F), produced the 
greatest response in the P450 RGS induction, and the Microtox (organic extract) response 
indicated high toxicity at the nearshore station on three of the transects (A1, B1, D1). The 
amphipods showed the highest mortality at stations A2, B1, D2, D5, and F1. The greatest 
impacts on development of bivalve larvae (Fig. 9.) were from elutriates prepared from samples 
at stations A5, B1, E2, E5, and F2. Station B1 was the only station where all four indicators 
showed a strong adverse response (Figs. 9,11,12). The responses at the reference stations 
indicated there was some level of contamination to which the test systems were responding. 
Each test may be responding to different classes or phases (soluble versus bound) of 
contaminants. The most specific biological response was the P450 RGS, which likely reacted 
to low levels of high molecular weight PAHs from petroleum or combustion sources. 

Comparison of Toxicity to Other Studies 

The Southern California Coastal Water Research Project (SCCWRP) conducted 
an investigation of sediments at sites between Santa Monica Bay and San Diego Bay in 
1987 (Anderson et al. 1988, 1989). Only three stations were sampled and tested from San 
Diego Bay, but these were the most likely to produce effects. Two of the stations in this 
present investigation for NRaD (approximately A1 and C1) were sampled and analyzed by 
SCCWRP (Chollas Creek and Paleta Creek = 7th Street). SCCWRP found that interstitial 
water from the sediments of Chollas Creek, Paleta Creek and the NASSCO dock station 
produced significant reduction in luminescence in the Microtox test. Sediments from these 
same three stations significantly reduced the survival of the amphipod, Grandidierella 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



STATION 

CAS 
A-1/Chollas 
Crk. 
A-2 
A-3 
A-4 
A-5 
B-1 
B-2 
B-3 
B-4 
B-5 
C - 1/Paleta 
Crk. 
C-2 
C-3 
C-4 
C-5 
D-1 
D-2 
D-3 
D-4 
D-5 
E-1 
E-2 
E-3 
E-4 
E-5 
F-I 
F-2 
F-3 
F-4 
F-5 
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T A B L E  6 ----Comparative Results of Two Recent Surveys. 

TOC (% dry wt.) Mercury (ppm) Rhepo~nius 

SAIC CAS SAIC CAS SAIC 
1 1.76 0.306 0 0.04 

12 
15 

44 

62 
58 

80 
76 

Grandidierella 
% Mortality % Mortality over 

Reference 
CAS SAIC 

10 

1.54 2,27 0.5 0.59 42 
1.19 0.4 14 
0.5 0.4 12 

0.59 0 25 
2.8 2.7 1.5 1.31 40 
0.3 2.8 0 1.76 4 
1.98 2 29 
0.98 0.5 14 
0.85 0.2 11 
1.72 0.4 11 

0.15 1.29 0 0.69 19 
0.89 0.3 15 
1.3 0.7 10 
0.4 0.2 23 
1.78 1.76 1.5 0.86 5 
1.24 1.69 1.2 0.63 36 
0.88 0.5 15 
0.42 0 30 
0.4 0 40 
1.42 0.93 1 0.38 21 
1.37 1.75 0.4 0.53 17 
0.96 0.4 I1 
1.46 0.5 12 
0.59 0.3 21 
0.54 0.3 39 
0.38 0.2 20 
0.42 0.3 21 
0.53 0 30 
0.85 0.2 17 

39 
25 

43 

39 
5 

japonica, particularly at the two creek stations (60-65% mortality). The growth o f  sea 

urchins, Lytechinus pictus, was suppressed when held on Paleta Creek sediments for 35 days. 

This was one o f  the few studies comparing the sensitivities o f  two arnphipods (G.japonica and 
t~ abronius) frequently used in sediment toxicity testing. Dilutions o f  Paleta Creek sediment 

were tested with bo th  species, and the findings showed them to respond in a very similar 
manner. At 20, 50, 75 and 100% Paleta Creek sediment, the ranges o f  percent survival for 

both  species were 60-77, 40-45, 20-40, and 38-43, respectively. 
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A very recent survey was conducted in the naval docks for the Navy by Science 
Applications International, Corp. (SAIC). This preliminary investigation included sediment 
grain size, total organic carbon, mercury, and toxicity for Grandidierella. Table 6 compares 
those findings with the present NRaD study. Nine stations were selected that are close to those 
used in this study. It is interesting that station B 1 produced 40% mortality for R. abronius and 
39~ mortality for G. japonica. The agreement at other stations in biological and chemical 
measurements was not as good. Frequently, the TOC or mercury values were quite similar, but 
in other cases there was an order of  magnitude difference. This comparison suffers from the 
lack of  split-sample intercomparison, as the characteristics of  sediments collected only a few 
meters apart might be quite different. 

Relationship Between Levels of Contamination at~ Station Location 
Table 7 demonstrated statistically that there were several contaminants, as well as 

biological tests, that showed a significant relationship to distance from shore. It was evident 
that the nearshore (1 and 2) stations, within each group (A-E) along the piers, contained 
sediments that were higher in contamination and produced greater biological effects. Acid 
volatile sulfides and total PAHs produced the most significant relationships with distance from 
shore (p=0.000). Values down the fight column of Table 7 to Arsenic (p=.0665) are 
significantly related to the distance from shore. P450 RGS was the biological measure that was 
most strongly related to the distance from shore, likely because of the distribution pattem of 
total PAHs. 

Correlations Between Toxicity and Chemical Analyses 
All chemical and biological data were first tested for the level of  correlation in a 

massive Pearson correlation matrix. Those combinations of  parameters showing a correlation 
of 0.6 or greater were then selected and evaluated (Table 8). The only biological parameter 
that correlated significantly with any of the chemical measures, was the P450 RGS. The 
correlation of 0.779 (r 2= 0.607) for RGS versus total PAH concentrations, was the highest 
value observed in this investigation. Since there was a considerable amount of  co-occurence of 
high values for multiple pollutants, the correlations of  RGS with several other toxicants 
(individual PAHs and metals) were also high. Figure 13 shows that the responses of  P450 
RGS can be used to predict both the dry weight concentrations of  PAIl, and the TOC- 
normalized PAH levels. 

Analyses of  AVS and SEM were not useful for predicting the potential toxicity of 
metals in sediments. Most of  the sediments produced AVS to SEM ratios above 1.0, yet those 
with the highest ratios were seldom found to produce significant biological effects. Station F2, 
with a high ratio, was one of the stations producing significant effects on oyster larvae (TUc = 
16). Station A2, with a moderately high ratio, produced a 40% mortality for the amphipods. 
However, station B3, with the highest AVS to SEM ratio, produced no strong effects on any 
species. Since there was significant mortality (40%) in amphipods exposed to sediments from 
stations F1 and F4, with rather low levels of  toxicants, the low TOC of these sediments may 
have resulted in increased bioavailability. 
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T A B L E  7 - - A N O V A  p Values 

By Offshore Stations (A - E) 
Test 

Boron 
Magnesium 
Aluminum 
Cobalt 
Potassium 
Copper 
Tin 
Iron 
Sodium 
Calcium 
Beryllium 
Silver(ppm in SEM) 
Chromium(ppm in SEM) 
Silver 
Cadmium(ppm in SEM) 
Manganese 
Nickel 
Chromium 

Solids 
Total Toxic Metals 

Mercury 
Vanadium 
Microtox (200/EC50) 
P450-FOLD IND. 
Arsenic(ppm in SEM) 
Cadmium 
Mercury(ppm in SEM) 
Arsenic 
Beryllium(ppm in SEM) 
Barium 
Copper(ppm in SEM) 
Amphipod Mortality 
Total Metals(ppm in SEM) 
Zinc(ppm in SEM) 
Zinc 
Bivalves (EC50) 
EC50-Microtox 
TOC ( dry wt.) 
Lead(ppm in SEM) 
Lead 
Nickel(ppm in SEM) 
total PAHs (ppb) 

AVS (Moles) 

By Alongshore Stations (1-5) 
prob Test prob 

0.1212 AVS (Moles) 0.0000 
0.1877 Total PAHs (ppb) 0.0000 
0.1919 Barium 0.0004 
0.1953 P450-FOLD IND. 0.0006 
0.2120 iTotal Toxic Metals 0.0023 
0.2162 Zinc 0.0027 
0.2347 r o c  ( city wt.) 0.0044 
0.2366 Vanadium 0.0066 
0.2483 Zinc(ppm in SEM) 0.0069 
0.2686 rotal Metals(ppm in SEM) 0.0071 
0.2921 Cobalt 0.0089 
0.2949 EC50-Microtox 0.0161 
0.3070 Nickel(ppmin SEM) 0.0172 
0.3421 Copper(ppmin SEM) 0.0189 
0.3512 Lead(ppmin SEM) 0.0224 
0.3594 Manganese 0.0240 
0.3640 Iron 0.0279 
0.3815 Potassium 0.0290 
0.4117 Magnesium 0.0426 
0.4196 Microtox (200/EC50) 0.0442 
0.4398 Copper 0.0461 
0.4509 Arsenic(ppm in SEM) 0.0665 
0.4760 Aluminum 0.0785 
0.5074 Nickel 0.0860 
0.5199 Boron 0.0901 
0.5394 Sodium 0.1020 
0.5548 Lead 0.1093 
0.5561 Silver(ppmin SEM) 0.1612 
0.5671 Solids 0.1613 
0.6093 Chromium 0.1703 
0.6195 Arsenic 0.1837 
0.6985 Mercury 0.2091 
0.7169 Chromium(ppmin SEM) 0.2332 
0.7310 Cadmium(ppmin SEM) 0.3741 
0.7353 Tin 0.3903 
0.7533 Silver 0.4096 
0.7678 Bivalves (EC50) 0.4182 
0.7865 Cadmium 0.5394 
0.7872 Mercury(ppm in SEM) 0.5548 
0.8373 Beryllium(ppmin SEM) 0.5671 
0.9272 Beryllium 0.6010 
0.9349 Amphipod Mortality 0.6591 
0.9989 Calcium 0.8321 
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T A B L E  8 - -  Correlation of  P450 RGS with Chemical Parameters. 

** = 0.01 *** = 0 .001 

Compound 

Total Polycyclic Aromatic Hydrocarbons 

C l-Chrysenes 

C2-Chrysenes 

Benzo(a)pyrenes 

C 1 -Fluoranthenes 

Chrysene 

Benzo(g,h,i)peD'lene 

Pyrene 

Benzo(k)fluoranthene 

Indeno( 1,2,3-cd)pyrene 

Dibenzothiophene 

Benzo(b)fluoranthene 

total  Organic Carbon 

Total Simultaneously Extracted Metals 

Total Metals 

SEM Zinc 

Einc 

Benzo(a)anthracene 

C3-Chrysenes 

Copper 

SEM Copper 

Nickel 

Lead 

Co~elat ionwith z 
P450 

0.779 0.00 

0.772 0.00 

0.772 0.00 

0.771 0.00 

0.771 0.00 

0.767 0.00 

0.765 0.00 

0.761 0.00 

0.759 0.00 

0.755 0.00 

0.733 0.00 

0.728 0.00 

0.707 0.00 

0.705 0.00 

0.696 0.00 

0.691 0.00 

0.691 0.00 

0.684 0.00 

0.673 0.00 

0.673 0.00 

0.673 0.00 

0.630 0.00 

0.605 0.00 

0.605 0.00 

0.575 0.00 

0.575 0.00 

0.551 0.00 

0.549 0.00 

0.533 0.00 

0.519 0.00 

0.490 0.01 

0.486 0.01 

-0.654 0.00 

~EM Lead 

Chromium 

~EM Chromium 

Fluoranthene 

C4-Chrysenes 

!Arsenic 

SEM Arsenic 

Acid Volatile Sulfides 

Silver 

Total Solids 

Significance r Squared 

*** 0.607 

*** 0.596 

*** 0.596 

*** 0.594 

*** 0.595 

*** 0.588 

*** 0.586 

*** 0.579 

*** 0.577 

*** 0.571 

*** 0.537 

*** 0.530 

*** 0.500 

*** 0.497 

*** 0.484 

*** 0.478 

*** 0.478 

*** 0.468 

*** 0.453 

*** 0.453 

*** 0.453 

*** 0.398 

*** 0.366 

*** 0.366 

*** 0.331 

*** 0.331 

** 0.304 

** 0.301 

** 0.284 

** 0.270 

** 0.240 

** 0.237 

*** 0.428 
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FIG. 13 - -  Relationship between P450 RGS #lduction attd PAH concentrations. 

Significance of Chemical Contam#nztion 
The SCCWRP investigation of 1987 (Anderson et al. 1988) demonstrated biological 

effects at both Chollas Creek and Paleta Creek. This study found very low amphipod mortality 
at these stations (A1 and C1). SCCWRP found 7.6 ppm of total PAH at Chollas Creek and 
12.1 ppm at Paleta Creek. In this investigation we found 8.09 ppm and 14.55 pprn, 
respectively, for the same stations�9 This indicates that the chemical contamination has not 
changed much in approximately 6 years, but does not help explain the higher survival of the 
amphipods at these stations. 

Long and Morgan (1990) compiled a massive amount of data on toxicity and 
chemistry of sediments to first develop estimated Effects Range Low (ERL) and Effects 
Range Median (ERM) for specific sediment contaminants. Since that time the data base has 
increased considerably, and Long et al. (1994) has revised these estimated concentrations of 
contaminants in sediment that have been associated with effects on marine species. Table 9 
presents the ERM values from this recent manuscript, indicating concentrations above 
which one would expect to see an impact on the biota. Also shown in Table 9 are the data 
from stations sampled in this investigation, where the measured concentrations are at or 
above the latest ERM values. Station B 1, which produced significant effects on each of the 
biological tests used in this study, contained concentrations of copper, mercury, silver, zinc, 
benzo(a)pyrene, and total high molecular weight PAHs above the ERM. Station D1 
contained levels of copper, mercury, silver, benzo(a)pyrene, dibenzo(a,h)anthracene, and 
total high molecular weight PAHs above the ERM. A few other stations showed levels of 
some metals somewhat above the ERM, but not organics. The U.S. EPA has only 
distributed three sediment criteria documents (dated 1991 draft) on PAHs (Table 10). The 
state of Washington has utilized the apparent effects threshold (AET) values produced from 
studies in Puget Sound to establish sediment quality criteria. Most of the TOC normalized 
values derived from the analyses of NRaD samples were observed to be substantially below 
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T A B L E  9---  Concentrations (ppm) of Metals and Organics at Stations Above ERA4 
Values. 

ERM 

(ppm) BI DI 

Arsenic 70 

Cadmium 9.6 

Chromium 370 

i Copper 270 486 358 

Lead 218 

Mercury 0.71 1.5 1.5 

Nickel 51.6 

Silver 3.7 5 4 

Zinc 410 440 516 

Benzo(a)pyrene 1.600 2.900 2.000 

Dibenzo(a,h)anthracene 0.260 0.370 

Total High Molecular wt. PAIls 9.600 18.407 15.578 

Total PAHs 44.792 

Station 

CI D2 El  E2 B3 

400 

1.2 1.0 2.0 

T A B L E  10 - - C o m p a r i s o n  of Available Sediment Quality Criteria (mg PAH/kg organic 
carbon) to NRaD Data 

Component 

acenaphthene 
phenanthrerte 
fluoranthene 
Total benzofluoranthenes 
benz(a)anthracene 
chrysene 
benzo(a)pyrene 
dibenz(a,h)anthracene 
Total HPAH 

EPA 1991 Criteria 
(Range) 

240 (110-520) 
160 (74-340) 

1340 (620-2880) 

Washington 
State Criteria 

16 
100 
160 
230 
110 
110 
99 
12 

960 

NRaD 
Station B 1 

0 
10.7 
24.8 
168.9 
32.8 
48.3 
i00.0 
5.9 

612.5 

NRaD 
Station D 1 

0 
9.0 
33.2 

247.1 
43.8 
101.1 
112.4 
20.8 

841.2 
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the criteria listed in Table 10. Even the most highly contaminated stations (BI and D1) 
contain levels of individual PAHs well below the EPA values listed in Table 10. There were 
four instances where the NRaD values are above the Washington State Sediment Quality 
Criteria. It should be noted that Washington state has derived higher values for sediment 
cleanup criteria (Ginn and Pastorok 1992). 

Recommendations 

Since this study has demonstrated that stations B 1 and D 1 are suspected of containing 
concentrations of contaminants that may be producing biological effects, some additional 
studies are recommended. One of the more sensitive biological measures described in the 
recent literature is an interstital water test with echinoderm embryo development (Carr and 
Chapman 1992). By using interstitial water to test for P450 RGS, and effects on oyster larvae 
and echinoderm embryos, it may be possible to obtain closer agreement between toxicity 
measurements at the most contaminated stations. It may also be possible to determine a 
sediment ECso value for the most toxic sediments, which will be more useful in estimating the 
ecological risk associated with these stations. Station B1 and D1 sediments may be 
appropriate for use in a sediment Toxicity Identification Evaluation (TIE). Solvent extracts of 
these sediments could be applied to high pressure liquid chromatography with selected solvents 
and columns, producing a number of fractions containing specific PAHs, as well as other low- 
level organic contaminants. These fractions could then be screened, using the P450 RGS 
approach, to determine the most toxic fraction. It may then be possible to identify by GC/MS 
the few specific components associated with the toxic effects. 
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ABSTRACT: Proteins extracted, separated, and visualized can provide detailed 
information about an organism and its environment. We have used an artificial neural 
network model to identify significant exposures of a cladoceran (Daphnia magna) to 
alcohol and pesticides, of a copepod (Eurytemora affinis) to heat and salinity, of an 
earthworm (Lumbricus terrestris) to sulfur mustard and of a small fish (Oryzias 
latipes) to groundwater concentrations. The method depends on systematic differences 
or tendencies in numbers and amounts of proteins present in different treatments or 
environments. We illustrate how neural computing might be useful in retrieving the 
information contained in the hundreds or thousands of proteins expressed in test 
organisms. Such information could apply to prediction of toxicity, identification of 
toxicity and to characterizing environments in general. 
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80 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

INTRODUCTION 

There is great interest in the use of biological indicators to predict and in some 
cases diagnose physical, chemical, and physiological stress. The range of responses 
encompassing what are sometimes referred to as biomarkers is continually increasing 
(Dhingra et al. 1993; Ernst and Peterson 1994; Grandjean et al. 1994; Omland et al. 

1994; Peakall and Walker 1994; Smith and Suk 1994). Biomarkers based on classes 
of proteins or on the enzymatic activities of proteins are well known (Stegmann et al. 

1992). 
Among the variety of protein indicators are the heat shock proteins, which have 

many attractive properties as environmental indicators and have been the subject of 
many reviews (Lindquist and Craig 1988; Schlesinger 1990; Nover 1991; Stegmann et 

al. 1992; Welch 1993). They are now often referred to as stress proteins (Sanders, 
1993) together with related proteins inducible by other stressors (Cai et al. 1993; Ryan 
and Hightower 1994). We have studied HSP70 in this laboratory in a range of species 
(Bradley and Ward 1989; Hakimzadeh and Bradley 1989: Bradley 1990, 1992; Brown 
et al. 1995). The heat shock proteins are induced by a wide variety of agents (Welch 
1993) and so are general and not specific indicators of stress. 

We propose here that proteins in addition to the heat shock proteins (or stress 
proteins, however they may be defined) may be available as candidates for a 
fingerprint or profile to indicate specific conditions. The presence of thousands of 
proteins and the means to process the information from the patterns makes a total 
protein analysis attractive in principle. 

The keys to success are the detection of enough protein information and the 
ability to draw inferences from it. If  the protein patterns are specific to the stressors 
of interest and they can be objectively recognized, then relevant environmental 
conditions can be diagnosed. We have accumulated some evidence for specificity of 
protein expression in daphnids (Bradley et al. 1994), in copepods (Hakimzadeh and 
Bradley 1989; Bradley et al  1992; Gonzalez and Bradley 1995) and in earthworms 
and medaka, as described in this paper. Other evidence of specificity comes from 
bacteria (Van Bogelen et al. 1987; Adamowicz et al. 1991; Blom et al. 1992) and 
human leucocytes (Jellum et al. 1983). Some of the specificity reported is at the 
individual protein level, for example zona radiata proteins (Oppen-Berntsen et al. 

1994)) and onco-fetal proteins (Carsberg et aL 1995). The medical literature has other 
such examples, including the acute-phase proteins (Lockwood et aL 1994). 

The methods of extracting and visualizing proteins from test and reference 
organisms are well established in our laboratory and elsewhere. The methods of 
analysis are based on pattern recognition in either one or two dimensional separations 
of proteins. Many of the papers just cited depended on two dimensional separation 
and we have used that method also (Bradley et al. 1994). As an alternative method to 
visual or automated examination of 2D patterns we have investigated protein pattern 
recognition using artificial neural network models (A.N.N.). The procedures are 
powerful, iterative and allow large numbers of inputs (proteins) to be reduced to a 
significant few. Among these significant inputs, those proteins contributing most to 
the diagnosis (either by their presence or by their absence) can be identified. Thus 
A.N.N. analyses could lead to multiple immunoassays based on the key proteins. 
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In this paper we review methods of extracting and visualizing the proteins. We 
explain how neural networks may be useful as a method of interpreting the protein 
patterns. The methods are illustrated with results summarized from several systems. 

METHODS 

There are three main methods for detecting proteins expressed in test or control 
organisms: 1) To visualize all separated proteins we use silver staining (Bradley et 

al. 1992); 2) Specific proteins can be identified in immunoassays using specific 
antibodies (Brown et aL 1995); 3) Proteins currently being synthesized by the 
organism can be identified by metabolic labelling with isotope-labelled amino acids 
(Gonzalez and Bradley 1995). 

In this paper we discuss results using the first and third methods. In the first 
two experiments (described later) organisms were exposed to treatments for 5 to 48 
hours and labelled with 50 #Ci 35S-methionine (NEN Life Sciences Products, Boston, 
MA; specific activity 1 175 Ci/mmol) added to 150 #L water for the final 4 hours of 
exposure. Whole individuals were frozen in liquid nitrogen, and samples were stored 
at -80~ Soluble proteins were extracted by mechanical homogenization in a 
stabilizing buffer with protease inhibitor [phosphate-buffered saline (PBS), pH 7.4, 
with 10 mM phenylmethylsultbnyl fluoride (Sigma, St. Louis, MO), a protease 
inhibitor and 0.1 mM dithiothreitol (Sigma), a sulfhydryl protectant]. The soluble 
protein concentration was measured on a Spectronic 60l spectrophotometer (Milton 
Roy) using the method of Bradford (1976). The radioactively Iabelled proteins were 
measured by trichloroacetic acid precipitation and liquid scintillation counting (LKB 
Wallac 1217 Rackbeta) of an aliquot. Gels for autoradiography were loaded with 
equal counts of radioactivity (approximately 50,000 c.p.m, for each sample). 

In the other three experiments, also described later, exposures to treatments 
ranged from 5 hours to 9 months. Tissue (from earthworms) or whole organisms 
(daphnids and medaka) were frozen in liquid nitrogen and stored at - 80~ Protein 
extraction and concentration measurement was as described above. Gels in this case 
were loaded with equal amounts of protein. 

Proteins were separated by size (one dimensional, 1D) on SDS-PAGE (sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis) gels using a Biorad miniProtean II 
apparatus (BioRad Labs. Richmond, CA). Samples were heated 5 minutes in 
denaturing sample buffer [Tris (ICN Biomedicals Inc., Irvine, CA), /3- 
mercaptoe~hanol (Sigma. St. Louis, MO), and SDS (Laemmli 1970)] before 
electrophoresis. Acrylamide and bis concentrations in the gels were 12% and 0.3%, 
respectively. A cocktail of molecular weight standards (BRL Life Technologies, 
Gaithersburg, MD) was run on each gel. At the end of electrophoresis, gels were 
silver stained for total protein by fixing in acidic ethanol, washing in ethanol and water 
and soaking in a silver nitrate solution (0.1%). Bands were visualized by oxidizing the 
silver bound to the proteins with tbrmaldehyde. A typical silver stained gel is shown 
in Figure 1. Gels of proteins labelled with 35S-methionine and visualized by 
autoradiography would appear similar. 
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Figure 1 One dimensional SDS-PAGE gel of proteins extracted from earthworms 
exposed to ethylene glycol, thiodiethenol and sulfur mustard. 

To extend the separation in a second direction, 2D gels were run also using the 
Biorad miniProtean II cell. The added dimension was achieved by first separating the 
proteins based on isoelectric point (pI), according to O'Farrell (1975). The first 
dimension gel solution (in tubes) contained 4% acrylamide and a 2% mixture of  
ampholytes of  5-7 and 3-10 pI (BioRad). After separation in the O'Farrell tube gels, 
the proteins were separated again by standard SDS-PAGE as described earlier. Other 
important details are given in O'Farrell (1975). Our modifications are described in 
Hakimzadeh and Bradley (1989). A typical 2D gel is shown in Figure 2. 
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Figure 2 Two dimensional 5DS-PAGE gel using pooled extracts from control 
worms (A), exposed to ethylene glycol (B), to thiodiethenol (C) and to 
sulfur mustard (D). Data were from experiment III (see methods). 

In the first two experiments (I and [I), grids were superimposed on the gels and 
the data digitized visually based on the presence or absence of protein bands. The 
binary data were then presented to a neural network model. 

In the latter ttgee experiments (III, IV, V), gels were scanned with a Molecular 
Dynamics Personal Laser Densitometer | With ImageQuant | (Molecular Dynamics, 
Sunnyvale, CA) software a grid was superimposed on the figure (# lanes X 50 
channels), and a table of  channel pixel volume-percents converted to binary scale was 
used in the neural net model. 

An artificial neural network (A.N.N.) is a simulation of  the type of parallel 
processing done in the animal brain. A major application of ANNs is in solving 
classification problems, where categories are recognized by the set of  input data (cf. 
discriminant functions). The key step is training the neural ne.twork by presenting it 
with input samples and their expected output classification, in order to adjust the 
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weights of  connections between the inputs and outputs. The criterion for success is 
not how well the network learns the training data but rather how well it performs on 
new (test) data. If  the training set is large enough and general enough then the 
designed network should be applicable to other data. 

Neural networks are being used extensively in engineering and their use is 
beginning to be explored in medicine (Jorgensen e t  a l .  1996). This reference contains 
an excellent general description of  neural networks. The authors illustrate how 
multivariate statistics (principal components analysis) can be used to eliminate 
redundant variables and show how the performance of  ANN in a medical diagnosis 
problem is superior to linear discriminant analysis and equal to that of  quadratic 
discriminant analysis. The particular network used in this study was a back 
propagation network (Werbos 1974: Rumelhart and McClelland 1986). We used the 
version from Neural Works Professional II Software, (NeuralWare, Inc., Pittsburgh, 
PA). 

A simple trained network is shown in Figure 3, where treatment 2 is defined 
(diagnosed) by inputs 2 and 4. 

3 2 1 

:)utput Neurons 

Hidden Layer 

6- K 4- 3 2. 

Input Neurons 

I 

Figure 3 

positive 

. . . . . . . .  negative 
. . . . . . . . . . . . . . . .  z e r o  

A trained neural network 

Shaded Neurons Are On 

Binary inputs, 0 or 1, enter the network at the input (buffer) layer. Each node 
in this layer has a weighted connection to each neuron in the hidden layer. The 
weights are initially random and are corrected by a gradient descent algorithm to 
reduce error. Each hidden layer neurons sums its weighted active (input value = 1) 
inputs; the neuron's output is determined by passing the sum through a sigmoidal 
transfer function with an output range of  0 to 1. Each output neuron has a weighted 
connection to each hidden neuron. Each output neuron sums and renormalizes the 
product of  the weight and the output value of  each hidden neuron to which it is 
connected in order to produce its output value. 
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In the present application, protein patterns on gels are digitized and converted 
to base 2 to become the binary input for the neural network. However any variables, 
even qualitative, may be used when converted to binary form. Output neurons may 
correspond to any classification. In these experiments the outputs represent chemical 
treatments or concentrations and physical stressors. One outcome of  neural net 
analysis is the identification of  chemicals and their concentrations. The diagnostic tool 
is the trained network. 

A second outcome of  neural net analysis is identification of  the proteins (or 
other input variables) which are important, either by their presence or their absence, in 
differentiating among the stressors in the experiment. For this the weightings of  the 
inputs associated with a particular treatment are used to identify these key inputs 
(proteins). This step makes feasible the development of  multiple immunoassays to a 
set of  proteins specific for a stressor of  interest. Description of  the methods and the 
preliminary results are beyond the scope of  this paper but we wished to point out this 
added feature of  neural networks. 

The results of  A.N.N. analyses of  five experiments are summarized in this 
paper: 

I. Daphnia magna: In this simple experiment, daphnids were exposed to no 
treatment at 20~ (controls), 34~ (heat), or 1.5% ethanol (EtOH) at 20~ for 5 hours 
and were labelled with 35S-methionine (50t~ci) for the last 4 hours. Animals were 
frozen in sets of  5 to result in 6 replicates within each treatment. The 1 D 
autoradiographs were then visually digitized. 

II. Eurytemora affinis: Estuarine copepods were exposed to 8 combinations of  
salinity and temperature stresses (2-20ppt and 15~ or 30~ The newly proteins 
were labelled with 35S-methionine (50#ci) during 4 hours of  the stress, and 1D 
autoradiographs were visually digitized. 

III. Lumbricus terrestris: Earthworms were injected behind the clitellum with 
ethylene glycol (solvent control), thiodiethanol (Aldrich Chemical Co.) (a sulfur 
mustard breakdown product) at 2 mg/g in ethylene glycol (Sigma, St. Louis, MO), 
sulfur mustard also at 2 mg/g in ethylene glycol or not injected at all (control). There 
were 6 individuals in each of  the 4 treatments; exposure was for 5 hours; tissue from 
the lining of  the coelomic cavity was taken from each worm and soluble proteins were 
separated on one and two dimensional gels (see Figure 2). The silver stained 1D gels 
were digitized using Imagequant| as described earlier. 

IV. Daphnia magna: In a second daphnid experiment, six replicate samples 
(3-5 animals per sample) were taken from populations exposed to 3.5 mg/L 2,4 
dinitrophenol (Sigma, St. Louis, MO.), 0.5 mg/L pentachlorophenate (Sigma), and 
culture water (controls) at each of  two exposure times, 8 and 48 hr. Earlier 4 hr. 
exposures showed no effects on protein pattems. Soluble proteins were separated on 
one and two dimensional gels, silver stained. The 1 D gels were digitized as described 
earlier. 

V. Oryzias latipes: The Japanese medaka fish were exposed for 9 months to 4 
concentrations of  continuously flowing grotmdwater on site at a U.S. Army facility. 
The concentrations were 0, 1, 5 and 25%, diluted in reference creek water. 30 fish 
were exposed to each treatment. Proteins were separated in 1D gels, silver stained and 
digitized as described earlier. 
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The main question asked of  all the data was whether assignment by A.N.N. to 
treatment group was significantly non-random, biased towards correct assignment. The 
test used was a dichotomous, directional chi-square goodness-of-fit test. All correctly 
assigned individuals were in one class, all incorrect in the other. No attempt was 
made to determine goodness-of-fit treatment by treatment. 

RESULTS 

One dimensional gels (Fig. 1) were run in all experiments and were the main 
source of  data. 2D gels (Fig. 2) were run to display differences among treatments in 
experiments III and IV. 

Table t shows output from the A.N.N. analysis of  the first daphnid experiment, 
based on digitized data from 1D gels. 

TABLE 1 -- Analysis of  heat and ethanol effect on Daphnia magna; 
sample output of  learning and test sets 

L~mmg Set 

Ou't~t Classes ~ 3 2- ! 
taput CIa.~es I I 0.0353 0.0376 0.9462 

00 , , ,  0o ~ 

0.0458 ~ 0.0472 
3 0.9299 ~ 0.0432 

"67f~ff 0.0640 0.0432 

I"e~ Set 

Fotmd Aemal 

I 1 0.0353 0.0376 0.9,162 
1 1 0.0353 0.0376 0.9462 
I 1 0.0353 0.0376 0.9462 
1 I 0.0672 0.0197 0.9450 
2- 2- 0.0458 0.9364, 0.0472 
2. 2- 0.0491 0.9317 0.0475 
2.. 2. 00458 0.9364 0.0472 
2. 7... 0.0499 0.9"255 0.0509 
3 3 0.9299 0.0640 0.0432 
3 3" 0.9299 0.0640 0.0432 
3 3 0.9299 0.13650 0.0432 
3 3- ~ 0.o640 0.0426 

l ~ y  to C l a ~  

2- n ~ t  (34"C) 

The numbers shown are the output values, based on connection weights from 
the second layer summed and transformed, for each output neuron. Because there are 
3 treatments, there are 3 classes. Samples from class 1 have a high output value for 
class 1, and so on. Because some patterns (input vectors) were identical after 
digitizing the data by hand, the output values are identical also. According to these 
data, the neural net program learned the patterns (high output values for each class of  
input vectors) and the trained network successfully assigned all the test samples to the 
correct class. 
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Similar analyses were run in the other four experiments. The success rates of  
the neural net analyses all summarized in Table 2. For comparison the expected 
numbers of  correct assignment, if assignment is random, are shown in the right-most 
column. For example, in the earthworm experiment a completely random assignment 
would be a 4 x 4 table with one individual in each cell, resulting in 4 of  16 "correct" 
assignments. 

TABLE 2 --Summary of  neural network analyses 

Species Treatments Correct recognition Random 
(no. including control) of  treatment expectation 

Daphnid Heat, ethanol (3) 24/24 8/24 
Copepods Heat, salinity (8) 12/14 2/14 
Earthworms Ethylene glycol, TDE, 

S-mustard (4) 10/16 4/16 
Daphnids PCP; 2,4D; Control (3) 26/36 12/36 
Medaka 4 levels groundwater (4) 63/118 30/118 

Note: The numbers in the table do not always reflect the size of  the experiment. In 
the last two cases two different nets were run and the results were pooled. In 
no case did test sets overlap with training sets. 

The diagnosis of  treatment was significantly (P<.01) biased away from random 
towards correct, in every experiment. 

Patterns in the copepod data from Gonzalez and Bradley (1995), with 8 
salinity-temperature classes, were correctly classified in 12 of  14 cases, based on the 
classes with the highest output values (as reported for daphnids in Table 1). The 
earthworm experiments (III) resulted in 10 of  16 correct diagnoses. When the 
controls were combined v s  the toxics combined, the assignment was correct in all 16 
test animals. This result is corroborated by the set of  2D gels shown earlier in Figure 
2. 

A second experiment with daphnids was run using two chemicals which had no 
observable effects at 4hr, whether using neural nets or 2D gels. The results from 8 
and 48 hr. exposures showed 26 of  36 test samples properly assigned to classes. The 
assignment by chemical, but not by exposure time, was correct in 3 cases and in 5 
cases an 8 hr. chemical exposure was diagnosed as a control. Only two of  36 results 
were false positives. 
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al. 1993; Grover and Resnick 1993). Two dimensional gels provide useful visual 
displays and sophisticated image analyses are available (Giometti et  al. 1992; Myrick 
e t  al. 1993a, 1993b) with over 3000 proteins documented in human keratinocytes alone 
(Celis et  al. 1993). We have used 2D gels to demonstrate some interactions in the 
complex effluent from a paper mill (Bradley et  aL 1994). A second promising 
technique for data transfer allowing automated separation of proteins in a large number 
of samples, is one form or another of capillary electrophoresis (CE). The resolution of 
CE compares favorably with high resolution agarose gel electrophoresis and the need 
for a densitometer is eliminated (Jenkins and Guerin 1995). 

The second reason is that there is abundant evidence for specific protein 
differences from bacteria (Adamowicz et  al. 1991; Blom et  al. 1992), from urine 
(Barregard 1993), from human leucocytes (Jellum et  al. 1983) from fibroblasts (He et  

al. 1994) and from cerebrospinal fluid (Johnson et  al. 1992). Even exhaled air 
contains protein information (Sheideler et  al. 1993). 

The third reason is that neural networks are well established in other fields and 
are being continuously studied. Among the questions under review are the size of the 
training set required to construct a generally useful model, the structure of the model 
itself (number of hidden neurons), the approach to local rather than global optima and 
the rationale for particular cutoff choices of output values (Table 1). Although there is 
no algorithm for constructing the perfect model, we do have a clear criterion for 
success, namely whether the trained network works under the conditions for which it is 
intended. 

Conservation of protein signal, and therefore the generalization of the learning 
by the neural network, is a concern. It is possible that the critical proteins in the 
signal are not present in all environments. If however, there is a definitive signal, we 
believe the neural network can be trained to detect it. We need to provide very 
general learning sets so that all irrelevant inputs can be discarded. For broad 
applications, the total protein profile may be reduced to a few key proteins, so the 
method becomes similar to the widespread biomarker approach. 

Another concern is the functional relevance of the protein profiles. The range 
of applications of this and other biomarkers will be wider when they have been 
validated against better accepted endpoints. To be of practical use some linkages must 
be made to ecologically relevant responses (Lagadic et  al. 1994) and to conventional 
endpoints of bioassays (Hulka et  al. 1994; Shore and Douben 1994; Taioli e t  al. 
1994). Even without such validation, biological indicators, including protein profiles, 
may have value in providing data on bioavailability of, and on exposure to, toxins. 

Assuming the response is robust and relevant, additional applications of the 
protein profile analyses are possible. These include health and environmental 
monitoring, specific toxicity identification (Webster et  al. 1994; Ernst and Peterson 
1994), early warning of contaminant or disease impacts (Austoker 1994; Kimbrough 
1994; Miller et  al. 1994) and development of in s i tu  diagnostic kits based on 
immunoassays of key proteins identified by the neural networks.. The latter proteins 
may well include some well established biomarkers such as the cytochromes P 450, 
metallothioneins or even some stress proteins. 

It should be pointed out in conclusion that the analytical methods suggested 
here must be developed for each application. A library of protein profiles would not 
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The results from the Medaka experiment (V) are shown in detail in Table 3. 
This experiment was useful as a demonstration of  the ability of  the protein signal to 
differentiate, at least partially, among concentrations of  chemicals in groundwater. 
The major contaminant was assumed to be zinc. The table shows the results of  
assigning fish to treatment classes according to their protein profiles. 

TABLE 3 -- Assignments of  test fish (Medaka) to treatments using a neural network, 
trained on the protein profiles of  the learning set of  fish 

I Assigned Treatments 

Actual Control 1% 5% 25% 
Treatments 

Control 12 6 2 9 

1% Groundwater 10 12 2 2 

5% 4 3 21 4 

25% 3 2 8 18 

Assignment to classes is significantly (P<.01) non-random, as reported earlier, 
especially at higher groundwater concentrations. The fit improves when the two low 
and the two high concentrations are combined, forming two classes. The control 
(creek) water itself contained a low (unmeasured) level of  zinc. (Tom Shedd, pers. 
comm.) 

DISCUSSION 

The results of  the neural net analyses indicate a significant bias towards correct 
assignment to treatment. Treatments could be identified by modal frequencies so the 
neural networks seemed to be learning something useful. The results may have been 
better in the first two experiments because digitizing was subjective (although done 
without regard to class) but even here there must have been useful specific 
information. When digitizing was automated, in the latter experiments, the results, 
while promising, were hardly definitive. Nevertheless we believe the method 
described here should be further investigated, for several reasons. 

The first reason is that we may expect greater precision with greater numbers 
of  test organisms in the training sets (more generalized learning) and, more 
importantly, with better transfer of  data from the proteins to the neural nets. One 
technique to vastly increase the number of  proteins visualized is two-dimensional 
electrophoresis (Giometti et aL 1992; Tracy et al. 1992; Caudill et al. 1993; Celis et 
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be available, at least not immediately. For each application, the feasibility of the 
assays must be established, perhaps by 2D gels displaying protein variation among 
treatments of interest. Next, if large scale automated analyses were needed, artificial 
neural networks would be trained with the appropriate background conditions present. 
Finally, if field assays were desired, key proteins would be identified, using the 
network decompiling methods alluded to, and multiple immunoassays prepared. This 
third step has yet to be demonstrated. 
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DEVELOPMENT OF CYTOCHROMES P450 IN AVIAN SPECIES AS A BIOMAB/qER FOR 

ENVIRONMENTAL CONTAMINANT EXPOSURE AND EFFECT: PROCEDURES AND BASELINE 

VALUES 

R E F E R E N C E :  Melancon,  M. J., " D e v e l o p m e n t  o f  C y t o c h r o m e s  P 450  in Av ian  Spec ies  
as a B i o m a r k e r  ~ r  E n v i r o n m e n t a l  C o n t a m i n a n t  E x p o s u r e  and  Effect:  P r o c e d u r e s  and  
Base l ine  V a l u e s , "  Environmen~l Toxicology and Risk Assessment: Biomarke~ and Risk 
Assessment--Fifth Volumr ASTM STP 130~ David A. Bengtson and Diane S. Henshel, Eds., 
American Society Mr Testing and Materials, 1996. 

ABSTRACT: As in mammals and fish, birds respond to many environmental 
contaminants with induction of hepatic cytochromes P450. In order to 
monitor cytchromes P450 in specific avian species, for assessing the 
status of that species or the habitat it utilizes, it is necessary to 
have background information on the appropriate assay conditions and the 
responsiveness of cytochrome P450 induction in that species. Assay of 
four monooxygenases which give resorufin as product, using a 
fluorescence microwell plate scanner, has proven to be an effective 
approach. Information is provided on the incubation conditions and 
baseline activity for twenty avian species at ages ranging from pipping 
embryo to adult. Induction responsiveness is presented for sixteen of 
them. This information can serve as a guide for those who wish to 
utilize cytochrome P450 as a biomarker for contaminant exposure and 
effect to aid in selection of appropriate species, age, and 
monooxygenase assay(s). 

KEYWORDS: cytochrome P450, birds, monooxygenase, liver, biomarker 

Cytochromes P450 (P450s) are a class of hemoproteins that were 
found in the 1960s to be induced in mammalian species by a number of 
pharmacologic agents and environmental contaminants (Conney 1971). Soon 
afterward it was demonstrated that hepatic P450s were induced in fish by 
widespread contaminants such as PCBs and polycyclic aromatic 
hydrocarbons (Kleinow et al 1987, Melancon et al 1988). Because 
persistent lipophilic chemicals such as PCBs reached the aquatic 
environment and bioaccumulated in fish, there has been widespread 
application of using P450 induction measurements in fish as a biomarker 
for exposure to certain contaminants(Payne et al. 1987, Stegeman et al. 
1992). Use of P450 induction as a biomarker for contaminant exposure in 
wildlife, including birds, has developed more recently (Rattner et al. 
1989, Ronis and Walker 1989). The early biemonitoring related studies 
of cytochrome P450 in avian species generally dealt with piscivorous 
species that were known to he exposed to high levels of contaminants 
from consuming contaminated fish. 

~Researoh Chemist and Group Leader, Environmental Contaminants 
Research Branch, Patuxent Environmental Science Center, National 
Biological Service, U.S. Department of the Interior, 12011 Beech Forest 
Road, Laurel, MD 20708. 
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96 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

MONITORING GOALS AND SAMPLING STRATEGY 

Because the Department of the Interior has management 
responsibilities for both extensive land holdings and trust species such 
as migratory birds and anadramous fish, monitoring protocols are 
required not just for the species of interest but for additional species 
to cover a variety of habitats. Studies with birds therefore may be 
designed to provide information about a location, or about a species, or 
about both. 

The time of year at which sampling is done and the life stage(s) 
sampled are both very important regardless of the goal (evaluating 
habitat or species or both) of the sampling. Because the baseline P450s 
and the response to inducers of P450 can vary with age and life stage of 
the birds, it is necessary to characterize P450 and responsiveness of 
birds comparable to the ages to be utilized in field biomonitoring 
applications. The life stages usually examined are pipping embryo, i0- 
30 day old young, subadult and nonbreeding adult. The time of year of 
sampling is determined by the species, the life stage and the location 
to be evaluated. These choices reflect attempts to maximize collection 
of comparable samples with interpretable P450 differences. Sampling 
pipping embryos provides greater age uniformity to sampling because the 
evidence of pipping is more accurate than trying to time incubation of 
multiple nests in the field, and avoids repeated nest disturbance. 
Collection of an egg also has a smaller negative impact on the 
population of birds under study than collecting an adult bird. The egg 
burden of contaminants is known to have come from the hen, but the 
source of these contaminants for the hen must be determined. The use of 
young birds requires accurate information of the hatching date so that 
they can be collected before fledging and at the same age. Young birds 
grow very rapidly and a two-week-old bird may weigh ten times as much as 
the pipping embryo. Because of this, the contaminant burden from the 
embryo stage has, at the very least, been significantly diluted by 
growth of the bird, and may also have been decreased by metabolism and 
excretion. Unless the original body burden of contaminants was high, 
P450 induction observed in the nestling is probably due to its diet. 
Here again, the effect of collecting a prefledging bird should have a 
smaller negative impact on the population of birds under study than 
collecting an adult bird. The diet of the subadult may well differ from 
that of the nestling and would therefore evaluate different aspects of 
the habitat without concerns about the hormonal complications in 
breeding adults. Sampling of adults must take into account major 
hormonal changes such as breeding. 

The life stage utilized also affects the sample size of liver 
available and the size of carcass available for contaminant analysis. 
Because many of the contaminants that induce P450 may impact 
reproduction, sampling that can be related to reproductive success is an 
important consideration. 

To monitor habitat, one can use resident wild birds or release 
birds for recapture. In order to effectively utilize a species for 
monitoring, information must be available about the P450 response in 
that species and how best to measure it. In cases where the species 
itself is the target of the monitoring, it is important to know how 
responsive different life stages of the species are to the contaminants 
of concern and select samples that will maximize one's ability to assess 
exposure and effects. When the habitat is the target of the monitoring 
there is more flexibility and it is possible to select a species that is 
responsive to the impacts of concern and the life stage that is most 
effective. 
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EXPERIMENTAL INDUCTION OF CYTOCHROMES P450 

Regardless of the species to be studied it is desirable to obtain 
uncontaminated organisms for the purpose of studying responsiveness of 
P450 to prototype inducing agents and the appropriate assay conditions. 
The difficulty of obtaining uncontaminated individuals differs from 
species to species, and for different life stages. Collecting eggs from 
areas known to be low in contaminants with subsequent mechanical 
incubation and dosing at appropriate times before pipping is a 
convenient way to approach the study of pipping embryos. The 
complicating factors are the location of the uncontaminated eggs, timing 
of the egg collection and transportation, and successful mechanical 
incubation. The availablility of captive populations of the subject 
species are a convenience but not a necessity for embryo studies. 

Nestlings can be studied by injecting inducing agents into 
individual birds in the nest in the field in uncontaminated locations. 
In this case the availablility of captive populations of the subject 
species are a convenience but not a necessity for such studies. The 
raising of mechanically incubated individuals to eventually provide 
uncontaminated subadults or adults is a reasonable approach for 
precocial hatchlings, but not for altrieial hatchlings which require 
parental feeding. Thus far responses to inducing agents have been 
examined in subadults and adults of precoccial species mainly in birds 
raised from mechanically incubated eggs and from captive flocks. The 
common and scientific names of the twenty species reported on here are 
presented in Table I, along with the life stages utilized and their 
sources. In addition to expanding the types of waterfowl and 
waterbirds, other types of birds such as passerines and raptors were 
studied. Florida sandhill cranes were studied as surrogates for the 
endangered Mississippi sandhill cranes (Grus canadensis pulla). 

The representative P450 inducers utilized are phenobarbital (PB), 
3,4,5,3',4'-pentachlorobiphenyl (PCB 126)(as classified by Balschmiter 
and Zell 1980), and 3-methylcholanthrene (MC) in eggs and PB, ~- 
naphthoflavone (BNF), MC, and PCB 126 in young birds, subadults and 
adults. The doses of inducers used were high enough to increase the 
likelihood that a response would be observed. This is typical for 
studies in new species and the doses are similar to those used for early 
studies in mammals and fish (In most cases dose responses would be 
worked out in field validation studies). PB was generally administered 
at 20-100 mg/kg body weight on days 3, 2 and 1 before sacrifice of young 
birds, subadults and adults and at 0.2 to 5 mg/egg on days 3, 2 and 1 
before the estimated time of pipping. BNF was generally administered at 
20-100 mg/kg body weight on days 4 or 3 before sacrifice of nestlings, 
subadults and adults. MC was administered to eggs at 20 to 500 pg/egg 
2-3 days before estimated time of pipping and at 20 mg/kg to adults on 
day 3 before sacrifice. The wider range of values for eggs represents 
dose-response studies which were not done in the older individuals. 
Exact amounts of these materials administered are presented with the 
response data. 

SAMPLE COLLECTION A/qD STORAGE 

When developing methods for field application, most samples are 
handled in the same manner that field samples will be handled. Livers 
are removed as quickly as possible after sacrifice, the whole liver if 
0.25g or less or a 0.25-@.5g sample if larger is placed in a tube with a 
few drops of glycerol and snap frozen in liquid nitrogen. Whenever 
possible two or three liver samples from each bird are frozen 
spearately. For large birds, such as adult ducks, multiple liver 
samples are taken. When only a small portion of the liver is utilized 
it is best to sample the same part of the liver from each bird (i.e. tip 
of left lobe). The samples are then stored in liquid nitrogen until 
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98 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

TABLE 1--Avian species and ages studied and their sources 

Species Scientific name Age Source 

Mallard 

Black duck 

Wood duck 

Lesser scaup 

Double-crested 
cormorant 

Black-crowned 
night heron 

Great blue heron 

Florida sandhill 
crane 

Black necked 
stilt 

American avocet 

Red-winged 
blackbird 

European 
starling 

Tree swallow 

Barn swallow 

Bobwhite quail 

American kestrel 

Screech owl 

Forster's tern 

Caspian tern 

Western 
sandpiper 

~Erom captive flock 
Center 

Anas adult commercial 
platyrhynchos breeder 

Anas rubripes adult PESC I 

Aix sponsa pipping embryo field-North 
Carolina 

Aythya affinis 6 month commercial-from 
field eggs 

Phalacrocorax 14 day, pipping field-Minnesota 
auritis embryo 

Nycticorax 13 day, pipping field-Virginia 
nycticorax embryo 

Ardea herodias pipping embryo field-Wisconsin 

Grus canadensis 30 day PESC 

Himantopus 30 day field-California 
mexicanus 

Recurvirostra 30 day field-California 
americana 

Agelalus adult field-PESC 
phoenicius 

Sturnus vulgaris 12 day field-Ilinois 

Tachycineta pipping embryo field-midwest 
bicolor 

Hirundo rustica 12 day, pipping field-midwest 
embryo 

Colinus adult, l day PESC 
virginianus 

Falco sparverius adult, i0 day, PESC 
pipping embryo 

Otus asio adult PESC 

Sterna forsteri adult field-California 

Sterna caspia adult field-California 

Calidris mauri adult field-Texas 

or captured at the Patuxent Environmental Science 
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microsome preparation and assay. After samples in the field are snap 
frozen in liquid nitrogen they are transported or shipped to Patuxent 
Environmental Science Center (PESC) in liquid nitrogen or on dry ice 
where they are then stored in liquid nitrogen. Previous to the summer 
of 1994 samples were stored at PESC in an ultracold mechanical freezer 
at -80~ 

APPROACHES FOR CYTOCHROME P450 ASSESSMENT 

There are a variety of ways to assess the P450 status of organisms 
including birds. In vitro methods generally utilize subcellular liver 
fractions such as microsomes or 9,000 to Ii,000 g supernatants. 
Monooxygenase activities may be assayed in either the supernatant or 
microsomes whereas determination of total cytochromes P450, gel 
electrophoresis and western blot utilize microsomes. Messenger RNA for 
cytochromes P450 is determined in liver homogenates. Although animals 
are generally sacrificed to obtain the liver samples, it is possible to 
obtain adequate liver samples by biopsy (Melancon et al. 1994). In vivo 
assessment of cytochrome P450 status by phenobarbital (PB) sleep time 
(Halbrook and Kirkpatrick 1990) or by metabolism of an administered 
chemical such as caffeine is also possible, but have been little used, 
and the latter would require considerable development in each species. 
The latter three methods are much more time consuming and expensive, but 
in the case of endangered birds may be necessary. 

Many assays for P450-associated monooxygenase activities with 
different specificities for various inducers are available. 
Arylhydrocarbon hydroxylase activity is an effective indicator of P450 
induction, but it requires the routine use of benzo(a)pyrene, and in its 
most sensitive form, the use of radioactive benzo(a)pyrene (Van Cantfort 
et al. 1977). Although an effective method, its usefulness is reduced 
by the expense of disposing of radioactive waste and the health hazard 
associated with routine use of benzo(a)pyrene. Benzphetamine-N- 
demethylase is a specific assay for PB-type induction (Anders and 
Mannering 1966), but it is relatively insensitive, inconvenient, and 
time-consuming, and because of the requirement for large quantities of 
microsomes, is net readily applicable to small samples. There are a 
number of assays that generate fluorescent products such as resorufin or 
umbelliferone by dealkylase reactions. These have varying specificities 
for the different cytochromes P450 and have typically been performed on 
spectrofluorometers in 1 cm: cuvettes at appropriate temperatures. 
Generally these instruments hold a small number of cuvettes and the 
assays cannot readily be automated. Ethoxyresorufin-O-dealkylase 
(EROD), pentoxyresorufin-O-dealkylase (PROD) and benzyloxyresorufin-O- 
dealklyase (BRED) assays were performed with slight variations from [he 
original published methods (Burke and Mayer 1974, 1983, Burke et al. 
1977, 1985). The recent availability of fluorescence microwell plate 
scanners has provided the opportunity to automate monooxygenase assays 
that generate a fluorescent product. 

MICROSOME PREPARATION 

Liver samples are defrosted on crushed ice and homogenized in four mls 
ice-cold buffer (1.15% potassium chloride in 0.01 M sodium/potassium 
phosphate, pH 7.4) per g of tissue using a Polytron (at setting 5 for 20 
sec) while maintaining the tube in a beaker of crushed ice. In order to 
maintain an adequate volume for the Polytron to function effectively and 
without excessive frothing, the minimum volume of buffer used is 1.0 ml 
even when the sample is less than 0.25 g. The supernatant from a 20 
min, ll,000g centrifugation of the homogenate is centrifuged at 100,000g 
for 60 min to obtain the mierosomal pellet. Because the field samples 
processed are generally 0.5 g or less they are generally resuspended in 
2.0 ml per g of tissue weight of ice-cold buffer (0.05 M sodium/ 
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100 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

potassium phosphate, 0.001 M disodium ethylenediamine tetraacetate, pH 
7.6) using a motor-driven stainless steel and teflon pestle in a glass 
homogenizing vessel. Smaller samples are resuspended in 4.0 ml or I0.0 
ml buffer per g of tissue to ensure that there is adequate volume for 
effective resuspension and to reduce loss to vessel walls, etc. 

MONOOXYGENASE ASSAY PROCEDURES 

Because of the small volume (an effective working volume of 
approximately 0.26 ml) of the wells in a 96 microwell plate, the amount 
of microsomes needed for assay is also small. Use of such a 
fluorescence microwell plate scanner began at PESC in 1990 and became 
the only approach used for the resorufin-based monooxygenase assays in 
1991. Other laboratories are also using this type of instrument for 
environmental studies (Eggens and Galgani 1992, Kennedy et al. 1992). 
Currently, four resorufin generating dealkylases are assayed on this 
instrument. They are benzyloxyresorufin-O-dealkylase (BRED), 
ethoxyresorufin-O-dealkylase (EROD), methoxyresorufin-O-dealkylase 
(MROD), and pentoxyresorufin-O-dealkylase (PROD). Data are 
automatically placed into computer files which are transferred to a 
spreadsheet for necessary calculations. 

Because the microsomes are assayed on the same day they are 
prepared, the assays are run before protein concentrations are 
determined. The quantity of microsomes assayed is therefore based on 
the amount of liver used in their preparation and varies by assay, 
species and life stage. The quantity of microsomes selected for each 
assay is that which gives a linear response over the time of the assay, 
that is proportional to the amount of microsomes added and that falls 
within the range of the standard curve. Exact values are given later 
with the incubation conditions. In the case of highly induced samples 
it may be necessary to repeat the assay with fewer microsomes to have 
fluoresecence readings that are linear for enzyme activity and fall 
within the standard curve. Substrate concentrations were selected that 
gave maximum velocity and were constant over the duration of the assay. 
Because of the high cost of NADPH, the concentration of NADPH selected 
was that which gave a reading of at least i0 fluorescence units for 
uninduced samples or that for which doubling the NADPH concentration 
gave less than a 20% increase in monooxygenase activity. 

As the assays are currently performed, the 96 microwell plate 
contains 24 samples in triplicate, a duplicate resorufin standard curve 
with 0 to 0.2 nmol per well and four wells with noninduced mallard 
reference microsomes. Each well receives 200 ul of pH 7.4, 0.066M Tris 
buffer (TB) containing substrate and 50 ul of TB containing microsomes. 
This is preincubated in the dark at assay temperature (37~C) for i0 
minutes followed by addition of NADPH in i0 ~i of TB and the plate is 
placed in the fluorescence microwell plate scanner. An initial reading 
is taken followed by seven additional readings at 90 sec intervals 
(Approximately 75 sec are required to read the plate.) After checking 
fluorescence readings for proper instrument functioning and linearity 
with time, the fluorescence units are translated to nmoles of product by 
utilizing the resorufin standard curve. Protein concentrations are 
determined by a reduced volume (by 50%) Lowry assay (Lowry et al. 1951) 
and monooxygenase activity calculated as nmol or pmol product per min 
per mg microsomal protein. (Because of the presence of Tris buffer in 
the monooxygenase assays, it is not possible to use fluorescamine to 
assay protein in the assay well.) 

The incubation conditions for these species and life stages are 
given in Table 2. Most assays utilized the amount of microsomes derived 
from 0.65 to 5.2 mg of liver per well, with 1.25 to 5.0 zM substrate and 
0.125 or 0.25 44 NADPH. 
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RESULTS 

Baseline values are presented in Table 3. The yield of microsomal 
protein for these twenty avian species averaged approximately 9 to 36 mg/g 
liver. The wide range of microsomal protein yields shown in this table may be 
due in part to water loss from some samples during storage which could lead to 
artificially high values for microsome yield per gram of tissue for such 
samples. In general, baseline EROD activity was highest and PROD activity the 
lowest of the four O-dealkylases assayed. For many species, when assay 
conditions were being determined the PROD activity was so low that it was not 
assayed for individual birds, and PROD activity is generally not assayed in 
liver samples from field studies. The data for Forsters' tern, Caspian tern 
and Western sandpiper (all adults) were obtained solely from field-collected, 
field-sacrificed adult birds nhat were not maintained on clean diets, so they 
may not be true baseline values. 

Results of treatment with MC-type inducers are presented in Table 4. 
All species and ages studied showed significant induction of at least one of 
the monooxygenases assayed. Scaup showed the largest induction ratio and 
Northern bobwhite, particularly the pipping embryos, the lowest, for the 
species studied. Generally EROD was most responsive, but this varied among 
species. For some species, such as screech owl, the induction was significant 
for all four assays despite being only a doubling for MROD and PROD, while 
others such as Black-necked stilt and American avocet, although giving ratios 
from four to six and one half were not significant because of small numbers of 
birds used and highly variable responses. 

The effect of PB (Table 5) on these four monooxygenases in the nine 
species studied was very slight. Scaup again was most responsive, and only 
three of the nine species showed a significant increase. One cannot conclude 
that the other six species are nonresponsive to PB, because these results may 
be due to a lack of responsivelness for these particular P450-associated 
enzyme activities, but not a complete lack of induction response to PB. In an 
earlier study with adult Mallard ducks (using 1 cm 2 cuvettes), PB at a 
slightly higher dose increased EEOD 3.6-fold, but increased arylhydrocarbon 
hydroxylase 19.8-fold and benzphetamine-N-demethylase 7.8-fold (Melancon et 
al. 1990). 

CONCLUSIONS 

Hepatic microsomal monooxygenase activity was measured in the twenty 
avian species studied using a fluorescence microwell plate scanner to quantify 
the resorufin produced. Generally PROD activity was lowest, but EROD and MROD 
or BReD were found at readily measureable levels. The same assays were 
generally most responsive to Me-type inducers. The results provide 
information on twenty species that would make it possible to monitor a variety 
of habitats. When utilizing P450 as a biomarker for contaminant exposure it 
is important to use positive controls to ensure that the assay selected is 
responsive to the contaminant of interest in the species under study. For the 
studies summarized here, detailed information will be presented in future 
publications. Some of these species are presently the objects of field 
studies. 
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TABLE 3--Hepatic microsomal protein and O-dealkylase activities 
(determined using a fluorescence microwell plate scanner) for 
untreated (uninduced) birds 

Species Age Micro EROD BROD MROD PROD 
prot. 

mg/g pmol product/min/mg 
liver microsomal protein 

Mallard adult 12.6, 
1.91 

Black duck adult 34.7, 
3.8 

Lesser scaup 6 mo 19.3, 
2.0 

Double-crested 14 day 21.3, 
cormorant 4.0 

pe~: 14.1, 
2.1 

Black-crowned 13 day 9.5, 
night heron ~ 1.7 

pe~ 

Grt blue heron pe~ 20.1, 
2.4 

Fla sandhill 30 da]' 8.1, 
crane 4 2.2 

Black necked 30 day 17.7, 
stilt 25.4 

American 30 day 18.1, 
avocet 2.6 

Red-winged adult 31.0, 
blackbird 2.4 

European 12 day 18.5, 
starling ~ 5.0 

Tree swallow pe~ 25.1, 
4.5 

Barn swallow 12 day 35.5, 
3.7 

~orthern adult 36.4, 
bobwhite 15.0 

1 day 16.7, 
3.0 

~Lerican adult 24.3, 
kestrel ~ 7.8 

i0 day 10.5, 
2.1 

Screech owl adult 14.9, 
2.8 

41.7, 
16.81 

13. i, 
4.5 

16.6, 
16.6 

44.7, 
25.6 

21.6, 
7.3 

51.6, 
22.0 

36.2, 
26.0 

5.6, 
3.3 

50 8, 
22 4 

51 7, 
67 0 

38 8, 
i0 0 

7.4, 
2.5 

48.3, 
28.7 

24.3, 
21.0 

42. i, 
15.8 

3.1, 
1.4 

32.6, 
10.3 

44.0, 
14.4 

43.4, 
12.3 

116, 
15.9 

11.4, 
4.9 

10.3, 
2.9 

8.0, 
8.0 

13.3, 
4.0 

23.0, 
14.2 

16.8, 
6.2 

5.5, 
I.I 

0.i, 
0.i 

26.6, 
33.5 

16.8, 
7.0 

1.9, 
0.7 

3.6, 
0.8 

18.4, 
17.4 

24.1, 
13.2 

6.8, 
2.2 

19.6, 
4.8 

39.0, 
15.3 

16.3, 
3.7 

58.9, 
33.2 

13.3, 
4.3 

22.7, 
25.9 

40.7, 
17.0 

5.2, 
4.7 

41.1, 
15.3 

5.1, 
1.7 

22.8, 
12.5 

15.3, 
20.9 

17.8, 
3.9 

23.3, 
7.4 

22. i, 
9.7 

14.4, 
5.5 

2.9, 
i.I 

46.9, 
15.2 

53.9, 
23.6 

21.1, 
11.4 

105, 
28.9 

7.4, 
4.1 

1.8, 
1.8 

52.2, 
30.0 

25.5, 
9.4 

5.0, 
1.6 

1.4, 
0.6 

4.3, 
6.4 

6.1, 
I.I 

2.2r 
1.3 

11.8, 
6.0 

91.5, 
11.5 
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Forster' s tern adult 24.8, 4.0, 
6.9 1.5 

Caspian tern adult 24.9, 6.1, 4.3, 
7.0 2.5 2.0 

Western adult 9. i, 866, 113, 55.6, 
sandpiper 7 i. 6 597 129 31.0 

~mean value followed by standard deviation, except individual values for 
black necked stilt for which n = 2, for other species n = 4-20; =pipping 
embryo; ~Melancon et al. 1992; 4Melancon et al. 1994b; ~Melancon et 
al. 1994a; 6Melancon et al. 1993; 7Rattner et al. 1995. 

TABLE 4--Effects of 3-methylcholanthrene (MC), polychlorinated 
biphenyl (PCB 126) and ~-naphthoflavone (BNF) on O-dealkylase activities 
expressed as ratio of treated activity over control activity 

Species Age Induction EROD BROD MROD PROD 
Regimen 

(treated/control) ~ 

Mallard adult BNF; i00 mg/kg 3.92 13.93 2.22 4.73 

Black duck adult BNF; 50 mg/kg 4.72 8.84 5.83 

Lesser scaup 6 BNF; i00 mg/kg 55.73 16.73 35.5 ~ 24.0 ~ 
month 

Double- 14 day BNF; i00 mg/kg 6.7 ~ 5.24 
crested 
cormorant pemb ~ MC; 5 mg/kg 19.74 12.1 ~ 89.14 

Great blue pemb MC; 400 ug/egg 13.1 ~ 5.9 ~ 6.5 ~ 3.0 
heron 

Fla sandhill 30 day BNF; i00 mg/kg 7.9 ~ >15 ~ 5.1 ~ 8.4 ~ 
crane 6 

Black necked 30 day BUF; 50 mg/kg 4.1 4.2 3.02 5.8 ~ 
stilt 

American 30 day BNF; 50 mg/kg 6.5 5.5 3.3 9.1: 
avocet 

Red-winged adult BNF; i00 mg/kg 5.5 ~ 10.34 0.6 ~ 
blackbird 

European 12 day BNF; 50 mg/kg 3.2 ~ 4.4 ~ 0.7 ~ 
starling" 

Barn swallow 12 day BNF; I00 mg/kg 6.43 7.6 ~ 1.3 

Northern adult BNF; i00 mg/kg 4.8 ~ i.i 4.93 2.0 
bobwhite 

1 day PCBI26; 70 2.12 1.5 
ug/kg 

American adult BNF; i00 mg/kg 2.2 ~ 4.6 ~ 1.2 
kestrel 

i0 day ZCBI26; 50 10.7 ~ 11.3 ~ 4.9 ~ 1.9 ~ 
~g/kg 

Screech owl adult B~JF; i00 mg/kg 4.03 5.63 2.2 ~ 2.1 ~ 
Iratio based on activity calculated as pmol product/min/mg microsomal 
protein; =p<0.05; 3p<0.01; ~p<0.0Ol; n = 3-19; ~pipping embryo; ~Melancon 
et al. 1994b; :Melancon et al. 1994a 
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TABLE 5--Effects of phenobarbital on O-dalkylase activities 
expressed as ratio of treated activity over control activity 

Species Age Inducnion EROD BReD MROD PROD 
Regimen 

(treated/control) ~ 

Mallard adult 3 X 70 mg/kg 1.5 0.9 1.5 0.8 

Black duck adult 3 X 70 mg/kg 2.6 ~ i.i 1.0 

Lesser scaup 6 month 3 X 70 mg/kg 10.4 ~ 1.3 4.64 2.8 

Double-crested pipping 5,3 mg/kg I.I i.I i.i 
cormorant e~ryo 

Great blue pipping 80 mg/kg 1.2 1.7 1.0 0.9 
heron embryo 

Red-winged adult 3 X 75 mg/kg 0.9 0.8 0.9 
blackbird 

European 12 day 3 X 50 mg/kg 4.4: 1.3 2.7 = 
starling t 

~er. kestrel adult 3 X 70 mg/kg I.i 1.0 1.2 

Screech owl adult 3 X 70 mg/kg 0.9 0.8 0.9 0.S 
~ratio based on acEivity calcuated as pmol product/min/mg microsomal 
protein; =p<0.001; ~p<0.01; ~p<0.05, n = 8-13; ~Melancon et al. 1994a 
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Chromosome Translocations Measured by Fluorescence In-Situ 
Hybridization: A Promising Biomarker 

REFERENCE:  Lucas, J. N. and Straume, T., " C h r o m o s o m e  Translocations Measured by 
Fluorescence In-Situ Hybridization: A Promising Biomarke r , "  Environmental Toxicology 
and Risk Assessment: Biomarkers and Risk Assessment--Fifth Volume, ASTM STP 1306, 
David A. Bengtson and Diane S. Henshel, Eds., American Society for Testing and Materials, 
1996. 

ABSTRACT: A biomarker for exposure and risk assessment would be most 
useful if it employs an endpoint that is highly quantitative, is stable 
with time, and is relevant to human risk. Recent advances in 
chromosome staining using fluorescence in situ hybridization (FISH) 
facilitate fast and reliable measurement of reciprocal translocations, a 
kind of DNA damage linked to both prior clastogenic exposure and to 
risk. In contrast to other biomarkers available, the frequency of 
reciprocal translocations in individuals exposed to whole-body radiation 
is stable with time post exposure, has a rather small inter-individual 
variability, and can be measured accurately at the low levels. Here, we 
discuss results from our studies demonstrating that chromosome painting 
can be used to reconstruct radiation dose for workers exposed within the 
dose limits, for individuals exposed a long time ago, and even for those 
who have been diagnosed with leukemia but not yet undergone radiotherapy 
or chemotherapy. 

KEY WORDS: chromosome; translocation; FISH; persistence; radiation 

There is a need for reliable methods to assess past clastogenic 
exposures and to assess risk. This is particularly the case for a large 
number of individuals exposed to various levels of ionizing radiation as 
a result of nuclear accidents such as Chernobyl, atmospheric nuclear 
testing prior to the early 1960's, past human experimentation by US 
Government agencies, the atom bombs dropped on Hiroshima and Nagasaki, 
various medical radiological procedures, occupational exposures, and a 
variety of other radiation-related exposures for which dosimetry 
information may be poor or absent. 

Iprofessor & Senior Scientist, Lawrence Livermore National Laboratory, 
University of California, P.O. Box 808, Livermore, CA 94550. 

Copyright m 1996 by ASTM International 

109 

www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



110 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

The efforts in our laboratory have centered principally on the 
development and validation of a technology referred to as "chromosome 
painting" for use in human exposure and risk assessment. This 
technology employs fluorescence in situ hybridization (FISH) with whole 
chromosome probes to rapidly and accurately detect chromosome 

abnormalities such as stable translocations I in human cells. For a 

description of FISH see Lucas et al. 1992a. The development of this 
technology began at the Lawrence Livermore National Laboratory during 
the early 1980's (Pinkel et al. 1986) and has now developed into the 
method of choice world-wide for the detection of chromosome 
translocations in humans (e.g., see Lucas et al. 1992a; Nakano et al. 
1993; Bauchinger et al. 1993; Straume et al. 1995; National Research 
Council 1995). 

METHODOLOGY 

The method employs lymphocytes obtained from a small blood sample 
taken from the individual to be evaluated. The lymphocytes are cultured 
and metaphase spreads made on glass slides using standard cytogenetic 
methods (Evans et al. 1979). A cocktail of composite chromosome- 
specific DNA probes are used in combination with pan-centromeric probes 
to discriminate between translocations and dicentrics (e.g., see Lucas 
et al. 1992a; Straume and Lucas 1993). Chromosome painting is generally 
performed using DNA probes specific for only a sub-set of the genome, 
e.g., painting chromosomes i, 2, and 4 results in the detection of 35% 
of all translocations (Lucas et al 1992a). Here, genome refers to the 
full compliment of chromosomes in a cell. Comparisons with results from 
conventional cytogenetic methods requires scaling-up the chromosome 
painting results to full genome equivalents. As described below, we 
have shown that such scaling can be performed accurately by assuming 
that radiation results in a random distribution of chromosome breaks. 

To visualize interchromosomal exchanges, the metaphase chromosomes 
are stained yellow with probes for the selected target chromosomes and 
red for the non-target chromosomes (e.g., see Fig. 1 in Lucas et al. 
1992a). With the additional application of blue pan-centromeric probes, 
the discrimination between translocations and dicentrics is made 
possible. Thus, exchange aberrations are recognized as bi-color (part 
red and part yellow) chromosomes, and are scored as reciprocal 
translocations if the two derivative chromosomes each have one blue- 
stained centromere and as dicentrics if the derivative chromosomes have 
two centromeres and a bi-color acentric fragment. 

As indicated above, full genomic translocation frequencies are 
accurately obtained after selectively painting only a small fraction of 
the genome. This important finding was determined by comparing in the 
same individuals reciprocal translocation frequencies measured using 
FISH and G-banding (Lucas et al. 1992a). The frequencies measured using 

IHere, translocations are defined as complete exchanges between two 

chromosomes resulting in two monocentric derivative chromosomes. 
Dicentrics are defined as complete exchanges between two chromosomes 
resulting in one dicentric derivative chromosome and an acentric 
fragment. 
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FISH for chromosomes i, 2 and 4 (i.e., 22% of the genome) were converted 
to full genome equivalents and then plotted against translocation 
frequencies measured by G-banding for all chromosomes for the same 
individuals. The results demonstrated that FISH provided reciprocal 
translocation frequencies that did not differ significantly from those 
measured by the standard G-banding method. 

G-banding, which is universally accepted as an accurate method of 
detecting chromosome translocations, is much too labor intensive for 
exposure and risk assessment applications. The demonstration that the 
much faster FISH method provided identical results when scaled to full 
genome, provided a new practical biomarker for applications that require 
the scoring of large numbers of cells and individuals. 

Much of our recent work has centered on the validation of the FISH 
technology for radiation dose reconstruction and the development of the 
data required to translate a measured frequency into a dose. Most of 
these efforts have been summarized in Straume and Lucas 1995 and are 
further expanded here. 

HUMAN STUDIES 

To date, we have evaluated four individuals previously exposed to 
penetrating whole-body radiation, either accidentally or during normal 
work situations. Each of these four cases were exposed to different 
kinds of radiation, patterns of exposure, and dose rates. All, however, 
had in common exceptionally good independent dosimetry against which our 
biodosimetry results could be compared. 

The first case, a radiation worker exposed occupationally during the 
1950's, 1960's, and early 1970s was also evaluated biodosimetrically 
using four different assays, including translocations measured by 
chromosome painting (Straume et al. 1992). This worker's whole-body, 
fully penetrating exposure was always within occupational dose limits. 
In 1989, the best-estimate dose obtained from the measured translocation 
frequency was 0.49• Sv, in good agreement with the total integrated 
dose recorded in his official dosimetry record from badge readings of 
0.56• Sv (Straume and Lucas 1995). These results suggested that 
stable biomarkers could be detected in workers, even those exposed 
within the dose limits. 

The second case, a tritium worker accidentally inhaled tritium 
oxide in 1985 that resulted in a whole-body dose of 0.44 Sv based on 
urinalysis and 0.42 Sv based on dicentric aberrations measured within 
one month of the acute inhalation exposure (Lloyd et al. 1986). Our 
biodosimetry performed for this same individual in 1992 (six years after 
exposure) using chromosome painting to measure stable reciprocal 
translocations (Lucas et al. 1992b) resulted in 0.44 Sv, essentially 
identical to the dosimetry results obtained immediately after the 
accident from urinalysis and dicentrics (Straume and Lucas 1995). 

The third case was a worker exposed to photons and particle 
radiation from high-energy accelerator operations during 30-years of 
work in that environment. This individual was a dosimetry expert and 
kept meticulous records of his exposure history. His integrated dose- 
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equivalent from personnel dosimeters was 0.33• Sv which compares 
very well with our biodosimetry results (0.3• Sv) from the frequency 
of translocation in his blood lymphocytes measured during the past year. 

The fourth case was a radiation worker exposed during the past decade 

to external gamma radiation from 137Cs and some internal contamination 
by radiocesium. The external and internal exposure resulted in 
essentially uniform whole-body radiation dose. Two independent 
dos• methods were employed on this worker: (i) electron 
paramagnetic resonance (EPR) dosimetry was performed on the individual's 
tooth enamel by scientists in the Ukraine, and (2) chromosome painting 
was performed on the individual's blood lymphocytes. Dosimetry results 
from the two independent methods show good agreement, i.e.,0.3• Sv 
for EPR and 0.33f0.12 Sv for translocations measured using FISH. 

Taken together, these case studies suggest that the frequency of 
translocations in human lymphocytes provide an accurate measure of prior 
low-level exposure to ionizing radiation in whole-body exposed 
individuals, regardless of the temporal pattern of the exposure or the 
kind of radiation involved. Additional individuals with independent, 
good dosimetry are being sought to continue these very important 
validation studies. 

Chromosome translocation studies have also been performed on large 
numbers of individuals such as atom-bomb survivors and radiation 
accident victims. However, in those cases, the independent dosimetry is 
uncertain and cytogenetic analyses were not made soon after the 
radiation exposure. It is nevertheless informative that cytogenetic 
follow-up for those populations (which unfortunately began many years 
after the exposure occurred) has shown that the translocation 
frequencies measured in blood lymphocytes of exposed individuals do not 
change with time when the same individuals are re-sampled many years 
later (Straume and Lucas 1995; Salassidis et al. 1995; Littlefield et 
al. 1984). Individuals and groups from which temporal stability 
information has been obtained are shown in Fig. i. It is seen that 
prior to our efforts, there was a multi-year gap in the translocation 
stability data between exposure and the first measurement. 

Study Populat ion Individuals in Durat ion of Fol low-up 
Populat ion in years 

0 10 20 30 40 50 
I I I I I I 

Hiroshima/Nagasaki victims >100 h\ \ \ \ \ \ \ \ \ \ \ \ \ \ l  

Swiss tritium worker 1 h\\\\\~ 

Y-12 Accident victims 6 L~- . . . . . . . . .  

Chernobyl victim 1 b\\\\~' 

Rhesus monkeys 5 ~\\\\\\~ -~ ~\\\~ ~\\\\\\\~ 

FIG i. Duration of follow-up in various groups evaluated for chromosome 
translocations. Plotted from data in Straume and Lucas 1995. 
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NON-HUMAN PRIMATE STUDIES 

Rhesus monkeys were exposed in 1965 to whole-body (fully 
penetrating) radiation in connection with NASA studies (Hardy 1991). 
Some 28 years later, in 1993, near the end of their lifespan, we 
performed biodosimetry on blood lymphocytes from six of the primates and 
compared our results with the actual doses delivered to the animals in 
1965 (in one individual, biodosimetry was also performed on skin 
fibroblasts). Results are listed in Table 1 and show very good 
agreement between the actual treatment dose given in 1965 and the dose 
estimated biodosimetrically from the translocation frequency in 1993. 
From the Table, it is observed that the biological dose estimates are 
within 25% of the actual doses for all six animals, and for four of the 
six animals our biodosimetry differs by less than 10% from the given 
doses. Given the fact that almost 30 years had elapsed since exposure, 
these results are promising indeed. 

TABLE 1--Dose reconstruction for rhesus monkeys irradiated 28 years 

previously.* 

Treatment Biodosimetry Biodosimetry dose,' Percent 

dose(Sv) dose (Sv) treatment dose difference 

0.56 0.59 1.05 5 
1.13 0.99 0.88 12 

1.13 1.05 0.93 7 

2.25 1.70 0.76 24 

2.25 2.13 0.95 5 

2.00 1.90 0.95 5 

2.25 1.84 0.82 18 

*Lucas et al. 1996. 

IN VITRO STUDIES 

The use of a biomarker for quantitative evaluation of exposure and 
dose assessment requires good calibration curves. Such curves provide a 
relationship between biomarker frequency and dose, and must therefore be 
obtained for relevant exposure conditions. For radiation-induced 
chromosome aberrations, calibration curves are generally obtained using 
lymphocytes exposed in vitro (blood obtained from a healthy donor and 
irradiated in a culture vial], which have been shown to be identical to 
those exposed in vivo {e.g., Brewen and Gengozian 1971]. 

Studies currently underway in our program will provide man}, of the 
in vitro calibration curves necessary for radiation biological dosimetry 
using the chromosome painting technology. For example, we have recently 

obtained a full-range calibration curve for 60Co gamma-ray-induced 

Copyr igh t  by  ASTM In t ' l  ( a l l  r i gh t s  r e se rved) ;  Tue  Oc t  18  17 :10 :12  EDT 2011
Downloaded /p r in t ed  by
Loughborough  Unive r s i ty  pu r suan t  to  L icense  Agreemen t .  No  fu r the r  r ep roduc t ions  au thor i zed .



114 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

translocations measured by FISH in human lymphocytes (Lucas et al. 

1995), and we are currently working on a curve for 137Cs gamma rays, 
which will provide a means for dose reconstruction at Chernobyl where 
radiocesium contamination is producing most of the population dose. We 
are also working on human calibration curves for tritium beta rays and 
orthovoltage x rays. This effort is particularly timely now, as the 
FISH technology is becoming more generally employed in dose 
reconstruction. 

BIODOSIMETRY FOR LEUKEMIA PATIENTS 

A substantial amount of genetic damage appears in the blood cells of 
leukemia patients due to the well known phenomenon of genetic 
instability of cancer cells. This is of particular significance for 
biological dosimetry because such genetic instability in the malignant 
lymphocytes can mask the genetic damage that may have been caused by 
radiation or other clastogens prior to the disease. We have developed a 
new approach that may be used to measure pre-cancer-induced chromosomal 
aberrations in patients with B-cell leukemia by totally separating the 
unaffected T lymphocytes from the malignant B lymphocytes (Lucas et al. 
1994). Results suggest that pre-leukemia exposure to radiation may be 
biodosimetrically quantified from translation frequencies in a certain 
subset of blood lymphocytes of leukemia patients as long as the blood 
sample is obtained prior to radiotherapy or chemotherapy (Lucas et al., 
1994). This method fills an important need in the determination of 
prior exposures that may have contributed to the induction of leukemla 
or lymphoma. 

OTHER CONSIDERATIONS 

Variables such as spontaneous translocation frequencies in unexposed 
individuals and non-uniform body dose in exposed individuals are also 
being addressed. We have measured about two dozen unexposed controls of 
varying ages, from -20 to more than 60 years of age. The translocation 
frequencies range from -2 to i0 per I000 cells (Bender et al. 1988; 
Straume and Lucas 1995} . Further work is needed to fully quantify the 
effect of variables such as age and natural background radiation. 

When the dose distribution is highly non-uniform within the body, 
biodosimetry results can be difficult to evaluate. For example, 
inhalation or ingestion of radioiodine results in dose primarily to the 
thyroid. In that case, biodosimetry using blood lymphocytes would not 
be appropriate. Also, radiation exposures to body extremities such as 
fingers or hands would result in very few damaged blood lymphocytes. We 
are working on the development of biodosimetry assays for specific 
organs that would be particularly useful in assessing partial body 
exposures. 
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CONCLUS ION 

When the human case studies are considered together with the results 
for non-human primates, the overall biodosimetry data are now beginning 
to provide a strong basis for the use of chromosome translocations 
detected by FISH in retrospective dosimetry and risk assessment. This 
is true no matter how long ago the exposure occurred or whether the 
exposure was received acutely or chronically. 
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ABSTRACT: It is widely believed that most chemical carcinogens act by binding to 
cellular genetic material and causing somatic mutations. Chemical modification of DNA 
(e.g., the formation of DNA adducts) is the first in a series of stages that lead to mutation, 
cell transformation, and tumor development. 

Sensitive methods for detection of DNA adducts are essential for mechanistic 
studies of mutagenesis and carcinogenesis and for biomonitoring of populations at risk for 
environmentally caused cancer. DNA adducts may be detected with such methods as 32p_ 
postlabeling, immunoassays, HPLC with fluorescence detection, and gas 
chromatography/mass spectrometry, with varying degrees of sensitivity and structural 
specificity. Alkylation at the N-7 position of guanine is a preferential site of attack for most 
alkylating agents, but may be of little biological consequence, while adduct formation at the 
06 position of guanine (less common) is most highly correlated with carcinogenesis. 

We have examined the suitability of western mosquitofish (Gambusia affinis) as a 
native sentinel species for monitoring environmental exposures to mutagens and 
carcinogens. Mosquitofish are a native species to the U.S. and are also widely distributed 
in warm waters throughout the world. These fish are ideal for monitoring local exposures 
because they are non-migratory and are found in a wide variety of habitats. In the 
laboratory, they are easily cultured using techniques developed for other small fish species 
and appear resistant to infectious diseases. Thus, methods may be directly assessed under 
controlled conditions before being applied to field situations. 

In these studies, mosquitofish were exposed to a model alkylating agent, 
methylazoxymethanol acetate, at 10 ppm in the ambient water for 2 h. Fish were then 
transferred to clean water and held for up to 72 h. Livers were excised, pooled for 5 fish, 
and DNA was extracted and prepared for analysis. Liver DNA extracts were assessed for 
levels of N-7 and O6-methylguanine by isotope dilution GC/mass spectrometry, using 
deuterated analogs of methylguanine adducts as standards. Detection limits for the assay 
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were approximately 1.6 femtomoles of adduct per mg DNA (about 1 adduct per 2 million 
bases). Approximately 55-185 pg (330-1100 femtomoles) Ot-methylguanine per mg DNA 
were measured in exposed fish in the first 72 h after exposure. These lesions were 
correlated with a 33% liver tumor incidence after 25 weeks in parallel experiments. 

KEYWORDS: DNA adducts, 7-methylguanine, O6-methylguanine, GC/mass 
spectrometry, methylazoxymethanol acetate, liver, carcinogenesis, mosquitofish, 
Gambusia affinis 

Chemical carcinogenesis is a complex, multistage process thought to involve 
genetic and epigenetic damage to susceptible cells that subsequently gain a selective growth 
advantage over neighboring cells as the result of activation of protooncogenes and/or 
inactivation of tumor suppressor genes (Harris 1991). An approach to assessing genotoxic 
damage that integrates all of the various factors involved in chemical exposure, uptake, 
biotransformation, etc., is to compare levels of specific covalent adducts of DNA in the 
target tissue. It is generally accepted that most chemical carcinogens act by interacting with 
the genetic material of the cell, in particular the DNA template (Lawley 1984). Chemical 
modification of DNA is the first in a series of steps that lead to mutation, cell 
transformation, and tumor development (Wogan 1988). In fact, it has been suggested that 
any chemical that forms DNA adducts, even at low levels, has the potential to be mutagenic 
and carcinogenic (de Serres 1988). DNA adduct determinations can therefore provide 
crucial information on metabolic pathways as well as chemical effects on DNA structure, 
transcription, synthesis, and repair. Adduct analyses, along with appropriate measures of 
mutation rates, can also provide direct information relevant to the somatic mutation theory 
and DNA adducts can be considered dosimeters of exposure to chemicals in cancer risk 
assessments (Beland and Poirier 1989). 

Alkylating agents are archetypal carcinogens, in that most other carcinogens are 
active only after being metabolized to alkylating or aralkylating agents (Lawley 1984). 
Substitution at the N-7 position of guanine is a preferential site of attack for most alkylating 
agents, while attack at the O 6 position of guanine (less common) is most highly correlated 
with carcinogenesis (Beranek et al. 1980; Lawley 1984; Loveless 1969; Swenson and 
Lawley 1978). Agents that cause alkyl-DNA or aryl-DNA adducts can be divided into two 
major classes: (1) those compounds or their metabolites that form bulky chemical adducts 
of the purine and pyfimidine bases, represented by such classical chemical carcinogens as 
benzo(a)pyrene, aflatoxin, 7,12-dimethylbenz(a)anthracene, and 2-acetylaminofluorene; 
and (2) agents that form simple base modifications, differing from bulky adducts in that 
they do not distort the DNA helix (Dresler 1989). This second group includes such 
classical alkylating mutagens as N-methyl-N-nitrosourea (MNU), methyl methanesulfonate 
(MMS), N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), N-ethyl-N-nitrosourea (ENU), 
ethyl methanesulfonate (EMS), and diethylnitrosamine (DEN) or their metabolites. 
Although simple base modifications can block DNA replication, more often they directly 
produce promutagenic adducts in DNA (Dresler 1989; Miller 1983; Singer and Kusmierek 
1982). 

Methylazoxymethanol acetate (MAM-Ac), a model alkylating carcinogen, forms 
methyl DNA adducts following esterase-mediated release of a highly reactive methyl 
carbonium ion (Feinberg and Zedeck 1980). Metabolism leads to the final formation of 
methanol, acetic and formic acids and nitrogen gas. MAM-Ac has been shown to be 
carcinogenic in several mammalian animal models and to cause liver neoplasia in several 
fish species (Hawkins et al. 1985; Stanton 1966). For example, a 2 h pulse exposure to 10 
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mg/L MAM-Ac in the ambient water resulted in a 33% incidence of liver tumors in western 
mosquitofish by 25 weeks after exposure, and more than a 50% incidence after 40 weeks 
(Law et al. 1994). 

There is increasing interest in the use of small fish models for carcinogenicity 
testing, for investigations of basic carcinogenic mechanisms, and as sentinel species for 
monitoring health risks associated with aquatic environments (Hawkins et al. 1988a; 
Hawkins et al. 1988b; Hoover 1984). Unlike many rodent models, fish have an extremely 
low background incidence of tumors and are relatively inexpensive to breed and maintain 
(Couch and Harshbarger, 1985). However, because most published studies to date have 
been performed with exotic or non-native species or with larger cold water fish species 
difficult to rear in the laboratory, there is a need for a freshwater, temperate-zone small fish 
species that could serve as an environmental sentinel and also be amenable to laboratory 
culture for validation of biological markers (Couch and Harshbarger, 1985). 

The western mosquitofish is a small, native, freshwater fish that is distributed from 
New Jersey to Florida and from Florida to the Texas/Mexico coasts and has been 
introduced world-wide as a mosquito control agent (Dees 1961). Mosquitofish are easily 
cultured using techniques developed for other small fish species such as the guppy 
(Poecilia reticulata). They breed prolifically and appear resistant to many infectious 
diseases. They have been shown in previous studies to express measurable changes in a 
variety of biomarkers following contaminant exposure and, thus, may prove useful for 
both controlled laboratory investigations as well as field studies, enabling substances to be 
tested under validated conditions in the field (Law 1995). 

Direct measurement of DNA adducts may be employed as a biomarker of both 
exposure and effects in organisms exposed to genotoxic agents (Shugart et al. 1992). 
Biomarkers such as DNA adducts may afford a temporally and spatially integrated measure 
of bioavailable pollutants not provided by chemical analyses of water, soils, or tissues, 
thus giving information that is more relevant to evaluating ecological or health risks 
(McCarthy and Shugart 1990). The application of DNA adduct analysis in fish has been 
reviewed recently by Maccubbin (1994). " " 6 . . Formation and persistence of O -ethylguanme m 
rainbow trout exposed to DEN were reported by Fong and co-workers using HPLC with 
fluorescence detection (Fong et al. 1988). Few studies, however, have attempted to 
measure specific adduct levels in small fish species exposed to small (i.e., non-bulky) 
alkylating carcinogens. This could be due to the fact that many existing methods are not 
sensitive enough to utilize the small amounts of tissue available from these species. 
Accurate, sensitive, and structurally selective measurements of DNA adduct levels have 
been obtained using stable isotope-labeled analogs of analytes as internal standards with 
analysis by selected ion monitoring GC/MS (Dizdaroglu 1993). 

The present study was designed to use these techniques to measure DNA adduct 
formation and persistence in the liver of western mosquitofish (Gambusia affinis) exposed 
to MAM-Ac in order to further validate the use of this species both in laboratory and as a 
sentinel species in field studies. 

METHODS 

Experimental Design 

Experiments were performed to investigate the extent and kinetics of DNA 
alkylation and subsequent DNA repair following a single, short, pulse exposure to MAM- 
Ac. The exposure designs and sample preparation sequence are shown schematically in 
Fig. 1. All specimens used in this study were the progeny of laboratory-maintained 
western mosquitofish caught originally in Ocean Springs, Mississippi, USA. Adult fish 
ranging from 9 to 14 months old were randomized and selected for use. The fish were 
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120 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Experimental Protocol: 

S Expt. 1: Expose fish, I 
sample 24 hrs. later I 

I 

Expt. 2: Expose fish, sample mid-way 
through exposure, immediately after 
exposure, then 4, 8, 24, 48, and 72 hrs. 
later to assess formation and repair of 
DNA adducts. 

f 
2 hour pulse exposure J 

Excise livers, pool 

Extract & purify DNA 

T 
Acid/thermal iydrolysis 

Spike samples with deuterated analogs 

Lyophilize samples 

TMS derivatization 

GC/MS-SIM analysis 
for DNA adducts 

FIG. 1--Experimental protocol. 
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LAW ET AL. ON DNA ADDUCTS 121 

acclimated for a minimum of two weeks in 40-L aquaria containing dechlorinated, organic- 
free water maintained at 27+1~ by a recirculating water bath. The aquarium room was 
maintained on a 12 h light/12 h dark cycle with incandescent lighting. The fish were fed 
commercial flake food (Prime Tropical Flakes-Yellow, Zeigler Brothers, Inc., Gardners, 
PA, USA) two times daily. Water quality was monitored and tank maintenance performed 
once weekly. 

F, ra~_Qmm 

Two basic protocols, differing only in post-exposure sampling times (Fig. 1) and 
numbers of specimens used, were followed in these experiments. Randomly selected adult 
fish ranging from 30 to 35 mm in length were used. Specimens were randomly distributed 
into 4 L Pyrex beakers containing dechlorinated, organic-free water (pH 8.7, dissolved 
oxygen 9.0 mg/L) maintained at 27+1~ in a heated recirculating waterbath contained 
within a ventilated laboratory hood. 

In experiment 1, a total of 15 test fish (in one beaker) and 10 unexposed controls 
(in a second beaker) were used (Table 2). In experiment 2, a total of 70 test fish (divided 
evenly into two beakers) and 10 unexposed controls (in a third beaker) were used (Table 
3). The test fish were exposed for 2 h to methylazoxymethanol acetate (MAM-Ac; Sigma 
Chemical Company, St. Louis, Missouri, USA, water miscible liquid, density =1.27 g/ml) 
at 10 mg/L, then rinsed and transferred to carcinogen-free water in separate 40-liter aquaria 
maintained at 27+1~ This exposure protocol was designed to parallel the conditions used 
in an earlier study (Law et al. 1994) in which we diagnosed liver tumors in mosquitofish 
25 weeks after exposure to MAM-Ac. At each designated sampling time, fish were 
randomly selected and euthanized by stunning in ice water followed by decapitation. In 
experiment 1, the 15 test specimens (pooled for analysis into 3 groups of 5 fish each: 
Exposed 1, 2, and 3 in Table 2) and 10 control animals (2 groups of 5 fish each: Control 
1 and 2) were sampled 24 h after the exposure. In experiment 2, 5 test fish from each of 
the 2 test beakers were sampled halfway through the 2 h exposure (-la, -lb in Table 3). At 
the end of the 2 h exposure, duplicate groups of 5 control fish each (Control a and Control 
b) and 5 exposed fish from each of the 2 test beakers (Oa and Ob) were sampled. Duplicate 
groups of 5 test fish each were then sampled at 4, 8, 24, 48, or 72 h post-exposure (4a and 
4b, 8a and 8b, etc.). Feeding of the fish resumed following the exposure period. 

DNA Extraction and Purification 

Livers were immediately excised, pooled for duplicate 5 fish groups into 2 mL 
polypropylene microtubes, weighed, and flash-frozen in liquid nitrogen. DNA was 
extracted and purified according to standard methods (Strauss 1987), with some 
modifications. Briefly, the frozen liver tissue was pulverized within each microtube, then 
suspended in approximately 1 mL of a digestion buffer consisting of 100 mM NaC1, 10 
mM TrisC1 (pH 8), 25 mM EDTA (pH 8), 0.5% sodium dodecyl sulfate, and 0.1 mg/mL 
proteinase-K. Samples were then incubated with shaking at 50~ for 14-16 h. A reagent 
blank which contained all reagents and materials except liver tissue was also prepared. 
Organic extraction was performed twice using 1 mL of biotechnology grade 
phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.0, Amresco, Solon, Ohio, USA). The 
extracted DNA was then precipitated by addition of isopropanol and 7.5 M ammonium 
acetate, followed by centrifugation at 13,000 x g. The DNA pellet was then rinsed in 70% 
ethanol and briefly air-dried. 

Hvdrolvsis and Derivatization 

Isolated DNA samples were hydrolyzed in 0.5 mL of 60% formic acid 
(Mallinckrodt, Paris, Kentucky, USA) in evacuated, PFTE-sealed, conical bottom, glass 
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122 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

vials at 75~ for 30 min. After cooling, all samples were spiked with a mixture of four 
deuterium-labeled adduct standards (see below). Standard blanks were also prepared at 
this time by adding both the deuterated and a non-deuterated guanine adduct standard 
mixture to clean vials. Nanopure grade water (2 mL) was added to each tube except the 
standard blanks. Samples and blanks were lyophilized and trimethylsilyl derivatives were 
produced using a mixture of 80 laL of bis(trimethylsilyl)-trifluoroacetamide (BSTFA)/I% 

trimethylsilylchlorosilane (Alltech, Deerfield, Illinois, USA) and 20 ~L of acetonitrile 
under nitrogen at 75~ for 30 min. After cooling, derivatized mixtures were injected 
directly onto the gas chromatograph (GC). Lyophilized mixtures of standard methylated 
and ethylated guanine bases and their deuterium-labeled analogs were silylated in the same 
fashion and used to create standard response curves. 

Stable Isotope-Labeled Standards 

7-methylguanine (7-MG) was purchased from Sigma. 7-ethylguanine (7-EG), 06- 
methylguanine (O-MG), and or-ethylguanine (O-EG) were prepared using published 
procedures (Beranek et al. 1980; Farmer et al. 1973). Procedures specific for the synthesis 
of methyl derivatives were modified to yield ethyl derivatives by selecting the 
corresponding ethyl donating agent. Deuterium-labeled analogs of the four analytes were 
prepared from the corresponding fully-deuterated methyl or ethyl donating agents. For the 
synthesis of deuterium-labeled 7-alkylguanines, 2'-deoxyguanosine 5'-monophosphate 
(Aldrich Chemical Company, Milwaukee, Wisconsin, USA) was dissolved in DMSO and 
stirred overnight with iodomethane-d3 (Sigma) or iodoethane-ds (Aldrich). The resulting 
product was precipitated in ethyl acetate and purified by recrystalization. For the synthesis 

6 �9 �9 of the deuterated O -alkylguanmes, either methyl-d3 alcohol-d (Aldrich) or ethyl-d5 alcohol- 
d (Aldrich) was first reacted with sodium metal to form Na§ or Na§ These 
products were heated with 2-amino-6-chloropurine (Aldrich) at 70~ overnight in sealed 
vials. The reactant solutions were neutralized with 3.5 mM glacial acetic acid, solvents 
removed by evaporation, and the resulting products purified by recrystalization. 

The identity and purity of the methylated and ethylated guanine bases and their 
stable-labeled analogs were confirmed by GC/MS (see below), HPLC with fluorescence 
detection (Beranek et al. 1980), and UV spectrophotometry (Balsiger and Montgomery 
1960). The identity of the derivatized methyl adducts was verified by comparison with 
reference mass spectra (NIST/EPA/NIH Spectral Library, U.S. Department of Commerce) 
for 7-methyl-N-(tfimethylsilyl)-6-[(trimethylsilyl)oxy]-7H-purin-2-amine. 

Ouantitative Ana/ysis 

The derivatized adduct standards and corresponding alkylated bases isolated from 
control and exposed biological samples were analyzed using a Hewlett-Packard GC/MS 
system. A HP 5890 Gas Chromatograph equipped with a 30 m by 0.25 mm ID DB-5 
column (J&W Scientific) with a liquid film of 0.25 lam was directly interfaced with a HP 
5970 Mass Selective Detector. The column was initially held at 100~ for 3 min and then 
temperature programmed to 300~ at a rate of 7~ following the method of Dizdaroglu 
(Dizdaroglu 1993). The transfer line was held at 300~ Initial spectral identifications and 
confirmations were carried out using the scanning mode (50-550 ainu, at 1.3 scan/s). 
Three ions were selected for each of the 8 analytes based upon relative abundance and the 
lack of mass spectral interferences such as column bleed. A selected ion monitoring (SIM) 
method was then developed based on retention times and characteristic ions of each 
component. Samples and standards were introduced to the GC using a HP 7673 liquid 
autosampler set to deliver 2 l.tL aliquots into a split/splitless injection liner packed with 
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LAW ET AL. ON DNA ADDUCTS 123 

deactivated glass wool and held at 250~ The electron multiplier was operated at 400 volts 
above the tune value. Peak areas were determined from the primary (most abundant) ion 
using a signal-to-noise ratio of at least 2:1 for peak identification. 

R E S U L T S  

Table 1 shows the chromatographic and mass spectral parameters for each analyte. 
Trimethylsilyl-guanine adducts and their deuterated analogs were initially analyzed 
separately by GC/MS. Examples of extracted ion chromatograms within selected retention 
time windows for the non-deuterated adduct standards are given in Fig. 2. Their 
corresponding spectra are shown in Fig. 3. Gas chromatographic retention times of the 
derivatized adduct standards were very similar to (+ <0.05 min) their respective deuterated 
analogs. 

Standard curves were prepared by plotting amount ratios (non-deuterated versus 
deuterated) over a range representing an average of 30 femtomoles (5 pg) to 6.1 nanomoles 
(10 ng) of alkylguanines on column. Duplicate dilutions at nine levels of the non- 
deuterated compound containing a constant amount of its deuterated analog were prepared 
by lyophilization and derivatization. The primary ion for quantitation was detected at all 
levels. Regression statistics were generated by plotting amount ratios against response 
ratios. The standard curves resulted in linear responses (R 2 = 0.998 or greater) across all 
data points and indicated detection limits as low as femtomoles (10 i s  moles) on column of 
DNA adduct. An average sample detection limit of 0.025 ng/mg (150 femtomoles/mg) 
tissue for both methyl adducts was calculated based upon 10 times the minimum detected 

level (0.0051 ng), for a 100 mg tissue sample size, a final 100 ktl derivatized volume, and a 

2 I.tl injection volume. 
Results of DNA adduct analyses from experiment 1, in which levels of 7-MG and 

O-MG were quantified in fish after a 2 h exposure to MAM-Ac, are shown in Table 2 and 

Fig. 4. Based on an average of 2 ktg of DNA isolated per mg of liver tissue (Strauss 
1987), approximately 10 pg (61 femtomoles) O-MG and approximately 50 pg (303 

femtomoles) 7-MG per ktg DNA were obtained at 24 h post-exposure. Levels of 7-MG 
were significantly higher in the exposed fish than the controls. No O-MG was detected in 
the control fish in this experiment. 

Results from experiment 2, which were designed to investigate the kinetics of DNA 
adduct formation and repair over time, are shown in Table 3 and Fig. 5. Recoveries of 
internal standards were lower than expected. Further investigation has established that the 
low recoveries were due not to poor or inconsistent extraction of DNA but rather to low 
yields of derivatized bases associated with effects of residual moisture in the samples and 
some small losses due to non-specific binding on the chromatographic column. The former 
problem has now been overcome with better techniques for removal and exclusion of water 
in the samples prior to and during derivatization and the latter problem has been overcome 
by use of a column dedicated to DNA adduct analysis. Since recoveries of the deuterated 
intemal standards were lower than expected, statistical inferences could not be made 
between the groups at each time point. However, variances calculated for both experiments 
demonstrate that the levels of 7-MG increase rapidly soon after exposure to MAM-Ac, then 
begin to decline by 48 and 72 h post-exposure. In experiment 2 (Table 3), the levels of 7- 
MG rose five-fold relative to unexposed controls after one hour and to levels ten-fold 
higher in the case of 7-MG by 4 h post-exposure. In contrast, although O-MG was 
detected at levels ten-fold above unexposed controls within the first hour of exposure, 
levels of O-MG did not appear to substantially increase or decrease by 72 h post-exposure. 
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124 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

TABLE 1--Retention times and characteristic mass fragments of guanine adducts. 

Adduct Retention m/z Relative 
Time Abundance t 

d3 O6-methylguamne 21.83 297 100% 
312 33% 
298 24% 

O6-methylguanine 21.86 294 100% 
309 35% 
295 24% 

d37-methylguanine 22.54 297 100% 
312 21% 
298 25% 

7-methylguanine 22.56 294 100% 
309 22% 
295 21% 

d5 O6-ethylguanine 22.31 313 *93% 
328 93% 
329 25% 

O6-ethylguanine 22.38 308 *67% 
323 79% 
324 20% 

d5 7-ethylguanine 22.84 313 100% 
328 22% 
329 13% 

7-ethylguanine 22.87 308 100% 
323 20% 
324 52% 

*The most abundant masses for the deuterated and non-deuterated 06 ethylguanines were 
280 and 281, respectively, masses seen in liquid phase background bleed of the GC 
column. Therefore, these masses were not used for SIM analyses. 

tSpectra obtained under standard tune conditions. 
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D I S C U S S I O N  

The present study was designed to measure DNA adduct formation and persistence 
in the liver of western mosquitofish (Gambusia affinis) exposed to MAM-Ac. Such 
baseline information will help to further validate the use of this sentinel species in both 
laboratory and field studies. Continued development and application of this GC/MS-SIM 
method for use in other alternative test animals, including other small fish species, and 
using other alkylating agents, could provide useful mechanistic information on alkylating 
carcinogenesis in these animals. 

MAM-Ac has been shown in histopathology studies to be carcinogenic for several 
small fish species, including mosquitofish, medaka, guppy, sheepshead minnow, Gulf 
killifish, inland silverside, Rivulus, and fathead minnow (Aoki and Mastsudaira 1977; 
Couch and Harshbarger 1985; Fournie et al. 1987; Harada and Hatanaka 1988; Hawkins et 
al. 1985; Law et al. 1994). However, there are no previous reports concerning in vivo 
alkylation of fish liver DNA by this compound. 

Most early studies on carcinogen-DNA adduct formation in aquatic species relied 
upon the use of radiolabeled carcinogens (Maccubbin 1994). However, studies designed 
to measure DNA adducts in multiple tissues in whole animals, especially involving 
previous and/or possibly unknown exposures to environmental mutagens or carcinogens, 
require alternative methods that do not involve pre-administration of radiolabeled 
compounds. While 32p-post-labeling may be used to sensitively detect the presence of 
adducts, the attribution of labeled material to specific pre-cursor compounds in a mixture of 
unknown agents is not possible. Since stable-isotope-labeled compounds were used in the 
isotope dilution GC/MS method applied in these studies, this method could be used in both 
field and laboratory studies, allowing for direct measurements of environmental exposures. 
GC/MS with selected ion monitoring is a highly versatile method which can identify and 
quantify specific adducts at extremely low detection limits (femtomole levels) (Maccubbin 
1994). A similar method was used by Malins et al to detect hydroxyl radical-induced DNA 
adducts in liver neoplasms of feral English sole from Puget Sound (Malins 1993; Malins et 
al. 1990). 

Other methods that have been used to measure adducts in aquatic species include 
32p-postlabeling, immunoassays, and HPLC with fluorescence detection (Cadet and 
Weinfeld 1993; Maccubbin 1994). 32p-postlabeling, while extremely sensitive, cannot 
identify the exact chemical structures for specific adducts detected. Immunochemical 
methods can be sensitive and very specific; however, they are by nature limited to the 
detection of adducts against which specific monoclonal antibodies have been developed. In 
addition, these two methods are not useful for detection of unknown adducts. A newer 
immunochemical method in which specific DNA adducts are isolated by the use of 
monoclonal antibodies and selective nitrocellulose membranes, then quantitated by 
polymerase chain reaction, shows some promise (Hochleitner et al. 1991). 

MAM-Ac, the aglycone of cycasin, was chosen for this study because its 
carcinogenic effects in non-human primates, rodents, and small fish species are relatively 
well-characterized. It is a potent alkylating agent that can kill crucial, dividing cells in 
developing embryos or neonates as well as cause neoplasia (Johnston et al. 1979). 
Further, the compound, like many environmental carcinogens, requires metabolic activation 
for maximum carcinogenic effectiveness. Several target organs are involved in MAM-Ac 
carcinogenesis. Old World monkeys developed hepatocellular carcinomas, intrahepatic bile 
duct adenocarcinomas, renal carcinomas and adenomas, squamous cell carcinomas of the 
esophagus, adenocarcinomas of the small intestine, and adenomatous polyps of the colon 
in response to chronic MAM-Ac administration (Sieber et al. 1980). Rodents developed 
liver, kidney, and intestinal tract neoplasia (Laquer and Spatz 1968; Zedeck and Sternberg 
1977), along with central nervous system disorders and teratogenic effects such as 
microencephaly (Spatz 1969). Metabolic activation of MAM-Ac in mammalian species is 
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thought to occur primarily through the action of NAD§ esterases (Grab and 
Zedeck 1977). 

Fish respond to aqueous MAM-Ac exposure with cytotoxic and neoplastic lesions, 
the majority of which have been reported in the liver (Hawkins et al. 1985; Law et al. 
1994). However, exocrine pancreatic neoplasms (Fournie et al. 1987) and eye neoplasms, 
thought to be related to retinoblastoma of humans (Hawkins et al. 1986), have been 
reported. Liver lesions include cytotoxicity, megalocytosis, spindle cell proliferation, foci 
of cellular alteration, hepatocellular carcinomas, and cholangiocellular carcinomas (Law 
1995). Because of this background information, we chose to limit our adduct analyses to 
the liver. 

Table 3 and Fig. 5 show general trends of carcinogen-DNA adduct formation and 
repair with time following an aqueous pulse exposure to MAM-Ac. However, recoveries 
of the internal standards will need to be improved with this methodology to lessen sample 
variability, as well as larger sample numbers used, before definitive conclusions can be 
drawn concerning DNA repair rates in mosquitofish. Maximal concentrations of  7-MG 
were detected in liver samples at 4 h post-exposure (PE) and declined through the last 
sampling period, suggesting in general that repair of this lesion is initiated within 72 h after 
cessation of exposure. As shown in previous studies with mammalian species (Lawley 
1984; Swenson 1983), 7-MG is probably not a critical mutagenic lesion in fish. 
Nevertheless, its detection could be useful in biomonitoring studies since this adduct is 
formed early after exposure and at higher levels than other methyl-DNA adducts (Lawley 
1984). 

Concentrations of O-MG in DNA averaged 12% of the corresponding 7-MG 
concentrations in DNA at each of the 7 sampling times (Table 3, Fig. 5), which is similar to 
O-MG:7-MG ratios reported in vitro for another methylating agent (N-methyl-N- 
nitrosourea, 9 to 11%) by Lawley (1984). Alkylation at the 06 position is thought to have 
considerably greater biological consequences. This lesion fixes guanine in an unfavorable 
tautomeric configuration that tends to base-pair with thymine rather than cytosine, leading 
to transition mutations (Swenson 1983). Once formed, O-MG adducts did not appear to 
undergo significant repair by 72 h PE. Other workers have concluded that fish have 
relatively slow rates of repair of alkylguanine adducts at the 06 position (Maccubbin 1994). 
Fong et al (1988) found in rainbow trout exposed to 250 ppm diethylnitrosamine that, 
although O6-alkylguanine-DNA alkyltransferase activity was present, the rate and extent of 
removal of O-EG was low. They suggested that the enzyme was depleted rapidly and was 
probably not induced in the liver. The same study demonstrated that 7-ethylguanine and 

6 . . . 

O -ethylguarune were removed from liver DNA m a biphasic manner. That is, 
concentrations of these adducts decreased rapidly from 0 to 12 h PE, but increased slightly 
between 24 and 48 h PE; no significant decreases in adduct concentrations were found 
from 12 to 96 h after DEN exposure (Fong et al. 1988). Compounds that must be 
metabolically activated in vivo can show complicated kinetics with regard to DNA adduct 
formation and repair (Becker and Shank 1985). Depending upon the exposure method, 
target organ enzyme levels, and depuration from tissue depots such as fat or blood, the 
opposing processes of adduct formation and repair may occur simultaneously. The results 
suggest that a more detailed investigation of DNA-repair enzymes, their repair capacities 
and their reaction kinetics be conducted in this species. 

A complicating factor in MAM-Ac-induced carcinogenesis following a single pulse 
of the chemical is its dual proliferative and anti-proliferative effects. Tumor initiation 
requires at least one round of cell proliferation for "fixation" of an initiating event such as a 
mutation arising from DNA adduct formation (Farber and Sarma 1987; Maronpot 1991). 
MAM-Ac caused nucleolar structural abnormalities as early as 15 min following 
intravenous administration in rats (Zedeck et al. 1972; Zedeck et al. 1974), suggesting that 
the compound may interfere with cell replication. Opposing this are the cytotoxic effects of 
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MAM-Ac which stimulate cell proliferation in the liver through regenerative hyperpla~sia. In 
mammalian systems, cell proliferation is no longer effective in tumor initiation after 96 h 
and most lesions are repaired by that time (Ishikawa et al. 1980; Ying et al. 1982). In 
mosquitofish, therefore, the formation of critical potentially mutagenic liver cell lesions 
such as alkylguanine adducts, followed by a round of cell proliferation, would likely occur 
before 96 h for fixation of tumor initiation to occur. Alternatively, DNA repair mechanisms 
may be comparatively slower in this species. This awaits further investigation. 

Considerable differences in concentrations of methylguanine adducts at 24 h PE 
were found in identically treated groups of fish in the first set of experiments (Fig. 4). 
These differences may be attributed to method/instrumental error from both sample 
preparation/extraction, sample matrix effects, and instrument variability, as well as to 
biological variability (i.e., individual fish will have different rates of carcinogen 
metabolism). 

Not determined in these experiments was the contribution of RNA to the total 
number of guanine adducts in each sample. However, the DNA isolation procedure used 
(Strauss 1987), was selected to specifically minimize the amount of RNA in the extracts. 

Carcinogen-DNA adducts formed by aqueous exposure to the alkylating agent, 
MAM-Ac, were detected at femtomole levels in a small fish model using an isotope dilution 
GC/mass spectrometry method. Levels of O-MG ranging from approximately 55-185 pg 
(330-1100 femtomoles) per lag DNA, measured in the first 72 h after exposure, were 
correlated with a 33% liver tumor incidence after 25 weeks in parallel experiments (Law et 
al. 1994). Although further studies are needed with this and other carcinogens representing 
different mechanistic classes and with other small fish species, the method appears to be 
useful for studies of carcinogens and mutagens in aquatic environments. These findings, 
along with additional mechanistic studies such as investigations of oncogene activation, 
tumor suppressor gene inactivation and cellular messages which trigger apoptosis which 
are currently underway in our laboratory, should also serve to further demonstrate the 
utility of the western mosquitofish as both an environmental sentinel organism and as a 
model for carcinogenicity testing in the laboratory. 

REFERENCES 

Aoki, K. and Mastsudaira, H., "Induction of hepatic tumors in a teleost (Oryzias latipes) 
after treatment with methylazoxymethanol acetate: brief communication," Journal of 
the National Cancer Institute, 59, 1977, 1747-1749. 

Balsiger, R. W. and Montgomery, J. A., "Synthesis of potential anticancer agents. XXV. 
Preparation of 6-alkoxy-2-aminopurines," Journal of the American Chemical 
Societv. 25, 1960, 1573-1575. 

Becket, R. A. and Shank, R. C. "Kinetics of formation and persistence of ethylguanines in 
DNA of rats and hamsters treated with diethylnitrosamine," Cancer Research, 45, 
1985, 2076-2084. 

Beland, F. A. and Poirier, M. C., "DNA adducts and carcinogenesis," The Pathobiology 
of Neoplasia, A. E. Sirica, Ed., Plenum Press, New York, 1989, pp. 57-80. 

Beranek, D. T., Weis, C. C., and Swenson, D. H., "A comprehensive quantitative 
analysis of methylated and ethylated DNA using high pressure liquid 
chromatography," Carcinogenesis, 1, 1980, 595-606. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



134 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Cadet, J. and Weinfeld, M., "Detecting DNA damage," Anal,~ical Chemistry_, 65, 1993, 
675A-682A. 

Couch, J. A. and Harshbarger, J. C., "Effects of carcinogenic agents on aquatic animals: 
an environmental and experimental overview," Environmental Carcinogenesis 
Reviews. 3, 1985, 63-105. 

Dees, L. T., "The mosquitofish, Gambusia affinis," Fishery Leaflet 525, Bureau of 
Commercial Fisheries, Fish and Wildlife Service, U.S. Department of the Interior, 
September, 1961. 

de Serres, F. J., "Banbury Center DNA adducts workshop, meeting report," Mutation 
Research. 203, 1988, p. 55. 

Dizdaroglu, M., "Quantitative determination of oxidative base damage in DNA by stable 
isotope-dilution mass spectrometry," FEBS Letters, 1993, 315, 1-6. 

Dresler, S. L., "DNA repair mechanisms and carcinogenesis" The Pathobiology of 
Neoplasia, A. E. Sirica, Ed., Plenum Press, New York, NY, 1989, pp. 173-197. 

Farber, E. and Sarma, D. S. R., "Hepatocarcinogenesis: a dynamic cellular perspective," 
Laboratory_ Investigation, 56, 1987, 4-22. 

Farmer, P. B., Foster, A. B., Jarman, M., and Tisdale, M. J., "The alkylation of 
2'-deoxyguanosine and of thymidine with diazoalkanes," Biochemical Journal, 
135, 1973, 203-213. 

Feinberg, A. and Zedeck, M. S., "Production of a highly reactive alkylating agent from the 
organospecific carcinogen methylazoxymethanol by alcohol dehydrogenase," 
Cancer Research. 40, 1980, 4446-4450. 

Fong, A. T., Hendricks, J. D., Dashwood, R. H., Van Winkle, S., and Bailey, G. S., 
"Formation and persistence of ethylguanine in liver DNA of rainbow trout (Salmo 
gairdnerO treated with diethylnitrosamine by water exposure," Food and Chemical 
Toxicology, 26, 1988, p. 699. 

Fournie, J. W., Hawkins, W. E., Overstreet, R. M., and Walker, W. W., "Neoplasms of 
the exocrine pancreas in guppies (Poecilia reticulata) after exposure to 
methylazoxymethanol acetate," Journal of the National Cancer Institute, 78, 1987, 
715-725. 

Grab, D. J. and Zedeck, M. S. "Organ-specific effects of the carcinogen 
methylazoxymethanol related to metabolism by nicotinamide adenine 
dinucleotide-dependent dehydrogenases," Cancer Research, 37, 1977, 4182-4189. 

Harada, T. and Hatanaka, J., "Liver cell carcinomas in the medaka (Oryzias latipes) 
induced by methylazoxymethanol acetate," Journal of Comoarative Pathology, 98, 
1988, 441-452. 

Harris, C. C., "Chemical and physical carcinogenesis: advances and perspectives for the 
1990s," Cancer Research, 51 (Suppl.), 1991, 5023s-5044s. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



LAW ET AL. ON DNA ADDUCTS 135 

Hawkins, W. E., Fournie, J. W., Overstreet, R. M., and Walker, W. W., "Intraocnlar 
neoplasms induced by methylazoxymethanol acetate in Japanese medaka (Oryzias 
latipes)," J0umal of the National Cancer Institute, 76, 1986, 453-365. 

Hawkins, W. E., Overstreet, R. M., Fournie, J. W., and Walker, W. W., "Development 
of aquarium fish models for environmental carcinogenesis: tumor induction in 
seven species," Journal of Applied Toxicology, 5, 1985, 261-264. 

Hawkins, W. E., Overstreet, R. M., and Walker, W. W., "Carcinogenicity tests with 
small fish species," Aquatic Toxicology, 11, 1988a, 113-128. 

Hawkins, W. E., Overstreet R. M., and Walker, W. W., "Small fish models for 
identifying carcinogens in the aqueous environment," Water Resources Bulletin, 
24, 1988b, 941-949. 

Hochleitner, K., Thomale, J., Yu.Nikitin, A., and Rajewsky, M. F., "Monoclonal 
antibody-based, selective isolation of DNA fragments containing an alkylated base 
to be quantified in defined gene sequences," Nucleic Acids Research, 19, 1991, 
4467 -4472. 

Hoover, K. L., Use of Small Fish Snecies in Carcin0genicity Testing. National Cancer 
Institute Monograph 65, ~ Publication No. 84-2653, National Cancer Institute, 
Bethesda, Maryland, 1984. 

Ishikawa, T., Takayama, S., and Kitagawa, T., "Correlation between time of partial 
hepatectomy after a single treatment with diethylnitrosamine and induction of 
adenosine triphosphatase-deficient islands in rat liver," Cancer Research, 40, 
1980, 4261-4264. 

Johnston, M. V., Grzanna, R., and Coyle, J. T., "Methylazoxymethanol treatment of fetal 
rats results in abnormally dense noradrenergic innervation of neocortex," Science, 
203, 1979, 369-371. 

Laquer, G. L. and Spatz, M., "Toxicology of cycasin," Cancer Research, 28, 1968, 
2262-2267. 

Law, J. M., Hawkins, W. E., Overstreet, R. M., and Walker, W. W., 
"Hepatocarcinogenesis in western mosquitofish (Gambusia affinis) exposed to 
methylazoxymethanol acetate," Joumal of Comparative Pathology, 110, 1994, 
117-127. 

Law, J. M., Mechanisms of Chemicallv-induced Heoatocarcinoeenesis in Western 
Mosquitofish (Gambusia q(finis), Doctoral I)issertation, Louisiana State 
University, 1995. 

Lawley, P. D., "Carcinogenesis by alkylating agents," Chemical Carcinogens, C. E. 
Searle, Ed., American Chemic',d Society Monographs, Washington, DC, 1984, pp. 
325-484. 

Loveless, A., "Possible relevance of 0-6 alkylation of deoxyguanosine to the mutagenicity 
and carcinogenicity of nitrosamines and nitrosamides," Nature, 223, 1969, 
206-207. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



136 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Maccubbin, A. E., "DNA adduct analysis in fish: laboratory and field studies, "Aouatic 
Toxicology: Molecular. Biochemical. and Cellular Perspectives, D. C. Mal]ns and 
G. K. Ostrander, Eds., Lewis Publishers, Boca Raton, Florida, 1994, pp. 
267-294. 

Malins, D. C. "Identification of hydroxyl radical-induced lesions in DNA base structure: 
biomarkers with a putative link to cancer development," Journal of Toxicology and 
Environmental Health, 40, 1993, 247-261. 

Malins, D. C., Ostrander, G. K., Haimanot, R., and Williams, P., "A novel DNA lesion 
in neoplastic livers of feral fish: 2,6-diamino-4-hydroxy-5-formamidopyrimidine," 
Carqinogenesis. 11, 1990, 1045-1047. 

Maronpot, R. R., "Chemical carcinogenesis," Handbook of Toxicologic Pathology, W. M. 
Haschek and C. G. Rousseaux, Eds., Academic Press, Inc., San Diego, 1991, pp. 
91-130. 

McCarthy, J. F. and Shugart, L. R., Biomarkers of Environmental Contamination, Lewis 
Publishers, Boca Raton, Florida, 1990. 

Miller, J. H., "Mutational specificity in bacteria," Annual Review of Genetics. 17, 1983, 
215-238. 

Shugart, L., Bickham, J., Jackim, G., et al., "DNA alterations," Biomarkers; 
Biochemical. Phvsiological. and Histolo~cal Markers of Anthropogenic Stress. R. 
J. Huggett, R. A. Kimerle, P. M. Mehrl-e, Jr., and H. L. Bergman, Eds., Lewis 
Publishers, Boca Raton, Florida, 1992, pp. 125-154. 

Sieber, S. M., Correa, P., Dalgard, D. W., Mclntire, K. R., and Adamson, R. H., 
"Carcinogenicity and hepatotoxicity of cycasin and its aglycone 
methylazoxymethanol acetate in nonhuman primates," J0umal of the National 
Cancer Institute, 65, 1980, 177-183. 

Singer, B. and Kusmierek J. T., "Chemical mutagenesis," Annual Review of 
Biochemistry_, 52, 1982, 655-693. 

Spatz, M., "Toxic and carcinogenic alkylating agents from cycads," Annals of the New 
York Academv of Science, 163, 1969, 848-859. 

Stanton, M. F., "Hepatic neoplasms of aquarium fish exposed to Cycas circinalis," 
Federation Proceedings. 25, 1966, p. 661. 

Strauss, W. M., "Preparation of genomic DNA from mammalian tissue," Current 
Protocols in Molecular Biology," Vol. 1, F. M. Ausubel, R. Brent, and R. E. 
Kingston, Eds., John Wiley and Sons, Inc., Media, Pennsylvania, 1987, pp. 
2.2.1-2.2.3. 

Swenson, D. H., "Significance of electrophilic reactivity and especially DNA alkylation in 
carcinogenesis and mutagenesis," Devr in the Science and Practice of 
Toxicolowr A. W. Hayes, R. C. Schnell, and T. S. Miya, Eds., Elsevier Science 
Publishers B.V., London, 1983, pp. 247-254. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



LAW ET AL. ON DNA ADDUCTS 137 

Swenson, D. H. and Lawley, P. D., "Alkylation of deoxyribonucleic acid by carcinogens 
dimethyl sulphate, ethyl methanesulphonate, N-ethyl-N-nitrosourea, and 
N-methyl-N-nitrosourea," Biochemical Journal, 171, 1978, 575-587. 

Wogan, G. N., "Detection of DNA damage in studies on cancer etiology and prevention," 
Method~ for Detecting DNA Damagin~ A~ents in Humans: Applications in Cancer 
Etridemiolo~,v and Prevention, H. Bartsch, K. Hemminki, and I. K. O'Neill, Eds., 
IARC Scientific Publication No. 89, International Agency for Research on Cancer, 
Lyon, France, 1988, pp. 32-51. 

Ying, T. S., Enomoto, K., Sarma, D. S. R., and Farber, E., "Effects of delays in the cell 
cycle on the induction of preneoplastic and neoplastic lesions in rat liver by 
1,2-dimethylhydrazine," Cancer Research. 42, 1982, 876-880. 

Zedeck, M. and Steinberg, S. S., "Tumor induction in intact and regenerating liver of adult 
rats by a single treatment with methylazoxymethanol acetate," Chemico-Biolo~cal 
Interactions. 17, 1977, 291-296. 

Zedeck, M. S., Sternberg, S. S., McGowan, J., and Poynter, R. W., 
"Methylazoxymethanol acetate: induction of tumors and early effects on RNA 
synthesis," Federation Proceedings, 31, 1972, 1485-1492. 

Zedeck, M. S., Sternberg, S. S., Yataganas, X., and McGowan, J., "Early changes 
induced in rat liver by methylazoxymethanol acetate: mitotic abnormalities and 
polyploidy," Journal of the National Cancer Institute. 53, 1974, 719-724. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



Kirby C. Donnelly, Timothy D. Phillips, Amy M Onufrock, Shanna L. Collie, Henry J. Huebner and 

Kenneth S. Washburn 

GENOTOXICITY OF MODEL AND COMPLEX MIXTURES OF POLYCYCLIC AROMATIC 

HYDROCARBONS 

R E F E R E N C E :  Dom~elly, K. C., Pltillips, T. D., Onufrock, A. M., Collie, S. L., Huebner,  H. 
J., and Washburn,  K. S., "Geno tox i c l t y  of  Model  and  Complex  Mi x t u r e s  of  Polycyclic 
Arom a t i c  H y d r o c a r b o n s , "  Environmental Toxicology and Risk Assessment: Biomarkers and 
Risk Assessment--Fifth Volume, ASTM STP 1306, David A. Bengtson and Diane S. Henshel,  
Eds., American Society for Testing and Materials, 1996. 

ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) are one of the most ubiquitous classes of  

environmental carcinogens; however, limited information is available to describe their potential genotoxic 

interactions. This manuscript reports on the interactions of PAHs in complex mixtures as determined in 

microbial mutagenicity assays. Samples analyzed included separate 2-, 3-, and 4-ring PAH individual model 

fractions (IMFs) constructed to simulate the composition of  a model coal tar. These were tested individually 

and in various combinations, including a reconstituted model fiaction (RMF) composed of all three IMFs. A 

solvent extract of coal tar and a benzo(a)pyrene-amended extract of  coal tar were also tested. The maximum 

mutagenic response of 1,089 revertants was induced by the RMF at a dose of 90 pg/plate with metabolic 

activation. At the four lowest dose levels, the response observed in the RMF sample was increased when 

compared to the 4-ring-IMF sample alone. However, the response observed with the RMF sample at the 

highest dose tested (900 pg/plate) was less than was observed in the 4-ring-IMF sample tested independently. 

When IMF samples were combined or mixed with individual chemicals, some inhibition was observed. 

These data indicate that mixtures of  PAHs can exhibit a variety of mutagenic interactions controlled by both 

the metabolism of  the PAHs and by their concentration in the mixture. This research was supported by 
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INTRODUCTION 

The exposure of human populations to toxic organic compounds occurs mainly in the form of  complex 

mixtures rather than individual components (NRC 1988). Information is needed to accurately characterize the 

potential genotoxic interactions of  complex environmental mixtures. Of the many classes of  organic 

compounds found in the environment, the polycyclic aromatic hydrocarbons (PAHs) are of special interest 

because they are frequently found in a variety of  products including cigarette smoke, foods, and many types 

of  complex waste mixtures. PAHs are formed during the incomplete combustion of  organic materials and are 

introduced into the environment via natural deposition and anthropogenic processes including wood 

preserving, coal tar distillation, and petroleum refming. Many of the PAHs are persistent in the environment 

because of  their high C:H ratio, low volatility, high degree of symmetry, and resistance to microbial 

degradation (Bingham et al. 1980). 

In terms of human health, many of the PAHs are considered to be the causitive agents of a variety of  adverse 

effects. Acute exposure to high concentrations of environmental PAHs may produce skin and respiratory 

irritation, as well as headache, dizziness, and nausea (Genium Publishing Company 1991). The carcinogenic 

potential of  chronic exposure to individual PAHs, as well as complex mixtures of  PAHs, is well documented 

(Harvey 1991; 1ARC, 1983; Bingham et al. 1980; Blackburn et al. 1986; Tennant et al. 1987); however, little 

data is available to describe potential mutagenic interactions of PAHs in a complex mixture such as coal tar. 

Although interactions between individual PAHs are assumed to be strictly additive for purposes of  risk 

assessment, some studies have shown that potential synergistic or antagonistic interactions may occur 

(DiGiovanni and Slaga 1981; Ran et al. 1979; Kawalek and Andrews 1981; Yoshida and Fukuhara, 1983; 

Shoeny et al. 1983). Thus, the prediction of  risk based on the presence of  specific components such as 

benzo(a)pyrene is simplistic and may not adequately address the possible interactions of components within 

the mixture and the overall impact on genotoxicity (Tennant et al. 1987). Risk assessment of  complex 

mixtures is thus a difficult task. Current Risk Assessment Guidance for Superfund (RAGS) methodology 

provides a standardized procedure for estimating risk CtJ.S. EPA 1989). Given the broad range of  exposure 

pathways and intake variables, the RAGS methods do provide a remarkably comprehensive system; however, 

improvements are needed to increase the accuracy of  risk assessments. Factors that continue to limit the 

accuracy of a risk assessment, especially for complex mixtures such as coal tar, include interpreting chemical 

interactions, predicting bioavailability, and estimating toxicity values for unknown chemicals. This report 

describes initial studies to investigate possible interactions between the components of  a complex PAH 

mixture. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



140 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

EXPERIMENTAL METHOD 

Sample Descriptions 

Model PAH fractions This study investigated interactions in two distinct sets of  PAH containing 

samples. The first set was constructed to simulate a coal tar sample obtained from the Electric Power 

Research Institute (EPRI), Palo Alto, CA. A gas chromatography/mass spectrometry (GC/MS) analysis 

(Hewlet Packard 5890 GC and Hewlet Packard 5790 mass selective detector; Geochemical and 

Environmental Research Group, Texas A & M University, College Station, Texas) of  the EPRI coal tar 

revealed that the crude sample contained 193.7 lag/g total PAHs (Table 1). Using this data, three PAH rich 

fractions were constructed in-house (Dr. S.H. Safe, Department Veterinary Physiology and Pharmacology, 

Texas A&M University, College Station, TX). Each of these three PAH fractions was formulated to 

represent a 2-, 3-, and 4-ring mixture. The relative composition of  individual PAHs in these fractious were 

similar to that reported for the crude EPRI mixture, except that the benzo(a)pyrene content was increased to 

0.55% (Chaloupka 1994) The three composite PAH mixtures (based on the number of  rings contained in 

each constituent PAH) will be referred to here as individual model fractions (IMFs). The three IMFs were 

combined to produce a reconstituted model fraction (RMF) that contained approximately the same percentage 

of  individual PAHs as the model EPRI coal tar. Each fraction was analyzed by GC/MS to verify its 

composition. Each fraction was subsequently redissolved in dimethyl sulfoxide for biological analyses and 

stored at 4 ~ C. 

Midwest coal tar sample A solvent extract was also prepared from a coal tar sample obtained from 

an abandoned coal gasification site in the midwestem Umted States. Prior to extraction, the sample was dried 

in an oven at 60 ~ C. The sample was sequentially extracted with methylene chloride and methanol using a 

Tecator Automatic Soxtec procedure (U.S. EPA 1991). Following each extraction, the separate methylene 

chloride and methanol fractions were transferred to screw-capped tubes, dried under a stream of nitrogen, 

and weighed. A dried aliquot of  each extract was resuspended in methylene chloride and analyzed by GC/MS 

to verify its composition. All samples were redissolved in dimethyl sulfoxide for biological analyses and 

stored at 4 ~ C. 

Mutagenicity Assay 

Bacterial mutagenicity of  each mixture was determined using the Salmonella/microsome plate 

incorporation assay (Ames et al. 1975; Maron and Ames 1983). Salmonella typhimurium strains TA98 and 

TAI00 were provided by Dr. B. N. Ames (University of  California, Berkeley, CA). The samples were 

tested with and without metabolic activation. Metabolic activation was achieved by using an $9 mixture 

containing 30% $9 (9,000g supernatant from Aroclor 1254-induced homogenized Sprague-Dawley rat 

liver; Molecular Toxicology, Annapolis, MD). 

Samples and a benzo(a)pyrene (BAP) standard were tested in the standard plate incorporation 

assay at a minimum of  five dose levels on duplicate plates in two independent experiments. Positive 
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Table 1. PAN composition of  two coal tar samples. 
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Chemical EPRI coal tar Midwest coal tar 
(ring composition) 

~ g  %* ~ g  %* 

Indan (2) 4100 3 ND -- 

Naphthalene (2) 43000 31 9600 22 

2-methylnaphthalene (2) 42000 31 7000 16 

l-methylnaphthalene (2) 24000 18 9000 21 

Acenaphthylene (2) 14000 10 8000 18 

Acenaphthene (2) 1000 1 2000 5 

Dibenzofuran (2) 1200 1 ND -- 

Fluorene (2) 7700 6 8300 19 

2-ring total 137000 71 43900 31 

Phenanthrene (3) 19000 63 30000 60 

Anthracene (3) 6100 20 5000 10 

Fluoranthene (3) 5300 17 15000 30 

3-ring total 30400 16 50000 36 

Pyrene (4) 7800 30 17000 12 

Benzo(a)anthracene (4) 2600 10 7000 15 

Chrysene (4) 2700 10 7000 15 

Benzo(b)fluoranthene (4) 1500 6 3000 7 

Benzo(k)fluoranthene (4) 700 3 3000 7 

Dibenzanthracene (4) ND -- 500 1 

Benzo(a)pyrene (5) 5500 21 4000 9 

Benzo(e)pyrene (5) ND -- 2000 4 

Benzo(ghi)perylene (5) ND - 2000 4 

4-ring total 26300 13 45500 33 

Total PAHs 193700 139400 

*% denotes percent composition of  respective ring fraction or total PAHs for each ring fraction. ND = not 
detected. 
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controls included 25 p.g/plate of  the direct-acting 2-nitrofluorene, and 10 p.g/plate of  the indirect-acting 

BAP. Dimethyl sulfoxide served as a negative control. The plates were incubated for 72 hours at 37 ~ C, 

and revertant colonies were counted with an Artek automated colony counter (Dynatek, Chantilly, VA). 

The integrity of  the genetic characteristics in each tester strain was monitored by performing routine strain 

checks including sensitivity to crystal violet, ampicillin, and ultraviolet light as well as testing for the 

existing nutritional markers characteristic of  each strain. Baseline data was established by testing each 

IMF, the combined IMFs (RMF), and the methanol extract of  Midwest coal tar in the plate incorporation 

assay. The IMFs were also tested in the following combinations: 2- and 3-ring IMFs; the 2- and 4-ring 

IMFs; and the 3- and 4-ring IMFs. Additionally, the RMF was tested in combination with naphthalene, 

phenanthrene and benzo(a)pyrene. The individual PAHs for each of  these mixtures were chosen based on 

abundance in the GC/MS analysis of  the EPRI coal tar. After each bioassay was completed, the data were 

analyzed using the modified two-fold rule (Chu et al. 1981). A response was considered positive if the 

number of  induced revertants exceeded twice the concurrent negative/solvent control value at two 

consecutive dose levels. 

RESULTS AND DISCUSSION 

Chemical Analysis 

The composition of  the EPRI and Midwest coal tar samples are given in Table 1. The total PAH 

concentration of the two samples are comparable. The EPRI coal tar contained 193,700 lag PAH per gram of  

residue, while the Midwest sample had 139,400 ~tg PAH per gram of  residue. Much higher levels of  2-ring 

components were detected in the EPRI sample, while higher levels of  4-ring components were detected in the 

Midwest coal tar. The total 4-ring and greater content for the EPRI coal tar was 26,300 p.g/g and the 

Midwest coal tar contained 45,500 ~tg/g 4-ring and greater PAHs. Higher levels of  3-ring components were 

also detected in the Midwest coal tar. These data may reflect the aging of  the Midwest coal tar. Since this 

material had been contained in an outdoor pit for several decades, much of  the lighter PAH fraction may have 

been lost due to degradation and volatilization. 

Biological analysis 

The potential genotoxic interactions of  each simulated mixture of  PAHs based on the EPRI model 

coal tar were evaluated using tester strains TA98 and TA100 in the Salmonella/microsome plate 

incorporation assay. Although the mutagenicity data with strain TA98 were dose-dependent (not shown), 

more detailed analysis focused on strain TAI00 mutagenicity due to that strain's stronger and more linear 

dose response. The mutagenicity of  the positive control (BAP) and the 2-, 3-, and 4-ring IMF and RMFs 

in strain TA100 are presented in Table 2. The data indicate that neither the 2-ring or 3-ring IMF induced a 

doubling of  revertants. At the highest dose tested (900 p.g/plate), the RMF appeared to produce a 

cytotoxic response. Both the 4-ring IMF and RMF induced a mutagenic response. The response induced 

by the RMF was consistently higher than the 4-ring IMF when tested at equivalent doses. The maximum 

response induced by the 4-ring IMF was 809 revertants at a dose of  900 pg/plate (Table 2); while the RMF Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.
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Table 2. Salmonella T A I 0 0  mumgenici ty  of  model  PAH mixtures. 
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Chemical  mixture Dose (lag/plate) Total his + revertants/plate ~ 
+ 30% $9 

DMSO control -- 154 • 17 

Positive control 2 -- 884 • 288 

Benzo(a)pyrene 4.5 560 • 18 

9 1182•  8 

45 1004 • 41 

90 881 • 8 

900 955 + 28 

2-ring IMF 4.5 167 • 14 

9 176 • 12 

45 184 • 1 

90 146 • 1 

900 101 • 6 

3-ring IMF 4.5 190 :k 21 

9 216 • 1 

45 207 • 14 

90 226 • 16 

900 161 • 8 

4-ring IMF 4.5 192 • 13 

9 427 • 89 

45 454 • 72 

90 628 :~ 123 

900 809 • 238 

RMF 4.5 671 q- 127 

9 915 • 161 

45 954 i 209 

90 1089 + 37 

900 69 + 20 

! Data reported as mean • standard deviation. 
:2-nitrofluorene was employed as direct-acting positive control (without $9) at 25 lag/plate 
and BAP was employed as indirect-acting positive control (with 30% $9) at 10 lag/plate. 
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induced 1089 revertants at a dose of 90 ~tg/plate. At the lowest dose tested (4.5 ~tg/plate), the 4-ring IMF 

induced 192 revertants and the combined fractions (RMF) induced 671 revertants. In the bacterial 

mutagenicity assay, a higher frequency of mutations was observed when the non-mutagenic 2- and 3-ring 

fractions were combined with the mutagenic 4-ring fraction. 

Testing was also conducted by combining separate IMFs and by spiking the RMF with individual 

chemicals representative of  2-ring (napththalene), 3-ring (phenanthrene) and greater than 4-ring 

(benzo(a)pyrene) compounds. The data from testing these combined and spiked fractions are presented in 

Table 3. The mixture of  the 2- and 3-ring fractions again failed to induce a positive mutagenic response. 

The mutagenic response induced by the 4-ring IMF appeared to be reduced by approximately 30% when 

tested as a mixture with either the 2- or 3-ring fraction. At a dose of  90 p.g/plate, the 4-ring fraction 

induced 628 revertants, while the combined 2- and 4-ring fractions induced 414 total revertants. The 

mixture of  phenanthrene and the 4-ring fraction also induced a reduced response, although naphthalene 

appeared to have no effect on the 4-ring mixture. The mixture of  BAP and the RMF induced a response 

that was lower than either component tested individually. While the RMF induced 1089 revertants and 

BAP induced 881 revertants at a dose of 90 p.g/plate, the mixture of  the RMF and BAP induced only 525 

revertants. 

Chemical interactions were also studied using the methanol extract of  the Midwest coal tar mixed with 

varying doses o f  benzo(a)pyrene (BAP). The initial testing of  the methylene chloride and methanol 

extracts of  the Midwest coal tar indicated that the maximum mutagenic response was obtained from the 

methanol extract; therefore, further studies focused only on the methanol extract of  the Midwest coal tar. 

This extract, when spiked with BAP, induced a mutagenic response at all doses tested with metabolic 

activation. At the three lowest doses the response observed for the mixture was accurately predicted from 

the individual responses (Figure 1). At a dose of  1.8 p.g per plate, BAP induced 783 total revertants and 

the coal tar induced 100 total revertants at a dose o f  50/ag per plate; when tested as a mixture, the BAP 

and coal tar induced 892 total revertants. At the higher dose levels, there appeared to be a reduced 

response in the mixture. At a dose of  90 p.g per plate, BAP induced 1123 total revertants and the coal tar 

extract induced 537 total revertants at a dose of  1 mg per plate. When these were tested as a mixture, the 

observed response was only 772 revertants, or approximately one half that which would be predicted from 

the individual responses. 

CONCLUSIONS 

The purpose of  this study was to investigate potential genotoxic interactions between individual 

PAHs and complex mixtures. Information describing potential chemical interactions is important to risk 

assessment as most toxicity values have been derived from testing single chemicals. Elevated responses 

were observed at lower doses when the 2 - ,  3- and 4-ring fractions were tested in combination. When 

individual chemicals or non-mutagenic fractions were combined with mutagenic fractions, the response 

was generally lower than was observed for the mutagenic fraction alone Similar reductions were Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
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Table 3. Salmonella TA 100 mutagenicity of PAH mixtures. 
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Chemical mixture Dose (p.g/plate) Total his + revertants/plate' 

- $ 9  + 3 0 %  $9 

DMSO control 0 153 • 11 176 • 18 

Positive control 2 -- 1 1 8 2  •  4 3 5  • 28 

Benzo(a)pyrene 90 NT 3 881 •  

2-ring 90 47• 146• 1 

3-ring 90 56• I 226• 16 

4-ring 90 66• 628• 

2- and 3-ring 90 124 • l 176 + l 

3- and 4-ring 90 125 • 3 426 • 58 

2- and 4-ring 90 139 4- 6 414 4- 69 

Reconstituted 2-,3-,4-ring 90 35 • 13 1089 • 37 

Naphthalene and 2-,3-,4-ring 90 126 • 4 629 • 37 

Phenanthrene and 2-,3-,4-ring 90 115 • 14 472 + 35 

Benzo(a)pyrene and 2-,3-,4-ring 90 133 4- 14 525 4- 28 

tData reported as mean • standard deviation. 
2 2-nitrofluorene was employed as direct-acting positive control (without $9) at 25 ~g/plate 
and BAP was employed as indirect-acting positive control (with 30% $9) at ~g/plate. 
3Not tested. 
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Figure 1. Mutagenicity, as measured in strain TAI00, of a BAP and coal tar (BP/CT) mixture and 
individual coal tar and BAP extracts. (Predicted response from individual components: BAP 
alone is represented by the gray column, coal tar alone by the white column; Observed response 
from BAP-spiked coal is represented by the black column.) 
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observed when BAP was combined with the RMF sample or crude extract of  coal tar. The data indicate 

that chemical interactions are highly dose-dependent and that it will be difficult to predict the genotoxic 

potential of  a complex mixture for the purpose of  risk assessment. These studies have also indicated that 

the genotoxicity of a complex mixture cannot be predicted from BAP content alone. In most cases the 

observed genotoxicity of  the BAP:coal tar mixture was less than that predicted from the additive response 

of the BAP plus coal tar; and at the highest dose, the observed mutagenic response of  the BAP:coal tar 

mixture was less than that of  the BAP alone. Additional research using in vitro bioassays of individual 

chemicals and mixtures could thus provide much-needed information to assist in risk assessment of  

complex mixtures 
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DEVELOPMENT AND CHR.RACTERIZATION OF AN ELISA FOR trans-3- 
HYDROXYCOTININE, A BIO~I%RI~ER FOR MAINSTREAM AND SIDESTREAM SMOKE 
EXPOSURE. 
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Abstract: trans-3-Hydroxycotinine is the major urinary metabolite of 
nicotine in man and can serve as an important biomarker of tobacco smoke 
exposure. A sensitive ELISA test for trans-3-hydroxycotinine was 
developed with an 1-50 for this nicotine biomarker of between 1.0 3.0 
ng/ml. This ELISA test has about i0 fold less affinity for cotinine and 
1000-fold less affinity for nicotine and other nicotine metabolites. No 
matrix effects were detectable in human saliva and relatively small 
matrix effects (I-50 for trans-3-hydroxycotinine, about 25 ng/ml) in 
urine was observed. The assay readily detected levels of apparent trans 
3-hydroxycotinine in urine samples from smoke-exposed mice and rats. 
This ELISA is therefore a sensitive test for the determination of trans- 
3-hydroxycotinine in plasma, saliva, and urine samples from humans and 
animals, and can be used to monitor exposure to tobacco smoke or 
nicotine. 

Keywords: Enzyme-Linked Immunosorbant Assay, nicotine, t-3- 
hydroxycotinine, cotinine, metabolite 

Active and passive exposure to tobacco smoke is associated with a 
number of health effects in exposed populations. While considerable data 
on health-related effects of smoking has accumulated, it has been 
difficult to accurately quantify tobacco smoke exposure in individuals, 
especially passive smokers. Various biomarkers, e.g., blood levels of 
nicotine and its metabolites, isocyanide, carboxyhemoglobin and urinary 
mutagens, etc., have been employed in attempts to assess tobacco smoke 
exposures. In this regard, nicotine is generally seen as a specific 
biomarker of tobacco smoke exposure as it is an important, 
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pharmacologically active constituent of tobacco and is found at 
significant concentrations only in tobacco plants. 

On the other hand, nicotine's plasma half-life is short, and it is 
found only in relatively low concentrations in the blood and urine of 
active and passive smokers (Kyerematen et al., 1990). In experimental 
animals it is especially difficult to accurately assess smoke exposure 
not only because the nicotine concentrations are low, but also because 
the sample size is generally small. What is required is a highly 
sensitive detection method for a non-invasive biomarker of passive smoke 
or nicotine exposure. 

trans-3-Hydroxycotinine, the major urinary metabolite of nicotine, 
possesses many characteristics required of a biomarker for monitoring 
tobacco smoke exposures. Its steady state levels in plasma are several- 
fold higher than those of nicotine, reaching concentrations as high as 
115 to 160 ng/ml or higher in the plasma of smokers (Kyerematen et al., 
1991); additionally, the steady state levels of trans-3-hydroxycotinine 
in human plasma are directly related to nicotine intake (Neurath et al., 
1988). Another advantage is that its plasma half-life is relatively long 
(6 hours) (Neurath et al., 1988), which means that it can serve as an 
integrative biomarker of nicotine exposure. A further advantage is that 
trans-3-hydroxycotinine levels in human urine tend to be substantially 
higher than plasma levels of nicotine and persist for longer periods. 
These characteristics make trans-3-hydroxycotinine a potentially very 
useful biomarker of tobacco smoke exposure in humans (Watts et al., 
1990). 

As part of an effort to characterize animal models for studying 
the inhalation toxicity of tobacco smoke, a rapid, sensitive and 
inexpensive routine method to quantify the exposure of humans and 
animals to cigarette smoke was developed. Immunoassay, specifically 
Enzyme-Linked Immunosorbent Assay (ELISA), is one of the few analytical 
techniques that can readily detect circulating concentrations of 
cotinine or trans-3-hydroxycotinine (Benkirane, et al., 1991; Langone et 
al., 1973; Kyerematen et al., 1990). In this regard, an ELISA which 
detected low levels of cotinine in humans and animal fluids was 
previously developed. 

This report details the development and characterization of a 
highly sensitive ELISA for trans-3-hydroxycotinine; we outline the 
characteristics of this ELISA, and its application to the detection of 
this agent in saliva specimens from man and plasma and urine specimens 
from laboratory animals. This trans-3-hydroxycotinine test may be used 
as an alternative to or in conjunction with the cotinine ELISA allowing 
for more accurate quantification of tobacco smoke exposure. 

Published as #183 from the Maxwell H. Gluck Equine Research Center and 
the Department of Veterinary Science, University of Kentucky. 

Published as Kentucky Agricultural Experimental Station Article #92-4- 
167 with approval of the Dean and Director, College of Agriculture and 
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MATERIALS AND ~THODS 

Animals: 

New Zealand White rabbits 3-4 years old were used to raise the 
anti-trans-3-hydroxyeotinine antibody. Samples of plasma and urine were 
obtained from rats and mice following exposure to tobacco smoke as 
previously described (Gairola, 1986). These samples were collected as 
part of an ongoing study and held frozen at 4~ prior to analysis. All 
animal experiments were performed according to the protocols approved by 
the University of Kentucky Institutional Animal Care and Use Committee 
operated under FHS Animal Welfare Assurance A3336-01. These rabitts were 
fed Agway Rabbit Chow ad lib under 8 hours of light at 62~ 

Human Subjects: 

Saliva specimens collected from the Department of Plastic Surgery, 
University of Kentucky were used to evaluate the assay. These samples 
were collected as part of a previous study concerning patient pre- and 
post-operative surgery health status and had been stored at 4~ for 2 
years. Blind samples from 30 volunteer subjects were chosen from a 
total group of approximately 50 individuals for analysis. The status of 
the individual (smoker or non-smoker) remained unknown until the assay 
results were completed. A series of human urine samples from non- 
smokers was provided by the University of Kentucky Medical Center 
Clinical Toxicology Laboratories. These samples were collected for 
clinical evaluation and were released for analysis once the specimen had 
been cleared by the clinical toxicology laboratory. Four of these urine 
samples were pooled and the pooled sample was used for the preparation 
of standard curves in the matrix studies. 

Hapten Synthesis and Conjugation 

The trans-3-hydroxycotinine hapten possessing a carboxylic group 
in the ~-position of the pyridine ring was synthesized as follows. 
Methyl 5-formylnicotinate was synthesized according to the procedure 
given by Wenkert (1970) and purified by silica-gel chromatography. This 
aldehyde was used in the preparation of N-methyl-5-carboxymethylpyridil 
nitrone and applied afterwards in the 1,3-dipolarcycloaddition to methyl 
acrylate. The mixture of the diastereoisomeric isoxazolidines obtained 
was then reduced over Nickel-Raney catalyst yielding a mixture of (• 
cis and (• trans-3-pyrrolidone derivatives. The separation of single 
diastereoisomeric raeemates was reached via silica-gel chromatography. 
The less polar (• -trans-isomer structure was assigned by comparison of 
its hydrogen nuclear magnetic resonance (H-NMR) spectrum with the data 
given in the paper of Dagne (1972) for the natural trans-3- 
hydroxycotinine. The H-NMR spectrum of the (f) cis isomer corresponded 
well with the data given in the same paper for cis-3-hydroxycotinine. 

The resulting compound was then covalently linked to both bovine 
serum albumin (BSA) and horseradish peroxidase (HRP) (Zymed Labs, So. San 
Francisco, CA). The coupling of the carboxyl compound to the different 
proteins was as follows. The trans-3-hydroxycotinine derivative (0.3 mg) 
was dissolved in 0.3 ml anhydrous dimethylformamide (DMF) at 0~ with 
2~I of triethylamine (Reagent i). Reagent 2 consisted of 5~i isobutyl 
chloroformate per milliliter DMF (precooled to 0~ Next, i00#I of 
Reagent 2 was added to Reagent I, mixed well and allowed to stand at 0~ 
for 15 minutes. The protein of choice (BSA or HRP) (0.8 mg dissolved in 
1.2 ml H20 plus 0.18 ml of 50 mM Na2C03) was added to the above mixture 
and sealed with parafilm. The reaction mixture was rotated overnight at 
4~ and then dialyzed against phosphate buffered saline extensively. A 
portion of the purified derivative-protein mixture was taken and stored 
at 4~ ready for use (Wie and Hammock, 1982). 
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ELISA Procedures: 

The trans-3-hydroxycotinine ELISA developed here was similar in 
format to those reported by Stanley and co-workers (1991). A dilute 
solution of Protein-A (200ul@200mg/ml) (Genzyme, Boston,MA.) was first 
applied to the bottom of microtiter wells (Costar Corp., Cambridge, MA), 
then the trans-3-hydroxycotinine antiserum (100ul) (used without further 
purification) was non-covalently coated (Voller et al., 1976) to the 
Protein-A coated wells. Authentic trans-3-hydroxycotinine and analog 
standards were prepared in methanol and diluted to appropriate 
concentrations in assay buffer (0.1M potassium phosphate buffered 
saline, pH 7.4 with 0.1% bovine serum albumin) or biological fluids. 
trans-3-hydroxycotinine, nicotine-N-oxide, cotinine-N-oxide, cis-3'- 
hydroxycotinine, and dimethylcotinine were kindly provided by J. Donald 
deBethizy (RJR-Nabiseo, Winston-Salem, N.C.) . 

All assays were performed at room temperature. The assay was 
started by adding 20 ~i of the standard, test, or control samples to 
each well, along with 180 #i of trans-3-hydroxycotinine-HRP conjugate 
solution. After an incubation period of 1 hr, the wells were washed with 
wash buffer (0.01M phosphate buffer, pH 7.4 with 0.05% Tween-20) and 150 
~i of KY Blue ELISA substrate (ELISA Technologies, Lexington, KY.) were 
added to each well. The optical density (OD) of each well was read at a 
wavelength of 650 nm with an automated microplate reader (EL310 
Microplate Autoreader, Bio-Tek Inc., Winooski, VT) approximately 30 min 
after addition of the substrate. 

During the assay, the presence of unbound trans-3-hydroxycotinine 
in the standard or test sample competitively prevented the binding of 
the trans-3-hydroxycotinine-HRP complex to the antibody present in the 
antiserum. Since the reaction of KY Blue substrate with HRP was 
responsible for the color (blue) production in the ELISA, the apparent 
concentration of trans-3-hydroxycotinine in the sample was inversely 
related to the OD6s 0 of the well. Apparent trans-3-hydroxycotinine 
concentrations in biological specimens were calculated based on standard 

-curves which were run in duplicate with each individual assay. 

RESULTS 

Figure i illustrates the standard inhibition curves that were 
constructed to determine the sensitivity and specificity of the trans-3- 
hydroxycotinine antiserum using various metabolites of nicotine and 
related compounds, trans-3-Hydroxyotinine inhibited the ELISA with an 
1-50 (analyte concentration at half-maximal inhibition) of about 3.0 
ng/ml, and this ELISA test also exhibited a i0 fold lower affinity for 
cotinine and cis-3-hydroxycotinine. Other tested congeners (dimethyl- 
cotinine, nicotine, nicotine N-oxide, nicotimamide, nicotinic acid, 
nikethamide, niacinamide) showed minimal cross-reactivity, and several 
hundred fold higher concentrations were needed to inhibit the test. 

Matrix or background effects can severely limit the usefulness of 
ELISA tests by changing their sensitivity. Therefore the apparent shifts 
in 1-50 values were determined when the standard curves were prepared in 
different biological matrices, i.e., rat plasma and urine; human saliva 
and urine. Standards prepared in human saliva showed virtually no matrix 
effects (Fig. 2) while rat plasma exhibited minimal matrix effects (Fig. 
4). While the apparent 1-50 for samples prepared in human urine 
increased about 10-fold (Fig. 2), the samples prepared in rat urine 
increased about 20-fold (Figure 3). 

The ability of this test to detect apparent trans-3- 
hydroxycotinine was evaluated in urine samples collected from smoke- 
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Figure 2: Sample matrix effects of trans-3-hydroxycotinine ELISA standard curve. The 
symbols show an increase of the inhibition of the ELISA by trans-3-hydroxycotinine in 
the presence of buffer, and 20ul of human saliva or urine. 
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exposed rats. The test clearly differentiated between the smoke exposed 
and unexposed groups of animals (P>.05) (Fig. 4). 

This ELISA was next used to estimate the salivary concentrations 
of apparent trans-3-hydroxycotinine in human smokers and nonsmokers. The 
test was found to readily distinguish between these groups (P>.05) . A 
series of 30 human saliva samples were analyzed in a blind study 
utilizing this test. The trans-3-hydroxycotinine levels of the saliva 
samples from smokers averaged 386.9 ng/ml, while those from the 
non-smokers averaged 3.6 ng/ml (Fig. 5). 

Similarly, 40 urine samples from approximately 20 smoke-exposed 
mice (A.M. and P.M. collection) and 20 unexposed mice (A.M. and P.M. 
collection) were analyzed for trans-3-hydroxycotinine. Again, not only 
did this test clearly differentiate between the two groups of mice, but 
also between mainstream and sidestream smoke-exposed mice (P>.05). The 
mean concentration of apparent trans-3-hydroxycotinine in (P.M.) urine 
samples from smoke-exposed mice was 3760.4 ng/ml, with a range of 1054.2 
ng/ml to 8720.8 ng/ml, while the samples from unexposed animals averaged 
34.0 ng/ml (Figure 6). 

DISCUSSION 

An ELISA for trans-3-hydroxycotinine was developed that detected 
this major urinary metabolite of nicotine with an apparent 1-50 of about 
3.0 ng/ml. This test was relatively specific for trans-3-hydroxycotinine 
in that it has a i0 fold higher apparent affinity for trans-3- 
hydroxycotinine than for cotinine or cis-3-hydroxycotinine; in human 
urine the trans form predominates over the cis form (>98%). This test is 
essentially unreactive with nicotine and its other metabolites since 
this antibody has 1,000 times less affinity for these agents than trans- 
3-hydroxycotinine. 

In addition to its sensitivity, this test is relatively resistant 
to interfering materials in biological samples. When this test was run 
in the presence of 20 ~i of human saliva, the apparent 1-50 for trans-3- 
hydroxycotinine was not significantly affected; when the test was run in 
the presence of human urine, the 1-50 was reduced about 10-fold. Urine 
samples of many species affectively contain substances that cause some 
background interference. It has been our experience with other ELISA's 
that these background effects are best controlled by sample dilution. 

This apparent resistance to matrix effects or interfering 
substances in matrix is a useful characteristic of this ELISA. No 
immunoassay based test is entirely free of matrix effects, and the 
utility of an immunoassay is determined largely by its sensitivity for 
the analyte of choice, and its ability to distinguish between the 
analyte and extraneous material. This is especially true for tests such 
as a trans-3-hydroxycotinine ELISA, which may be required to detect very 
low levels of trans-3-hydroxycotinine as in small experimental animal 
(mouse) models or in epidemiological studies on environmental tobacco 
smoke. 

The ELISA results from the whole body smoked-exposed rat urine 
samples (6 smoked and 2 control) showed low levels of trans-3- 
hydroxycotinine and high levels of cotinine. In humans, the trans-3- 
hydroxycotinine metabolite has been suggested as a better biomarker of 
tobacco smoke exposure because it is more abundant in smokers than the 
cotinine metabolite, due to the production in humans of a trans-3- 
hydroxycotinine glucuronide. In rats, however, there are two other 
metabolites that are longer lived than cotinine, cotinine-N-oxide and 
2'-hydroxydemethylcotinine (Kyerematen et. al. 1991). Our results are 
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Figure 4: Detection of apparent trans-3-hydroxycofinine metabolite from rat urine 
specimens using the trans-3-hydroxycotinine ELISA. The right hand bar indicates the 
apparent urine levels of trans-3-hydroxycotinine in six smoke-exposed rats, while the 
left hand bar indicates the apparent urine levels in two control rats. 
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consistent with those of Kyerematen in that they also found less trans- 
3-hydroxycotinine than cotinine in the rats after tobacco smoke 
exposure. 

Also, from an analytical standpoint there have been reports 
indicating procedural problems when extracting the trans-3- 
hydroxycotinine metabolite due to its high water solubility making the 
detection of trans-3-hydroxycotinine difficult by HPLC or GC/MS. This 
problem may be resolved by using this ELISA assay which requires no 
extraction procedure. 

Experiments using smoked-exposed mice further established the 
sensitivity and utility of this trans-3-hydroxycotinine ELISA. To our 
knowledge this is the first study which suggests that there is a trans- 
3-hydroxycotinine metabolite produced in mice. After analysis with both 
the cotinine and trans-3-hydroxycotinine ELISA's, we found that the 
apparent levels of trans-3-hydroxycotinine were higher than those of 
cotinine. In this case, cotinine may have artificially raised the trans- 
3-hydroxycotinine levels due to cross-reaction; however, because trans- 
3-hydroxycotinine was found in greater amounts compared to cotinine, our 
work strongly suggests that this metabolite exists in mice exposed to 
tobacco smoke. We were also impressed by the assay's ability to discern 
between the two routes of administration of the smoke e.g. mainstream 
smoke exposure and sidestream smoke exposure. These data clearly suggest 
the potential for application of this assay when assessing animal models 
for tobacco smoke exposure. 

Finally, the ability of this test to detect trans-3- 
hydroxycotinine in saliva samples from human smokers and nonsmokers was 
evaluated. This test appeared to be remarkably sensitive when it was 
used to distinguish between salivary samples from self-declared smokers 
and non-smokers. As shown in Figure 6, the saliva levels of trans-3- 
hydroxycotinine in samples from about 30 smokers averaged 386.9 ng/ml of 
apparent trans-3-hydroxycotinine, while those from non-smokers averaged 
about 3.6 ng/ml, close to a one hundred fold difference in apparent 
trans-3-hydroxycotinine levels. 

The very low backgrounds found in salivary samples and the 
relative ease and non-invasiveness of collection of this sample makes 
salivary sampling a very attractive testing mode. Beyond this, recent 
opinion in this field suggests that saliva or serum are likely to yield 
the most useful data concerning relative exposure to nicotine (Watts et 
al., 1990). In this regard, the problem with urine is that volume, pH, 
urine flow and renal function are unpredictable variables (Watts et al., 
1990) and correcting for creatine content, a suggested maneuver 
(Hoffmann and Brunemann, 1983), is only a partial solution; this is 
because creatine excretion rates are quite variable between individuals. 

These data are entirely consistent with what is known of the 
metabolism and disposition of trans-3-hydroxycotinine in man (Bjercke et 
al., 1986; Kyerematen et al., 1990; Watts et al., 1990). trans 3- 
Hydroxycotinine is the major metabolite found in plasma and its plasma 
half-life, at approximately 6 hours, is relatively long. trans-3- 
Hydroxycotinine is therefore a highly effective biological marker of 
nicotine exposure. Because of the very low matrix or background effect 
in urine and saliva when using this ELISA, both of these biological 
fluids provide excellent means to distinguish between smokers and 
non-smokers when using trans-3-hydroxycotinine as a biological marker. 
An additional useful feature of this assay concerns the difficult 
extraction procedure currently used in isolating the trans-3- 
hydroxycotinine metabolite from biological fluids. Simply stated ELISA's 
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need no sample preparation which allow for quick and easy metabolite 
identification. We also have raised questions regarding the production 
of the trans-3-hydroxycotinine metabolite in mouse, and we hope to 
pursue this issue in the future utilizing the high sensitivity of this 
ELISA. 
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ABSTRACT: Biomarkers of polycyclic aromatic hydrocarbon (PAH) toxicity to aquatic 
plants were developed using the wood preservative creosote. We tested physiological 
indicators of photosynthetic performance in cultures of the floating aquatic macrophyte 
Lemna gibba (G3). Creosote was applied at concentrations ranging from 1-300 ppm, and 
plants were grown under laboratory lighting that mimics the relative levels of UV radiation 
found in natural sunlight (simulated solar radiation; SSR). Population growth bioassays 
demonstrated that similar to individual PAHs, creosote exhibited UV-enhanced phototoxicity. 
Chlorophyll content and chlorophyll fluorescence induction parameters were also diminished 
by creosote, and closely corresponded to functional responses of population growth by the 
end of each experiment. Fluorescence induction thus is a validated biomarker assay that is 
closely and functionally related to population growth inhibition in aquatic plants. 
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164 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

There is a strong need for suborganismal endpoints in aquatic toxicity testing and risk 
assessment. These types of endpoints are often referred to as ~ (or 
'bioindicators') and are most commonly defined as biochemical, physiological, or histological 
indicators of contaminant exposure or effect at the suborganismal or organismal level 
(McCarthy and Shugart 1990, Benson and DiGiulio 1992, Huggett et al. 1992). Because 
biomarker assays usually represent biochemical aspects of toxicant modes of action (e.g. 
membrane damage, enzyme dysfunction, DNA mutation, etc.), they may provide rapid and 
direct indications of whether contaminants are impacting biological systems. Although 
tremendous advances have been made in the development and application ofbiomarkers in 
recent years, less information is available concerning the ability ofbiomarkers to predict or 
describe ecological events at the population, community, or ecosystem levels (Huggett et al. 
1992). Validation of direct and mechanistic links between biomarker responses to endpoints 
representing higher levels of ecological organization thus is necessary to realize the full 
predictive and explanatory potential of these sensitive and rapid assays. 

Numerous biomarkers have been developed for the polycyclic aromatic hydrocarbons 
(PAHs; Benson and DiGiulio 1992). A unique property of PAHs is that ultraviolet (UV) 
radiation in sunlight enhances their toxicity to aquatic animals (Bowling et al. 1983, Oris and 
Giesy 1985, Hoist and Giesy 1989) and aquatic plants (Gala and Giesy 1992, Greenberg et 
al. 1993, Huang et al. 1993). PAH phototoxicity results either from photomodification (e.g. 
oxidation) of the PAH parent compounds to more active species (Huang et al. 1993) or from 
photosensitization reactions (Newsted and Giesy 1987), or more likely a combination of both 
processes (Greenberg et al 1993). 

Even though these studies have described the phenomenon of PAH phototoxicity, 
most employed only individual or population-level endpoints (e.g. growth, mortality, 
reproduction) Several biological processes could be exploited for use as PAH biomarkers 
(e.g. enzymatic dysfunction, genotoxicity, membrane damage, etc., Benson and DiGiulio 
1992). For plants, probably the most basic and important suborganismal process that can be 
inhibited by chemical contaminants is photosynthesis (Simpson et al. 1988, Judy et al. 1990). 
Many assays have been developed that measure photosynthetic performance, &which one 
of the most sensitive is a chlorophyll fluorescence induction assay of photosynthetic quantum 
efficiency (Hipkins and Baker 1986, Buchel and Wilhelm 1993). Fluorescence induction is 
indicative of environmental stress to both higher plants and aquatic algae (Greene et al. 1992, 
Klinkovsky and Naus 1994), but the assay has not been applied widely with respect to 
chemical contaminants in aquatic ecosystems. Therefore, we investigated the validity of 
fluorescence induction as a toxicity biomarker in the aquatic plant L. gibba, using the wood 
preservative creosote as a mixed source of PAHs (Environment Canada 1993). Our 
objectives were to examine how the suborganismal-level fluorescence induction assay 
responded to creosote exposure, and to quantify its functional relationship to a standard 
population-level toxicity bioassay. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



GENSEMER ET AL. ON FLUORESCENCE INDUCTION 165 

MATERIALS AND METHODS 

Culture Conditions and Exoerimental Design 

Cultures ot Lemna gibba L. G-3 were maintained aseptically on half-strength Hutner's 
medium and grown under 50 ~tmol.m2.s t of  continuous cool-white fluorescent light at 24 ~ 
(Greenberg et al. 1992). To examine the phototoxicity of  creosote, plants were incubated 
under an artificial lighting system designed to mimic the spectral quality of  natural sunlight 
(Greenberg et al. 1995). This simulated solar radiation (SSR) source was produced by a 
combination of 2 cool-white fluorescent bulbs plus a 350 run photoreactor lamp and a 300 nm 
photoreactor lamp (Southern New England Ultraviolet Company). The lamps were arranged 
such that relative fluence rates ofvisible:UV-A:UV-B radiation was 100:10:1, approximating 
that of terrestrial sunlight (Henderson 1977, Greenberg et al. 1995). Total visible fluence rate 
was 100 ~tmol-m2.s ~, Fluence rates and spectral quality were periodically confirmed using 
a calibrated spectroradiometer (Oriel Instruments, Stratford, CT) and a quantum light meter 
(LiCor, Lincoln, NE). Plants exposed to SSR were protected from UV-C exposure by 
covering experiment dishes with polystyrene petri dish tops (Phoenix Biomedical, Baxter- 
Canlab, Missisauga, Ontario). In visible light controls, plants were exposed to creosote under 
cool-white fluorescent bulbs. 

Plants were exposed to creosote in 10 ml of  half-strength Hutner's medium placed in 
5cm polystyrene petri dishes. Creosote (100% creosote, Stella Jones, Inc., Vancouver, 
British Columbia), was taken from the same batch as that being used in a related study of  
creosote toxicity in artificial aquatic ecosystems (Robinson and Gensemer 1994). Prior to 
use, creosote was artificially 'weathered' to remove some of the more volatile, low molecular 
weight chemical constituents (e.g. benzene, naphthalene) that would not persist normally in 
natural environments (Environment Canada 1993). A single batch of  liquid creosote thus was 
added to beakers and stirred continuously for 48 hr with a magnetic stirrer in a darkened fume 
hood to prevent photooxidation prior to use in all experiments. Working creosote solutions 
were then prepared by dilution with a dimethyl sulfoxide (DMSO) delivery solvent to ensure 
exposure of  all PAHs contained in the creosote. The final DMSO concentration (0.1% v/v) 
does not significantly affect plant growth compared to DMSO-free controls (Huang et al. 
1991). In the present experiments, identical DMSO concentrations were added to all control 
and creosote addition treatments. 

Creosote was applied in a logarithmic series of  final target doses including: 0, 1, 3, 10, 
30, 100, and 300 ppm nominal creosote (~tL.L 1, v/v). All treatments were performed in 
triplicate, with the entire experiment (including all treatment levels and replicates) being 
repeated at least once. Complete sets of  creosote exposures were performed under both 
visible light and SSR, but only growth rate data from the visible light exposures will be 
presented here (see Gensemer et al. in prep for additional details). Least-squares linear 
regression (SyStat, SPSS Inc, Evanston, IL) was used to quantify the relationship between 
the response of  each endpoint (converted to percent of  control) as a function of log- 
transformed creosote concentration. These linear models were also used to estimate EC50s 
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as the creosote concentration at which endpoint performance was reduced 50% compared to 
controls. 

Toxicity Testing (population-level and suborganismal-level endooints) 

Toxicity tests using L. gibba were performed after simultaneous exposure to creosote 
and SSR. Two sets of endpoints were used to encompass both population-level, and 
suborganismal-level responses (i.e. 'biomarkers') to creosote. Population-level responses 
were assayed using a standard 8-day static-renewal test for growth rate as measured by 
increases in leaf numbers. For these assays, growth media and creosote were replaced every 
48 hours to minimize depletion of ambient nutrient and creosote concentrations over time. 
Leaf numbers were recorded prior to each media replacement, and used to calculate growth 
rates expressed as a doubling frequency (see Greenberg et al. 1992 for details). 

Fluorescence Induction Kinetics 
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Figure 1: Diagrammatic representation of chlorophyll fluorescence induction kinetics. 

Suborganismal-level responses were assayed using changes in total plant chlorophyll 
content (Greenberg et al. 1992) and the quantum efficiency of photosynthesis. The 
photosynthetic assay was based on the 'Kautsky' induction kinetics of in vivo chlorophyll 
fluorescence induction (Hipkins and Baker 1986, Btichel and Wilhelm 1993). First, plants 
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were dark-adapted for at least 10-20 minutes to ensure that all photosynthetic electron 
acceptors were fully oxidized. A plant sample was then placed in a spectrofluorometer 
(Photon Technology International, New Brunswick, NJ) fitted with a photon-counting 
photomultiplier. A mechanical camera shutter then opened to emit a single, saturating beam 
of actinic light (435 nm) to the plants, after which fluorescence was detected at an emission 
wavelength of 695 nm Relative fluorescence intensity (counts.sec ~ ) was then recorded for 
8-10 seconds, with the resulting fluorescence trace being saved for microcomputer analysis 
of  chlorophyll fluorescence induction parameters: Fo, Fro, Fv/Fr~, and t l ,  2 (Fig. 1). Fo is the 
initial fluorescence level of  the fully oxidized chlorophylls in the absence of actinic light. After 
exposure to actinic light for a few seconds, fluorescence rises to a maximum (Fro) as electrons 
begin to reduce the electron acceptors ofphotosytem II (PSII). Variable fluorescence (Fv) 
represents the mathematical difference between Fo and Fro, from which Fv/Fro is calculated 
and represents the quantum efficiency or photochemical yield of  PSII (Hipkins and Baker 
1986, BOchel and Wilhelm 1993). The time it takes for fluorescence to reach a level halfway 
between Fo and F~ is termedl~ , and is a measure of  the size and accessability of  the 
plastoquinone pool which accept electrons from PSII (Judy et al. 1990, Simpson et al. 1988). 
The inhibiting effects of  xenobiotics on PSII reaction centers or any process downstream of 
PSII would be expressed as diminished values for F v/F m and t1.2. 

Results from suborganismal endpoints were recorded from two identical sets of  plants 
from each treatment, one set being sacrificed at 48 hours, the other set being sacrificed at the 
end of the 8-day toxicity test from which population growth rate calculations were made. The 
48 hour time interval was chosen to determine whether chlorosis and fluorescence induction 
were early indicators of  stress because they often need only short periods to respond to 
contaminant insults (Gensemer, Dixon, and Greenberg, in prep.). Two complete sets of  
creosote additions (with replication and repeats as already described) were performed 
simultaneously with plants for 1) 48 hour, and 2) 8-day endpoint determinations. Enough 
plants were removed from each petri dish for a single chlorophyll determination, and two sets 
of  fluorescence induction measurements. Fluorescence could not be measured reliably from 
severely chlorotic plants, so these were treated as missing data. 

RESULTS AND DISCUSSION 

Relationshins Among Endpoint~ at Different Levels of  Organization 

One of the di/ficulties in comparing physiological with population-level assays are the 
different units and scales over which these data are collected. While abundant data exist 
based on endpoints at single levels of  biological organization, comparatively little attention 
has been paid to extrapolating quantitatively from suborganismal to population and higher- 
level endpoints (Huggett et al. 1992, Suter 1995). Simply ranking the differential sensitivity 
of  various endpoints (usually derived as single point estimates, e.g. EC50) is not adequate 
because this does little to suggest mechanistic or causal relationships between them. 

Another approach is to directly compare the entire functional response of  each 
bioassay endpoint after normalizing the data to the same scale (Fig. 2). With this approach, 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



168 

m 

o 
= . _  

e, 
o 
tO 

o 

# 

ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

I II III 

••,•. '~'"""'"'"'""'~~ C 

~ A  ~B - C 

Log ( C o n t a m i n a n t  Dose )  

eg:  A = P h y s i o l o g i c a l  

B = Ind iv idua l  

C = P o p u l a t i o n  

Figure 2: Hypothetical relationships among bioassay endpoints. See text for explanation. 

empirical relationships that might exist among endpoints can be used to generate hypotheses 
to test: 1) whether biomarkers are predictive of higher-level endpoint responses, and 2) 
whether functional or mechanistic relationships might exist that explain these empirical 
patterns. For example, situation [ represents perfect correspondence between three 
hypothetical endpoints at various levels of organization and the chemical dose applied, 
implying that close mechanistic relationships might exist between the physiological and 
higher-level parameters. Situations I1 and III both represent differential sensitivity of each 
endpoint to the contaminant, and would provide similar rankings of EC50 values estimated 
from each bioassay. However, the mechanistic or functional relationships between the 
endpoints could be quite different depending on which situation applied. For situation II, 
endpoints respond over the same concentration range, but with differential sensitivity to the 
chemical dose applied. In this example, the physiological endpoint is certainly predictive of 
the higher level ecological events, but with much greater sensitivity. This would implicate 
different modes of action of the contaminant at each level of organization, the presence of 
compensatory factors at higher levels, etc. For situation III, all endpoints respond with the 
same relative sensitivity (e.g. have the same slopes), but respond over entirely different 
concentration ranges. In such a case, it is less clear to what extent the response of the 
physiological endpoint at low concentrations is predictive of higher-level responses at higher 
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concentrations. The endpoints respond to the contaminant over entirely different concentra- 
tion ranges, thus mechanistic relationships are less clearly identified, if indeed they exist at all. 
In all these examples (Fig. 2), linear dose-responses are assumed, but other models could also 
be used. 

Creosote Toxicity tO L. ~bba 

Based on population growth rates, creosote was highly phototoxic to L. gibba, with 
EC50 values exhibiting a 5-fold decrease when plants were incubated under SSR lighting 
relative to visible light controls (Table 1). This confirmed our expectations that a contaminant 
largely consisting of  PAHs would also exhibit significant phototoxicity, even when present 
as a complex mixture containing small amounts of  organic contaminants other than PAl-Is 
(Environment Canada 1993). Creosote toxicity to L. gibba was similar to that of  individual 
PAHs which typically exhibit growth ECS0 values of  1-20 ppm grown under SSR (Huang et 
al. 1993, Ren et al. 1993). Creosote also inhibited strongly both the quantum efficiency of 
PSII and associated electron transport processes when plants were grown under SSR. In a 
typical example, variable fluorescence (Fm - Fo) was reduced significantly in the presence of  
10 ppm creosote (Fig. 3), with much less time being required to reach half of  the variable 
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F i g u r e  3: Fluorescence induction traces from L. gibba after exposure to I0 ppm creosote 
and SSR 

Copyr igh t  by  ASTM In t ' l  ( a l l  r i gh t s  r e se rved) ;  Tue  Oc t  18  17 :10 :12  EDT 2011
Downloaded /p r in t ed  by
Loughborough  Unive r s i ty  pu r suan t  t o  L icense  Agreemen t .  No  fu r the r  r ep roduc t ions  au tho r i zed .



170 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

fluorescence (h 2) compared to controls. As with population growth rates, all three 
physiological endpoints indicated that creosote toxicity was enhanced when grown under SSR 
vs. visible light controls (Gensemer et al. in prep) 

When incubated under SSR, the effects of  creosote on plant chlorophyll content and 
photosynthetic endpoints recorded on day 8 were strikingly similar to population growth (Fig. 
4B; see Table 2 for control data). All endpoints taken on day 8 exhibited similar EC50 
values, and slopes of  regressions between endpoint response (as % control) and creosote 
concentration were within each other's 95% confidence limits (Table 1). Photosynthetic 
endpoints and chlorophyll contents from plants sampled after 2 days also imply that creosote 
negatively affected the plants. However, the fluorescence data recorded on day 2 responded 
somewhat less sensitively to creosote than did population growth or any of  the day 8 
endpoints (Fig. 4A). EC50 values for day 2 endpoints were ca. 5-fold higher than their day 
8 counterparts, and regression slopes were ca. 50% lower for tl 2 and Fv/Fm, and moderately 
lower for chlorophyll (Table 1). Furthermore, regressions for the day 2 photosynthetic 
endpoints usually explained less variance as predictors of  creosote toxicity than their day 8 
counterparts (Table 1) with the exception of  h 2- The later exhibited greater variability as a 
predictor of  toxicity than any of  the other endpoints, even though mean values still 
corresponded well to the performance of other endpoints. 

TABLE 1--Linear regressions describing bioassay endDoint resoonses (% controls) 
as a function of the logarithm of creosote dose (ppm). N/C denotes 'not calculable'. 

Slope (SE) Intercept r 2 p value N ECs0 
(SE) (ppm) 

Growth 
Rate: 

Visible -38.5 (2.5) 115.3 (3.5) 0.885 <0.0001 32 49.7 
SSR -45.0 (3.4) 96.3 (4.8) 0.872 <0.0001 28 10.7 

Day 2 (SSR): 
Chlorophyll -38.5 (9.5) 114.7 (11.3) 0.494 0.0008 19 47.9 

t,. 2 -21.1 (5.6) 41.6 (7.0) 0.302 0.0008 34 N/C 
Fv/F m -23.5 (6.7) 91.6 (8.4) 0.276 0.0014 34 58.9 

Day 8 (SSR): 
Chlorophyll -45.1 (7.5) 106.8 (9.8) 0.591 <0.0001 27 18.2 

ti. 2 -46.8 (27.5) 99.9 (21.4) 0.146 0.1062 19 l l .6  
Fv/F m -48.5 (13.2) 109.2 (10.3) 0.443 0.0018 19 16.6 
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Figure 4: Responses of suborganismal (chlorophyll content and fluorescence induction) 
and population-level (doubling rates) assays to creosote when grown under SSR, and 
recorded on A) 2 days, and B) 8 days after experiment initiation. Data are represented as 
percents of control (= no added creosote), and error bars represent 1 S.E. about each 
treatment mean. Control data are presented in Table 2. Missing data represent severely 
chlorotic plants from which fluorescence data were not obtainable. 
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Implications for Fluorescence Induction as a Biomarker for Creosote Toxicity 

Functional responses of  fluorescence induction parameters to creosote were closely 
related to those of  chlorosis and population growth, thereby making them potentially useful 
as biomarkers of  creosote toxicity in L. gtbha These relationships were particularly good 
when data were recorded at the end of  each experiment rather than 48 hours after exposure. 
Given sufficient time for inhibition of photosynthesis and chlorosis, therefore, these 
suborganismal endpoints hold great promise as accurate and useful indicators of  creosote 
impacts in aquatic plants. Relative to the hypothetical endpoint relationships outlined in Fig. 
1, fluorescence induction parameters generally exhibited a Type I response that implies close 
correspondence between physiological (photosynthesis) and population-level (growth) 
responses. This is not surprising considering the crucial role photosynthesis plays in energy 
production for plant cells. Decreases in photosynthetic energy production should result 
directly in diminished cell division rates and, hence, plant growth rates. In addition, inhibition 
of photosynthesis should subsequently result in lower rates of  primary productivity. In fact, 
some fluorescence induction parameters quantitatively relate to C-fixation rates (BOchel and 
Wilhem 1993, Hofstraat 1994), thus fluorescence induction also may be predictive of  
contaminant impacts at the ecosystem level (e.g. productivity). However, further 
experimentation mechanistically linking the effects of  contaminants on photosynthesis to those 
of  population and higher-level impacts will be required to fully validate these relationships. 

Table 2 -- Raw data for control treatments exoressed as means (+ S.E). 

Day 2 Day 8 

Doubling Rate (dbl'day 1) N/A 0,49 (0.02) 
N = 6 

Chlorophyll (lag'mg") 0.59 (0.03) 0.48 (0.03) 
N = 6 6 

t,2 (see.) 0.330 (0043) 0.331 (0.026) 
N = 6 8 

F,/F m 0.55 (0.05) 0.59 (0.03) 
N =  6 8 

Fluorescence induction parameters occasionally exhibited differential sensitivity to 
creosote when compared to population growth rates (Type II response), but this usually 
occurred after only 2 days of  exposure (Table l; Fig. 4). This implies that creosote toxicity 
may be incompletely expressed in L. gibba after only two days. This has also been observed 
in similar experiments using single PAHs (Greenberg, unpubfished data), and appears to result 
from short-term acclimation of plants to changes in laboratory lighting soon after movement 
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from culture maintenance (visible) to experimental (SSR) lighting conditions. This would not 
be a problem for field-based applications of fluorescence induction assays, because natural 
populations are already acclimated to their particular combined exposures of contaminants 
and light. 

CONCLUSIONS 

In summary, fluorescence induction holds much promise as a plant biomarker that 
accurately and mechanistically corresponds to population growth inhibition in aquatic plants. 
The present study demonstrates that these bioassays are accurate predictors of population 
growth inhibition after simultaneous exposure to creosote and SSR in lab populations of L. 
gibba. However, much remains to be developed with regards to the application of these 
assays as biomarkers of plant toxicity in nature. Understanding the mechanistic relationships 
between photosynthetic inhibition (as detected by fluorescence induction) and population 
growth is critical to correctly interpreting and applying these bioassays as descriptors of 
contaminant toxicity. In particular, the potentially confounding influences of external 
environmental factors such as nutrient stress, light, and temperature (Greene et al. 1992, 
Hofstraat et al. 1994, Klinkovsky and Naus 1994) need to be assessed relative to the 
performance of fluorescence induction as a toxicity bioassay. Finally, the methodological 
utility of fluorescence induction assays in field populations is largely unexplored, and will be 
required to assess the full application of these methods for environmental assessments outside 
of the laboratory. Preliminary experiments using creosote in outdoor mesocosms (Robinson 
and Gensemer 1994) have demonstrated that fluorescence induction results correlate closely 
with population growth and biomass inhibition in rooted macrophytes (Marwood, Gensemer, 
and Greenberg, unpublished data). Therefore, the first step in validating the performance of 
photosynthetic biomarkers in the field suggests that this approach will achieve excellent utility 
in assessing contaminant impacts to natural populations of aquatic plants. 
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ABSTRACT: A biomarker assay designed to monitor the health of Daphnia sp. as 
well as evaluate sites of toxicant action was used to study the toxic effects of  copper, 
diazinon, and polyacrylamide. The assay used the uptake of a fluorescent cellular 
membrane-bound dye and corresponding fluorescence measurement as an early 
indicator of change in cellular membrane potential. This change in the membrane 
potential is an indicator of potential cellular stress. Following short-term exposure to 
the electrochromic dye, di-4-ANEPPS, and the toxicants, fluorescence readings were 
collected, stored in a database management system, and output for graphical display 
and statistical analysis. Median inhibitory concentrations (IC50), No Observed Effect 
Concentrations (NOEC), and Lowest Observed Effect Concentrations (LOEC) values 
for copper were approximately 52.6, 35.0, and 50.0 #g/L. The approximate IC50, 
NOEC, LOEC values for diazinon and polyacrylamide were 0.45, 0.25, and 0.50 
#g/L; and 350.0, 300.0, and 500.0 ~g/L, respectively. Fluorescence microscopy 
indicated that copper primarily affected the mouth parts (orofacial) and digestive tract. 
Diazinon, however, primarily caused an effect on the anterior portion of the nervous 
system. Polyacrylamide appeared to induce toxicity throughout the entire epithelial 
layer of the Daphnia. These results suggested this assay may be effectively used to 
monitor for organism stress or toxicity as well as evaluate potential sites of toxic 
action. 

KEYWORDS:  Daphnia, membrane potential, sites of action, di-4-ANEPPS, copper, 
diazinon, polyacrylamide 

Recent emphasis on integrated ecological hazard assessment has necessitated the 
development and validation of alternative tools for estimating ecological impairment, 
such as biomarker-based assays. The utility and versatility of these biomarker-based 
assays must be considered in the development of new model systems. Models which 
are capable of  monitoring organism stress or toxicity as well as able to enhance 
evaluation of potential mechanisms of action are especially attractive. These alternative 
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assay systems may be used to monitor the potential ecological hazard of effluents, 
manufactured products, hazardous waste site soils/sediments, and regulated chemicals. 

DaphniaQuant TM (Oklahoma State University, Stillwater, OK 74074) is an assay 
designed to detect the health of Daphnia sp. at the cellular level (Blankemeyer et al. 
1993a). This biomarker system assay uses the uptake of fluorescent dye and 
corresponding fluorescent measurement as an early indicator of toxicity. Following 
short-term exposure to a test chemical or mixture, fluorescence readings are collected, 
stored in a customized database system, and output for graphical observation or 
statistical analysis. Validation studies conducted with ten different reference toxicants, 
as well as over twenty five complex environmental mixtures (Fort et al. 1994a; Fort et 
al. 1994b: Fort et al. 1995) comparing results of the cell membrane potential-based 
bioassay to results from standard acute whole organism toxicity tests with daphnids 
were encouraging in that a high degree of correlation (r 2 > 0.85) was observed. 
However, only recently has the ability of this system to evaluate possibilities of toxic 
action been studied. In this report, the toxicities and general sites of action of copper, 
diazinon, and polyacrylamide in Daphnia are discussed. 

EXPERIMENTAL METHOD 

Materials 

Reagent grade copper sulfate and polyacrylamide were obtained from Sigma 
Chemical Company (St. Louis, MO). Optimum grade diazinon was obtained from the 
Fluka Chemical Corporation (Ronkonkoma, NY). 

General Description of System 

The DaphniaQuant TM instrument effectively measures the electrical activity of 
cellular membranes as an alternative bioindicator of the sublethal effects of aqueous 
contaminants (Blankemeyer 1995). In this biomarker system, changes in cellular 
membrane potential of live, free-swimming D. magna were recorded following 
exposure to a given toxicant or complex mixture. The resultant membrane potential 
was compared to an unexposed control (Fort et al. 1993). Changes in the cellular 
membrane potential were measured by the intensity of fluorescence of an 
electrochromic, membrane-bound dye, dialkylaminostryl pyridiniumsulfonate (di-4- 
ANEPPS). Di-4-ANEPPS was spiked into the test solution and passively absorbed into 
the lipophilic portions of daphnid membranes within minutes of exposure. Exposure to 
contaminants which affect membrane transport kinetics or simply open membrane 
channels causes rapid changes in intracellular ion concentrations. These changes 
resulted in a corresponding change in fluorescence of the dye. A schematic layout of 
the instrument portion of the DaphniaQuant TM machine is illustrated in Appendix 1. In 
terms of the spectrofluorometer, a quartz-halogen lamp delivered a light output to a 
chopper wheel which is turned by a stepper motor. The stepper motor was controlled 
by an embedded computer. On opposite sides of the chopper wheel were interference 
filters that pass selected wavelengths of light, one at 480 nm and the other at 580 nm. 
The light periods were thus divided into two specific wavelengths by the filters 
mounted on the chopper wheel. 

The light, composed of two temporally separate color bursts, passed through the 
chopper and struck a collection lens. The collection lens was focused on a glass cuvette 
mounted in a sample chamber. At a 90 degree angle to the sample chamber was 
another collection lens and an interference filter with a center wavelength of  630 nm. 
Only the emission at the appropriate wavelength passed the emission interference filter 
and was focused on the photomultiplier tube. The count of photons striking the 
photomultiplier tube was synchronized to the appropriate filter in the chopper wheel by 
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the embedded computer. Thus, each emission count of photons was associated with a 
specific excitation wavelength. The photon count was then acquired by a photon 
counting circuit that stores the data in the memory of the embedded computer. After 
about twenty seconds, the acquired data was analyzed to determine the fluorescence of 
the organsisms in the cuvette. 

The purpose of the two excitation wavelengths was to provide a measurement of 
membrane potential via the blue (480 nm) wavelength and a measure of  how much dye 
and how many daphnids were in the cuvette via the yellow (580 nm) excitation. The 
ratio of the emissions from the two excitation wavelengths provided a membrane 
potential measurement independent of how many daphnids were present and how much 
dye was loaded in the daphnids. 

DaphniaQuant TM Test Procedure 

D. magna were cultured in accordance with standard EPA methodology (Weber 
1991). Twenty organisms were placed in each of six beakers containing hard 
reconstituted water [prepared as described by Weber et al. (1989)] and increasing 
concentrations of toxicant for 30 min. Di-4-ANEPPS in methanol (1 x 10-6M) was 
then added to the exposure vessels, allowed to diffuse through the sample chamber, and 
load into the organisms. Following 30 minutes of dye loading, the 20 exposed 
organisms were transferred into each of four cuvettes containing five organisms each 
and fluorescence readings were collected. Because changes in the toxicant exposure 
time alters the results obtained, 30 minute exposure periods were strictly maintained 
through this study. Although dye exposure time does not appreciably alter fluorescence 
measurements up to three hours (Fort et al. 1993; Fort et al. 1994a; Fort  et al. 1994b; 
Fort  et al. 1995), dye loading was limited to 30 min. for consistency throughout the 
study. The hard reconstituted water treatment served as the control. None of  the test 
compounds altered or interfered with the fluorescence of the dye or the loading of the 
dye. One range-finding and three definitive DaphniaQuanff M tests were conducted with 
each chemical. Fluorescence ratios, as described above, were determined for each 
control and/or treatment replicate and stored in a database for statistical analysis. 

Fluorescence Microscopy 

Following evaluation and quantification of fluorescence intensity, organisms 
were mounted whole for fluorescence microscopy using a Nikon Labophot fluorescence 
microscope equipped with a dichroic mirror (excitation filter) with a cut-off of 500 nm 
(low pass), a Schott glass emission filter with a 580 nm cut-off (long pass), and a 
Nikon FX-35 35 mm camera. Observation followed by photographic documentation of 
five randomly selected D. magna out of 20 were recorded per beaker. 

Data Interpretation and Statistical Analysis 

No Observed Effect Concentration (NOEC) and Lowest Observed Effect 
Concentration (LOEC) values were calculated using either Dunnett 's test (parametric) 
or Steel 's Many-One Rank test (non-parametric) [P=0.05 for both] via Toxstat 
software, version 3.3 (University of Wyoming, Laramie, WY). Chronic Values were 
determined for each test by calculating the geometric mean of the NOEC and LOEC 
values (Weber et al. 1989). 

Fluorescence ratios of each replicate electronically stored in a software database 
were output for statistical analysis, as described above. Median inhibitory 
concentration (IC50) values were derived from the concentration-response curves using 
the Trimmed Spearman-Karher method (Hamilton et al. 1977). Results of exemplary 
experiments with each reference toxicant are provided in the Results Section. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



180 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

RESULTS 

Copper 

Table 1 presents the results of the cellular membrane potential alteration in D. 
magna as the results of short-term exposure to copper. The effect of  increasing 
concentrations of copper on the alteration of cellular membrane potential is illustrated 
in Figure t. The mean IC50, NOEC, LOEC and Chronic Values of the three replicate 
experiments were 52.6, 30.0, 50.0, and 38.7 #g/L, respectively. Intense fluorescence 
occurred primarily in the orofacial region and the gastrointestinal tract and was 
concentration-dependent. On a whole organism level, the increased fluorescence 
intensity resulting from the alteration of the cellular membrane was concentration- 
dependent (Figure 1). 

Diazinon 

Table 2 presents results of cellular membrane potential alteration in D. magna 
as the result of short-term exposure to diazinon. The effect of increasing 
concentrations of diazinon on the alteration of cellular membrane potential is given in 
Figure 2. The mean IC50, NOEC, LOEC, and Chronic Values of the three replicate 
experiments were 0.45, 0.23, 0.37, and 0.29 #g/L, respectively. Fluorescence 
microscopic evaluation indicated that the most intense fluorescence emittance was noted 
in the anterior portion of the nervous system and was dependent on the concentration of 
diazinon. Each of the three lobes of the primitive brain region fluoresced with nearly 
equal intensity and were substantially more intense than the remainder of the organism. 
The concentration-response relationship illustrated in Figure 2 indicates that the extent 
of cellular membrane potential alteration, as noted by increased fluorescence intensity, 
was dependent upon the exposure concentration of diazinon. 

Polyacrylamide 

Table 3 presents the results of cellular membrane potential alteration in D. 
magna as the result of short-term exposure to polyacrylamide. Figure 3 illustrates the 
effect of increasing concentration of polyacrylamide on the alteration of cellular 
membrane potential. The mean IC50, NOEC, LOEC, and Chronic Values of the three 
replicate experiments were 350, 250, 300, 270.4 #g/L, respectively. Fluorescence 
microscopic evaluation of the exposed D. magna indicated that the most intense 
fluorescence was located around the periphery of the organism in the epithelial cells. 
Very little, if any, fluorescence was found to be internalized within the organisms with 
the exception of the anterior lobe of the brain. As with the other test compounds, the 
increased fluorescence intensity resulting from alteration of the cellular membranes was 
dependent upon the exposure concentration of polyacrylamide. 

DISCUSSIONS 

Several studies conducted with different classes of toxicants have indicated that 
the membrane potential-based bioassays may be suitable bioindicators of  environmental 
contamination and organism stress (Blankemeyer et al. 1993a: Blankemeyer and Hefler 
1990; Blankemeyer and Bowerman 1992: Stringer and Blankemeyer 1993; 
Blankemeyer et al. 1992; Blankemeyer et al. 1993b). Early studies indicated that 
narcotizing compounds including oil, petroleum-derived solvents, and chlorinated 
solvents induced changes in cellular membrane potential as the result of  perturbation of 
membrane pumps or ion channels. These effects were used to explain the mechanism 
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of action of this class of chemicals (narcotizing) at the cellular level. Subsequent 
studies with naturally occurring plant glycoalkaloids commonly found in potatoes 
determined that alpha-chaconine and alpha-solanine substantially increased di-4- 
ANEPPS fluorescence up to 1600 and 400 percent of the control fluorescence in albino 
Xenopus embryos. These results suggested that these plant toxins exerted a strongly 
toxic effect. Interestingly, the adverse effect of these compounds correlated well with 
conventional whole-organism bioassays conducted concurrently with the membrane 
fluorescence assays. Solanadine which had no effect on membrane fluorescence, 
likewise was not found to be highly toxic in the traditional whole organism test 
systems. 

More recently, the DaphniaQuant TM system was used to correlate the toxic 
effects of  eight benchmark reference toxicants and over fifteen complex environmental 
samples with the results of 48-h D. pulex and 7-d conventional C. dubia bioassay 
results (Fort et al. 1994a; Fort et al. 1994b: Fort et al. 1995). The 48-h LC50 values 
of copper, diazinon, and polyacrylamide in D. magna were found to be 58.7 mg/L, 0.4 
/xg/L, and 0.4 mg/L which were consistent with the EC50 values determined from this 
biomarker test system. 

Likewise, the 7-d chronic values for survival in C. dubia for copper, diazinon. 
and polyacrylamide were 37.5 rag/L, 0.2 gg/L, and 0.2 mg/L which were also 
consistent with the chronic values estimated from this biomarker test system. Results 
from the studies indicated that this system was capable of producing similar quantitative 
results as the traditional acute and subchronic cladoceran assays. Since the sensitivity 
of the DaphniaQuant TM assay will likely vary with the class of compounds being 
evaluated, increased validation is warranted with representative compounds from a 
wide array of chemical classes. Although the sensitivity of this assay may differ for 
specific chemical classes, the speed, precision, and versatility of this new system are 
significantly important attributes. 

Results from the studies indicated that not only is this biomarker system capable 
of monitoring organismal toxicity, but it also provides a preliminary means of 
evaluating sites of toxic action. Copper appeared to cause its primary effects on the 
mouth and gastrointestinal tract. Diazinon seemed to exert its effect primarily on the 
brain region. Since the primary mode of action of this organophosphate insecticide is 
acetylcholinesterase inhibition, action on the center of the daphnid nervous system is 
not necessarily unexpected. However, the significance at membrane potential 
alteration, biotransformation, and toxicokinetics have not been fully elucidated to date 
and require further study. Polyacrylamide seemed to have its primary effect on 
daphnid epithelial cell layer, but also caused a secondary response in the anterior 
portion of the brain. Effects on the epithelial layer may be the result of polyacrylamide 
cross linking (polymerization) since a rosette of physically-attached Daphnia was 
observed following exposure to polyacrylamide. Increased fluorescence associated with 
the anterior lobe of the brain also suggests that a nervous system-linked effect may exist 
which is consistent with the finding that polyacrylamide is capable of cross-linking 
intermediate filaments of the nervous system and inducing axonopathy (Anthony and 
Graham 1991). 

In the future, the cellular membrane potential biomarker assay will continue to 
be used to evaluate toxic action of pure chemicals and complex toxicant mixtures, such 
as industrial process waters, effluents, surface waters, groundwater, sediments, and soil 
extracts. Preliminary studies have been conducted using this cellular membrane 
biomarker system with other species, including larval fathead minnow (Pimephales 
promelas), the saltwater mysid Mysidopsis bahia, and albino Xenopus laevis (frog) 
embryos. Results collected so far indicate that this technology can be used to evaluate 
ecological hazard using a complete battery of test organisms. 
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Results from the studies presented in this report indicated that this biomarker 
model system was capable of producing rapid, quantitative, toxicity data with copper, 
diazinon, and polyacrylamide, as well as rapidly evaluating sites of toxicant action on a 
preliminary basis. However, additional work with a variety of toxicants known to 
hyperpolarize and/or depolarize cellular membranes, as well as with established sites of 
ratios will need to be performed to determine the validity of this approach. The need 
for routine toxicity screening as a means of assessing and establishing water quality 
criteria warrant further work with this novel toxicity monitoring system. Ultimately, 
this toxicity monitoring assay will provide the scientific community with a rapid means 
of evaluating potential ecological impact, as well as assistance in evaluating sites of 
toxic action. 
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EFFECT OF LOW-LEVEL COPPER AND PENTACI-ILOROPHENOL 
EXPOSURE ON VARIOUS EARLY LIFE STAGES OF XENOPUS LAEVIS 

REFERENCE: Fort, D. J. and Stover, E. L., "Effect of Low-Level Copper and 
Pentachlorophenol Exposure on Various Early Life Stages of Xenopus laevis," 
Environmental Toxicology and Risk Assessment: Biomarkers and Risk Assessment--Fifth 
Volume, ASTM STP 1306, David A. Bengtson and Diane S. Henshel, Eds., American Society 
for Testing and Materials, 1996. 

ABSTRACT: An evaluation of the effects of low-level copper and pentachlorophenol 
exposure on various early life stages of the South African clawed frog, Xenopus laevis, 
was performed using stage-specific and long-term continuous exposures. Stage-specific 
exposure experiments were conducted such that separate subsets of embryos and larvae 
from the same clutch were exposed to two toxicants, copper and pentachlorophenol, 
from 0 d to 4 d (standard Frog Embryo Teratogenesis Assay - Xenopus [FETAX]), 4 d 
to 8 d, 8 d to 12 d, and 12 d to 16 d. Results from two separate concentration-response 
experiments indicated that sensitivity to either toxicant increased in each successive 
time period. Longer-term exposure studies conducted for 60 to 75 days indicated that 
copper, but not pentachlorophenol induced reduction deficiency malformations of the 
hind limb at concentrations as low as 0.05 mg/L. Pentachlorophenol concentrations as 
low as 0.5 #g/L inhibited tail resorption. However, copper did not adversely affect the 
process of tail resorption. These results indicated that studies evaluating longer-term 
developmental processes are important in ecological hazard evaluation. 

KEYWORDS: X. laevis, FETAX, copper, pentachlorophenol, limb deficits, tail 
resorption 

The sensitivity of a given species to toxicant stress may vary significantly during 
different early life stages. However, very few, if any, standardized amphibian toxicity 
test systems are capable of evaluating differential effects during early life stages. No 
amphibian-based bioassays currently monitor longer-term developmental processes, 
such as limb development and metamorphosis. Several investigators evaluated stage- 
specific toxicity in amphibians (Berrill et al. 1993; Berrill et al. 1994; and Freda 
1986). Several studies have demonstrated stage-specific differences in toxicity 
whereas, others have failed to show a causal relationship between developmental stage 
and toxic response. Variations in stage-specific responses have been suggested to be 
the results of inherent species differences, as well as differences in the toxicants 
studied. However, each investigator suggested tile importance of complete early life 
stage studies of specific target species in the process of assessing ecological hazard. 
Results from stage-specific toxicity tests of copper and pentachloropenol in X. laevis, 
and longer-term exposure experiments designed to evaluate limb development and 

J Vice President and President, respectively, THE STOVER GROUP, P.O. Box 2056, 
Stillwater, OK 74076 
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tail resorption (metamorphosis) processes are presented in this report. Copper and 
pentachlorophenol were selected as candidate compounds for this study based on 
previous studies in FETAX indicating that copper induced severe skeletal 
abnormalities, whereas pentachlorophenol caused significant reduction in larval growth. 
Thus, the objectives of the study were to determine if the longer-term assay could 
indicate whether copper was capable of interfering with normal limb development and 
pentachlorophenol could inhibit the process of tail resorption. 

EXPERIMENTAL METHOD 

Materials 

ACS-grade copper sulfate, 6-aminonicotinamide (6-AN) (Sigma Chemical 
Company, St. Louis, MO) and pentachlorophenol (Fluka Chemical Corporation, 
Ronkonkoma, NY) were used throughout the experimental program. Verification of 
stock solution concentrations was performed using atomic absorption spectroscopy and 
gas chromatography-mass spectroscopy (GC-MS) for copper and pentachlorophenol 
analyses, respectively. 

X. laevis Assay Protocol 

Animal Care & Breeding--X. laevis adult care, breeding and embryo collection 
were performed as described in ASTM Standard E1439-91 (ASTM 1991). 

Stage-Specific Exposure Studies--Embryo-larval stage-specific exposure 
experiments were performed under the general guidance of the ASTM Standard E1439- 
91 (ASTM 1991). A summary of the early life stage exposure periods and endpoints 
monitored is provided in Table 1. For each set of tests performed with each toxicant, 0 
d to 4 d, 4 d to 8 d, 8 d to 12 d, and 12 d to 16 d exposure periods were used to 
evaluate stage-specific changes in sensitivity. Zero d to 4 d (Standard FETAX) tests 
were initiated using blastula stage embryos (stage 8). Embryos not used in this initial 
exposure period were then cultured in FETAX Solution, a reconstituted water medium 
suitable for the culture of X. laevis embryos and larvae (Dawson and Bantle 1987), 
until needed for the subsequent exposure periods. FETAX Solution consisted of 625 
mg NaCI, 96 mg NaHCO3, 75 mg MgSO4, 60 mg CaSO4 " H20, 30 mg KCI, and 15 
mg CaCI2 per L of solution. Larvae were fed Tetramin fish food for live bearers (Tetra 
Werke, Melle, Germany) starting at 4 d at a rate of approximately 1 mg/larva/day. 
Dissolved oxygen and pH were monitored daily. 

Sets of 20 embryos or larvae were placed in 60-mm covered plastic Petri dishes 
with varying concentrations of either copper or pentachlorophenol dissolved in FETAX 
solution. For each compound six (range-finder experiments) to eight (definitive 
concentration-response experiments) concentrations were tested in duplicate (Table 2). 
Four sets of control dishes of 20 X. laevis embryos or larvae were exposed to FETAX 
Solution alone and designated negative controls. For each experiment conducted, four 
separate dishes of 20 X. laevis embryos or larvae were exposed to 6-AN [FETAX 
positive control], two sets at 2,500 mg/L (approximate LC50) and two sets at 5.5 mg/L 
(approximate EC50 [malformation]). All control and treatment vessels contained a 
total of 8 mL of solution. One range test and two definitive tests were performed with 
each compound. The pH of the test compounds ranged from 7.0-7.5. Embryos and 
larvae were cultured at 24 + 0.5~ throughout the tests and culturing processes. Little 
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TABLE 1--Summary of Early Life Stage Exoosure Periods and Endpoints Monitored. 

Stage or 
Developmental Time Endpoints 
Process Period 1 

Early Embryo-Larval 0-4 
(8-45) 

Larval 4-8 
(45-48.5) 

Larval 8-12 
(48.5-49) 

Larval 12-16 
(49-50.5) 

Limb Developmem 0-60 
(8-60) 

Metamorphosis 0-75 
(8-66) 

Survival, Malformation, Growth 

Survival, Malformation, Growth 

Survival, Malformation, Growth 

Survival, Malformation, Growth 

Malformation 

Tail Resorption 

Expressed as d with stage denoted in parenthesis (Nieuwkoop and Faber 1994). 

TABLE 2--Concentration Series Range Tested in Stage-Specific Exposure Studies. 

Time Copper 
Period 2 

Test Concentration Rang~ 
Pentachlorophenol 

0-4 0.75, 0.85, 0.95, 1.00, 
1.10, 1.15, 1.25, 1.50 

(8-45) 

4-8 0.50, 0.67, 0.75, 1.00, 
1.05, 1.10, 1.15, 1.20 

(45-48.5) 

8-12 0.15, 0.20, 0.25, 0.30, 
0.50, 0.65, 0.70, 0.75 

(48.5-49) 

12-16 0.04, 0.045, 0.05, 0.055, 
0.10, 0.20, 0.30, 0.40 

(49-50.5) 

0.05, 0.10, 0.15, 0.18, 
0.25, 0.33, 0.66, 0.75 

0.01, 0.05, 0.06, 0.07, 
0.08, 0.10, 0.25, 0.50 

0.005, 0.01, 0.015, 0.02, 
0.1, 0.15, 0.20, 0.25 

0.001, 0.002, 0.003, 0.004, 
0.01, 0.033, 0.066, 0.10 

i Expressed as mg/L. 
2 Expressed as d with developmental stage in parenthesis. 
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difference in the toxicities of pentachlorophenol and copper were noted providing the 
pH did not deviate from this range. 

All solutions were renewed every 24 h of the tests, dead embryos/larvae were 
removed and recorded, and fresh solutions added during each of the tests conducted. 
Following exposure, the larvae were fixed in 3 % formalin, pH 7.0, and the number of 
live malformed organisms determined by external morphological evaluation aided by a 
dissecting microscope (Nieuwkoop and Faber 1994). Head-tail length (growth) was 
measured using an IBM compatible computer equipped with digitizing software (Jandell 
Scientific, Corte Madera, CA). 

Long-Term Exposure Studies--Long-term exposure studies were also conducted 
in general accordance with the methods cited in ASTM E1439-91 (ASTM 1991). 
Experiments designed to evaluate hind limb development were conducted for 
approximately 60 d, whereas experiments performed to evaluate effects of toxicant 
exposure on tail resorption were performed for approximately 75 d. Sets of 20 blastula 
stage embryos were placed in 500 mL Pyrex glass bowls containing 0.05 and 0.01 
mg/L copper and 2.5 and 0.5 pg/L pentachlorophenol. These concentrations 
represented 0.5 and 0.1 times the lowest respective EC50 (malformation) from the 
stage-specific sensitivity studies. Dilutions were prepared in FETAX Solution. Two 
separate bowls of 20 embryos were exposed to FETAX solution alone. Treatment and 
control dishes contained a total of 200 mL of solution. The pH of the test solutions 
was maintained between 7.0-8.0. As with the short-term studies, little difference in 
toxicity was noted within this pH range with either compound. However, since future 
test compound toxicity may be affected by pH, modifications have been made recently 
to decrease pH fluctuation during testing. Embryos and larvae were cultured at 24 + 
0.5~ Two separate experiments were performed with each test chemical. 

To minimize stress on the developing larvae, test solutions were only renewed if 
the dissolved oxygen dropped below 6.0 mg/L (Fort et al. 1995). Fresh solutions were 
added to replace evaporation losses. Toxicant concentrations were measured weekly 
throughout the exposure period. Fresh toxicant was spiked into the replacement 
solution. Embryo-larval staging was performed during the renewal process. Tests 
were terminated once the larvae reached stage 60 (approximately 60 d) and stage 66 
(approximately 75 d) for the evaluation of hind limb development and tail resorption 
(metamorphosis) assessment. At the completion of the exposure, larvae were fixed in 
3 % formalin, pH = 7.0, and the gross effects on limb development and tail resorption 
noted. Limb defects assessment was aided by the use of a dissecting microscope. 

Data Analysis--For the stage-specific sensitivity tests, mortality and 
malformation rates for each test concentration were determined, as well as for the 
control treatments. For the definitive tests, probit analysis was used to determine the 
96-h median lethal concentration, median teratogenic concentration, and the respective 
95 % fiducial intervals. A Mortality/Malformation Index (MMI) which has been useful 
in evaluating potential teratogenic hazard (Courchesne and Bantle 1985; Dawson and 
Bantle 1987; Dawson et al. 1989) was also determined. Statistical differences in MMI 
values were determined by the method of Finney (1971). For each definitive test, the 
minimum concentration to inhibit growth (MCIG) was calculated using the t-test for 
grouped observations (P < 0.05). 

For the longer-term exposure studies evaluating effects on limb development the 
type and rate of hind limb malformations of the control and exposed larvae were 
determined (Nieuwkoop and Faber 1994). Statistical comparisons of the control 
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treatment to the exposure concentrations were performed using Durmett's test (P=0.05) 
via Toxstat, ver. 3.3 (University of Wyoming, Laramie, WY). 

For the continuous exposure studies evaluating effects on tail resorption, video 
images were captured using an 8 mm video camera (Foster et al. 1994). A 386/16 
MHZ computer with ZIP IMAGE processing software and High Resolution 
Technologies (HRT) video frame grabber were used to digitize the tail length at 
developmental stages 63-66. A ruler video taped with the larvae was used to correct 
for image distortion and calibrate the length measuring program to ensure accurate 
measurements of the larvae. Tail lengths were measured with HRTIib, an image 
processing/support library for HRT512-8 video frame grabber. Statistical comparisons 
of the control and exposure treatments were performed using the t-test for grouped 
observations, P < 0.05. 

RESULTS 

Control Data 

During the stage-specific exposure experiments, the FETAX Solution control 
mortality and malformation rates, in the 0 d to 4 d tests were 8 of 320 (2.5%) and 12 
of the 312 surviving larvae (4.0%), respectively; in the 4 d to 8 d tests were 5 of 320 
(1.6%) and 11 of the surviving 315 surviving larvae (3.6%); in the 8 d to 12 d tests 
were 3 of 320 (0.3%) and 7 of the remaining 317 (2.3%); and in the 12 d to 16 d 
exposure tests were I of 320 (0.03%) and 5 of the remaining 319 survivors (1.6%). 
The 2,500 mg/L 6-AN control induced mortality rates of 65%, 70%, 75%, and 82.5% 
(N=160) in the 0 d to 4 d, 4 d to 8 d, 8 d to 12 d, and 12 d to 16 d exposure studies. 
The malformation rates in each of the tests with 2,500 mg/L 6-AN were 100%. The 
5.5 mg/L 6-AN control induced mortality rates of 0%, 0%, 2.5%, and 0% (N= 160) in 
the 0 d to 4 d, 4 d to 8 d, 8 d to 12 d, and 12 d to 16 d exposure experiments, 
respectively. The malformation rates were 60%, 62.5%, 55%, and 50%, respectively. 

The FETAX Solution control mortality and malformation rates for the 
continuous exposure experiments designed to monitor limb development were 12 of 
320 (3.8 %) and 10 of the surviving 308 larvae (3.3 %), respectively. Exposure to 
2,500 mg/L and 5.5 mg/L 6-AN induced mortality rates of 100% and 17.5% (N= 160 
for both), respectively. Exposure to 5.5 mg/L 6-AN induced a malformation rate of 
55.3 % (N = 123). Of these malformed larvae, each had defective limb development. 
The FETAX Solution control mortality and malformation rates for the continuous 
exposure treatments designed to monitor tail resorption were 23 of 320 (7.2 %) and 19 
surviving 297 larvae (6.4%), respectively. 

_Stage-Specific X. laevis Assay Results 

LC50 Endpoint--Stage-specific lethal responses in X. laevis exposed to copper 
and pentachlorophenol from each of the respective time periods are presented in Table 
3. The LC50 values for both copper and pentachlorophenol decreased from 
approximately 1.32 mg/L and 0.54 mg/L in the 0 d to 4 d exposure to 0.2 mg/L and 
0.06 mg/L in the 12 d to 16 d exposure period, respectively. A step-wise increasing 
sensitivity to both toxicants was noted with increasing developmental stage. 

EC50 (malformation) Endpoint--Stage-specific embryo-larval malformation 
responses in X. laevis are presented in Table 4. As observed with the lethal response, a 
similar pattern of increasing sensitivity was noted with increasing developmental stage. 
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TABLE 3--Stage-Specific Lethal Response to Copper and Pentachlorophenol Exposure 
in X. laevis. 

LC5~ 
Time Copper Pentachlorophenol 
Period 2 Test 1 Test 2 Test 1 Test 2 

0-4 1.25 1.38 0.52 0.56 
(8-45) (1.20-1.30) (1.35-1.41) (0.50-0.54) (0.55-0.57) 

4-8 1.08 1.15 0.35 0.42 
(45-48.5) (1.02-1.14) (1.10-1.20) (0.33-0.37) (0.39-0.45) 

8-12 0.42 0.65 0.12 0.15 
(48.5-49) (0.40-0.44) (0.60-0.70) (0.08-0.16) (0.13-0.17) 

12-16 0.15 0.24 0.05 0.06 
(49-50.5) (0.10-0.20) (0.22-0.26) (0.02-0.08) (0.04-0.08) 

x Median 96-h lethal effect concentration expressed as mg/L, with 95 % fiducial 
interval in parentheses. 

2 Expressed as d with developmental stage in parenthesis. 

TABLE 4--Stage-Specific Malformation Response to Copper and Pentachlorophenol 
Exposure in X. laevis. 

EC50= 1 
Time Copper Pentachlorophenol 
Period 2 Test 1 Test 2 Test 1 Test 2 

0-4 0.95 0.99 0.07 0.10 
(8-45) (0.90-1.0) (0.98-1.00) (0.05-0.09) (0.09-0.11) 

4-8 0.92 0.89 0.05 0.07 
(45-48.5) (0.90-0.94) (0.87-0.91) (0.03-0.07) (0.05-0.09) 

8-12 0.38 0.42 0.01 0.03 
(48.5-49) (0.35-0.41) (0.40-0.44) (0.008-0.012) (0.01-0.05) 

12-16 0.10 0.15 0.006 0.008 
(49-50.5) (0.08-0.12) (0.12-0.18) (0.005-0.007) (0.007-0.009) 

Median 96-h teratogenic concentration expressed as mg/L, with 95 % fiducial 
interval in parentheses. 

2 Expressed as d with developmental stage in parentheses. 
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The EC50 (malformation) values for both copper and pentachlorophenol decreased 
from approximately 0.97 mg/L and 0.09 mg/L in the 0 d to 4 d exposure period to 
0.13 mg/L and 0.007 mg/L in the 12 d to 16 d exposure period, respectively. 

Mortality/Malformation Index (MMI) Endpoint--Stage-specific changes in the 
MMI values of copper and pentachlorophenol are given in Table 5. For copper, MMI 
changed insignificantly (P > 0.05) through each of the four exposure periods. MMI 
values for copper ranged from 1.11, recorded in test 1 of the 8 d to 12 d exposure, to 
1.60, noted in test 2 of the 12 d to 16 d exposure experiment. A similar trend was 
observed for pentachlorophenol. MMI values for test 1 of the 8 d to 12 d exposure 
were significantly greater (P <0.05) than the other MMI values determined for 
pentachlorophenol. The remaining pentachlorophenol MMI results ranged 
insignificantly (P >0.05) from 5.60 recorded in test 2 of the 0 d to 4 d exposure to 
8.33 calculated for test 1 of the 12 d to 16 d exposure period experiment. 

Growth Inhibition Endpoint--Stage-specific growth inhibiting effects of copper 
and pentachlorophenol increased with each exposure period, and thus developmental 
stage (Table 6). Embryos exposed to copper from 0 d to 4 d demonstrated inhibited 
growth (MCIG) at approximate concentrations of 1.13 mg/L which equated to nearly 
85.6% of the respective LC50 values for this exposure period. Larvae exposed to 
copper from 12 d to 16 d showed growth inhibition at approxilnate concentrations of 
0.048 mg/L which equated to nearly 25.5 % of the respective LC50 values for this 
exposure period. Growth inhibition in embryos exposed to pentachlorophenol from 0 d 
to 4 d was observed at concentrations of approximately 0.17 mg/L which relates to 
nearly 30.8% of the respective LC50 values for this exposure period. However, the 
growth inhibiting effects of pentachlorophenol for the 12 d to 16 d exposure period 
were observed at approximately 0.004 mg/L which equated to nearly 6.3 % of the 
respective LC50 values for this exposure period. 

long-Term Exposure Results 

Limb Development--Copper, but not pentachlorophenol, induced substantial 
malformation of the hind limbs. Eighty-five percent of larvae exposed to 0.05 mg/L 
copper through stage 60 demonstrated severely abnormal hind limb development. Hind 
limb malformations induced by copper were primarily characterized as being reduction 
deficiencies in which the femur developed normally, but remaining distal assemblages 
including the tibia, fibula, and metatarsals failed to develop leaving a stump. Only 
2.5% of the embryos exposed to 0.01 mg/L copper showed this type of deficit and 
developed normally. Defects noted as the result of copper exposure were different 
from hind limb malformations induced by 6-AN, which also caused reduction deficits, 
however in the form of adactyly. 

T_ail Resorption--The effects of 0.01 mg/L and 0.05 mg/L copper on tail 
resorption in X. laevis are presented in Table 7. Based on data collected at 
developmental stages 63 through 66, neither copper concentration inhibited tail 
resorption when compared to the FETAX Solution control [grouped t-test, P < 0.05]. 
This finding was substantiated at the conclusion of the exposure (stage 66). Normally 
metamorphosing X. laevis showed little or no remaining tail at stage 66. However, the 
majority of larvae exposed to 0.5 #g/L pentachlorophenol reaching stage 66 had a 
remaining tail bud (mean length= 1.9 + 0.5 mm) (Table 8). Tail resorption inhibition 
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TABLE 5--Stage-Specific Changes in the X. laevis Mortality/Malformation Index 
(MMI) of Copper and Pentachlorophenol. 

MMI1 
Time C o_Q_Qp_p_~ Pentaehlorophenol 
Period 2 Test 1 Test 2 Test 1 Test 2 

0-4 1.32 1.39 7.43 5.60 
(8-45) 

4-8 1.17 1.29 7.00 6.00 
(45-48.5) 

8-12 1.11 1.55 12.003'4'5 5.00 
(48.5-49) 

12-16 1.50 1.60 8.33 7.50 
(49-50.5) 

Ratio of the respective 96-h LC50 and EC50 (malformation) values. 
2 Expressed as day with developmental stage in parentheses. 
3 Significantly greater than 0-4 d exposure period at P=0.05 (Finney 1971). 
4 Significantly greater than 4-8 d exposure period at P=0.05 (Finney 1971). 
s Significantly greater than 12-16 d exposure period at P=0.05 (Finney 1971). 
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TABLE 6--Stage-Specific Growth Inhibiting Effects of Copper and Pentachlorophenol 
in X. laevis, 

MCIGs 
Time Copper Pentachlorophenol 
Period 2 Test 1 Test 2 Test 1 Test 2 

0-4 1.10 1.15 0.15 0.18 
(8-45) (88.0) (83.3) (29.5) (32.1) 

4-8 0.673 0.673 0.073 0.083 
(45-48.5) (62.3) (58.3) (21.2) (16.7) 

8-12 0.203 ,4 0.253.4 0.0153 ,4 0. 0203 ,4 
(48.5-49) (62.3) (59.5) (21.2) (13.3 ) 

12-16 0.0453,4,5 0.053,4,5 0 . 0 0 3 3 ' 4 . 5  0.0043,4,5 
(49-50.5) (30.2) (20.8) (5.6) (6.7) 

i Mimimum concentration to inhibit growth (P < 0.05) expressed as mg/L and 
percent of 96-h LC50 in parenthesis. 

2 Expressed as day with developmental stage in parentheses. 
3 Significantly less than 0-4 d exposure (t-test [grouped], P < 0.05). 
4 Significantly less than 4-8 d exposure (t-test [grouped], P <0.05). 
5 Significantly less than 8-12 d exposure (t-test [grouped], P < 0.05). 
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TABLE 7--Effect of  Sublethal Concentrations of Copper on Tail Resorption in X. 
laevis. 

Concentration I Developmental Tail 
Stage 2 Length- 3 

Test 1 Test 2 

Control 4 63 43.2 + 2.8 45.6 _ 3.4 
64 12.6 __+ 1.5 15.3 _ 1.8 
65 1.9 + 0.6 2.7 + 0.5 
66 ND ND 

0.05 63 44.5 __+ 3.5 46.3 _ 2.9 
64 15.4 + 2.6 15.6 + 3.1 
65 2.3 _ 1.2 2.5 + 0.8 
66 ND ND 

0.01 63 41.5 + 1.9 43.1 + 5.2 
64 13.6 + 0.8 16.1 + 2.6 
65 3.2 + 1.7 3.1 + 1.5 
66 ND ND 

Expressed as mg/L. Concentrations selected represent 0.5 and 0.1 times the EC50 
value for the most sensitive development stage. 

2 Based on staging from Nieuwkoop and Faber 1994. 
3 Mean length in nun + standard error, N =20. 
4 FETAX Solution. 
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TABLE 8--Effect of Sublethal Concentrations of Pentachlorophenol on Tail Resorption 
in X. laevis. 

Concentration 1 Developmental Tail 
Stage 2 ~ _ 3  

Test 1 Test 2 

Control 4 63 42.8 + 1.7 44.5 • 2.1 
64 15.3 ___ 0.9 17.3 -I- 1.8 
65 0.8 • 0.3 0.4 + 0.4 
66 ND ND 

2.5 63 47.5 ___ 2.55 45.3 + 1.8 
64 38.6 + 1.85 33.5 -I- 1.95 
65 25.2 ___ 3.55 26.3 + 4.15 
66 19.5 + 1.65 19.8 __+ 1.25 

0.5 63 45.3 + 2.8 44.6 Jr 1.8 
64 21.2 + 3.15 26.1 + 2.15 
65 7.2 + 1.15 10.1 _+ 1.85 
66 1.9 + 0.55 2.2 • 1.15 

1 Expressed as/~g/L. Concentrations selected represent 0.5 and 0.1 times the EC50 
value for the most sensitive development stage. 

2 Based on staging from Nieuwkoop and Faber 1994. 
3 Mean length in m m +  standard error, N =20. 
4 FETAX Solution. 
5 Statistically different from control, grouped t-test, P > 0.05. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



FORT AND STOVER ON XENOPUSLAEVIS 199 

was even more dramatic following exposure to 2.5 t~g/L pentachlorophenol with a 
mean remaining tail length of 19.5 + 1.6 nun. 

DISCUSSIONS 

Results from these studies indicated that the toxicity of copper and 
pentachlorophenol is stage specific in X. laevis with the latter stages of early 
development (through stage 50) being more sensitive than the early stages of 
organogenesis (through stage 45). 

Results from the longer-term exposure studies suggested that, in general, 
measurement of adverse effects on limb development and developmental events 
associated with metamorphosis are important in assessing potential hazards to 
amphibian populations. The results presented indicated that copper was capable of 
inducing limb reduction/deficit malformations at low concentrations, whereas low- 
levels of pentachlorophenol inhibited the process of tail resorption during 
metamorphosis. 

Since sensitivity to copper and pentachlorophenol appeared to be dependent on 
developmental stage with sensitivity increasing with each subsequent set of stages, the 
ability to predict the ultimate hazard using short-term tests may be somewhat limiting 
and should be evaluated with the proper perspective. The 0 d to 4 d FETAX 
developmental toxicity test is capable of providing developmental toxicity information 
on processes of organogenesis. However, the ability of the FETAX test to determine 
potential effects on longer-term processes, such as limb development and events 
associated with metamorphosis, have not been thoroughly explored. Preliminary 
attempts to correlate skeletal defects noted in the FETAX test to limb malformations in 
X. laevis have been encouraging. Several compounds in addition to copper have shown 
this general response, including t-retinoic acid, 6-aminonicotinamide, semicarbizide, 
and thiosemicarbizide. The relationship between skeletal abnormalities induced in 4 d 
larvae and limb defects observed later in development is currently being further 
investigated. The correlation between skeletal defects observed in FETAX and limb 
defects reported in mammalian literature is fairly strong (Fort et al. 1988; Fort et al. 
1989; Fort et al. 1991; Fort et al. 1992; Fort et al. 1993; Fort et al. 1995). The ability 
to predict effects on metamorphosis will be more difficult, as no easily accessible 
measurement from 0 d to 4 d has been capable of consistently predicting inhibition of 
the events associated with metamorphosis. Postembryonic physiological and molecular 
biomarkers have been exploited as a means of evaluating the process of metamorphosis, 
including assays for triiodothyronine activation of vitellogenin gene activity by estradiol 
(Rabelo et al. 1994; Kawahara et al. 1989). However, a significant amount of 
attention is now being placed on evaluating any measurable links between early embryo 
development and inhibition of metamorphosis. If successful, these assays, in 
combination with the FETAX test, could effectively provide a short-term prediction of 
potential longer-term effects. 

Similar effects of copper on skeletal and limb development have been observed 
in X. laevis (Luo et al_ 1993 and Bantle et al. in press) and higher vertebrate species 
(Kaye et al. 1976; Rest 1976; Heller et al. 1978; Allen et al. 1982). Stage-specific 
sensitivity of amphibian species to anthropogenic contaminants have also been 
documented by previous investigators (Freda 1986; Berrill et al. 1993; Berrill et al. 
1994). Explanation for differences include differential developmental trajectories, 
selective gene expression, and pharmacodynamic advances in the larvae as the result of 
development. All three explanations may have merit in terms of explaining stage- 
specific responses in X. laevis. Based on the results of the longer-term studies, both 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



200 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

copper and pentachlorophenol could affect biochemical and molecular processes active 
in later stages of development. However, toxicodynamic differences in the processes 
of adsorption, distribution, metabolism, and excretion may also account for stage- 
specific differences in sensitivity. Furthermore, increases in copper toxicity with 
developmental stage may be due to increased absorption into and distribution through 
the organism as the circulatory system becomes more advanced. Since copper is not 
biotransformed it is unlikely that this process is increasing the toxicity of copper. 
Anatomical advances in target organ development may also have played a factor. 
Increases in pentachlorophenol toxicity may be explained by each of the four 
aforementioned disposition processes. However, increased biotransformation capacity 
developed in post-4 d larvae may account for the majority of the increased toxicity with 
developmental stage. Similar responses have been observed with several other 
bioactivated or bioinactivated toxicants (Fort et al. t988; Fort et al. 1989). However, 
the present study only evaluated early embryo development through 16 d of 
development. Sensitivity trends for later development have not yet been studied in X. 
laevis. Thus, it is possible that changes in sensitivity (robustness) may be reversed in 
more advanced developmental stages (i.e., metamorphosis). 

Based on the results from these studies, it may be possible to predict 
mechanisms of toxicant action on limb development and tail resorption. Copper causes 
a reduction deficit which resulted in no formation of the assemblages distal to the 
femur. Since the current model for vertebrate limb development suggests that the 
apical ectodermal ridge (AER) of the limb bud primordia is responsible for progressive 
differentiation in the distal direction (Loomis 1986), copper may be affecting the 
function of the AER. 6-AN, on the contrary, causes adactyly (lack of formation of the 
digits). Because a second pattern forming region, the zone of polarizing activity (ZPA) 
is thought to be responsible for anterior-posterior differentiation of the limbs, it is 
plausible that 6-AN exerts its activity on this region of the developing limb. The limb 
development assay may prove to be a suitable alternative assay for evaluating 
mechanism of action of toxicants affecting limb development. 

Since the process of metamorphosis is so complex, identifying a specific mode 
of action is difficult. Additional studies are currently being performed to evaluate the 
xenoestrogenic activity of pentachlorophenol in X. laevis and how it may alter the 
processes of metamorphosis. However, since pentachlorophenol is considered to be a 
potent uncoupler of oxidative phosphorylation and thus affects bioenergetics, the results 
may be due to compromised energy production during metamorphosis. 

Overall, the results from these studies verified the importance of evaluating 
long-term effects of toxicants on critical developmental processes in amphibians. 
Future studies will be performed to further standardize and validate these testing 
processes so that they can be widely used in ecological hazard assessment. 

ACKNOWLEDGMENTS 

The authors would like to thank Ms. M. Jackson for her technical assistance on 
this project. Gratitude is also expressed to Ms. K. Reedy and Mrs. P. Stover for their 
help in preparing this manuscript. This work was supported in part by a grant (AR5- 
002) from the Oklahoma Center for the Advancement of Science & Tectmology 
(OCAST). 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



FORT AND STOVER ON XENOPUS LAEVIS 201 

REFERENCES 

Allen, T.M., Manoli, A. and LaMont, R.L., "Skeletal Changes Associated with 
Copper Deficiency," Clinical Orthopathy, Vol. 168, 1982, pp 206-210. 

American Society for Testing and Materials, "Standard Guide for Conducting 
the Frog Embryo Teratogenesis Assay - Xenopus (FETAX)," Standard E1439- 
91, American Society for Testing and Materials, Philadelphia, PA, 1991. 

Bantle, J.A., Finch, R.A., Burton, D.T., Fort, D.J., Dawson, D.A., Linder, 
G., Rayburn, J.R., Hull, M., Kumsher-King, M., Gaudet-Hull, A.M., Turley, 
S.D. and Stover, E.L., "FETAX Interlaboratory Validation Study: Phase III 
Testing," Journal of Applied Toxicology, 1996, in press. 

Berrill, M., Bertram, S., McGillivray, L., Kolohon, M., and Pauli, B., 
"Effects of Low Concentrations of Forest-Use Pesticides on Frog Embryos and 
Tadpoles," Environmental Toxicology and Chemistry, Vol. 13, 1994, pp 657- 
664. 

Berrill, M., Bertram, S., Wilson, A. Louis, S., Brigham, D., and Stromberg, 
C., "Lethal and Sublethal Impacts of Pyrethroid Insectides on Amphibian 
Embryos and Tadpoles," Environmental Toxicology and Chemistry, Vol. 12, 
1993, pp 525-539. 

Courchesne, C.L. and Bantle, J.A., "Analysis of the Activity of DNA, RNA, 
and Protein Synthesis Inhibitors on Xenopus Embryo Development," 
Teratogenesis, Carcinogenesis, and Mutagenesis, Vol. 5, 1985, pp 177-193. 

Dawson, D.A. and Bantle, J.A., "Development of a Reconstituted Water 
Medium and Initial Validation of FETAX," Journal of Applied Toxicology, 
Vol. 7, 1987, pp 237-244. 

Dawson, D.A., Fort, D.J., Newell, D.L., and Bantle, J.A., Developmental 
Toxicity Testing with FETAX: Evaluation of Five Validation Compounds," 
Drug and Chemical Toxicology, Vol. 9, 1989, pp 377-388. 

Finney D.J., Statistical Methods in Biological Assay, 2nd Ed., Griffin, London, 
1971. 

Fort, D.J., Dawson, D.A., and Bantle, J.A., "Development of a Metabolic 
Activation System for the Frog Embryo Teratogenesis Assay - Xenopus 
(FETAX)," Teratogenesis, Carcinogenesis, and Mutagenesis, Vol. 8, 1988, pp 
251-263. 

Fort, D.J., James, B.L., and Bantle, J.A., "Evaluation of the Developmental 
Toxicity of Five Compounds with the Frog Embryo Teratogenesis Assay: 
Xenopus (FETAX)," Journal of Applied Toxicology, Vol. 9, 1989, pp 377-388. 

Fort, D.J., Rayburn, J.R., and Bantle, J.A., "Evaluation of Acetaminophen- 
Induced Developmental Toxicity using FETAX," Drug and Chemical 
Toxicology, Vol. 15, 1992, pp 329-350. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



202 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Fort, D.J., Rayburn, J.R., DeYoung, D.J., and Bantle, J.A., "Assessing the 
Efficacy of an Aroclor 1254-Induced Exogenous Metabolic Activation System 
for FETAX," Drug and Chemical Toxicology, Vol. 14, 1991, pp 143-160. 

Fort, D.J., Stover, E.L.and Norton, D., "Ecological Hazard Assessment of 
Aqueous Soil Extracts using FETAX," Journal of Applied Toxicology, Vol. 15, 
1995, pp 183-191. 

Fort, D.J., Stover, E.L., Rayburn, J.R., Hull, M.A., and Bantle, J.A., 
"Evaluation of the Developmental Toxicity of Trichloroethylene and 
Detoxification Metabolites using Xenopus," Teratogenesis, Carcinogenesis, and 
Mutagenesis, Vol. 13, 1993, pp 35-45. 

Foster, S.C., Burks, S.L., Fort, D.J., Stover, E.L., and Matlock, M.D., 
"Development and Evaluation of a Nondestructive measure of Fish Growth for 
Sublethal Toxicity Assessment, Bulletin of Environmental Contamination and 
Toxicology, Vol. 53, 1994, pp 85-90. 

Freda, J., "The Influence of Acidic Pond Water on Amphibians: A Review," 
Water, Air, and Soil Pollution, Vol. 30, 1986, pp 439-450. 

Heller, R.M., Kirchner, S.G., O'Neill, J.A., Hough, A.J., Howard, L., 
Kramer, S.S., and Green, H.L., "Skeletal Changes of Copper Deficiency in 
Infants Receiving Prolonged Total Parenteral Nutrition," Journal of Pediatrics, 
Vol. 92, 1978, pp 947-949. 

Kawahara, A., Kohora, S., and Amano, M., "Thyroid Hormone Directly 
Induces Hepatocyte Competence for Estrogen-Dependent Vitellogenin Synthesis 
During Metamorphosis of Xenopus laevis, Developmental Biology, Vol. 132, 
1989, pp 73-80. 

Kaye, C.I., Fisher, D.E., and Esterly, N.B., "Cutis laxa, Skeletal Anomalies, 
and Ambiguous Genitalia," American Journal of Diseases of Children, Vol. 
127, 1974, pp 115-117. 

Loomis, W.H., Developmental Biology, MacMillan, New York, 1986. 

Luo, S.Q., Plowman, M.C., Hopfer, S.M., and Sunderman, F.W., 
"Embryotoxicity and Teratogenicity of Cu2+ and Zn2 + for Xenopus laevis, 
Assayed by the FETAX Procedure," Annals of Clinical and Laboratory Science, 
Vol. 23, 1993, pp 11t-120. 

Nieuwkoop, P.D. and Faber, J., Normal Table of Xenopus Laevis (Daudin), 
Garland Publishing, Inc., New York, 1994. 

Rabelo, E.M., Baker, B.S., and Tata, J.R., "Interplay Between Thyroid 
Hormone and Estrogen in Modulating Expression of their Receptor and and 
Vitellogenin Genes During Xenopus Metamorphosis." Mechanisms of 
Development, Vol. 45, 1994, pp 49-57. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



FORT AND STOVER ON XENOPUS LAEVIS 203 

Rest, J.R., "The Histological Effects of Copper and Zinc on Chick Embryo 
Skeletal Tissue in Organ Culture," British Journal of Nutrition, Vol. 36, 1976, 
pp 243-254. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



Richard L. Dickerson l' Julie A. Hoover 2, Margie M. Peden-Adams 2, Whitney E. 
Mashburn ~, Catherine A. Allen 3, and Diane S. Henshel 4 

ALTERATIONS IN CHICKEN EMBRYONIC DEVELOPMENT AS A 
SENSITIVE INDICATOR OF 2,3,7,8-TETRACHLORODIBENZO-P-DIOXIN 
EXPOSURE 

REFERENCE: Dickerson, R. L., Hoover, J. A., Peden-Adams, M. M., Mashburn, W. E., 
Allen, C. A., and Henshel, D. S., "Alterations in Chicken Embryonic Development as a 
Sensitive Indicator of 2,3,7,8-Tetrachlorodibenzo-P-Dioxin Exposure," Environmental 
Toxicology and Risk Assessment: Biomarkers and Risk Assessment--Fifth Volume, ASTM 
STP 1306, David A. Bengtson and Diane S. Henshel, Eds., American Society for Testing and 
Materials, 1996. 

ABSTRACT:  2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) exposure may be 
detected by chemical analysis or by its biological effects on in vivo or in vitro systems. 
Chemical analysis is expensive and does not give indications of  the bioavailability of  
the material to an organism. Dosing an in vitro system with an extract obtained from an 
environmental sample has numerous advantages. This method is relatively cheap, quite 
sensitive, and can be used to generate quantitative dose response relationships as well 
as quantitative structure activity relationships. One method that is currently being 
used in our laboratories and others is a whole embryo model which consists of  fertile 
hen's eggs injected on day 0. The eggs are incubated for either 48 or 96 hours and the 
embryos removed and examined for malformations. In addition, alterations in the 
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vitelline vasculature are examined in the 96 hour embryos. This model is able to detect 
significant 2,3,7,8-TCDD effects at levels of 2 - 20 pg/g egg (ppt), depending on the 
endpoint. The results of this study were compared to results of the H4IIE assay based 
on EROD induction. Although the H4IIE assay is more sensitive, the egg injection 
method provides more data on effects. 

KEYWORDS" developmental effects, 2,3,7,8-TCDD, dioxin, Times Beach, bird, in 
ovo exposure, H4IIE. 

2,3,7,8-TCDD or "dioxin' is the most toxic member of a class of compounds 
referred to as halogenated aromatic hydrocarbons (HAHs). Other members of this 
class of compounds include the polychlorinated biphenyls (PCBs), the polybrominated 
biphenyls (PBBs), the polychlorinated diphenyl ethers (PCDEs) and polychlorinated 
dibenzofurans (PCDFs). The PCBs, PBBs, and PCDEs were manufactured 
commercially while the PCDDs and PCDFs are formed in undesirable side reactions 
during the production of chlorinated phenolic compounds and during combustion of 
phenyl compounds in the presence of halogens. Currently, the major sources of 
2,3,7,8-TCDD in the environment are incineration of municipal and industrial waste 
and kraft pulp and paper production (Gough 1991). However, 2,3,7,8-TCDD has also 
entered the environment through the spraying of herbicides contaminated with 2,3,7,8- 
TCDD (Agents Orange, Purple and White, 2,4,5-T), industrial plant mishaps (Seveso, 
Italy), and inappropriate use of waste oil (Times Beach, Missouri). 

Exposure of vertebrates to 2,3,7,8-TCDD results in a wide spectrum of toxic 
and biochemical effects. These include a progressive loss of weight referred to as the 
wasting syndrome, dermal effects such as alopecia and chloracne, cancer, endocrine 
effects, thymic involution and other immunotoxic effects, enzyme induction and 
teratogenesis (Poland and Knutson 1982, Malaby et al. 1991). Most of the research 
into the effects of 2,3,7,8-TCDD has been confined to rodent models and in vitro 

systems. However, limited research indicates that piscivorous birds consuming fish 
contaminated with 2,3,7,8-TCDD and related compounds have reduced reproductive 
success and the offspring, when present, demonstrate a number of malformations 
including crossed beaks and brain asymmetry (Elliott et al. 1989, Hart et al. 1991, 
Henshel et al. 1995, Hoffman et al. 1996). 

The effects of 2,3,7,8-TCDD on development in avian species include cardiac 
malformations, edema of the pericardium and rump, beak malformations, and skeletal 
abnormalities (Cheung et al. 1981, Henshel et al. 1993, Peterson et al. 1993, White et al. 
1993, Hoffman et al. 1996). This chemical and other dioxins may also cause edema, 
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decreased body weight, and increased liver weight when fed to young chicks (Cecil et 
al. 1974, Nosek et al 1993, Hoffman et al. 1996). 

Embryonic day 2 (E2) abnormalities caused by 2,3,7,8-TCDD exposure include 
embryo mortality, asymmetrical somites, abnormal curvature of the heart, and delayed 
brain and head curvature. 2,3,7,8-TCDD exposure results in delayed and abnormal tail 
and limb bud development, abnormal visceral arches, and decreased vitelline vasculature 
development at embryonic day 3 (E3) (Henshel et al. 1993). At embryonic day 4 (E4), 
embryos exposed to 2,3,7,8-TCDD exhibited delays in developmental indicators such 
as abnormal limbs and visceral arches, a small or missing maxillary process, a high 
length to width ratio of the limb buds and a decreased vitelline vasculature development 
(Henshel et al. 1993). 

The presence of 2,3,7,8-TCDD and similar HAHs at uncontrolled waste sites 
may be detected by chemical analysis of environmental samples, the observation of 
dioxin-induced effects in wildlife inhabiting the site or by administering extracts of 
environmental samples to an in vivo or in vitro system. Chemical analysis, although 
sensitive and highly specific, is expensive and does not give indications of the 
bioavailability of the material to an organism. Likewise, measuring dioxin-induced 
effects in wildlife gives direct information on bioavailability and risk; however, 
insufficient specimens may be present for meaningful statistics. Dosing an in vitro 

system with an extract obtained from an environmental sample has numerous 
advantages. This method is relatively cheap, quite sensitive, and can be used to 
generate quantitative dose response relationships as well as quantitative structure 
activity relationships. One method that is currently being used in our laboratory and 
others is to dose the H4IIE rat hepatoma cell line or the MCF-7 breast cancer cell line 
and measure CYP 1A l induction (both), estrogen receptor binding activity (MCF-7) 
and proliferation (MCF-7). These methods can detect 2,3,7,8-TCDD concentrations 

of approximately 10 -13 M (0.03 pg/g). In this study we compare the use of 
transformed cell lines to a whole embryo system to determine which method gives a 
greater sensitivity for detection of 2,3,7,8-TCDD in environmental samples. This 
whole embryo model consists of fertile hen's eggs injected on day 0. The eggs are 
incubated for either 48 or 96 hours and the embryos removed and examined for 
malformations. In addition, alterations in the vitelline vasculature are examined. The 
results for injecting pure 2,3,7,8-TCDD into the eggs as compared to dosing the cell 
lines indicate the two methods differ by an order of magnitude in sensitivity. 

EXPERIMENTAL METHODS 

Chemicals  and Biochemicals  
The 2,3,7,8-TCDD used in this study was obtained from Cambridge Isotopes 

(Boston, MA). The olive oil (Bertolli TM) used as a vehicle was extra-light and obtained 
from a local grocery store. It was checked for the presence oforganochlorine and 
organophosphate contamination before use. 7-ethoxyresorufin and 7-pentoxyresorufin 
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were purchased from Molecular Probes (Eugene, OR). The remainder of  the chemicals 
and expendables were obtained from Sigma (St. Louis, MO) as were all of  the media 
requirements for cell cultures, with the exception of  the non-essential amino acid 
solution which was purchased from Biowhitaker (Walkersville, MD). 

Egg Source and Storage 
White Leghorn (Gallus domesticus) eggs from the Clemson University Poultry 

Center were used. The eggs were stored at 10~ until used in the study and no eggs 
were stored for more than 14 days. 

Egg Injection and Incubation 
Three hundred White Leghorn eggs were randomly sorted into six treatment 

groups (50 eggs per group). The eggs were labeled as to treatment group and number, 
weighed to the nearest 0.01 gram, and washed with Betadine TM. The average weight of  
the eggs was 60 _+ 1 gram and this was used to fix the injection volume. Each egg was 
candled to locate the air sac and its boundary was marked on the egg shell in pencil. 
The egg tops were wiped with 70% ethanol and a Dremel TM tool equipped with a 1/16" 
burr was used to perforate the shell inside of  the air sac line. A sterile Hamilton 

syringe was used to inject six p.1 of  either 0, 20 pg/ml, 200 pg/ml, 2 ng/ml, 20 ng/ml, or 
200 ng/ml TCDD in olive oil. The injection hole was sealed with melted paraffin. 
Following injection, the eggs were placed in egg flats, incubated at 100~ at 60% 
relative humidity, and rotated every two hours. The incubator, fabricated entirely of  
stainless steel at Clemson University for 2,3,7,8-TCDD work, was equipped with high 
and low temperature alarms and maintained the set temperature to within 0.5 ~ 

Egg Analysis and Hatchling Treatment 
Ten eggs per treatment were removed at 48 hours and at 96 hours. On days 5, 

9, 14, and 18, the 30 remaining eggs per group were candled to determine viability. 
Those eggs determined to be non-viable were opened and the embryo placed in 
phosphate buffered formaldehyde (pH 7.5) for later analysis of  staging and 
developmental abnormalities. On the 18th day of  incubation, the surviving eggs were 
placed in hatching baskets in the hatchery at 99~ and 60% humidity until hatching or 
the end o f  24 days. All unhatched eggs were preserved in 10% buffered formalin for 
later embryological study and staging. Hatchlings were raised in the brooder and fed 
Purina Starter TM for 14 days. The hatchlings were sacrificed on posthatching day 14 for 
biochemical analysis. 

Analysis of 48 Hour Embryos 
Ten eggs were used for E2 analysis. The embryos were removed and placed in 

10% phosphate buffered formalin for later analysis. For analysis, the embryos were 
placed in glass petri dishes containing phosphate buffered saline and examined with a 
Wild M8 stereomicroscope equipped with a Leitz camera. Heart morphology, body 
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curvature, head fold, and somites were classified as abnormal or normal compared to 
the overall stage. The overall staging of  the 48 hour embryos was based on the number 
of  somites present according to the methods of  Hamburger and Hamilton (1951). 

Analysis of 96 Hour Embryos 
Five eggs were used for E4 analysis. The egg shell was carefully removed from 

the air sac area. Egg white was removed and more egg shell was dissected away. This 
process was continued until the entire vitelline vasculature could be visualized. The 
vasculature was photographed using a Nikon 9009 camera with a Nikkor 60 mm macro 
lens and Kodak Tmax TM 100 film. The embryo was removed, placed in 10% phosphate 
buffered saline, and stored at room temperature for later analysis. For analysis, the 
embryos were examined using a camera-equipped stereomicroscope. The visceral 
arches, allantois, heart, limb buds, and curvature were examined and classified as 
normal or abnormal according to stage. The eyes were also examined and measured. 
The embryos were staged using the curvature primarily or the stage of  the most recent 
consistent indicators if the curvature was grossly delayed (Hamburger and Hamilton 
1951). The photographs of  the vitelline vasculature were analyzed for vascular shape, 
size, and condition and for rating vasculature parameters such as vessel kinking, 
vascular ring size, ring periphery hemolysis, and vasculature hemisphere fusion. The 
parameters measured were recorded as normal, abnormal, or grossly abnormal. 

Biochemical Analysis 
Fourteen-day-old hatchlings were weighed and examined for gross exterual 

abnormalities. The hatchlings were anesthetized with a saturated CO2 atmosphere until 
unconscious. Blood was then collected by cardiac puncture until death occurred. The 
blood was collected into heparinized and non-heparinized tubes for hemagglutination 
and hormone analysis, respectively ( Hoover 1994, Peden 1996, Alonso 1996). The 
thymus and spleen were collected and stored in RPMI-1640 for CD4/CD8 ratios and 
T/B cell proliferation, respectively ( Hoover 1994, Peden 1996). It was more feasible 
to look at B cell function from the spleen because of  the large amounts of  tissues to be 
processed; therefore, the bursa was not harvested. The livers were also collected from 
chicks of  each group and stored at -80~ until CYPIA 1/2 and CYPIIB 1/2 analysis 
could be performed as described below. Liver microsomes were prepared as described 
by Gard (1995). Ethoxyresorufin-O-deethylase (EROD) and pentoxyresorufin-O- 
dealkylase (PROD) assays were performed on the microsomes. Activity was 
determined by the methods of  Prough et al. (1978) and Burke et al. (1985) respectively, 
which were modified for use in a 96-well fluorometric plate reader as reported by Gard 
(1995). Slight species specific modifications were made. Microsomes were diluted 20 
fold for both EROD and PROD analysis and samples were run in triplicate. The final 
concentrations ([FC]) of  7- ethoxyresorufin and 7-pentoxyresorufin were 4 x 10 .6 and 
2 x 104, respectively. The final well volume was 180 gl (20 ~tl diluted microsome 

sample, 25 gl substrate, 125 gl Buffer B (0.1M Tris buffer + 1.6 mg/ml BSA: 800 mg 
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BSA, 500 ml Buffer A), and 10 gl NADPH or Buffer A). NADPH (0.1M) was used 

to initiate the reaction. Blanks were prepared with Buffer A (0. IM Tris buffer: 11.26g 
Tris HCL, 3.51g Tris Base, 1L ddH20, pH 7.8) instead of  NADPH. Fluorescence was 
read using a Perkin-Elmer LS 50 Luminescence Spectrometer that read each plate five 
times to obtain a kinetic determination of  the reaction rate. The excitation wavelength 
was 530 nm and the emission wavelength was 585 nm. Protein concentration was 
determined using the bicinchoninic acid (BCA) technique of  Smith et al. (1985), 

modified for use with a 96-well plate reader. The total well volume was 210 gl (10 I-tl 

diluted microsome sample and 200 gl BCA solution; 50:1 / V:V / BCA : Copper (II) 

Sulfate Pentahydrate). Enzyme activities were expressed as picomoles of  substrate 
dealkylated per mg protein per minute. 

Cell Culture and Dosing 
The rat hepatoma cell line H4IIE was obtained from American Type Culture 

Collection. The H4IIE cells were maintained in 75 cm 2 flasks in Dulbecco's Modified 
Essential Medium supplemented with 10% fetal calf serum, penicillin - streptomycin 
mixture, non-essential amino acids (NEAA), and sodium bicarbonate as reported in 
Mashburn (1995). The cells were incubated to 90% of  confluence in an incubator kept 
at 100% relative humidity, 5% CO2 and 37~ The cells were then subcultured to 
additional flasks by the addition of  trypsin-EDTA to remove the monolayer of  cells 
and resuspended in fresh media. 

The cells were exposed to 2,3,7,8-TCDD in 48-well plates. The wells each 
contained 1,000 cells and were allowed to grow 48 hours prior to dosing. The 
concentrations of  2,3,7,8-TCDD used were from 10 12 molar (M) to I0 8 molar (M) 
and three wells were used per concentration. The plates containing the H4IIE cells 
were incubated for 48 hours. At the end of  the incubation period, the medium was 
removed from the plates containing the H4IIE cells and the plates were frozen at -80~ 
until EROD analysis could be performed. This analysis was performed using a 
modification of  the assay described above for the liver and kidney microsomes as 
reported in Mashburn (1995). EROD [FC] = 1.7 x 104 M and a 48-well flat bottom 
cell culture plate was used. 

RESULTS AND DISCUSSION 

Table 1 lists mortality by dose group at each of  the candling intervals and at 
hatch. The slightly lower survival of  the control group may be because they were the 
first group injected. The majority of  the embryonic deaths occurred prior to the 
embryonic day 14 candling. In general, these data show a dose-dependent increase in 
mortality. Figure 1 shows the mortality as a function of  embryonic staging. For this 
portion of  the study, all embryos that had an injection site near the blastocyst were 
excluded. Note that only those stages at which mortality occurred are listed on the 
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X-axis. Mortality appeared to cluster either early in embryonic development or just 
prior to hatch. Approximately 60% of the mortality occurred within 6 days of 
incubation (stage 28 or less). The second peak in mortality occurred between days 19 
and 21 of incubation (stage 45). This peak accounted for approximately 20% of the 
overall embryonic mortality. Analysis of the data by treatment group shows that in 
the controls both mortality peaks were of similar size whereas with treatment the first 
mortality peak increased in number with increasing 2,3,7,8-TCDD dose. The mortality 
rate for the controls was relatively high. We believe this may have been due to egg 
storage prior to incubation longer than one week. Nonetheless, it is clear that embryo 
mortality is significantly increased at 200 ppt, 2 ppb (2000 ppt), and 20 ppb (20,000 
ppt) TCDD. 

Overall staging was determined as per Hamburger and Hamilton (1951), and 48 
and 96 hour embryos were specifically staged as described above. Note that the staging 
of the day 2 embryos was based on the number of somites counted on a stereo 
microscope as described by Hamburger and Hamilton (1951). Because the staging 
compromised a range of 3 somites between integral stage numbers, some day 2 
embryos received a non-integral stage number. The results of this analysis are shown 
in Figure 2. The average stage number decreased with increasing concentrations of 
2,3,7,8-TCDD. In addition, the range between minimtma and maximum stage at any 
given 2,3,7,8-TCDD concentration was increased compared to control values. 

TABLE 1--Mortality (%) following 2.3,7,8-TCDD iniection into chicken eggs 

TCDD Embryonic Embryonic Embryonic Embryonic Day of 
Concentration Day 5 Day 9 Day 14 Day 18 Hatch 

0 ppt 3.3 36.7 40.0 43.3 63.3 
2 ppt 6.7 10.0 20.0 23.3 53.3 

20 ppt 10.0 26.7 36.7 36.7 46.7 
200 ppt 6.7 36.7 63.3* 66.7* 93.3* 

2 ppb 6.7 73.3* 100.0" 100.0" 100.0" 
20 ppb 3.3 30 96.7* 96.7* 100.0" 

* significant at p < 0.05, n=30 eggs for each group, 100%=30 eggs 
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FIGURE l--Mortality as a function of embryo staging 

Table 2 contains the data from the analysis of day 4 embryo staging. The 
staging of day 4 embryos was based on the degree of body curvature of the embryos 
and are listed as mean + SEM. Note that the embryos receiving intermediate doses of 
2,3,7,8-TCDD (20 ppt and 200 ppt) were developmentally younger, on the average 
than those receiving no, low or high doses of this compound. Moreover, the range of 
observed stages was also greatest for those embryos receiving the intermediate doses of 
2.3,7,8-TCDD (20, 200 ppt and 2 ppb) as compared to those embryos receiving no, 
low or high doses of 2,3,7,8-TCDD; however, this was not found to be significantly 
different. 

Treatment with 2,3,7,8-TCDD also resulted in changes in the vitelline 
vasculature of the day 4 embryos. These data are listed in Table 3. These changes 
were categorized as severe kinking, hemolysis and qualitative increases in the density 
of the vasculature. At dose levels below 20 ppt, peripheral ring vasculature hemolysis 
was not evident but showed a dose-dependent increase at the higher concentrations of 
2,3,7,8-TCDD. Severe kinking of the vasculature was evident at the lowest treatment 
level and showed a dose-dependent increase. The density of the vasculature was 
markedly increased at all 2,3,7,8-TCDD concentrations, but this change was not dose- 
dependent. 
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FIGURE 2--Embryonic day 2 staging 

In the day 4 embryos morphological abnormalities were observed. These 
included heart malformations, alterations from normal body curvature, and 
abnormalities in the visceral arches. The rate of  occurrence of  these abnormalities as a 
function of  2,3,7,8-TCDD exposure is listed in Table 4. Heart malformations began to 
appear at doses of  20 ppt and showed a dose-dependent increase. In these embryos, 
the hearts may have been abnormally thin (underdeveloped) or not folded properly. 
The control embryos had an incidence rate of  abnormal body twist of  approximately 
10% and this rate was found to increase with increasing 2,3,7,8-TCDD exposure. In 
addition, a dose-dependent increase in visceral arch abnormalities was found. No 
significant increase was observed in eye abnormalities as compared to control embryos. 
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TABLE 2-- Embryonic day 4 staging 

TCDD Concentration Average Smge Rmage 

0 ppt 20.889 • 2.111 20-22 
2 ppt 20.556 • 1.444 19-22 

20 ppt 19.778 • 2.000 16-23 
200 ppt 19.667 • 2.000 16-22 

2 ppb 20.333 • 2.000 18-22 
20 ppb 21.500 • 1.667 21-23 

* not significant at p < 0.05, n -  10 for all groups 

Rump edema, a common finding in 2,3,7,8-TCDD exposed avian species, 
increased in a dose-dependent manner in stage 40 to 45 embryos. In addition, a dose 
dependent increase in beak malformation and total abnormalities were observed and 
these are listed in Table 5. Neither the 2 nor the 20 ppb treatment groups survived to 
this stage of  development. Numerous other abnormalities were observed but did not 
show a dose-dependency. These, however, were included in the total abnormalities. 
Neck edema, alterations in beak position, head shape and position, curved spine, 
enlarged hatch muscle, external intestines and backward bent legs were among the 
abnomlalities observed. 

TABLE 3--2;3,7;8-TCDD-induced changes in E4 vasculature 

TCDD Severe Kinking Hemolysis 
Concentration (Percent) (Percent) 

0 ppt 0 
2 ppt 18 

20 ppt 0 
200 ppt 35 

2 ppb 70* 
20 ppb 70* 

* significam at p < 0.05, n=10 for all groups 

Dense Vasculature 
(Percent) 

0 18 
0 80* 
0 68* 

50* 70* 
70* 100" 
90* 90* 
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TABLE 4--Morphological abnormalities in E4 embryos 

TCDD 
Concentration 

Heart Abnormalities in Abnormalities in 
Malformations (%) Body Twist (%) Visceral Arches 

(%) 
0 ppt 0 10 0 
2 ppt 0 20 20 

20 ppt 20 20 30 
200 ppt 11 45* 35* 

2 ppb 32* 22 90* 
20 ppb 23 35* 80* 

* significant at p < 0.05, n=10 for all groups 

A dose-dependent increase in EROD and PROD activity was present in the 
hatchlings euthanized 14 days after hatch and this is shown in Figure 3. It is not clear 
whether the PROD activity is the result of cytochrome 2B 1/2 activity or due to 
substrate cross-reactivity of the cytochrome P450 1A1/2 gene products in this species. 
The increases in activity seen were significant at the p< 0.01 level for all 2,3,7,8-TCDD 
exposure levels as compared to controls. 

Figure 4 shows the dose-response induction of EROD activity by 2,3,7,8- 
TCDD in the H4IIE cell line. Note that the ECs0 for induction is approximately 
10 ~2 M and this corresponds to approximately 0.3 ppt. In contrast, the ECs0 for 
EROD induction in the chicken embryo liver is approximately 2 ppt, almost an order 
of magnitude higher. 

TABLE 5--Abnormalities observed in embryos near hatching 

TCDD n Rump Beak Any 
Concentration Edema (%) Malformation Abnormality (%) 

(%) 
0 ppt 7 0 14 55 
2 ppt 9 23 45* 88* 

20 ppt 3 66* 66* 100" 
200 ppt 8 40* 50* 100" 

* significant at p < 0.05 
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Figure 3--EROD and PROD induction in hatchlings. 

Figure 4 --EROD induction in the H4IIE cell line. 
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CONCLUSIONS 

EROD induction in the H4IIE rat hepatoma cell line is a more sensitive 
indicator of 2,3,7,8-TCDD exposure than most of the endpoints measured in the 
chicken embryo. The most sensitive endpoints in the early chicken embryo are: the 
range of developmental stages (E2 embryos); vitelline vasculature; and visceral arch 
abnormalities (E4 embryos). The egg injection model, therefore, offers significant 
advantages as a tool for ecological risk assessments and other effects assessments. 
First, although EROD induction in a cell line can be considered a biomarker of 
exposure, it does not provide a measure of effect in an intact or developing organism. 
Second, the use of the chicken egg injection model allows for the determination of what 
population effects may be produced by exposure to either soil extracts or extracts 
prepared from food sources. Third, the egg injection model requires approximately 
equal equipment investment but provides more useful information. 

In addition, the following specific conclusions may be drawn from this study. 
First, E2 embryos were generally staged younger with increased concentrations of 
2,3,7,8-TCDD and the width of the range between minimum and maximum stage was 
more variable. Also, the most dose-dependent E2 abnormalities were in visceral arches, 
the heart, and body twist of the embryos. 

A variation in staging was seen with increasing 2,3,7,8-TCDD dose; however, 
the dose response curve was found to be "U" shaped. In this age of embryos, the most 
dose-dependent E4 abnormality was an alteration in visceral arches. For the older 
embryos, dose-related near-hatch abnormalities included rump edema and beak 
malformations. The number of embryos containing abnormalities increased with 
2,3,7,8-TCDD dose. After hatching, no weight difference between 2,3,7,8-TCDD 
groups was observed for day 0 or day 14 chicks. However, both EROD and PROD 
were induced in a TCDD dose responsive manner in the chicken embryo liver. 

This research was supported by grants from the NIEHS and the US F&WS. 
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AN ARGUMENT FOR THE CHICKEN EMBRYO AS A MODEL FOR THE DEVELOPMENTAL 
TOXICOLOGICAL EFFECTS OF THE POLYHALOGENATED AROMATIC HYDROCARBONS 
(PHAHS) 
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ABSTRACT: The choice of an animal model is ultimately crucial to 
toxicological testing. If one does not use the appropriate model for 
the chemical and endpoint being studied, then the test results may not 
really provide the appropriate toxicological information. There are 
three basic types of animal models: sentinel models, screening models, 
and mechanistic models. Each of these models has specific needs and 
requirements, some of which overlap, some of which are distinctly 
different. Therefore, some animal models are more appropriate for 
evaluating the effects of some chemicals than are other animal models. 
This article will present the argument that the chicken embryo is 
especially appropriate as an animal model for studying the mechanism of 
the developmental toxicological effects of the polyhalogenated aromatic 
hydrocarbons (PHAHs). 

The PHAHs are a group of toxicologically related compounds 
including, in part, the polychlorinated dibenzodioxins, dibenzofurans 
and biphenyls. The chicken (Gallus gallus) embryo is relatively 
sensitive to the toxicological effects of the PHAHs being approximately 
two orders of magnitude more sensitive than the mature bird. The 
chicken embryo has been used to demonstrate general toxicological 
effects (i.e. the LDS0), immunotoxicity, cardiovascular toxlcity, 
teratogenicity, hepatotoxicity and neurotoxicity. Many of these 
effects, or analogous effects, have also been observed in mammals and 
fish. Thus, most animals appear to respond to the PHAHs with a similar 
toxicological profile, indicating that many of the biomarkers used for 
the PHAHs are valid across a number of species, including the chicken. 
Furthermore, the chicken embryo is relatively inexpensive to use for 
toxicity testing. In addition, all effects detected are due to direct 
effects on the embryo and are not complicated by maternal interactions. 
In short, for sensitivity, ease of use, cost and applicability of 
results to other animals, the chicken embryo is an excellent animal 
model for evaluation of the mechanism underlying the developmental 
toxicological effects of the PHAHs. 

KEYWORDS: TCDD, PCB, bird, development, teratogen, heart, brain, embryo 
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Animal Models 
A major focus in toxicology today is biomarkers, the uses of 

biomarkers and when and how one uses biomarkers in risk assessment. But 
before choosing a biomarker to use, it is important to realize that each 
biomarker may be specific to the animal in which it is measured. Thus 
the choice of an animal model is just as important as the choice of the 
biomarker that is used. Although there has been much discussion in the 
literature about animal models for toxicity, there seems to be some 
differences of opinion about which animals are appropriate models for 
toxicological assessment. Some of these apparent contradictions stem 
from the fact that authors may have different intended meanings when 
they use the term "animal model" (Hill and Hoffman 1984, Hood 1990). 
There are three basic types of animal models which are used within 
toxicology, and especially environmental toxicology: Sentinel species, 
animals used for toxicological screening, and animals used to study the 
mechanism of toxlc action. 

A sentinel model species is an animal which warns us of potential 
toxic effects. These species may be used purposely, as warning systems 
in a potentially dangerous situation; or they may be the animals in 
whlch a toxic effect is first noticed. A sentinel model species needs 
to be as sensitive or more sensitive than the most sensitive individual 
in the population or species of interest. For ecotoxicology, a sentinel 
species must be equally or more sensitive than the other species in the 
ecosystem of concern. If the animal model is not sufficiently sensitive, 
then it will not provide a sufficient warning when contaminants have 
reached potentially toxic levels. The expectation is, of course, that 
the mechanism of toxic action is similar in both the animal model and 
the population of interest. However, this is not absolutely essential. 
The classic example of the use of a sentinel animal model entailed the 
use of canaries in underground mines as early warning systems for 
changes in air quality, generally due to the accumulation of the 
odorless carbon monoxide ~. More recent examples of this include the 
Great Lakes Bald Eagle and Herring Gull which, in the 1950s and 1960s, 
began having problems reproducing successfully due (at least in large 
part) to the levels of organochlorines accumulating in the aquatic food 
chain (Colburn, 1991; Gilbertson, 1988; Mineau et al, 1984). More 
recent evidence on a large number of animals have indicated that these 
chemlcals do indeed affect the endocrine and reproductive systems, and 
that these chemicals in the Great Lakes food chain may now have 
affected a large number of animals, including humans (Colburn et al, 
1993). 

Chickens have also been valuable as a sentinel species. In the 
late 1950s chicks consumed feed contaminated with a "toxic fatty 
material" which turned out to contain polychlorinated dibenzodioxins 
(PCDDs), the most potent of which was 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (TCDD). These chicks developed what became known as "Chick Edema 
Disease", a group of syndromes which included decreased weight gain, 
problems with gait, a general "unthriftiness" in appearance, and sudden 
death. Upon necropsy these birds were found to have pericardial, 
subcutaneous and/or abdominal edema, adrenal hemorrhage and kidney 
degeneration (Schmittle et al, 1958; Sanger et al, 1958). This 
"disease", once the puzzle of the causative factor was solved, was one 
of the first indications scientists had that PCDDs and the related 
polychlorinated biphenyls (PCBs) were highly toxic. 

Traditional toxicological testing utilizes screenina models. 
These animals are used to evaluate the likelihood that a given chemical 

~Methane gas also accumulates in mines, and while it is less toxic than 
carbon monoxide, it is explosive and therefore dangerous. Methane, 
however, has a smell which provides some warning. 
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will have a specific type of toxicological effect (death, tumor- 
induction, reproductive impalrment, teratogenicity). The screening 
models should respond to the chemical via the same toxic mechanism of 
action as does the population of concern. Depending on the endpoint 
measured, the response of the screening model will probably be chemical- 
specific in that the sensitivity of the response and resultant benchmark 
doses (i.e. LD50 or LDI0, ED50 or EDI0), may vary with both the animal 
and the chemical. Further, a model species to be used for pre-screening 
of toxic effects needs to be approximately as sensitive as the most 
sensitive individuals in the population of interest. If the model 
species is too sensitlve, too many chemicals will falsely test positive, 
that is too many chemicals will be toxic to the model species, but 
nontoxic to the species of interest. Industry is especially concerned 
that the toxicological screening models are only as sensitive as needed 
to protect the species of interest. Any chemical that tests positive in 
the initial screening tests have to go through the full toxicological 
battery, which adds to the cost and time of bringing a chemical or 
process to market. On the other hand, if the model species is not 
sensitive enough, it will be ineffective for pre-screening and 
chemicals will be assessed as non-toxic that indeed have an adverse 
effect on the population of concern. Ideal animal models for 
toxicological screening are just sensitive enough, but not too 
sensitive, a situation where the line is often unclear. As a result, 
certain standard models (rats, mice, rabbits, dogs) are used most of the 
time, regardless of how appropriate the animal model is for each 
chemical and each endpoint. 

Studies evaluating the best animal model for teratogenicity 
testing emphasize the point that the more sensitive animal models may 
also produce the most false positives. When monkeys (non-human 
primates, the closest family of testing animals to humans) and humans 
were compared regarding teratogenic sensitivity to 38 chemicals known to 
be, or suspected to be teratogenic in humans, monkeys only tested 
positive to 30% (n = ii) of the chemicals. When 165 chemicals that have 
not been shown to be teratogenic to humans were evaluated, monkeys 
tested negative to 80% (n = 132) of the chemicals, ~, positive to 
negative ratio of 0.375. Monkeys appear to be relatively insensitive, 
and thus uslng monkey testing results exclusively would underprotect 
humans. By comparison, rats, whlch have a high sensitivity (80% co- 
positives), have a relatively low specificity rate (50% co-negatives), a 
ratio of 1.6. This ratio indicates that rats are overly sensitive 
compared to humans. By this evaluation method, rabbits seemed to be the 
best model of all, having 60% co-positives and 70% co-negatives 
(Frankos, 1985), a ratio of 0.857, the closest ratio to one with a 
reasonably high sensitivity and specificity. Despite these results, 
rats are the most common animal used for teratogenicity testing, 
although rabbits are often the second animal tested when more than one 
animal model is used (IRI, 1990a) 

Another classic screening model is the rabbit-based Draize test, 
which is used to assess chemically-induced dermal and ocular irritation 
(Klaassen and Eaton, 1991). This test has been controversial, and was 
perceived by Animal Rights activists to cause unnecessary pain. As a 
result, it has been modified, but not abandoned. Other traditional uses 
of animal models in toxicological screening tests include the rodent 
carcinogenicity test (rats and mice) and the rodent chronic toxicity 
test (primarily rats). The rodents have been chosen as the preferred 
model because of their relatively short life span, their susceptibility 
to tumor induction, and the established database on their physiological 
and pathological responses to a wide variety of chemicals (IRI 1990b). 

Not all of the most appropriate screening models are rodents, 
lagomorphs, or even mammals. Adult chickens are the best animal model 
found so far for organophosphate - induced delayed neuropathy (OPIDN), a 
syndrome that occurs in humans as well. Chickens have been shown to be 
excellent models for a number of neurotoxicants, including solvents 
(Abou-Donia, 1992). 
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Mechanistic animal models are animals which are used to evaluate 
the mechanism of action which underlies an observed toxic effect. For 
mechanistic models, the relative sensitivity of the animal model is not 
that important. What is most important is that the mechanism of toxic 
action is identical for a given chemical and a given endpoint between 
the animal model and the population of interest. This is critical 
because a mechanistic model is used to evaluate not just the mechanism 
of action, but the control of that mechanism so that the effects of that 
toxic action may be protected against or corrected once an exposure has 
occurred. In this case, the relative sensitivity of the species of 
concern compared to the model species must be determined, but there is a 
wider latitude for difference in relative sensitivity so long as the 
underlying mechanisms are similar in the two systems. 

The classic example for the mechanistic animal model used to study 
(human-related) reproductive, developmental, endocrine and even 
behavioral effects has been the monkey, which (of the animal models 
used) has a reproductive system which is the closest to human. The 
monkey is an expensive animal to maintain and use, and they are more 
difficult to obtain now. Furthermore, any laboratory that uses 
primates is prone to being a target for Animal Rights groups. Thus, 
initial testing is usually carried out in rodents or other non-primate 
animals. However, for final testing of mechanisms (especially those 
related to the effects listed above), it is generally believed that 
primates are the best model for humans. 

Thus the choice of an animal model must first depend on what type 
of animal model is needed, sentinel, screening or mechanistic. The 
second question to address is whether the testing will be used to 
evaluate human or ecological health impacts. For example, if the 
potential effects of an aquatic pollutant on the health of an ecosystem 
needs to be assessed, fish, amphibians, aquatic reptiles, piscivorous 
birds and piscivorous mammals may all be animal populations of interest. 
Any or all of these type of animals might be used to examine the 
potential effect of the pollutant on the ecosystem in question. 
Potential food chain effects (bioaccumulation, biomagnification) might 
also have to be considered, depending on the types of pollutants 
present. If, however, the test will be used to evaluate the health and 
side effects of a potential food additive before it is put on the 
market, the population of interest is human. In this situation, the 
most appropriate animal model may be decided by the regulations, rather 
than by biology. If the testing will be used to satisfy regulatory 
requirements, the "most appropriate animal model" for given types of 
effects are recommended by the Environmental Protection Agency and the 
Food and Drug Administration (IRI, 1990b; FDA, 1993). For example, as 
far as the EPA and the FDA are concerned, for most chemicals to be 
tested the appropriate model to use for toxicological testing is going 
to be a mammal. Considering developmental toxicity, the rationale for 
this is that mammals have placentas, as do we (equally mammalian) 
humans. And it is important to know whether the disposition of the 
chemical within the mother will affect the toxicity of the chemical for 
the developing embryo. This is especially important for chemicals which 
are either detoxified or bioactivated by the mother. 

If, however, the question is what are the direct effects of the 
chemical on the embryo, such a placental bias should not be as 
important. In fact, early animal development (and animal development in 
general) is similar throughout the vertebrates, and is very similar for 
birds and mammals, both of which are at the high end of their part of 
the evolutionary tree. This similarity holds especially well when 
considering the factors that control embryonic development such as 
hormones, growth factors and oncogenes. When evaluating the mechanisms 
that control the developmental toxicity of a chemical, it is beneficial 
to be able to evaluate the process of development. Thus, animal models 
which are accessible in their natural environment throughout the period 
of development are preferable for the evaluation of early embryonic 
toxicological effects. 
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The next factor that needs to be considered when choosing an 
animal model is how appropriate each animal is for the chemical and 
endpoint that needs to be studied. For example, if the need is to 
evaluate the potential teratogenic effects of TCDD-Iike compounds cleft 
palate would be an appropriate endpoint. In this case, the most 
appropriate animal model is the C57BL/6 mouse, which is relatively 
sensitive to TCDD-Iike effects and in which cleft palate appears at non- 
fetotoxic (i.e. lethal) concentrations (Birnbaum, 1991). However, in 
other mammalian models, such as the rat, the fetotoxicity appears before 
cleft palate, even though in both animals the receptor controlling cleft 
palate formation, and presumably fetotoxicity as well, is the aryl 
hydrocarbon (Ah) receptor (Poland and Glover, 1980; Hassoun et al, 
1984). 

Two other series of factors that need to be considered when 
choosing a developmental animal model include convenience factors and 
analytical factors (Hood, 1990). The convenience factors include: 

�9 Cost - It is best if the animal is as cheap as possible to buy and 
maintain since toxicity testing in general requires a large number 
of assays with a reasonable sample size to enhance the statistical 
significance of the results. 

�9 The availability of the animals - If the animals are not readily 
available when needed, it can cause both scheduling complications, 
and (if a second supplier is needed) can mean using two sub- 
strains of animals which can affect the consistency of the 
results; 

�9 Ease of handling - Docile animals cause fewer complications for 
the animal care workers. Difficult to handle animals may also be 
more costly and less efficient to maintain. For example, the 
control rate of mortality may be higher, which will then affect 
the results of any testing, and will decrease the number of 
healthy animals available for use; 

�9 Ease of breeding - Animals that are difficult to breed, or have a 
low fertility rate can cause scheduling complications if viable 
embryos are not available when needed. 

A short gestation~incubation time is also preferable, 
especially if evaluating an endpoint at or near the end of 
incubation/gestation. The shorter the gestation time, the shorter 
the time required for maintaining the animals (mothers, for 
mammals, or eggs, for non-mammalian species). The shorter 
gestation times also allow for carrying out more tests in a given 
period of time. 

The clutch and litter size also make a difference since the 
larger the clutch or litter size, the larger the sample size, and 
the fewer number of mothers that will be needed. 

�9 Accessibility of the embryo - Embryo accessibility is mainly 
important if one evaluates early endpoints, or studies the 
mechanisms of developmental toxicity. 

Analytical factors include: 

�9 Ease of determining mating or egg laying - For mammalian species 
it is critical to know when gestation began, especially if the 
application of the chemical is time dependent (i.e. at a known 
time after the start of embryonic development). This is also 
important if evaluating the embryo at a known age before the end 
of gestation. 

For domestic avian species, egg laying is obvious. But when 
evaluating wild species in their natural environment, being able 
to deteimine when the eggs are laid can be an important factor, 
especially for birds which nest in inaccessible locations (Great 
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Blue Herons, for example). 

�9 A large knowledge base - Whether studying the mechanism of action, 
or just doing developmental toxicological screening it helps the 
evaluation if specifics about the development of the species are 
known. A large literature base allows the comparison of results 
when evaluating toxicological effects. This helps to confirm 
whether the control results were as expected. This also provides 
a measure of how well the laboratory is running the tests and 
maintaining the animals. In addition, if carrying out an analysis 
of the mechanism of action it helps to understand how specific 
developmental processes are controlled in that animal in order to 
be able to evaluate whether the test chemical had any effect on 
the process being examined. 

�9 Probe availability - If studying the mechanism of action, or using 
a molecular or biochemical blomarker to screen for toxlcity, it is 
useful to use a species in which a large number of molecular or 
biochemical probes (cDNA, antibodies, enzymes) are available. 
(The alternative, of course, is to prepare the probes in one's own 
laboratory which can be a very time-consuming process.) 

The Chicken Embryo as a Model for TCDD-Like PHAH Developmental Toxicity 
The chicken embryo is very sensitive to the effects of TCDD and 

related compounds. By comparison to the adult chicken, which has an 
LD50 of 25 - 50 ppb for TCDD, the chicken embryo has an LDS0 of about 
250 ppt, a difference of i00 fold (Greig et al, 1973; Allred and 
Strange, 1977; Henshel, 1993a). By comparison, the LD50 for adult rats 
(Sprague-Dawley, Sherman, Spartan) is similar to the LDS0 for adult 
chickens (Beatty et al, 1978; Schwetz et al, 1973), yet the cumulative 
maternal dose that induces an LD41 in the Sprague-Dawley embryos is only 
5 to i0 fold less than the dose associated with the LD50 in the adults 
(Beatty et al, 1978). This does not indicate that the rat embryos are 
actually absorbing that entire dose. In mice, for example, embryonic 
target tissue (the palate and the urlnary tract) only take up 
approximately 0.0005% of the total maternal dose (Abbott et al, 1989). 
This results in a target tissue concentration which is 0.033 - 0.05% of 
the maternal whole body concentration. Clearly, the mammalian embryo is 
not necessarily exposed to the entire maternal dose. Thus, the 
mammalian embryo may be more sensitive than is at first indicated by 
considering only the cumulative maternal dose which yields an embryonic 
LD50. 

By the end of incubation, chick embryos exposed in ovo to TCDD or 
PCBs exhiblt a dose-related increase in mortality and decrease in hatch 
and bursa weight (Brunstrom and Darnerud, 1983; Nikolaidis et al, 1988; 
Henshel, 1993a). Whereas increased embryonic mortality is seen in all 
animals so far, not all animals have a decreased weight at hatch/birth. 
Decreased birth weight in response to developmental exposure to TCDD 
like compounds has been reported in rats, hamsters and humans, but not 
mice, which respond with an increased birth weight. (Couture et al, 
1990; Yamashita and Hayashi, 1985). A number of other pathologies have 
been reported in chicken after in ovo exposure to TCDD and related 
compounds. These include pericardial, abdominal and subcutaneous edema, 
liver, heart and limb anomalies, thymic hypoplasia, microophthalmia, 
beak and visceral arch deformities, effects on vascularization, and 
abnormal nervous system development (Cheung et al, 1981; Brunstrom and 
Darnerud, 1983; Rifkind et al, 1985; Nlkolaidis et al, 1988a, Brunstrom 
and Lund, 1988; Summer, 1992; Henshel, 1993a,b,c). Some of these are 
similar to pathologies seen in other animals, including other birds 
(Hoffman et al, 1996). The palate, which is a sensitive target tissue in 
mice (see above), is a visceral arch derlvatlve, as is the beak. Flsh 
exposed to TCDD and related compounds are also reported to develop heart 
and vasculature anomalies (Walker et al, 1991). Edema and thymlc 
hypoplasia or atrophy is reported in many animals (edema: fish, mouse, 
hamster, monkey, human; thymic hypoplasia/atrophy: mouse, rat, guinea 
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pig, hamster, monkey) (Vos et al, 1973; Allen et al, 1977; Moore et al, 
1979; Henck et al, 1981; Yamashita and Hayashi, 1985; Walker et al, 
1991). 

Congener analysis indicates that at least the increased chicken 
embryo mortality is linked in some way to the activation of the Ah 
receptor mechanism (Brunstrom, 1989), although not all developmental 
effects of TCDD-Iike compounds on the chicken embryo have been shown to 
be mediated by the Ah receptor. Certainly, the Ah receptor is present 
in the chicken embryo at least as early as the third day of incubation 
(Denison et al, 1986). 

How good then is the chicken embryo as a developmental model for 
TCDD-related PHAH toxicity? As a sentinel model, the chicken embryo 
needs to be relatively sensitive to the effects of TCDD-Iike compounds. 
The chicken embryo is very sensitive to TCDD. The LD50 of 250 ppt makes 
it one of the more sensitive embryo models, and certainly one of the 
more sensitive avian embryos (Martin et al, 1989; Nosek et al, 1989; 
Hoffman et al, 1996). However, it is not clear specifically how much 
TCDD (or PCB) is taken up by the mammalian embryos. Thus, the LD50 
comparison is less clear when comparing the relative sensitivity of the 
chicken and mammalian embryos. 

The chicken embryo responds to the TODD-like PHAHs in a 
characteristic manner, which makes it appropriate to use for 
toxicological screening. Furthermore, there is a suite of toxicological 
endpoints which can be evaluated in the early chicken embryo on 
incubation days 2,3, and 4 (Henshel et al, 1993c). Using this suite of 
toxicological endpoints (the Early Avian Embryo Assay) a teratogenic 
screening assay can be carried out in approximately one week. In 
addition, chickens can be placed in a constructed setting (such as a 
Superfund site), or enticed to eat exotic foods (fish, soil) in order to 
evaluate the bioavailability of chemicals of concern and their effects 
on reproduction (Petreas et al, 1991; Summer, 1992). Further, at least 
some of the chicken embryo responses to TODD-like compounds are likely 
to be mediated by the Ah receptor, which seems to be true across a large 
number of species. As a screening model, then, the chicken embryo is a 
sensitive species, in which the toxicity is mediate6 by a mechanism 
common to many vertebrates and in which teratogenicity can be assessed 
in a relatively short period of time. The chicken embryo may, however, 
be overly sensitive to TCDD-Iike compounds compared to all the other 
embryonic animal models, which would result in an excess of false 
positives when testing unknown related compounds. 

As a mechanistic animal model, the relative sensitivity of the 
chicken embryo is not as critical. The chicken embryo, as mentioned 
above, manifests many of its toxicological responses to the TCDD-like 
PHAHs via the Ah receptor mechanism, in common with many vertebrates 
including humans. The chicken embryo also manifests many of the suite 
of developmental toxicological effects seen in other animals, including 
some (such as heart malformations) not yet reported in mammals. This 
versatility means that the chicken embryo could be used to study the 
effects of TCDD-Iike compounds on a large number of developing organ 
systems. And, because the chicken develops by itself in the egg, there 
are no maternal interactions to complicate the interpretation of how the 
chemical is afffecting the developing embryo. 

Chicken embryo development, especially early development, is 
similar to all vertebrate embryonic development, especially mammalian. 
Thus, effects seen in the chicken embryo are likely to be parallel to 
effects seen in the mammalian embryonic models. The chicken embryo has 
been a standard model for embryonic development for over a century, and 
thus its developmental control mechanisms are well understood. There 
are a considerable number of chicken probes (cDNA, antibodies) available 
which are directed against developmental control factors (hormones, 
growth factors, oncogenes, homeobox genes). Chicken embryos are 
therefore very useful animal models for studying the mechanisms 
controlling the developmental toxicological effects of chemicals that 
affect the process of development, as TCDD-Iike compounds do. 
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In conclusion, the chicken embryo is a good developmental animal 
model, especially a mechanistic model, for TCDD-Iike PHAH toxicity for 
following reasons: 
I) It is relatively sensitive to the effects of the PHAHs, and as such 
is a good species to use for biomonitoring purposes (in a constructed 
situation). 
2) At least some of the effects of the TCDD-Iike PHAHs on the chicken 
embryo appears to be mediated by the same mechanisms (i.e. the Ah 
receptor) that mediates many of the manifestations of TCDD-Iike toxicity 
in other embryos. 
3) It is a classic model for embryological studies, and thus details of 
the chicken's embryological development, and the mechanisms controlling 
that development, are relatively well understood. Thus, a large 
llterature database about the details of chicken embryonic development 
has been established. 
4) Since the chicken embryo is such a well-established model for 
embryonic development, there are a large number of molecular and 
biochemical probes available for studying developmental control 
mechanisms. 
5) Embryological development of the chicken, and control thereof, is 
similar to that of mammalian species. Thus, the results of studies 
evaluating the mechanism of PHAH developmental toxicity are likely to be 
directly applicable to mammalian species. 
6) Each egg can be individually dosed to a known concentration of the 
toxicant; 
7) Using a bird as a model species enables one to study the direct 
effect of the toxicant on the embryo, avoiding maternal complications; 
8) The chicken embryo is a relatively inexpensive developmental test 
species compared to using mammalian embryological animal models. 
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ABSTRACT: Recent evidence indicates that avian embryonic exposure to 
polychlorinated dibenzodioxins (PCDDs) and related compounds is 
associated with the development of a gross brain asymmetry which can be 
quantified. Three methods can be used to quantify the asymmetry, 
including external measurements of the intact brain, measurements of 
brain cross-sections and measurements of computer tomography (CT) - 
generated images of brain sections. All three methods produce reliable 
results. The whole brain measurements do not require specialized 
equipment, and are the most flexible. However, the possibility for 
unintentional bias is greatest for this technique. The CT scan 
technology is non-invasive, but requires access to specialized equipment 
and may be expensive. The cross-sectional measurements, which are 
similar to the CT scan measurements, require careful processing prior to 
measurement. 

KEYWORDS: TCDD, PCBs, asymmetry, teratogen, bird, nervous system 
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genetic, biochemical, histological, or physiological techniques." There 
are a number of biomarkers which may be used as indicators of potential 
carcinogenic effects (e.g. DNA adducts) or of generalized cellular 
adverse effects (e.g. measures of reduced glutathione or of lipid 
peroxidation as indicators of oxidative stress or the histological 
evaluation of tissue edema as an indicator of tissue damage[McCarthy and 
Shugart, 1990; Huggett et al, 1992]). The observation of specific 
patterns and types of teratogenic abnormalities induced after exposure 
to certain chemicals or stressors (e.g disruption of myelin after 
exposure to thallium) may also be considered a biomarker of effect 
(Abou-Donia, 1992). There are few specific biomarkers, however, which 
may be used as indicators of developmental nervous system toxicity. 

Recent evidence indicates that the development of a gross brain 
asymmetry may be a specific indicator for developmental neurological 
changes induced by exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) and related chemicals (Henshel et al, 1993, 1994, 1996; Henshel 
and Martin, 1995). Experimental observations on avian nestlings (great 
blue heron, double-crested cormorants, bald eagle)exposed in ovo in the 
wild to TCDD-Iike compounds paired with studies of chicken embryos 
injected with known doses of TCDD from the start of incubation indicate 
that there is a consistent correlation between exposure to TCDD and 
TCDD-like compounds and the development of grossly asymmetric brains. 
The brain asymmetry is primarily seen as an increase in several measures 
of the birds' left forebrain region (cerebral hemisphere) compared to 
the right forebrain region. 

The main parameters which are consistently affected include a 
medio-lateral width at approximately the level of the pineal and an 
oblique measure ('angle") which is measured from the same medial point 
just rostral to the pineal and ending on the lateral aspect of the 
forebrain where the lateral edge of the forebrain just starts to 
parallel the midline (Figure i). A third parameter which is generally 
affected is the dorso-ventral depth of the brain at approximately the 
point where the thalamic/hypothalamic region joins the ventral forebrain 
region. This is generally measured at the level of the pre-optic area 
since the brain has easily identifiable landmarks at that point. 
Rostro-caudal "height" of the forebrain is inconsistently asyr~netric, 
depending on the species. In addition, the tectum also is enlarged on 
the left side of the brain. Tectal height (or length) is most readily 
measured from the lateral aspect of the brain. 

b Cb 

SC 

TH 

Figure i. Depiction of the avian brain from a dorsal and lateral 
perspective illustrating the major brain regions and the measurements 
made on the whole brains. Brain regions: C cerebrum (telencephalic 
hemispheres), Cb cerebellum, Hy hypothalamus, SC spinal cord, T tectum. 
Brain measurements: A angle, D depth, H height, TH tectal height, W 
width. 
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Three methods have been used to document these changes, including 
measurements of the whole, uncut brain, computer tomographic (CT) scans 
of the brain in cross-section, and cut cross-sections of the brain. The 
first and simplest method is to measure the uncut, fixed ~ brain using a 
finely graded ruler appropriate to the size of the brain. An 
engineering ruler with 0.5 mm markings is acceptable for many medium- 
sized (e.g. chicken hatchling and great blue heron)or large (e.g. bald 
eagle) avian brains. Rulers must be held parallel to the medio-lateral 
plane of the brains. For accurate measurement it is important to ensure 
that the brain is essentially parallel to the supporting surface. This 
may be accomplished by positioning the brain on little pieces of cork or 
pipette tips. To make measurements, the ruler is then placed parallel to 
the brain at a level as close to the surface of the brain as possible. 
When the measurements are made, one eye must be centered over the 
midline of the brain. The other eye then determines the measurement. 
If the eyes are not centered over the brain in this way, one can skew 
the measurements depending on how far the ruler is away from the surface 
of the brain, how large a brain is being measured, and how far away from 
the midline is each eye. To ensure consistency, the measurements are 
made twice, and recorded separately. This forces the measurer to move 
his/her head and reposition the head between measurements. If the two 
measurements do not agree, then the measurement needs to be made three 
more times (total n=5) and the resultant measurements averaged. This 
happens infrequently once the measurer becomes more experienced. 

Width and angle measurements may be made from the ventral as well 
as the dorsal aspect of the brain. As seen in Figure 3, the correlation 
between the ventral and dorsal difference measurements on the same brain 
is excellent. The asynunetry is easiest to visualize on the ventral 
surface of the brain as well. The angle difference is seen as a 
flattening of the arc on the lateral edge of the forebrain (illustrated 
in Figure 2). The tectal width measurement may also be most easily made 
from the ventral surface of the brain, depending on the brain 
morphology. 

Figure 2. Tracing of the ventral surface of a control (left) and a 
TCDD-exposed chicken brain (right) illustrating the flattened arc 
(arrow) which is measured by the angle measurement, 

6 Brains may be fixed in any appropriate fixative. Neutral buffered 
formalin (10%) or 4% paraformaldehyde made up in buffered saline (pH 7 - 
7.5) are two such appropriate fixatives. If the brain will be processed 
for histopathology, whichever fixative is appropriate for the stains to 
be used will probably be appropriate for both the CT scans (if the 
animal is dead) and the gross external measurements. 

Two methods may be used for fixation, cardiac or carotid perfusion 
of saline followed by fixative, or immersion fixing. If the brain is to 
be immersion fixed, it must be placed gently in the fixative, and not 
pushed into a small space where the soft tissue of the brain could be 
easily distorted by pressure prior to and during fixation. 
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Fi~fure 3. Graphs illustrating the high degree of correlation between 
the dorsal and ventral width and angle measurements made as gross 
external measurements on cormorant hatchling brains from Lake Ontario 
(high PCBs, generally asymmetric), Lost Mountain Lake, Saskatchewan (low 
PCBs, symmetric; see Henshel et al, 1996) and the Strait of Georgia, 
British Columbia (varying). Birds from all colonies are pooled in the 
graph. The numbers in parentheses above each point indicate the sample 
size for that point. 

The second method entails evaluation of sequential computer 
tomographic (CT) scans of the brain in cross section (Henshel et al, in 
preparation). The CT scans may be made of anesthetized intact animals 
or of the brain while still in the skull of an isolated head (see Figure 
4). Theoretically the CT scans could also be made of the whole 
dissected brain. Given that ice crystal formation may only damage 
tissue at the light microscopic level, it is possible that CT scans of 
frozen brains remaining in the braincase could be used to evaluate the 
symmetry of previously frozen archived specimens. The caveat here would 
be that the brains must have been frozen once only and never thawed, and 
that the brains must be kept frozen during the scanning procedure. 
Again theoretically, the brains, heads or entire body might be freeze- 
dried and maintain internal structure sufficiently to be evaluated using 
computer tomography. The brain is aligned properly within the chamber, 
and multiple imaged cross-sections of the brain are then made. CT scans 
must be done using appropriate facilities, and must be carried out with 
the aid of a radiologist or computer tomographic technician. Scans are 
printed on X-ray film which can then be evaluated manually (with a fine 
ruler, a linen tester, or a microscope graticule) or, ideally, with the 
aid of computerized imaging software. The films can be printed and the 
prints may also be measured. CT scans can also be evaluated using the 
hardware and imaging software with which the scans were made. This, 
however, requires that the evaluator have access to this hardware for 
extended periods of time, a situation which may not be feasible for most 
investigators. Interestingly, of the CT scans which have been measured 
(on bald eagles only) the most consistent measurements which demonstrate 
the visually observable asymmetry are the depth measurements (dorso- 
ventral depth in the brain) and the measurements of the tectum, both 
length and width (as measured in the CT scan). The tectum is likely to 
only be visualized in one, or maybe two, imaged cross-sections (Figure 
4). To increase the number of measurements made on each imaged section 
(for statistical comparisons), the depth measurements may be made at two 
places within each section. The first depth measurement starts dorsally 
mid-wulst (the medial ~ridge" on the dorso-medial aspect of the avian 
forebrain, seen as a ~bump" on the dorso-medial surface of a CT scanned 
or histological cross-section) and ends at the most medial point of the 
ventral indentation of the forebrain (Figure 4B). Note that this depth 
measure is angled away from the midline and does not ru n parallel to the 
midline. The second depth measurement starts at the lateral point two- 
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thirds of the width of the demi-brain (that side of the brain) in that 
image (see Figure 4B) and is made parallel to the dorso-ventral midline. 
Both depth measurements appear to consistently reflect asymmetry 
throughout the image planes of the forebrain. 

b 

Fibre 4. Tracings of two CT scan images made of the asymmetric brain 
of a 6 month old bald eagle from Michigan (near Lake Huron) manifesting 
a gross abnormality (crossed bill; Eagle 2 in Figure 5). CT scans were 
made of the whole head in cross-section. The brain is the white area 
outlined in the center of the upper half of each image. The 
measurements are indicated by the dashed lines. 4a illustrates the 
tectal measurements (tectal width [dashed line on the left side, arrow] 
and tectal length [dashed line on the right side, arrow]). 4b 
illustrates the two forebrain depth measurements (forebrain depth 
[dashed line on the left side, arrow], and forebrain depth at 2/3 width 
[dashed line on the right side, arrow]) that most consistently manifest 
the brain asymmetry. Bone is blackened in. 

Surprisingly, the medio-lateral width measurement is not 
consistently useful as a measure of gross brain asymmetry throughout the 
forebrain (Figure 5, Image 9), although it does seem to more con- 
sistently illustrate the asymmetry in the more rostral part of the 
forebrain (Figure 5, Image 12). 

One would expect the width measure of the appropriate image (the 
virtual cross section through the brain at a given point) to be 
equivalent to the width measurement made on the whole brain (the gross 
external width measurement). This does not seem to be the case, as 
illustrated in Figure 6A. Whereas the depth measurements (depth and 
depth at 2/3 width) were both consistent between the gross external 
measurements and the measurements made from the CT scans, the width 
measurements were not consistent in all brains. Both sets of 
measurements were double-checked when this discrepancy was noted, and 
both sets of measurements held true. It is possible that the discrepancy 
may be due to the fact that each CT scanned image is an average of 3 n~m 
(rostro-caudally) of each brain, whereas the gross external width 
measurement is made in one medio-lateral plane, just rostral to the 
pineal. 

The third method for evaluation of gross brain asymmetry is to 
make the measurements on histological cross-sections. In essence, these 
measurements are very similar to the CT scan measurements because one is 
again making serial cross-sections through the brain and measuring each 
cross-section. The thickness of the cross-sections to be cut will depend 
on the size of the brain as well as whether the cross-sections will be 
used for other purposes (such as the histological or inununohistochemical 
evaluation of cellular or tissue abnormalities). Measurements may be 
made using the graticule of the microscope, image analysis software, 
measuring photographs of each section, or drawing each section wis the 
aid of a drawing tube or an image projector and measuring the drawing. 
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Figure 5. Histograms of width and depth measurements made s CT scans 
of five eagles from Michigan and Wisconsin, four of which manifested 
developmental abnormalities (Eagles 2,4: severe crossed-bills; Eagle I: 
mild crossed-bill; Eagle 3: deformed claws). Eagle 5 was the relatively 
uncontaminated control eagle who had been raised in captivity for 

Image 9 is relatively caudal compared to Image 12. several years. 
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Figure 6. Histograms comparing the width and depth measurements made at 
equivalent points in the brain using the gross external method and by 
measuring CT scans. Gross external width measurements were made at the 
medio-lateral plane just rostral to the pineal as viewed from the dorsal 
aspect of the brain. External depth measurements were made from the 
dorsal-most part of the brain to the junction of the hypothalamus and 
the forebrain (the pre-optic area). Depth measurements were made from 
the CT scans (Image 9 of 13) as illustrated in Figure 4b. Width 
measurements were made at the widest point in the forebrain in Image 9. 
Measurements were made from the same set of bald eagle brains. Eagles 
are numbered as above. Eagle 4 was not used as it is still alive. 
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This last method, however, introduces the possibility of additional 
error in the accuracy of the drawing. It can be very difficult to draw 
the lines precisely on the edge of the projected section, especially for 
an inexperienced investigator. Yet a slip of the wrist or the pencil 
while tracing the projected image which produces a line which appears 
visually insignificantly different from the projected image could 
potentially affect the measurement. The measurements made are similar 
to those made on the CT scans. Again, the depth measurement seems to be 
more consistent (show less asymmetry in the controls) than the width 
measurement (Lipsitz et al, 1996). 

The strengths and drawbacks of each measurement method are 
summarized in Table i. The choice of measurement may well depend on the 
circumstances. Given access to computer tomographic facilities, the CT 
scans are an excellent non-invasive method which may be used to evaluate 
live specimens which can be released back to the wild. However, the 
cost ($200 per scan) may be prohibitive, depending on the budget for the 
project. If the animal is to be euthanized, the choice of method may 
well depend on whether the investigator has the time or the means to 
carry out the histological evaluation. As this is, at this time, 
specialized work, it cannot be carried out by routine histopathological 
requests to a contract laboratory. However, the measurements are not 
difficult for a trained technician and could theoretically be added to 
the histopathological analysis for an added cost(presumably). Depending 
on the laboratory, slides are processed for $i0 - 30 per specimen, so 
costs would be below that of CT scans, but above that for gross external 
measurements. If the processing is being done within the laboratory and 

Table i. Comparison of the methods for analyzing brain asymmetry. 

Potential 
Resolution 

Ease of 
Measurement 

Gross External CT Scan Cross-Sections 

Depends on 
ruler/divider 

Very easy with 
training. 

Depends on how 
measured - 
excellent if 
using computer 
imaging 

Need a 
technician/ 
radiologist to 
produce CT scans 
-relatively easy 
to measure scans 

Using microscope 
graticule - 
better than for 
gross external. 
Equal to CT 
scans if use 
computer imaging 

Need training to 
make slides. 
Time consuming 
to prepare 
slides. 
Relatively easy 
to measure once 
slides are made. 

Potential for Relatively Relatively low - Relatively low - 
Bias higher due to 3D 2D images 2D images 

aspect of brains 

Availability of High Low - Moderate - many 
Equipment speciallized laboratories 

equipment, need have the 
to contract out capabilities 

Costs Low High Moderate 

Other Comments May be done as Non-invasive - May be done as 
an ~add-in" to can use live an ~add-in" to 
necropsy specimens histopathology 
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not contracted out, the costs will be significantly less. Depending on 
the equipment available, costs will include those for slides, processing 
and staining chemicals, and the cost of the person doing the processing 
(student, post-doctoral fellow, principle investigator, technician). 
Regardless, given a fixed brain, it is probably a good idea to measure 
the whole brain as that is the only way to evaluate the difference in 
the angle measurement. The angle measurement, which is relatively 
readily visualized from the ventral surface of the whole brain, is not 
measureable or visualizable once the brain has been sectioned 
histologically. Costs for the gross external brain measurements are 
very low, including the cost of an engineering ruler ($3 - 8) and the 
measurer's time. A lighted table top magnifier ($30 - 75) may also 
facilitate making the measurements. 

DISCUSSION 

Gross brain asymmetry is a relatively new technique which is being 
used to evaluate a gross brain dysmorphism which appears to develop in 
avian brains in response to TCDD and related compounds (Henshel et al, 
1993, 1995). Because it is such a new technique, the best methods for 
making the measurements are still being developed. As discussed in this 
paper, the most appropriate method to use may depend on the 
circumstances. The method used most often, and on the largest datasets 
to date, is the gross external method. This method is easily added onto 
the necropsy protocol, and is thus relatively easy to add into large 
cooperative studies. The CT scan method, however, holds a lot of 
promise for the future. Deformed birds are sometimes caught or found, 
and the damage needs to be documented. It is not always desirable, 
however, to kill the bird just to document a potential contaminant- 
induced deformity. In these cases, the CT scan may be used to document 
effects non-invasively. Due to the cost and relative inaccessibility of 
the computer tomography equipment, only one study has been done using 
the CT scans. Clearly, more studies need to be carried out using this 
measurement method in order to continue to validate its usefulness in 
measuring gross brain asymmetry. Similarly, only one major study has 
used the histological cross-section method to analyze brain asymmetry 
(Lipschitz et al, 1996). As with the CT scan method, more studies still 
need to be carried out to determine how best to characterize asymmetry 
in cross sections of brain. 
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ABSTRACT: Humans and nonhuman primates are uniquely sensitive to the toxic 
effects of methanol. The toxic syndrome in these species is characterized by formic 
acidemia, metabolic acidosis and blindness or serious visual impairment. Nonprimate 
species are normally resistant to the accumulation of formate and associated metabolic and 
visual toxicity. We have developed a nonprimate model of methanol toxicity using rats in 
which formate oxidation has been selectively inhibited. Methanol-intoxicated rats 
developed formic acidemia, metabolic acidosis and visual toxicity analogous to the human 
methanol poisoning syndrome. Visual dysfunction was manifested as reductions in the 
flash evoked cortical potential and electroretinogram which occurred coincident with blood 
formate accumulation. Histopathologic studies revealed mitochondrial disruption and 
vacuolation in the retinal pigment epithelium, photoreceptor inner segments and optic 
nerve. The establishment of this nonprimate animal model of methanol intoxication will 
facilitate research into the mechanistic aspects of methanol toxicity as well as the 
development and testing of treatments for human methanol poisoning. (Supported by The 
American Petroleum Institute and NIH grants RO 1-ES06648 and P30-EYO 1931). 

KEYWORDS:  methanol, formic acid, retina, visual toxicity, electroretinogram 

Methanol is an important public health and environmental concern because of its 
selective neurotoxic actions on the retina and optic nerve in acute intoxication and because 
of its potential as a developmental neurotoxin following chronic exposure. Blindness or 
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serious visual impairment is a well-known effect of acute human methanol poisoning. 
In addition, some studies have suggested that chronic low level exposures to methanol 
may also disrupt visual function (Frederick et  al., 1984; Andrews et  al., 1987, Kavet and 
Nauss, 1990, Lee et  al., 1994b). Although methanol has been recognized as a human 
neurotoxin for more than a century, the mechanisms responsible for the toxic actions of 
this agent on retinal and optic nerve function are not understood (Tephly and McMartin, 
1984; Eells, 1992). 

Our understanding of the pathogenesis of methanol poisoning has been limited by 
the lack of animal models which mimic the human poisoning syndrome. Humans and 
non-human primates are uniquely sensitive to methanol poisoning. The toxic syndrome in 
these species is characterized by formic acidemia, metabolic acidosis and ocular toxicity. 
In humans, the acute effects of methanol toxicity appear after an asymptomatic latent 
period of about 24 hours and consists of formic acidemia, uncompensated metabolic 
acidosis, visual toxicity, coma and in extreme cases death. Visual disturbances generally 
develop between 18 and 48 hours after methanol ingestion and range from mild 
photophobia and misty or blurred vision to markedly reduced visual acuity and complete 
blindness (Buller and Wood, 1904; Benton and Calhoun, 1952; Roe, 1955). 

In all mammalian species studied, methanol is metabolized in the liver by sequential 
oxidative steps to form formaldehyde, formic acid and CO2 (Fig. 1) (Tephly, 1991; Eells, 
1992). Although this metabolic sequence is identical for all species studied there are 
profound differences in the rate of formate oxidation in different species which determine the 
sensitivity to methanol (Palese and Tephly 1975; McMartin et  al., 1977 a, b; Eells et  al. ,  
1981, 1983). 

formaldehyde 
Alcoholdehydmgenose dehydro~Tenose //4 folale , CO 2 + H2 

CH30H cotolase HCHO " HCOOH cotolose 
METHANOL FORMALDEHYDE FORMIC ACID 

FIG. 1 : Biochemica l  react ions in the oxidat ion o f  methanol  to carbon dioxide in mammal s  

Formic acid is the toxic metabolite responsible for the metabolic acidosis observed 
in methanol poisoning in humans (McMartin et  al., 1980; Jacobsen and McMartin, 1986) 
and nonhuman primates (McMartin et  al., 1975, 1977; Eells et  al. ,  1983) as well as for 
the ocular toxicity produced in nonhuman primates (Martin-Amat et  al., 1977, 1978). 
Formic acid is also believed to be the toxic metabolite responsible for the ocular toxicity 
seen in methanol poisoned humans (Sharpe et  al., 1982). Nonprimate species do not 
accumulate formic acid following methanol administration and exhibit only central nervous 
system depression following methanol administration. 

Formic acid accumulates in species susceptible to methanol poisoning and does not 
accumulate in species resistant to the toxicity due to differences in formic acid metabolism 
(Tephly, 1991; Eells, 1992). Formic acid is oxidized to carbon dioxide through a 
tetrahydrofolate-dependent pathway which functions more efficiently in rats than in 
humans and nonhuman primates (Eells et  al., 1981, 1983; Black et  al., 1985; Johlin et  
al., 1987). Both dietary and chemically mediated depletion of endogenous folate cofactors 
in rats have been shown to increase formate accumulation following methanol 
administration (Makar and Tephly, 1976; Eells 1991; Lee et  aL,  1994a, b) and to result in 
the development of metabolic acidosis and ocular toxicity similar to that observed in 
human intoxication (Eells, 1991: Murray et al., 1991; and Lee et  al. ,  1994a, b). 
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We report on the development and characterization of a methanol-sensitive rodent 
model that manifests the formic acidemia, metabolic acidosis and retinal and optic nerve 
toxicity typical of human methanol poisoning. In this rodent model, formate oxidation has 
been selectively inhibited by treatment with nitrous oxide (Eells et al., 1981; Eells, 1991; 
Murray et al., 1991). Subanesthetic concentrations of nitrous oxide inactivate the enzyme 
methionine synthase (Deacon et al., 1980) reducing the production of tetrahydrofolate, 
the cosubstrate for formate oxidation thus allowing formate to accumulate to toxic 
concentrations following methanol administration (Eells et al., 1981). Methanol- 
intoxicated rats developed formic acidemia, metabolic acidosis and visual toxicity within 
36 hours of methanol administration analogous to the human methanol poisoning 
syndrome. Visual dysfunction was measured as reductions in the flash evoked cortical 
potential and electroretinogram which occurred coincident with blood formate 
accumulation. Alterations in the electroretinogram occurred at formate concentrations 
lower than those associated with other visual changes and provide functional evidence of 
formate-induced retinal toxicity (Eells, 1991). Histopathologic studies revealed 
mitochondrial disruption and vacuolation in the retinal pigment epithelium, photoreceptor 
inner segments and optic nerve (Murray et al., 1991). Similar electroretinographic and 
retinal and optic nerve histopathologic changes have recently been reported by our 
laboratory in a fatal human case of methanol poisoning, thus further validating this model. 
(Eells et al., 1991; Murray et al., 1996). We believe that this rodent model of methanol 
toxicity will be valuable in elucidating the mechanisms responsible for the selective 
neurotoxic actions of formic acid. 

EXPERIMENTAL METHOD 

Materials: Methanol (HPLC grade ) obtained from Sigma Chemical Co. (St. Louis, 
MO) was diluted in sterile saline and administered as a 20% w/v solution. Sodium 
pentobarbital was purchased from Steris Laboratories (Phoenix, AZ) and tiletamine HCI / 
zolazepam HC1 [ 1:1] (Telazol) was obtained from A.H. Robbins Co. (Richmond, VA). 
Phenylephrine HC1, 2.5% (Neosynephrine) was acquired from Winthrop Pharmaceuticals 
(New York, NY). All other chemicals were reagent grade or better. 

Animals: Male Sprague-Dawley (formate metabolism studies) or Long Evans (all other 
studies) rats (Harlan Sprague-Dawley, Madison, WI) which weighed 250-300 g were 
used throughout these experiments. Formate metabolism studies were conducted in 
Sprague-Dawley rats and methanol intoxication and visual function studies were 
conducted in Long Evans rats since visual function measurements have been shown to be 
more reproducible in animals with pigmented retinas (Creel et al., 1970). No differences 
in methanol or formate oxidation rates were apparent in the two strains of rats. All animals 
were supplied food and water ad libitum and maintained on a 12-hour light/dark schedule 
in a temperature and humidity controlled environment. Animals were handled in 
accordance with the Declaration of Helsinki and/or with the Guide for the Care and Use of 
Laboratory Animals as adopted and promulgated by the National Institutes of Health. 

Formate Metabolism studies: Rats were placed in glass metabolic chambers and 
exposed to a mixture of N20/O2 ( 1:1; flow rate 2 liters/min) for 4 hours prior to the 
administration of sodium 14C-formate (500 mg/kg, 40,000 dpm/mg). Control groups 
were allowed to breathe room air. Expired 14CO 2 w a s  collected at timed intervals and 
analyzed as described by McMartin et al., (1975). 

Methanol-intoxication protocol: Rats were placed in a Plexiglas chamber (22 x 55 
x 22 cm) and exposed to a mixture of N20/O2 (1: [; flow rate 2 liters/min) for 4 hours 
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prior to the administration of methanol or saline. N20/O2 exposure was continued 
throughout the course of the experiment. Methanol (20% w/v methanol in saline) was 
administered by intraperitoneal injection at a dose of 4g/kg followed by supplemental 
doses of 2g/kg at 12 hour intervals. This dosage regimen was designed to maintain 
blood formate concentrations between 8-15 mM for 30-40 hours in the methanol-treated 
animals. Similar concentrations of blood formate over these time periods have been 
shown to produce ocular toxicity experimentally in monkeys and are associated with visual 
toxicity in human methanol intoxication (Martin-Amat et aL, 1977; Jacobson and 
McMartin, 1986). Controls for these experiments included groups of rats treated with 
saline and exposed to nitrous oxide (N20-control); rats treated with methanol, but not 
exposed to nitrous oxide (methanol-control); and untreated rats (untreated-control). Blood 
samples for blood gas determinations and formate analysis and electrophysiological 
measurements of FEP and ERG were obtained prior to N20 exposure, after 4 hours of 
N20 exposure and at predetermined intervals following methanol administration for 60 
hours. Rats were periodically removed from the exposure chamber for behavioral 
observations (6-8 hour intervals), electrophysiological measurements (12-24 hour 
intervals) and to obtain blood samples (12 hour intervals). Behavioral observations 
included non-quantitative assessments of exploratory behavior, righting reflex and 
withdrawal-response to paw pressure. Blood samples for formate analysis and blood gas 
measurements were obtained from the tail or orbital sinus (under Telazol anesthesia, 10 
mg/kg) after the electrophysiological recording sessions. 

Surgical procedures and flash-evoked cortical potential measurements: For 
measurement of flash-evoked cortical potentials (FEP), rats were anesthetized with 
sodium pentobarbital (50 mg/kg, ip) and indwelling electrodes were stereotaxically 
implanted over the visual cortices (Eetls and Wilkison, 1989). All electrodes were 
attached to an Amphenol connector and the entire assembly was secured to the skull with 
dental acrylic. Recording sessions were initiated following a one week recovery period. 
Pupils were dilated by ocular administration of neosynephrine 2.5% and mydriacyl 1%. 
Rats were placed in a shielded cage with mirrored panels on the sides and the floor. The 
animals were dark adapted for 20 min and the averaged FEP was measured in response to 
50 flashes (3.2 x 103 lux ), 10 lasec in duration presented at 0.2 Hz. (Eells and Wilkison, 
1989). The amplitude of the P20-N30 complex of the FEP was measured in microvolts 
from the peak of the first positive wave (P20 wave) to the peak of the first negative wave 
(N30 wave) and the latency was measured as the interval between the stimulus onset and 
the peak of the N30 wave. Two baseline recordings of FEP were obtained in each rat. 
Treatment effects were calculated as percentage of the control (mean of baseline 
measurements) amplitude or latency of P20-N30 complex of the FEP and averaged across 
animals (Eells and Wilkison, 1989). 

Electroretinogram measurements: Electroretinograms (ERGs) were recorded from 
lightly anesthetized rats (pentobarbital, 10 mg/kg) using circular silver wire electrodes 
(Murray et aL, 1991). Tetracaine 0.5% was used as a topical anesthetic followed by 
pupillary dilation with neosynephrine 2.5% and mydriacyl 1%. Two baseline recordings 
were obtained from each rat and experimental ERGs were recorded at 24, 48 and 60 hours 
after methanol administration. Animals were dark adapted for 30 min and the averaged 
ERG was recorded using a Nicolet system (CA1000 Flash DC200) in response to 4 
flashes (3.2 x l03 lux), 10 msec in duration presented at 0.03 Hz. ERG amplitudes were 
measured in microvolts from the baseline to the peak for the negative a-wave (a-wave 
amplitude) and from the peak of the a-wave to the peak of the positive b-wave (b-wave 
amplitude). Implicit times were measured as the interval between the stimulus onset and 
the peak of the corresponding a- or b-wave of the ERG. Treatment effects were calculated 
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as percentage of the control (mean of baseline measurements) a- or b-wave amplitude and 
averaged across animals (Eells, 1991). 

Histopathologic Analysis: Animals were anesthetized with sodium pentobarbital (60 
mg/kg) and perfused (intracardiac) with phosphate-buffered 2.5% glutaraldehyde/2.5% 
formaldehyde, pH 7.4. Eyes were enucleated and immersed in the above fixative for 72 
hours. The anterior segment and vitreous were removed, then full thickness pieces of eye 
wall were dissected from the posterior pole, including the optic nerve. Tissues were 
postfixed in phosphate-buffered 2% OSO4, dehydrated in a graded ethanol series and 
embedded in epoxy resin. Thick sections (1 ta) for light microscopy were stained with 
toluidine blue; thin sections for electron microscopy were stained with uranyl acetate and 
lead citrate. 

Analytical Procedures: Blood gases and blood pH were measured on orbital sinus 
blood samples using a blood gas analyzer (Radiometer, ABL2). Bicarbonate values were 
calculated from pH and pCO2 values using the Henderson-Hasselbach equation. Formate 
concentrations were determined on orbital sinus or tail blood samples (McMartin et al., 
1975) using the fluorometric assay of Makar and Tephly (1982). Endogenous 
concentrations of hepatic folate cofactors were determined by using high pressure liquid 
chromatography for the separation of folate monoglutamate forms with specific 
quantitation of folate cofactors by microbiological analysis of the eluted fractions as 
described by McMartin et al., (1981). 

Statistical analysis: Statistical comparison of group means were made by using a 
group Student's t test if only one comparison was made between two groups. In all cases 
in which several comparisons were required, one-way analysis of variance with repeated 
measures was performed. This was followed by a Dunnett's test procedure for multiple 
comparisons with a control. In all cases, the minimum level of significance was taken as 
p < 0.05. 

R E S U L T S  

Reduction of hepatic tetrahydrofolate concentrations and inhibition 
of formate oxidation by nitrous oxide treatment. Formate is oxidized to CO2 in 
vivo in mammals primarily by a tetrahydrofolate-depcndent pathway (Fig. 2). Formate 
enters this pathway by combining with tetrahydrofolate to form 10-formyl-tetrahydrofolate 
in a reaction catalyzed by formyl-tetrahydrofolate synthase. 10-formyl-tetrahydrofolate 
may then be further oxidizcd to CO2 and tetrahydrofolate by formyl-tetrahydrofolate 
dehydrogenase (Kutzbach and Stokestad 1968). The concentration of tetrahydrofolate is a 
major determinant of the rate of formate oxidation (Eells et al., 1981, 1982). A key 
enzymatic reaction responsible for the generation of tetrahydrofolate is catalyzed by the 
enzyme methionine synthase (Huennekcns et al., 1976). Exposure of rats to the anesthetic 
gas, nitrous oxide, produces an irreversible inhibition of methionine synthase activity 
(Banks et al., 1968; Deacon et al., 1980) and a significant reduction in the production of 
tetrahydrofolate (Eells et al., 1983). As shown in Fig.3, hepatic tetrahydrofolate 
concentrations are significantly reduced in rats following 4 hours of exposure to a mixture 
of N20/O2 (1:1). Importantly, the concentrations of hepatic tetrahydrofolate in N20- 
exposed rats are comparable to those measured in the livers of cynomolgus monkeys and 
humans (Eells et al., 1981, 1982; Black et al., 1985, Johlin et al., 1987). The data in 
Fig. 3 also show that the rate of formate oxidation (500 mg/kg dose of formate) in N20- 
treated rats is reduced to 50% of the rate of formate oxidation measured in air breathing 
control rats and is comparable to the rate of formate oxidation determined at this same 
dose of formate in cynomolgus monkeys (Eells et al., 1983). 
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FIG. 2: Site of action of N20 in the metabolic pathway of folate-dependent formate oxidation 

FIG. 3: Effect of N20 on hepatic tetrahydrofolate concentrations and formate oxidation. Data compiled 
from studies conducted by Eells et  al., (1981, 1982) and Johlin et  al., (1987). 

Development of formic acidemia and metabolic acidosis in methanol- 
intoxicated rats: Methanol (4 g/kg plus 2 g/kg at 12- hour intervals) was administered 
to male Long Evans rats exposed to subanesthetic concentrations of nitrous oxide 
[N20/O2 (1:1)]. Methanol-intoxicated rats developed formic acidemia, metabolic acidosis 
and visual toxicity analogous to the human methanol poisoning syndrome. Methanol 
administration produced an initial mild CNS depression which was followed by a latent 
period of 12-18 hours, during which the behavior of methanol intoxicated rats was 
indistinguishable from saline-treated control rats. Following this latent period, methanol- 
intoxicated rats became progressively more lethargic and unresponsive. Some animals 
became comatose and died between 48-60 hrs after the initial methanol dose. Sixty hours 
after methanol administration blood formate concentrations in surviving animals were 
16.1 + 0.7 mM ; blood bicarbonate values were 7.7 + 1.2 mEqfl and blood pH had 
declined to 6.90 + 0.06. (Table 1). Similar blood formate concentrations and blood 
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bicarbonate and pH values have been reported in methanol-intoxicated monkeys (Martin- 
Amat et  al., 1977) and in severe cases of human methanol poisoning (McMartin et  al., 
1980; Murray et  al., 1996). Saline-treated rats exposed to N20/O2 exhibited no 
differences in behavior from that observed in animals breathing room air. In addition, no 
alterations in blood formate concentrations, blood pH or blood bicarbonate concentrations 
were observed in these animals. 

Metabolic Parameter N20-treated Rats  Monkeys 

1 1 . 4 +  1.2 
[0.5 _+ 0.2] 

Humans 

Blood Formate  (mM)  16. l + 0.7 19.3 + 4.4 
1normal values] [0.5 _+ 0.1] [0.6 _+. 0.2] 

Blood Bicarbonate  (mM) 7.7 + 1.2 6.5 + 0.5 3.2 + 0.4 
[normal values] [25.6 + 1.4] [21.0 • 2.1] [22-28] 

Blood pH 
[normal values] 

7.22 + 0.02 
[7A1 +0.021 

6.90 + 0.06 
[7.34 +_ 0.03] 

6.93 + 0.02 
[7A0 +_. 0.021 

TABLE 1: Formic Acidemia and Metabolic Acidosis in Methanol-Intoxicated Rodents, Primates and 
Humans Blood formate, blood bicarbonate and pH values were determined in methanol-intoxicated rats 60 
hrs after the initial dose of methanol. The monkey data was compiled from studies by Martin-Amat et aL, 
(1977) and the human data was compiled from studies conducted by McMartin et al., (1980) and Murray et 
aL, (1996). 

Development of Visual Dysfunction in Methanol-Intoxicated Rats: 
Visual dysfunction following methanol intoxication was evaluated by measurement of 
flash-evoked cortical potentials (FEP) and electroretinograms (ERG). The FEP is a 
measure of the functional integrity of the primary visual pathway from the retina to the 
visual cortex and the ERG is a global measure of retinal function in response to 
illumination (Creel et  al., 1970; Green, 1973; Dowling, 1987). The averaged FEP 
measured prior to methanol intoxication consisted of a primary (P20-N30) component 
(mean amplitude : 93 + 12 ~tV; mean latency : 31.7 + 0.5 msec) and additional more 
variable secondary components (Fig. 4). Microelectrode studies have shown that the 
P20-N30 component of the FEP is the result of retinogeniculostriate activity whereas the 
secondary components arise from central modulatory systems (Creel et  aL, 1970). The 
amplitude of the P20-N30 component of the FEP was progressively diminished (Fig. 4) 
with a corresponding increase in latency (Eells, 1991) in methanol-intoxicated rats. These 
findings are indicative of a disruption of neuronal conduction along the primary visual 
pathway from the retina to the visual cortex. Retinal function was evaluated by ERG 
analysis. The averaged ERG measured prior to methanol intoxication consisted of a 
negative a-wave (mean amplitude: 176 + 30 ~tV; mean implicit time: 17.5 + 1.0 msec) 
followed by a positive b-wave (mean amplitude: 508 + 70 ~tV; mean implicit time: 48.5 + 
1.9 msec). The a-wave of the ERG reflects photoreceptor activation and the b-wave 
results from the depolarization of the Muller glial cells secondary to activity of the bipolar 
cells (Dowling, 1987). ERG analysis in methanol-intoxicated rats revealed an early deficit 
in b-wave amplitude followed by a temporally delayed lesser reduction in a-wave 
amplitude (Fig. 5). No significant alterations were observed in the implicit times of the a- 
or b-wave in methanol-intoxicated rats. Reductions in the b-wave of the ERG were 
observed as early as 12-24 hours after the initial dose of methanol at a time when formate 
concentrations were below concentrations associated with other visual changes (Eells, 
1991, Murray et  al. ,  1991). Forty-eight hours after the initial dose of methanol, b-wave 
amplitude was 25% of control values and at 60 hours the b-wave was less than 5% of 
control values. Significant reductions in a-wave amplitude (40% of control values) were 
apparent at 60 hours in methanol-intoxicated rats. Both FEP and ERG alterations occurred 
coincident with the accumulation of blood formate suggestive of a causal relationship 
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b e t w e e n  f o r m a t e  i n d u c e d  me t abo l i c  and  v i sua l  d i s tu rbances .  A h i g h l y  s ign i f i can t  n e g a t i v e  
co r re l a t ion  w a s  d e m o n s t r a t e d  b e t w e e n  b lood  fo rma t e  c o n c e n t r a t i o n  and  e a c h  o f  t he se  
p a r a m e t e r s  o f  v i sua l  f u n c t i o n  (Eel l s ,  1991; Ee l l s  et al., 1996). 

FIG. 4: Representative FEP recordings and amplitudes of P20-N30 component in methanol-intoxicated 
(methanol and N20-treated) and control (saline and N20-treated) rats. Data are expressed as percent of 
mean zero time control values of FEP amplitude. Shown are the mean values + SE (n = 6). Significant 
decreases in amplitude from control measurements are denoted with an asterisk. 

FIG. 5: Representative ERG recordings and amplitudes of a-waves and b-waves in methanol-intoxicated 
(methanol and N20-treated) and control (saline and N20-treated) rats. Data are expressed as percent of 
mean zero time control values of  ERG a-wave or b-wave amplitude. Shown are the mean values + SE 
(n = 4). Significant decreases in amplitude from control measurements are denoted with an asterisk. 
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Evidence of Retinal and Optic Nerve Damage in Methanol- 
Intoxicated Rats: In addition to electrophysiologic changes, structural alterations 
suggestive of direct toxicity to the retina and optic nerve were also observed in the 
methanol-treated rats. Histologic evaluation of the eyes 60 hours after methanol 
administration revealed optic nerve changes similar to those reported in methanol and 
formate intoxicated primates (Baumbach et al, 1977, Hayreh et  al., 1980) and also showed 
distinctive retinal changes at the level of the RPE and neurosensory retina. Light 
microscopic evaluation showed generalized retinal edema and vacuolation in the 
photoreceptors and retinal pigment epithelium (Fig. 6). Ultrastructural examination 
showed swelling and disruption of the mitochondria in the optic nerve, retinal pigment 
epithelium and photoreceptor inner segments (Fig. 7) (Murray et al., 1991). These 
findings are consistent with a disruption in ionic homeostasis in the RPE and 
photoreceptors secondary to inhibition of mitochondrial function (Siesjo, 1992; Trump et 
al., 1989). It is interesting to note that similar changes are observed in retinas from 
patients with mitochondrial diseases that affect the electron transport chain (McKechnie et 
al.,  1985; Runge e ta l . ,  1986; McKelvie e taL ,  1991) and in some forms of light induced 
retinal degeneration associated with inactivation of cytochrome oxidase (Rapp et al., 1990; 
Pautler et  al., 1990). 

FIG. 6: Light micrographs of retina from an untreated control animal (left) and from a methanol- 
intoxicated (methanol and N20-treated) (right). The retina from the methanol-intoxicated rat shows 
evidence of diffuse edema and vacuolation (arrows) at the junction of the inner and outer segments of the 
photoreceptor cells and in the retinal pigment epithelial cells (x 210). 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



248 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

FIG. 7: Electron micrographs of the photoreceptor layers of untreated control (left) and methanol and 
N20-treated experimental retinas (right). Photoreceptor mitochondria from control animals showed normal 
morphology with well defined cristae. In contrast, photoreceptor mitochondria from methanol intoxicated 
rats were swollen with expanded or disrupted cristae (x 10,000). 

Controls for these experiments included groups of rats which were treated with 
saline and exposed to nitrous oxide (N20-control); rats which were treated with methanol, 
but not exposed to nitrous oxide (methanol-control); and untreated rats. No alterations in 
visual function (ERG and FEP), metabolic parameters (blood formate concentrations, 
blood pH, bicarbonate, body temperature), or histology were observed in any of the 
control groups with the exception of subtle alterations in the mitochondria of the optic 
nerve observed in the methanol control group (Eells et al., 1981, 1983; Eells, 1991; 
Murray et  al., 1991). These results suggest that the mitochondria of the optic nerve may 
be particularly sensitive to methanol poisoning. 

D I S C U S S I O N  

Methanol has been recognized as a serious human neurotoxin for nearly a century 
and the clinical features of human methanol poisoning have been extensively documented. 
Despite numerous clinical reports on ocular findings, the pathogenesis of methanol 
poisoning has remained obscure. In addition, many questions remain regarding the 
nature and extent of retinal and optic nerve injury and the mechanism of action of 
methanol's toxic metabolite, formic acid. Attempts to produce experimental models of 
ocular toxicity have yielded results with little relevance to the poisoning of humans. The 
principal difficulty has been that in most commonly employed laboratory animals, the type 
of poisoning induced by methanol differs significantly from that observed in humans. In 
nonprimate species, large doses of methanol induce a state of narcosis and death, but 
without the manifestation of formic acidemia, metabolic acidosis and retinal and optic 
nerve damage similar to that reported in humans. The only exception has been work 
conducted in nonhuman primates in which methanol administration results in the 
production of a syndrome similar to that observed in human methanol intoxication. 
However, observations on retinal involvement from primate animal studies show some 
inconsistencies because of variations in methanol dosage~ individual animal variation, and 
the limitations on numbers of animals which were studied imposed by cost and 
availability. We report on the development and characterization of a methanol-sensitive 
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rodent model which we have used to investigate the metabolic and visual system toxicity 
associated with methanol intoxication. As in human and nonhuman primate poisonings, 
the response of rats to methanol in this model is characterized by a latent period followed 
by accumulation of formate within the blood. The formate accumulation parallels the 
development of a metabolic acidosis with decreasing bicarbonate and blood pH, and can 
lead to death (Tephly and McMartin, 1984; Eells et aI., 1981; Eells, 1991; Jacobson and 
McMartin, 1986). 

The alterations in visual function observed in our studies suggest that the retina is a 
primary site of formate toxicity. They also provide an important functional correlate of 
retinal and/or optic nerve damage reported in human cases of methanol poisoning and in 
non-human primate studies (Benton and Calhoun, 1952; Sharpe et al., 1982; Hayreh et 
al., 1980). Disruptions in the P20-N30 component of the FEP have been associated with 
direct retinal actions as well as effects on optic nerve function (Eells and Wilkison, 1989). 
More specifically, the reductions of the a-wave and b-wave of the ERG observed in the 
methanol-intoxicated rats indicate that retinal function is directly disrupted by formate. 
The a-wave of the ERG reflects the hyperpolarization of the photoreceptors and the b- 
wave is generated by the depolarization of Muller glial cells and reflects synaptic activity at 
level of the bipolar cells (Dowling, 1987). The ERG is not affected by lesions in the optic 
nerve or retinal ganglion cells (Dowling, 1987). The alterations in the ERG observed in 
methanol-intoxicated rats in this study as well as those reported in humans (Eells et al., 
1995; Murray et al., 1996) and non-human primates (Ingmannsson, 1983) are therefore 
indicative of a toxic action of formate on retinal function which is primarily manifested as a 
disruption of glial or bipolar cell function and to a lesser extent a disruption of 
photoreceptor function. 

Similar, although not identical, alterations in retinal function have been reported by 
Lee and colleagues (Lee et al., 1994a, b) in methanol intoxicated folate-deficient rats.  In 
these studies, rats were maintained on a folate-deficient diet for 18 weeks, resulting in a 
90% reduction in total hepatic folate concentrations. Following methanol administration 
(3.5 g/kg, po), folate-deficient rats developed formic acidemia and visual toxicity. Visual 
dysfunction was manifested 48 hours after methanol administration as an increase in the 
latency of the P20-N30 component of the FEP and a reduction in the amplitude of the b- 
wave of the ERG. However, no alterations in the amplitude of the P20-N30 component of 
the FEP or the a-wave of the ERG were observed in these animals. Formic acid 
accumulation was comparable in both methanol-sensitive rodent models, therefore, the 
discrepancies in methanol-induced retinal toxicity observed in N20-treated tetrahydrofolate 
deficient and dietary folate depleted rats are most likely due to the differences in 
stimulation and recording parameters. Flash intensity was substantially greater in the 
studies by Lee and colleagues (4.5 x 107 lux compared to 3.2 x 103 lux in our studies) 
producing a more intense visual stimulation and eliminating more subtle responses 
observed at the lower stimulus intensities employed in our studies. In addition, the studies 
by Lee et al., (1994a, b) did not examine the effects of methanol-intoxication on visual 
function beyond 48 hours. Significant reductions in a-wave amplitude were apparent only 
after 48 hours in our studies. Electroretinographic studies are currently being conducted in 
our laboratory to define the time-course and stimulus-response relationships in methanol- 
intoxicated rats over an extended range of stimulus intensities. 

In addition to electrophysiologic changes, structural alterations suggestive of direct 
toxicity to the retina were also observed in the methanol-treated rats. The most 
pronounced alteration was a severe vacuolation at the base of the photoreceptor outer 
segments, just distal to the outer limiting membrane formed by the junctional complexes 
between photoreceptors and Muller glia. Also prominent was dilation of the extracellular 
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space at the bases of the pigment epithelium. Diffuse retinal edema which was seen here 
has been observed by ophthalmoscopic evaluation in methanol intoxicated humans and 
nonhuman primates (Benton and Calhoun, 1952; Potts, 1955). Baumbach et al., (1977) 
documented mitochondrial swelling and disruption in the optic nerve of  methanol- 
intoxicated primates. In agreement with these findings, the optic nerve in this rodent 
model also appears to be sensitive to formate exposure. In this study, mitochondrial 
changes were also seen in other tissues, notably photoreceptors and RPE. 

An important obstacle in understanding the pathogenesis of methanol poisoning 
has been the lack of  animal models which mimic the human poisoning syndrome. 
Methanol poisoning occurs in humans and non-human primates; the two species that 
uniquely accumulate formic acid after methanol exposure (Eells, 1992; Tephly and 
McMartin, 1984). Formate accumulation coincides with the classic presentation of 
methanol toxicity. The initial delay in symptoms followed by an uncompensated metabolic 
acidosis, visual disturbances ranging from visual blurring to blindness, and central 
nervous system alterations occasionally leading to coma and even death may all be directly 
attributable to formate (Eells, 1992; Tephly and McMartin, 1984; Sharpe et al, 1982). 
We have developed a rodent model of methanol toxicity by selective inhibition of formate 
oxidation in this species (Eells et al., 1981, 1982; Murray et al., 1991; Eells, 1991). 
Methanol-intoxicated rats developed formic acidemia, metabolic acidosis and visual 
toxicity characterized by reductions in the visual evoked potential and electroretinogram. 
Histopathology of these animals revealed abnormalities at the level of the photoreceptors 
and retinal pigment epithelium in addition to optic nerve changes. Our laboratory has also 
obtained electroretinographic and morphologic evidence of similar retinal toxicity in a fatal 
case of human methanol poisoning (Eells et al., 1991; Murray et al., 1996) thus further 
substantiating the clinical and toxicological relevance of this nonprimate model of methanol 
poisoning. 

Formate has been hypothesized to produce retinal and optic nerve toxicity by 
disrupting mitochondrial energy production (Martin-Amat et al., 1977, 1978; Sharpe et 
al., 1982). In vitro studies have shown that formate inhibits the activity of cytochrome 
oxidase, a vital component of the mitochondrial electron transport chain involved in ATP 
synthesis (Nicholls, 1975, 1976; Eells et al., 1995). Formic acid binds to cytochrome aa3 
and inhibits cytochrome oxidase activity with inhibition constant values between 5 and 30 
mM (Nicholls, 1975, 1976). Concentrations of formate present in the retina and vitreous 
humor of these methanol-intoxicated rats are within this range as are the concentrations of 
formate measured in the blood, vitreous humor and CSF of methanol poisoned humans 
and monkeys (McMartin et al., 1980; Sejersted et al., 1983; Martin-Amat et aL, 1977). 
Selective inhibition of mitochondrial function in the retina and optic nerve is consistent 
with both the functional and morphological findings in methanol intoxication. However, 
further investigations are needed to confirm or refute this hypothesis and to delineate the 
mechanisms through which formate induces ocular toxicity. The development of this non- 
primate animal model of methanol toxicity will greatly facilitate research into the 
mechanistic aspects of methanol toxicity and may prove valuable in developing and testing 
treatments for human methanol poisoning. 
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REFERENCE: Lussier, S. M., Champlin, D., Kuhn, A., and Heltshe, J. F., "Mysid 
(Mysidopsis bahia) Life-Cycle Test: Design Comparisons and Assessments," 
Environmental Toxicology and Risk Assessment: Biomarkers and Risk Assessment--Fifth 
Volume, ASTM STP 1306, David A. Bengtson and Diane S. Henshel, Eds., American Society 
for Testing and Materials, 1996. 

ABSTRACT: This study examines ASTM Standard E1191-90, "Standard Guide for 
Conducting Life-cycle Toxicity Tests with Saltwater Mysids", 1990, using Mysidopsis 
bahia, by comparing several test designs to assess growth, reproduction, and survival. 
The primary objective was to determine the most labor efficient and statistically powerful 
test design for the measurement of statistically detectable effects on biologically 
sensitive endpoints. Five different test designs were evaluated varying compartment size, 
number of organisms per compartment, and sex ratio. Results showed that while paired 
organisms in the ASTM design had the highest rate of reproduction among designs 
tested, no individual design had greater statistical power to detect differences in 
reproductive effects. Reproduction was not statistically different between organisms 
paired in the ASTM design and those with randomized sex ratios using larger test 
compartments. These treatments had numerically higher reproductive success and lower 
within tank replicate variance than treatments using smaller compartments where 
organisms were randomized, or had a specific sex ratio. In this study, survival and 
growth were not statistically different among designs tested. Within tank replicate 
variability can be reduced by using many exposure compartments with pairs, or few 
compartments with many organisms in each. While this improves variance within 
replicate chambers, it does not strengthen the power of detection among treatments in the 
test. An increase in the number of true replicates (exposure chambers) to eight will have 
the effect of reducing the percent detectable difference by a factor of two. The results 
indicate that, of the five test designs compared, test design two, with randomized sex 
ratios using larger test compartments, employed the same number of test organisms in 
fewer compartments, produced good survival and growth, yielded reproduction 
comparable with the ASTM method, and required less animal handling and monitoring 
time. We recommend adoption of this test design with the incorporation of an increase in 
the number of true replicates to eight. 

KEYWORDS: mysid, Mysidopsis bahia, life-cycle test, toxicity test methods 
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The mysid life-cycle test was first developed with Mysidopsis bahia by Nimmo et 
al. (1977). Since then the method has been revised by several investigators (Breteler et al. 
1982, McKenney et a1.1982, Lussier et al. 1985, Cripe et al. 1981). It is the most widely 
used chronic test with a marine organism, having been tested with over 40 substances in 
more than 60 studies. In 1987, "The Standard Guide for Conducting Life-Cycle Toxicity 
Tests with Saltwater Mysids" was initially published as ASTM Standard E 1191-87, after 
five years of  discussions and data analyses by the ASTM workgroup (Subcommittee 
E47.01). This method, revised in 1990 (ASTM E1191-90), has been used for the 
development of  Water Quality Criteria (Federal Register 1980, 1985), registration of  
pesticides, and hazard evaluations of  many substances or conditions. On review of  some 
of  these data, it was determined that, due to the inherent variability of  the reproduction 
endpoint, differences from the control sometimes could not be detected even though 
reproduction was completely absent in other treatments. This problem of  reproductive 
variability had been demonstrated in an earlier field verification study conducted for 
Black Rock Harbor, Connecticut, (Gentile et al. 1985) when large differences in 
reproduction did not show statistical significance until the experimental design was 
changed. The new design increased pairs of  test animals from six to thirty, and replicates 
from two to eight per treatment, thereby reducing the replicate to replicate variability, and 
increasing overall statistical power. An analysis of nine most recently conducted mysid 
life-cycle tests at U.S. EPA, Atlantic Ecology Division, Narragansett, R.I., using the 
ASTM method (which uses two replicate aquaria and eight mysid pairs per replicate), 
revealed that the range of  detectable differences from control was from 22 to 208%, with 
a mean of  104%. 

Based on these data. it was determined that the ASTM method should be 
reexamined to determine whether the test design could be modified to reduce the 
reproductive variability and improve the power of  detection. The present study consists 
of  a life-cycle test to compare five different test designs (one per treatment), developed 
based on previous unpublished data which contributed to the development of  the ASTM 
method. Data were compared to evaluate the effects of  test design under control 
conditions, on survival, growth, and reproduction in mysid life-cycle exposures. 

METHODS 

Culture and Exposure Systems 

Mysidopsis bahia were obtained from laboratory cultures maintained in filtered 
(15g) Narragansett Bay seawater in a flow-through (100 mL/rain) system (Lussier et al. 
1991). Seawater was maintained at 25 + 1 ~ C, 30 + 2%. salinity, and a pH of 7.8-8.2, in 
76-L glass aquaria with undergravel filters and a dolomite substrate with gentle aeration. 
Taxonomic identification of  cultured animals was reverified by Wayne Price and Richard 
Heard at the Mysid Taxonomy Workshop in 1989. M. bahia has recently been renamed 
Americamysis bahia (Price et al. 1994) in the designation of  a new genus, Americamysis, 
to separate the several Mysidopsis species which were often confused. Artemia sp. 
nauplii (24 h posthatch) were provided as food at about 7 x 104 nauplii per day to each 
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aquarium, with the amount adjusted according to mysid density to provide ad libitum 
food to prevent cannibalism. 

In the exposure system, each treatment utilized two replicate glass chambers 
(l 5.5cm x 47cm x 15.5cm), which received water from a mini-diluter system modified 
from Benoit et al. (1982). A siphon-flush mechanism (Sosnowski et al. 1979) was used 
to produce a 40ml/min flow rate per replicate chamber; approximately 14 volume 
additions per day. Test chambers are defined as the "smallest physical units between 
which there are no water connections. Screens and cups may be used to create two or 
more compartments within each chamber" (ASTM E 1191-90). Three exposure 
compartment designs were tested: (l) large netted compartments; fabricated from 14 cm 
diameter glass petri dishes each with a 320g Nitex* screen collar fastened with clear 
silastic sealant: (2) small netted compartments; fabricated identically only using 9 cm 
diameter glass petri dishes; and (3) small glass compartments, 6.5 cm diameter of  glass 
jars with two opposing 3cm diameter holes covered with 320g Nitex screen. 

Test Designs 

Five different test designs, using exposure compartments, were compared to 
evaluate the possible effects on survival, growth (measured as dry weight), and 
reproduction in life-cycle exposures (Figure 1). All treatments employed two replicate 
exposure chambers. The effects of  compartment size, sex ratio, animal density, and 
handling were compared using filtered Narragansett Bay seawater. The design used in 
ASTM E1191-90, served as the standard test design to which other four designs were 
compared. The test using all designs (treatments) was initiated using newly hatched (12- 
24 h) AlL bahia juveniles that were fed Artemia sp. nauplii ad libitum. Test organisms as 
close to the same age as possible were used, as required by ASTM, to minimize variation 
in growth and reproduction. 

Treatment 1 (ASTM method): Days 0-14, 15 animals were held in each of  two 
large (14 cm diameter) netted compartments per duplicate chamber (N = 30). On day 14 
(at sexual maturity), animals were paired by sex, and redistributed into each of  eight 
small glass (6.5 cm diameter) compartments per duplicate chamber (N = 16), for the 
remainder of  the test (days 15-28). Extra males not used for pairing were held in separate 
netted compartments within the exposure chambers. To ensure fertility of  females, these 
males were used to replace paired males that died during the reproductive phase of  the 
test, but were not counted in quantification of survival. Dead females were not replaced. 

Treatment 2: Days 0-14, 10 animals were held in each of  three large (14 cm 
diameter) netted compartments per duplicate chamber (N = 30). On day 14, animals were 
not redistributed, but left in the same configuration, regardless of  sex ratio, for the 
remainder of  the test. 

*Mention of  commercial products does not constitute endorsement by the U.S. 
Environmental Protection Agency. 
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FIG. 1-- Five test treatments were compared; treatment 1 is the ASTM standard 
method. The number of  animals (n) in each exposure compartment is shown 
before and after redistribution on day 14. N equals total animals in each replicate 
o f  the treatment. Only one of  two replicates per treatment is shown. 
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Treatment 3: Days 0-14, 10 animals were held in each of three large (14 cm 
diameter) netted compartments per duplicate chamber (N = 30). On day 14, animals were 
randomly redistributed, five animals to each of  six small (9 cm diameter) netted 
compartments per replicate chamber, for the remainder of  the test. 

Treatment 4: Days 0-14, 15 animals were held in each of  three large (14 cln 
diameter) netted compartments per duplicate chamber (N = 45). On day 14, (at sexual 
maturity), animals were examined, sorted by sex, and redistributed, five animals to each 
of  six small (9 cm diameter) netted compartments with a 3 female: 2 male sex ratio (N = 
30) for the remainder of  the test. 

Treatment 5: Days 0-14, 5 animals were held in each of six small (9 cm diameter) 
netted compartments per duplicate chamber (N = 30). On day 14, animals were not 
redistributed, but left in the same configuration for the remainder of  the test (N = 30). 

Biological Measurements 

All exposure compartments were monitored daily throughout the entire test. Dead 
adults and young mysids (after day 14) were counted and removed. Feeding was adjusted 
according to the number of  live adults. Survival was quantified during the entire test but, 
because it was nearly 100% in all treatments during the first phase of the test, was 
statistically compared among treatments only for the reproductive phase (days 15 to 28). 

Growth was measured as dry weight as required in the ASTM method (El 191- 
90). Males and females were removed from each exposure compartment at the end of  the 
test, rinsed with deionized water, placed on tared pans according to sex, dried at 60 ~ C for 
at least 72 hours, and weighed to obtain a mean dry weight separately for male and 
female mysids. 

Reproduction in the life-cycle toxicity test is usually measured as the number of  
young produced per available female reproductive day (AFRD) which adjusts for 
differences in young produced caused by toxicant related mortality of  females. In this 
test, no toxic substances were used, the number of  females varied among the designs, and 
some were not distributed according to sex ratio. Therefore, we measured the cumulative 
number of  young produced per number of  females at the start of the reproductive period 
(day 15) through the end of  the test (day 28), resulting in a mean productivity per female. 

Statistical Measurements 

Statistical differences (P = 0.05) among treatments were detected by analysis of 
variance (Snedecor and Cochran 1980) and F isher's protected least significant difference 
test (1960). Coefficients of variation and detectable differences were calculated for each 
treatment using within and between replicate variability. 
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RESULTS 

Results from analyses of  the five test treatments are presented for the biologically 
important endpoints of  survival, growth, and reproduction. 

Survival 

The pattern of  survival was similar among treatments (Figure 2). Female survival 
during the reproductive period (83 to 97%) was better than male survival, (64 to 79%), a 
trend we have observed previously. Total percent survival (for both sexes) in all 
treatments ranged from 74 to 88% and was within the acceptable limit of>70% 
established by ASTM. Analysis of  variance showed no significant differences in survival 
of  females, males, or both sexes among treatments. 

Growth 

Dry weights of  males, females, and all mysids at the end of  the test ranged from 
0.9 to 1.5~ag (Figure 3). The ASTM mysid life-cycle test has no established criteria for 
acceptable dry weight. No significant differences were observed among the treatments. 

Reoroduction 

The mean number of  young per female during the reproductive period (day 15-28) 
ranged from 3.76 to 11.38 among the five test designs (Table 1). Figure 4 shows the 
pattern of  reproduction for each of  the test designs. Analysis of  variance showed a signi- 
ficant difference in reproduction among the five test designs (P<0.05). Females from 
treatment 1 (the ASTM method) averaged 11.38 young each, which was significantly 
greater than the number of  young released by females in treatments 3, 4, and 5. The 
mean number of  young released in treatment 2 (8.75 young/female) did not differ from 
any other treatment. Some females in each of  treatments 1 and 2 released a second brood 
during the reproductive period. 

TABLE 1-- Mean and coefficient of  variation (CV) on the number of 
young released per female mysid from day 15 to 28 of  a life-cycle test 

Treatment Young / Female CV% 

1 11.38 59 
2 8.75 58 
3 3.77 58 
4 3.95 64 
5 5.79 52 
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FIG. 4--Cumulative number of young produced by total females alive 
at start of reproductive period (Day 15) in each treatment. 

Power of  Detection 

In a life-cycle test, after a significant difference among treatments is determined, 
it is necessary to identify which treatment concentrations of  a toxic substance have 
caused an adverse biological effect. Statistical tests for significant differences between 
each treatment and the control, or reference treatment, are then conducted. The lower the 
variability, the more powerful the test, and the smaller the difference from control that 
can be detected. Tests designs with a greater power of  detection will be better predictors 
of  chemical effects. The detectable percent difference of  a statistical test is that percent 
difference between two treatment means that can be detected "P" percent of  the time. 
This "P" percent being the power of  the statistical test. The desired power can either be 
fixed to compute effect size or vice versa. The results of  these five treatment 
configurations show that while treatment 1 (ASTM) had the highest reproduction, the 
between replicate variability was also very high (Table 1). The five treatments had 
similar coefficients of  variance for reproduction implying that each test design has 
approximately the same percent detectable difference between duplicates. 

Coefficients of  variance were also calculated within duplicate tanks in each 
treatment. Varability within treatments can be reduced by the configuration of  exposure 
chambers and organisms as demonstrated in the five test designs used in this study. 
Coefficients of  variance were lower in test designs 1 and 2 (67% and 61%, respectively), 
compared with designs 3, 4, and 5 (79%, 78%, and 128%, respectively). This reduction 
in within duplicate variance was not observed between duplicates, and so the power of  
detection remained unaffected. 
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DISCUSSION 

The test designs devised for this study examined a number of  factors that may 
control reproductive success, inherent variability of  reproduction, ease of  testing, and 
therefore the power to predict effects in the A~( bahia life-cycle test. In our reevaluation 
of  the ASTM (E 1191-90) test design, we reviewed our unpublished test information 
which had contributed to the development of the original test method. Experimental 
designs were chosen for this study to integrate and test some of  those same design factors 
with the goal of  providing data required to modify the ASTM method. For example, 
results from previous research showed that survival and reproduction were significantly 
improved when fewer animals (6 vs 12) were employed per exposure compartment 
(unpublished data). Those results were corroborated in this study with increased 
reproduction in test designs 1 and 2 (Figure 1), which offered the greatest compartment 
surface area per animal (33.2 cm-" and 30.7 cm 2, respectively). All other designs offered 
only 25.4 cm: per animal. Some females in treatments 1 and 2 also released a second 
brood during the reproductive period, indicating a faster development rate. Previous 
studies also showed a significant improvement in survival and reproduction when animals 
were exposed in larger compartments (14 vs 9 cm diameter) regardless of  density. In this 
study, test design 2 with the 1 arger netted compartments had numerically double the 
reproduction of  test designs 3, 4, and 5, with small compartments, but did not differ 
significantly from design 1. Previous results (unpublished) showed no improvement in 
survival or reproduction when sex ratios within exposure compartments were varied. 
Likewise in this study, test designs 3 and 4 (random vs 3F:2M) showed no differences. 
We theorized that the additional handling involved in redistribution of  animals into a 
particular sex ratio might adversely effect survival. However, no difference in survival 
was detected among the designs tested (Figure 2). 

A statistical factor that may be related to design options, minimum significant 
difference, was also reviewed. Upon examination of  previous tests which were 
conducted at our laboratory in accordance with the ASTM method, we found that the 
detectable difference in reproduction from control ranged from 22 to 208%, with a mean 
of  104%. This is a result of  the high variability between duplicate chambers in the 
treatments. Because the tests were conducted over a period of  several years, there may 
have been other factors which contributed to this variability, such as culture conditions, 
seasonal seawater changes, etc. The present study removed those variables, affording the 
opportunity to compare test designs under the same controlled laboratory conditions, 
without exposure to a toxic material. The between duplicate variability in this study was 
similar for all treatments, i.e., coefficients of  variation 52 to 64% (Table 1). 

Lower variability for survival and growth measurements usually enable 
differences among treatments to be detected statistically. However reproduction, often 
the most sensitive indicator of  effects, has an innately high variability which often 
impedes statistical detection of  differences among treatments. It is for this reason that the 
reproductive parameter was emphasized in this study, to explore ways to enhance female 
productivity and reduce sources of variance due to test design. Because of  the variability 
associated with the reproductive endpoint, one comparative test is only an indicator, not a 
predictor, of  the ability to detect differences in reproduction. While a repeat of  this test 
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FIG. 2--Survival pattern during reproductive period (Days 15-28) 
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could give somewhat different results, there was no significant difference in detectability 
of reproductive effects among the five test designs with only duplicate chambers. 
Therefore, the use of  only two replicates is a more important constraint on the power of  
the test than the experimental design used for reproductive assessment. Even though the 
variability within replicate tanks was reduced in treatments 1 and 2 compared with 
treatments 3, 4, and 5; the reduction reflected variance among exposure chambers 
sharing the same exposure water and had no effect on the detectable difference for the 
test. True replicates (n), which by definition have no water connection, are used in the 
calculation of  the power of  detection of the test (ASTM E 1191-90). Increasing the 
number of  true replicates to eight is calculated to have the effect of  reducing the percent 
detectable difference by a factor of  two. All Minimum Significant Differences (MSD) 
are functions of  coefficients of  variance and sample sizes. The sample size enters the 
calculation in the form (2/n) ~': for equal number of  replicates per treatment. Clearly, as 
we increase n from two to eight, this reduces the MSD by a factor of  two. The MSD is 
halved for n=8 versus n=2. For reproduction data, the MSD for n=2 (two replicates) was 
166%, i fn  is increased to 8 replicates, the MSD is 83%. This expected increase in 
sensitivity is similar to that empirically determined in the Black Rock Harbor 
experiments with eight true replicates, noted earlier (Gentile et al. 1985). 

Practical and economic aspects are also important determinants of a test design. 
The number of  animals required, time involved checking and handling test organisms, 
maintenance of  the test system, etc., all add cost. To better compare these attributes, they 
are listed in Table 2. The important note is, there are pros and cons to each design, and 
one must be chosen that produces statistical resolution, balanced with ease of  conducting 
the test. 

TABLE 2--Comparison of  test design attributes 

Mean Mean Dry 
Number Handling Number of  Young/ Mean % Weight 

Treatment of  Mysids Time Chambers Female Survival (txg) 

1 60 High (pairing) 20 11.38 81 1.1 

2 60 Low 6 8.75 88 1.3 

3 60 Medium 18 3.77 74 1.2 

4 90 High (sex ratio) 18 3.95 76 1.2 

5 60 Low 12 5.79 76 1.3 
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Test design 2 used a reasonable number of test organisms and compartments, and 
produced good survival and growth. Reproduction was not significantly different from 
the ASTM method, and with pairing eliminated, less animal handling was required during 
the test. Due to the high inherent variability in reproduction, the ability to detect 
differences among test treatments can be improved only by increasing the number of true 
replicates. It is for these reasons we recommend adoption of test design 2, with the 
incorporation of an increase in the number of true replicate chambers to eight. We 
believe that the time saved by eliminating the pairing requirement will compensate for the 
increased number of replicates, and a better power of detection will reduce the necessity 
for repeating tests. 
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RESPONSES OF THE ESTUARINE PLANT SCIRPUS O L N E Y I  TO TWO 
H E R B I C I D E S ,  ATRAZINE AND M E T O L A C H L O R  

REFERENCE: Lytle, J. S. and Lytle, T. F., "Responses of the Estuarine Plant Scirpus 
Olneyi to Two Herbicides, Atrazine and Metolachlor," Environmental Toxicology and Risk 
Assessment: Biomarkers and Risk Assessment--Fifth Volume, ASTM STP 1306, David A. 
Bengtson and Diane S. Henshel, Eds., American Society for Testing and Materials, 1996. 

ABSTRACT:  The phytotoxicity of atrazine and metolachlor was tested using rhizome 
cultures of Scirpus olneyi, a major salt marsh emergent macrophyte that has wide 
distribution around Gulf estuaries. A variety of types of exposure media and methods of 
toxicant addition were employed. Test systems included: (1) rhizomes placed in 
biochambers with atrazine-spiked "clean" estuarine sediment; (2) rhizomes placed in 
biochambers containing composited estuarine sediment with grain sizes ranging from 
sands to clays; (3) young shoots placed in biochambers prepared as in (2): and; (4) young 
shoots placed in biochambers in seawater diluted to varying salmities. Metolachlor was 
the test pesticide in systems 2-4. Plant responses measured included peroxidase activity 
(POD), peroxidation products, chlorophyll, and growth. All responses to atrazine-spiked 
sediments were clearly related to the dose, whereas responses to metolachlor showed high 
variability with increasing salinity and low variability with varying grain size. At 12%c. 
salinity effects completely masked the metolachlor effects (as measured by growth) at all 
test levels, indicating that growth as an ecological endpoint used to evaluate a chemical 
stressor is ineffective under certain salinity regimes. 

KEYWORDS:  emergent macrophytes, pesticides, estuarine variables, biomarkers 

Estuarine marsh plants play an extremely important role in estuaries. They are the 
nursery grounds for many important fish and avian species, and they act as powerful 
buffers against storm erosion. Though they are very vulnerable to agricultural runoff. 
little scientific data exist regarding their pesticide sensitivities. To assess effects of 
pesticides on plants within an estuary, it is critical to understand how estuarine variables 
such as fluctuating salinity and variable sediment regimes affect pesticide toxicities. 
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Standardized test protocols have not been developed to evaluate chemicals for the 
protection of emergent estuarine macrophytes for various reasons. The culturing of young 
plants for toxicity testing of emergent estuarine species is problematic in that seeds are 
difficult to secure, techniques for breaking seed dormancy are not well documented, seed 
germinations are often long and sporadic, and seedling growth can be excessively slow. 
The objectives of the studies reported are several-fold: to develop a technique for 
propagating large numbers of young emergent estuarine macrophytes, to carry out 
phytotoxicity tests on the cultured species with two extensively used agricultural 
herbicides, to measure and compare plant responses to herbicide toxicity under varying 
salinity and sediment grain size regimes, and to evaluate biochemical assays for suitability 
of use under field conditions. 

PROCEDURES 

Plant Propagation 

Scirpus ohTeyi, Juncus roemerianus, and Spartina alterniflora (emergent 
macrophytes) are major marsh plants along the Mississippi coast. J. roemerianus seeds 
are exceedingly small and difficult to physically separate from the spikelets, and when 
successful in germination, seedling growth is slow. S. aIterniflora can be germinated from 
seed, if seeds are collected near peak maturity and properly stored using an after-ripening 
process (Woodhouse et al. 1974). No known cultivation techniques are available for S. 
olneyi, commonly known as three square sedge. All three marsh plants spread naturally 
through rhizome emergence. To test feasibility of cultivating young plants from rhizomes, 
rhizomes from each of the three species were collected throughout 1993 and placed in 
shallow trays of water under greenhouse conditions (air circulated and temperature 
ranging from 23 ~ to 28~ depending on season) until vegetative shoots emerged. S. 
olneyi was the only species which was easily cultivated from rhizomes, and rhizomes 
clipped in either spring or summer produced a large number of healthy plants. In May, 
1994 small select stands of S. olneyi were removed from a pristine area in Davis Bayou, 
MS, and rhizomes were carefully washed and clipped at each node and placed in trays of 
water ial the greenhouse until young shoots were 3-5 cm in height. Though this technique 
is successful in producing large numbers of young shoots having identical genetic material, 
it is labor intensive. Removal ofS. olnevi stands causes no lasting detrimental effects 
since recolonization occurs within the growing season. Studies utilized either rhizomes or 
young plants grown from rhizomes. 

Herbicide Preparation 

Atrazine (2-chloro-4-ethylamino-6-isopropylamine-s-triazine, 97.1% pure, from 
Ciba-Geigy Corp., Greensboro, NC) was used without carrier and metolachlor, 2-chloro- 
N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-l-methylethyl)acetamide, was a commercial 
liquid preparation of Pennant| (Ciba-Geigy, 85.1 cA. active ingredient). In Test 1, three 
dose levels of atrazine were prepared as follows. Three aliquots weighed to yield 
approximately 1, 10 and 100 ppm (when added to sediment) were dissolved in 95% 
ethanol. Dissolved atrazine aliquots were transferred to 10 g free quartz sand which had 
been precleaned by heating at 400~ for 24 hours. Atrazine/sand aliquots were slurried 
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TABLE l--Exposure bioassay conditions. 

Test 

1 2 3 4 

Pesticide Atrazine Metolachlor Metolachlor Metolachlor 

Level 1,10,100 ppm 0.1,1,10 ppm 0.01,0.1,1 ppm 0.01,0.1,1 ppm 

Duration 24 days 28 days 16 days 16 days 

Medium Estuarine 5 mixtures 3 mixtures Seawater with 
sediment sands & clays sands & clays Hoagland solution 

Method of Coated quartz Distilled water Hoagland In medium 
Toxicant sand mixed in atop sediment solution atop 
Addition sediment sediment 

Renewal None None 7 days 7 days 

Culture Rhizomes Rhizomes Rhizome plants Rhizome plants 

Measured Growth* Growth* Growth* Growth* 
Responses Peroxidases ChlorophyU Peroxidases Peroxidases 

Peroxidation Chlorophyll Chlorophyll 
Chlorophyll 

*total biomass, shoot biomass, shoot length (mean & total), root length 

and air dried under the fume hood for 8 hours to remove all ethanol. The sand coatings in 
Table 1 are nominal values that were not further verified. Before spiking with atrazine, 
wet sediments were thoroughly homogenized and divided into four-3 kg portions. 
Atrazine/sand and sand only (control) aliquots were added to 3 kg sediment portions and 
thoroughly homogenized. In Tests 2, 3 and 4, a concentrated solution of metolachlor was 
prepared and diluted with well water and sufficient nutrients to yield a 10% Hoagland 
solution (Hoagland and Arnon 1950). 

Test Systems 

All tests were carried out in a controlled temperature greenhouse during the 
months of May through September. Natural light was used throughout the testing. Air 
temperatures were monitored daily using a max/min thermometer. Temperatures ranged 
between 23 ~ and 28 ~ which is a typical diurnal range of temperatures for this locale. 
Conditions for each test are described in Table 1. Sediments used in tbrmulation of grain 
size tests were collected from two locations within Weeks Bay, AL, one dominated by 
clay (65.3% clay, 22.2% silt, and 12.5% sand) and the other by sand (39.6% coarse, 
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55.0% medium, 2.5% free, 1.2% very free sands, and 1.7% silt and clay). The clay-rich 
sediments were used for the atrazine-spiked tests. Wet sediments were refrigerated at 
7~ prior to preparation of test media, and were stored less than 7 days before use. Both 
sediments were washed to remove salts before use in Test 3. Water pumped from a deep 
well was used for dilutions of seawater and for preparation of test solutions. Seawater 
was collected 3 miles offshore from Pensacola, F1. Before use of well water and seawater, 
chemical analysis were performed for trace metals, pesticides and water quality (Strickland 
and Parsons 1968). Chemical characteristics (mean value reported) of well water were: 
hardness, 1.8 mg/L as CaCOr alkalinity, 210 mg/L as CaCO3; pH, 7.8; total suspended 
solids, <1 mg/L; total organic carbon (TOC), 0.3 mg/L; unionized NH3, 0.006 rag-NIL. 
Chemical characteristics of seawater were as follows: suspended solids, 125 mg/L; TOC, 
7.8 mg/L; unionized NH3, 0.003 mg-N/L. At laboratory detection limits for atrazine and 
metolachlor, 0.1 ~tg/L and 3.0 gg/L, respectively, neither were detected. Weeks Bay 
sediments used as sediment media were considered reference sediments. 

Tests were run in the chronological order 1 to 4. Elements of test procedures 
constant in all systems were as follows. All treatment replicates were randomized within 
blocks and placed as blocks in an area of the greenhouse away from windows. Each 
treatment level contained five replicate biochambers, each of which contained 12 plants 
(n=60). Water levels were kept constant by daily addition of well water after initial 
herbicide application. Sediments were collected 2 days prior to preparation as a test 
medium and held wet at 7~ Sediment pH was measured after homogenization prior to 
atrazine-spiking in Test 1 and alter homogenization of sediment preparation of various 
grain size mixtures in Tests 2 and 3, and at the end of each study. No adjustments were 
made since the pH was within the optimum growing range of 6.0 to 7.5. Concentrations 
of herbicides in water solution were confirmed by gas chromatography. Sediments were 
collected before and after tests and frozen immediately for archiving. A brief description 
of each test system lbllows. 

Test 1--Rhizomes/atrazine-spiked sediments. Sixty rhizome sections (one node 
per section) per treatment/control were counted and care/gUy examined to assure all were 
healthy and approxmaately equal in size. Each treatment level and control contained 5 
replicate biochambers, and were prepared by placing 600 mL of appropriate atrazine- 
spiked or control clay-rich sediments into each container. Sediment composition is 
reported under Test Systems. Blocks were randomized in a given area of the greenhouse. 
At the end of the test, shoot height was recorded for each plant. Plants were carefully 
removed, washed and wet weights recorded. Tissue from growing tips were clipped and 
kept separated by individual biochambers for triplicate analyses of peroxidase activity 
(POD), chlorophylls, and peroxidation products. Primary root length on each plant was 
measured and recorded. 

Test 2--Rhizomes/metolachlor/grain sizes. For further toxicity testing, 
metolachtor, in a water-borne route of testing, was tested using a commercial formulation 
to more closely mimic field application conditions. Test 2 required 1200 rhizomes. Five 
grain size fractions, each containing 5 replicates, were tested with 3 treatment levels of 
metolachlor, 0.1, 1, and 10 ppm and a control. Each treatment and control block, 
therefore, contained 5 blocks of variable sediment sizes. Sediment grain size fractions 
were prepared by utilizing 100% sand, 100% clay and 75:25% sand:clay, 50:50% 
sand:clay, 25:75% sand:clay. Six hundred mL of appropriate wet sediment were placed 
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into each biochamber. Three hundred rhizomes were utilized within each treatment block. 
Appropriate concentrations of metolachlor were diluted with well water and 200 mL 
placed atop the sediments in each biochamber, and well water only was placed atop 
control sediments. Duration of Test 2 was 24 days. Procedure for plant measurements, 
separations and analyses followed that of Test 1. 

Test 3--Young rhizome plants/metolachlor/grain size. Because sediments were not 
washed to remove salts prior to preparation of gram size fractions, and because no 
rhizome emergence occurred at the highest test level in Test 2, the test was repeated 
making the following changes m test design. Young rhizome plants having 3-5 cm growth 
tips arising from rhizome nodes were used instead of rhizomes not yet having vegetative 
shoots (as in Tests 1 and 2). Hoagland solution was added to the metolachlor/well water 
test solution. Only 3 grain size fractions were used in testing, 100% sand, 50:50% 
sand:clay, and 100% clay, allowing the test to be run with fewer rhizomes. Test 
concentrations were lowered by a factor of l0 to include 0.01, 0.1, and 1 ppm. A renewal 
of metolachlor test solution was made on day 7 to better maintain herbicide concentrations 
which permitted shortening the test duration to 16 days. Procedure for plant 
measurements, separations and analyses followed that of Test 1. 

Test 4--Young rhizome plants/metolachlor/salinity. To examine the effect of 
salinity on plant responses to metolachlor, each treatment level and control utilized four 
salinity regimes, 0, 4, 8, and 12%~. Each regime contained five replicates, each replicate 
with 12 young rhizome plants. Metolachlor was prepared in seawater diluted with well 
water and Hoagland solution. Test concentrations included 0.0t ,  0.1, and I ppm. Four 
hundred mL of test solution were placed into each biochamber after which 12 rhizome 
plants were placed into the test solution. A renewal of test solution was made on day 7. 
Test duration was 16 days. Procedure tbr plant measurements,  separations and analyses 
lbllowed that of Test 1. 

Biochemical Assays 

Estimation of lipid peroxidation--To estimate lipid peroxidation, 1 g leaf tissue was 
homogenized in chilled 0.15 M KC1. One mL of the homogenate was incubated at 37~ 
for 2 h after which 1 mL of 10% w/v trichloroacetic acid was added. After thorough 
mixing, the reaction mixture was centrifuged at 2000 rpm for 10 min. One mL of 
supernatant liquid was added to one mL of 0.67% w/v 2-thiobarbituric acid (Sigma 
Chemical Co., St. Louis, MO), placed in a boiling water bath for 10 min, cooled and 
diluted with 1 mL of distilled water. Spectrophotometric readings at 535 nm were 
converted to #moles malonaldehyde/g by the method of Utley et al. (1967). 

Peroxidase enzyrne activity--POD activity was measured using a modified version 
of the assay by Maehly and Chance (1954). A 1 g leaf sample was ground m 0.5 MCaC12. 
To 200 ~L of the extract was added 1.4 mL of a solution containing 22.7 mg phenol (as 
substrate) and 0.70 mg 4-ammo-antipyrine and 1.5 mL of 0.3% (w/v) H_,O, in a pH 6 
buffer of 2-[N-Morpholino]ethanesulfonic acid. The rate of increase of absorbance was 
measured at 30 s intervals at 510 nm with a Perkm-Elmer UV/Vis Lambda 3B 
Spectrophotometer (Perkin-Elmer Co., Norwalk, CT) and converted to POD activity units 
by comparison with authentic horseradish peroxidase undergoing an identical bioassay. 
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Chlorophylls--Plant shoots were weighed (approximately 0.5 g) and ground using 
an all-glass tissue homogenizer. Chlorophylls were extracted using 20 mL of 90% 
aqueous spectrophotometric grade acetone over a 24 h period in the dark at 7~ the 
mixture was centrifuged at 1200 rpm for 10 min and the supernatant brought up to exactly 
20 mL. Absorbances were measured at 750, 663,645, and 630 nm using a Perkin-Elmer 
UV/Vis Lambda 3B Spectrophotometer (Perkin-Elmer Co., Norwalk, CT). Chlorophylls 
a and b were quantified using SCOR/UNESCO equations (Strickland and Parsons 1968). 
Concentrations were converted to mg/g wet weight of leaf material. 

Statistical Interpretation 

For each of the responses, means and standard errors were computed for each 
treatment. One-way analysis of variance (ANOVA) was then applied to these data to 
establish statistically significant differences (Manugistics, Inc. 1994). When a difference 
did exist among a set of means, a least significant difference multiple range test was 
applied with a 95% confidence level (p<0.05) to identify subsets within the set of means 
that were statistically indistinguishable. Toxicity was assessed as a statistically significant 
decrease relative to appropriate controls, in chlorophylls and all growth parameters, or a 
statistically significant increase in peroxidase activity or peroxidation products. 

RESULTS 

Test 1 Scirpus rhizomes/atrazine 

In Test 1, a 1 ppm atrazine-spiked sediment significantly inhibited photosynthesis 
leading to chlorophyll degradation and diminished levels of chlorophylls a and b and 
significantly increased POD; decreased total biomass and root length were noted at 10 
ppm. As shown in Fig. 1, POD activity increased with each increasing exposure 
concentration relative to controls, and a significant toxic response was produced at 1 ppm. 
Peroxidation products increased significantly with each higher exposure concentration 
(Fig. 2). A significant decrease in both chlorophyll a and b resulted at the 1 ppm exposure 
level (Fig. 3). Since atrazine can inhibit photosynthesis (Moreland, 1980), one would 
expect biomass production to decrease with decrease in photosynthetic activity. This 
trend was demonstrated by a significant reduction in root length and by a significant 
decrease in total biomass at 10 ppm as shown in Fig. 4. 

Test 2 Scirpus rhizomes/grain size/metolachlor 

Fig. 5 shows POD response to metolachlor exposure under test conditions using 
5 different grain size sediment regimes. Results are not reported for the highest exposure 
level due to complete inhibition of shoot emergence in all grain size regimes. POD activity 
increased significantly at the 1 ppm test level in all sediment grain size regimes and at 'all 
test levels in sediments with high sand components. POD activity, however, as a function 
of grain size, was not significantly different between control, 1 and 10 ppm in the high clay 
regime but was significantly different in the high sand regime between control, l and 
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FIG. 1--Peroxidase activity units in S. 
olneyi exposed to atrazine (Test 1). 
Means and standard error (solid bar) are 
shown in units equivalent to horseradish 
peroxidase units. Letters indicate all bars 
significantly different (p<0.05). 

FIG. 2--Peroxidation products in S. 
olneyi exposed to atrazine (Test 1). 
Means and standard error (solid bar) are 
in units of malonaldehyde with letters 
over bars in each group indicating all 
significantly different (p<0.05). 
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FIG. 3--Chlorophyll a and b in S. olneyi following exposure to atrazine (Test 1). Means 
and standard error (solid bar) are shown for three groups of data, with shared letters over 
bars signifying no significant difference (p<0.05). 

10 ppm. Chlorophylls and various growth response measurements resulted in similar 
trends but showed no significant differences between concentration test levels. These 
confounding results, in conjunction with inhibition of shoot emergence at the highest test 
level, prompted us to repeat this experiment with important modifications. Variables 
other than grain size and concentration levels of metolachlor in Test 2 (salts in sediments, 
more nutrients in clay fractions than sands) were eliminated in Test 3. Note 
changes in Test 3 design as described under Test systems. 
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FIG. 4--Growth responses of S. olneyi following exposure to atrazine (Test 1). Three 
growth responses are depicted as means and standard error (solid bar) for change in total 
biomass, total shoot biomass, and mean root length. Shared letters in the three groups 
denote no significant difference (p<0.05). 
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FIG. 5--Peroxidase activity units in S. olneyi grown in sediments of 5 grain sizes 
following exposure to metolachlor (Test 2). Means and standard error (solid bar) are 
shown for results of each sediment type. Bars sharing letters a-c indicate no significant 
differences (p<0.05) within group of same value of environmental parameter; shared 
letters w-y indicate no significant differences within group of identical exposure level (bars 
with same shading). 
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Test 3 Young Scirpus rhizome plants/metolachlor/grain size 

In Test 3, Scirpus exposed to 0.1 ppm metolachlor under different sediment 
regimes significantly inhibited photosynthesis with resulting diminishment of chlorophylls a 
and b (not shown) and significantly increased POD activity; at 1 ppm metolachlor 
significantly decreased total shoot length and mean root length (not shown) in at least one 
gram size sediment regime. Fig. 6 shows POD response to metolachlor 
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FIG. 6--Peroxidase activity in S. o/neyi grown in sediments of 3 gram sizes following 
exposure to metolachlor (Test 3). See Fig. 5 notes. 

exposure under test conditions using 3 different grain size regimes. POD activity 
significantly increased with increasing concentrations of metolachlor (control, 0.1, 1, 10 
ppm) in both clay regimes, but only from control to 0.1 ppm in 100% sand. In examining 
differences between grain size regimes, POD responses were indistinguishable at all test 
levels in both of the clay regimes, i.e., grain size variability did not affect POD response 
when tested in clays. However, POD responses in the sand regime were distinguishable 
from other grain size regimes at 0.1 and 1 ppm exposure levels. At the highest test level 
(10 ppm), differences in mean shoot length (Fig. 7) are indistinguishable among 'all 
sediment regimes. 

Test 4 Young Scirpus rhizome plants/metolachlor/salmity 

In Test 4, S. olneyi exposed to 0.1 ppm metolachlor contained significantly less 
chlorophylls a and b (not shown), significantly elevated POD, and significantly decreased 
total shoot length and root length (not shown) in one or more salinity regimes. POD 
activity in Scirpus shoots resulting from metolachlor exposure in varying salinity regimes 
is shown m Fig. 8. Results are shown to illustrate the confounding nature of salinity 
effects on POD activity in Scirpus. A trend of increasing POD activity with increasing 
exposure concentration to metolachlor is observed when tested under freshwater 
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(Test 3). See Fig. 5 notes. 
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FIG. 8--POD activity in S. olneyi folk)wing exposure to metolachlor in 4 salinity regimes 
(Test 4). See Fig. 5 notes. 

conditions though POD activity was inhibited at highest concentrations. However, POD 
activity shows a possible inhibition of the POD enzyme system that occurs at a lower test 
level as salinity increases i.e., inhibition at 1 ppm at 0%o, 0.1 ppm at 4%0 and 0.01 ppm at 
8%0 and 12%o. Similarly, shoot lengths decreased with increasing metolachlor 
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concentrations under freshwater and low salinity regimes (Fig. 9). With increasing 
salinities, however, growth responses are dampened with increasing exposure levels until 
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FIG. 9--Total shoot length of S. olneyi exposed to metolachlor in 4 salinity regimes (Test 
4). See Fig. 5 notes. 

at highest salinity, there are no differences in shoot length between any concentration test 
level. Though not shown, root lengths and shoot weights showed a similar response. 

DISCUSSION 

Atrazine is a herbicide which inhibits electron transport through photosystem II 
(Moreland 1980: Boger and Sandmann 1990). The inhibition of photosynthesis in turn 
also affects processes that are indirectly dependent on photosynthesis which 
may lead to substantial disruptions of overall metabolism, affecting RNA, enzyme, and 
protein synthesis (Huber 1993). 

Various investigators (Correll and Wu 1982; Cunningham et al. 1984; Kemp et al. 
1985) have reported atrazine growth inhibition in the aquatic macrophytes Potamogeton 
perfoliatus and P. pectinatus at concentrations ranging from 30-907 IJg/L of atrazine, a 
concentration range similar to that found to elicit a suite of responses in S. olneyi. 
However, the TOC (2.32%) and the free-grain clay sediment used in our test medium 
possibly make atrazine less bioavailable to the plant since atrazine is lipophilic and would 
adsorb to organics. Concentration levels used in this test, though higher than one would 
expect to find in estuarine sediments, up to 1.5 ppm (Huber 1993), were used to assure 
toxic concentrations. Testing should be repeated using a lower range of atrazine 
concentrations to fine tune biomarker responses to assess lowest observed effect 
concentration (LOEC) under similar sediment toxicity testing. 

Metolachlor is classified as a chloroacetamide preemergent herbicide that inhibits 
protein and lipid (Jaworski 1975) synthesis but does not inhibit photosynthesis. 
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Metolachlor is stable even at pH of I making it unlikely to be decomposed readily. It has 
been reported to be stable in loamy soil for 64 days. As a nonionic herbicide, it also 
adsorbs to organic matter and clay in soils at pH above 4, thus ground water 
contamination as a result of metolachlor leaching is highly unlikely (Gerber et al. 1974). 
Like atrazine, adsorption of metolachlor can reduce bioavailability, hence toxicity to 
plants. Walsh et al. (1991a) reported a LOEC for survival of 0.5 mg/kg metolachlor in 
natural and synthetic sediments with Echinochloa crusgalli crusgalli and 2.5 mg/kg in 
synthetic and 7.5 mg/kg in natural sediments with S. alterniflora. E. crusgaIli crusgalli 
was tested using freshwater and S. alterniflora, using 4%c diluted seawater that contained 
the herbicide. These concentrations are slightly higher than those reported with S. olneyi 
in our studies. However, toxicity was reported as a significant change in measured plant 
responses as compared to controls in our studies rather than survival, and length of 
exposure in our studies was 16 days vs 4 weeks. 

POD is a non-specific measurement of plant stress. Plant peroxidases are 
ubiquitous in the plant kingdom and catalyze the oxidation of a large number of, as weU as 
diverse classes of, endogenous and exogenous substrates (Higashi 1988). Peroxidases 
have a variety of functions in plant tissue, some of which include oxidation of exogenous 
compounds that enter the plant cell, regulation of dormancy and bud break and regulation 
of  plant development (Del Grosso et al. 1987; Higashi 1988; Wang et al. 1991). Stress 
induced changes in peroxidase activity have been reported for plants that have been 
injured by fungi (Johnson and Cunningham 1972; Kawashima and Uritana 1963), ozone- 
induced necrosis (Patton and Garraway 1986) and air pollutants (Markkola et al. 1990). 
Byl and Klaine (1991) investigated the use of POD as an indicator of sublethal stress in 
Hydrilla verticillata, a rooted aquatic vascular plant, and concluded that POD was a good 
indicator of chemical stress due to exposure to sublethal concentrations of copper and 
sulfometuron methyl, a sulfonylurea herbicide. In our studies POD activation was an 
effective and sensitive measurement of  an induced stress response by S. olneyi with 
exposure to atrazine and metolachlor under freshwater or low salinity test conditions. 
However, POD would not be effective as a biomarker if used under a wide range of 
salinity regimes. 

In plants, increased production of oxygen free radicals and the accumulation of 
lipid peroxidation products have been associated with a variety of types of environmental 
stress (Barclay and McKersie 1994). It has been suggested that pesticides are oxidized in 
plants by plant peroxidases (Lamoureux and Frear 1979; Stiborova and Anzenbacher 
1991). The most commonly used method to monitor oxidation of lipids is the 
thiobarbituric acid (TBA) assay. This method measures the relative degree of lipid 
oxidation since TBA reacts with many lipid peroxidation products (Tamura and 
Shibamoto 1991). Use of this assay in Test 1 was effective. However, even though this 
measurement was significant with each increasing exposure concentration and variability 
(standard error) was very small, the absolute differences in the response were also very 
small. Further testing under a broader range of conditions is needed before assessment for 
use as a biomarker under field conditions. 

Chlorophyll responses as a biomarker were very effective in assessing toxicity of 
atrazine, but yielded confounding results in assessing toxicity to metolachlor. As a 
biomarker, chlorophylls are most effective when the mode of action of the herbicide 
directly affects photosynthesis, particularly when measuring acute responses following a 
short exposure duration. 

Surprisingly, when tested under low salinity or freshwater regimes, growth 
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responses were as effective in assessing toxicity of atrazine and metolachlor to S. olneyi as 
were the biochemical responses. However, because nutrients can become available to 
plants under certain field conditions such as effluents released from chemical and sewage 
treatment plants (Walsh et al. 1991b), and because exposure to very low concentrations of 
certain pesticides can act to stimulate growth (Lytle and Lytle, manuscript in preparation), 
growth responses cannot always be used to assess exposure to very low concentrations of 
pesticides. 
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ABSTRACT: Sediment toxicity tests are used to measure the effects of  contaminants in 
sediment and are important management tools tbr agencies that regulate dredging and 
dredged material disposal, wastewater discharges, and other activities that might affect the 
aquatic environment. The interpretation of  the results of  routine toxicity tests can, 
however, be confounded by naturally occurring factors, such as ammonia, sulfides, 
sediment grain size, and salinity. Ammonia has been suspected tbr many years to be a 
sediment toxicant. It is only recently that the sensitivity of  routine test organisms to 
ammonia has been quantified, and even more recently that dose-responses have been 
related to ammonia concentrations that occur in standard sediment toxicity tests. The first 
objective of  this study was to compare the effects of  ammonia in sediment toxicity tests 
under two pore water ammonia reduction procedures. The first procedure reduced total 
pore water ammonia from test sediments by replacing overlying water two times in a 24-h 
period. The second procedure used natural bacterial processes to reduce pore water 
ammonia. The second objective was to evaluate the current no-effect concentrations 
(originally based on 96-h water-only toxicity tests) using the overlying- water-exchange 
procedure. The final objective was to determine whether ammonia concentrations would 
increase to toxic levels in sediments that had naturally reached no-effect concentrations, 
but that were then physically disturbed. The marine amphipod, Rhepo~,J#us abronius, 
was exposed to sediments with low (~30 mg/L), moderate (= 100 mg/L), and high 
(=200 rag/L) initial concentrations of  pore water total ammonia in five separate 10-day 
toxicity tests. One test followed standard protocols (ASTM E 1367-90). Two tests were 
initiated after pore water ammonia concentrations were reduced by overlying water 
exchange to <_30 mg/L and <_20 mg/L. Two tests were initiated after pore water total 
ammoma decreased by natural reduction to < 10 mg/L; half of  the test chambers from the 
final test were disturbed by shaking before test organisms were placed in the test 
containers. Toxicity of  sediments with higher initml concentrations of  pore water 
ammonia decreased significantly when ammonia was reduced to _<30 mg/L. Reaching 
30 mg/L required up to 12 days with the reduction procedure (24 exchanges of  overlying 
water) or up to 47 days under the natural-reduction procedure. There was no difference 
in to.,dcity between the naturally reduced and the disturbed samples. 

KEYWORDS:  pore water ammonia, toxicity, R. abronms, reduction, bioavailability 
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INTRODUCTION 

Sediment toxicity tests using sensitive indicator species such as the marine 
amphipod, Rhepox),nius abronius, provide a rapid and direct measure of  the effects 
resulting from sediment contaminants. The results of  these tests are used as a 
management tool by agencies that regulate dredgin~ and dredged material disposal, 
sewage and wastewater discharges, and other activities that might affect the aquatic 
environment, and they are used to make decisions affecting sediment remediation and 
disposal. One problem with toxicity tests is that naturally occurring factors, such as grain 
size, salinity, and ammonia, may confound test interpretation by increasing the laboratory 
toxicity of  sediments that might otherwise be considered nontoxic. This paper examines 
the effects of  total ammonia measured in the pore water of  sediments that are used in 10- 
day tests with R. abromus. Current guidance states that if ammonia is not a chemical of  
concern at the disposal site, ammonia levels should be reduced to a point where there are 
no species-specific effects before benthic organisms are tested (EPA-USACE 1994). 

Although ammonia has been suspected for years to be a sediment toxicant, only 
recently has the sensitivity of  various species of  test organisms to ammonia been 
quantified. Ammonia is present in aquatic systems as total ammonia, which includes both 
NH 3 and NH4 +. The most toxic form to most aquatic organisms is believed to be 
unionized ammonia, NH 3 (EPA 1989); however, this conclusion has been questioned 
(Spotte 1992). The percentage of  NH3's contribution to total ammonia is generally small 
(< 10%), is not directly measurable, and is determined based upon a relationship with pH, 
salinity, and temperature of  a given test system. The factors that increase the percentage 
o f N H  3 in aquatic systems are higher pH values, higher temperatures, and lower salinities, 
which may result in an increase in the toxicity of  a specific concentration of total ammonia 
(Bower and Bidwell 1978; Creswell 1993). In the following tests, both salinity and 
temperature were controlled within very small ranges (+2% or 2 C), whereas pH varied 
based upon the individual sediment or water characteristics (80• units). Therefore, for 
these tests, the predicted variation in the amount of  NH 3 or unionized ammonia relative to 
the total measured ammonia is _< 5.3 % (Trussel 1972). 

Previous experiments conducted at Battelle/Marine Sciences Laboratory (MSL) 
have shown that high concentrations of  total ammonia are often encountered in core 
samples collected for dredged material evaluations. Total ammonia may be present at 
levels of  toxicological importance in marine sediments, especially at depths that are below 
the surface sediments. This is particularly true of  new work dredging projects that 
evaluate sediments that have been buried since pre- and interglacial periods, when man had 
virtually no environmental impact (Pinza et at. 1995). Total ammonia may be an issue 
when cores are collected from depths that are below the influence of  benthic microflora 
and microfauna. In the uppermost layers of  marine and freshwater sediments, ammonia is 
converted to nitrite and nitrate through bacterial processes (Barnes 1957; Riley and 
Chester 1971). When field samples are retrieved from depths below the influence of  
nitrifying bacteria, ammonia may be present at concentrations that influence toxicity test 
results. As an example, the MSL has collected core samples on both the east and west 
coast with core lengths ranging from 5 ft to greater than 20 ft. The pore water ammonia 
concentrations in these cores ranged from approximately 50 mg/L to greater than 200 
mg/L of  total ammonia. 

The currently accepted no-effect concentration (based on 96-h water-only tests) 
for R. abronius is -<30 mg/L of  total ammonia (EPA 1994). As a result of  the short 
exposure period upon which the no-effects level is based, the _<30 mg/L of  total ammonia 
value may be inappropriate for the 10-day sediment exposures. Although water-only 
exposures could be extended to 10-day periods to accommodate this issue, these tests 
would probably fail because the sediment-dwelling amphipod would not derive sufficient 
nourishment nor behave normally in the absence of  sediment. Additional issues that need 
to be considered when accounting for ammonia toxicity include 1) the potential for 
removal of  the water-soluble fractions of  the contaminants of  concern during the ammonia 
purging procedure, 2) the additional cost of  performing the ammonia removal techniques 
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during routine sediment evaluations, and 3) the adequacy of  test conditions to represent 
the scenario under evaluation (i.e., in situ conditions or conditions that occur after the 
sediment has been collected and processed for testing). 

The issue of  the bioavailability of  pore water total ammonia is relevant to toxicity 
testing of  manipulated sediments. To address the bioavailability of  pore water ammonia, 
two experiments were performed: a natural ammonia-reduction test and a disturbance test. 
The former was designed to represent marine surface sediments that were available to 
interact with organic materials, ammonia, and the bacterially controlled nitrogen cycle. 
The latter was designed to represent the same sediments, which were then disrupted to 
determine whether ammonia might again be released from the sediment by vigorous 
shaking. The results from these two tests were used to answer the following question: If 
ammonia is sequestered in sediments that have not been manipulated, does it become 
bioavailable after disturbance and affect test organism survival? 

The experiments conducted during this study were designed to accomplish the 
following: 

�9 Determine the time required to reduce concentrations of  ammonia using two 
methods: 1) reduce ammonia from the system using two exchanges of  
overlying water per day (EPA 1994); and 2) allow ammonia to decrease 
naturally over time under static conditions. 

�9 Compare the current no-effect concentration of  pore water ammonia in 96-h 
water-only tests with pore water ammonia concentrations from I 0-day 
sediment tests. 

�9 Examine the bioavailability of  ammonia under conditions where ammonia has 
naturally decreased to levels below the current no-effect concentration 
followed by disturbance of  these same sediments. 

�9 Compare sediment pore water total ammonia concentrations in 10-day 
sediment tests with a 96-h water-only dose-response curve. 

METHODS 

The marine amphipod, R. abronius, was exposed to three test sediments selected 
to represent low,,medium, and high levels of  pore water ammonia (Sediments 1, 2, and 3, 
respectively). A 'native" control sediment (Sediment 4) and reference toxicant, cadmium 
chloride, were also tested to verify the health and response of  the test organisms 
(EPA/USACE 1991). To address the objectives, the following 10-day sediment toxicity 
tests were conducted: 

�9 Experiment 1--standard test with no ammonia-reduction protocols. 
�9 Experiment 2--pore water ammonia concentrations reduced to <_30 mg/L by 

two exchanges of  overlying water per day. 
�9 Experiment 3--pore water ammonia concentrations reduced to _<20 mg/L by 

two exchanges of  overlying water per day. 
�9 Experiment 4--pore water ammonia concentrations reduced to <_20 mg/L by 

natural bacterial activity. 
�9 Experiment 5---pore water ammonia concentrations reduced to <_20 mg/L by 

natural bacterial activity, followed by disturbance (shaking) of  the sediment. 

All of  the 10-day tests followed ASTM E 1367-90 and were conducted under 
static conditions. Any modifications to ASTM E 1367-90 are described below. 

R. abronius were collected by the MSL off West Beach, Whidbey Island, using the 
specially designed anchor dredge deployed from a 17-ft Boston Whaler. Sediment 
brought up with the dredge was sieved through a 2-mm mesh screen to remove large 
debris andpredatory species. During sampling, the amphipods were kept in coolers 
partially filled with their native sediment and seawater until delivery to a holding tank at 
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the MSL. The amphipods were kept in a large holding tank containing their native 
sediment with flowing 15 ~ seawater. Organisms were not fed during the holding period, 
which was less than 2 weeks before test initiation. Three different collections of  wild- 
captured R. abronius populations were necessary to meet animal holding times for all of  
the tests. Collection l was for the standard 10-day test with no ammonia manipulation, 
Collection 2 was for the ammonia reduction tests to _<30 mg/L and -<20 mg/L, and 
Collection 3 was for the natural-reduction test and the disturbance test. In order to 
compare the results o f  the five different experiments using different populations of  
R. abronms, reference toxicant test with cadmium or ammonia was conducted as an 
indication of  the relative health and sensitivity o f  each test population. Comparable 
sensitivity was assumed when the LC~0 values were within our laboratory's normal control 
chart limits for that toxicant. The reference toxicant tests were conducted in the same 
manner as the I 0-day solid-phase test. R. abronius were exposed to a seawater control 
plus four concentrations of  cadmium chloride (0.38, 0.75, 1.5 and 3.0 rag/l_ as cadmium 
[Cd]). There were three replicates of  each concentration. 

The R. abronius test was conducted in I-L glass jars placed in random positions 
on a water table maintained at 15 ~ The test design included five replicates of  each 
treatment plus two additional replicates for the measurement of  pore water ammonia. 
Prior to test initiation, test sediment was added to the jars to a depth of  2 cm, and then 
0~44-~m-filtered seawater was added to a volume of  750 mL. The jars were aerated and 
placed on the water table overnight to stabilize temperature to test conditions. ,adter 
settling, initial water quality parameters were measured in each container. 

The amphipods were gently sieved from the holding tank into clean seawater and 
counted into small transfer containers. The number of  organisms was then confirmed by a 
second observer before the ampbipods were transferred into the test container. Testing 
began by adding 20 R. abromus to each test container. R. abronius were observed daily 
during the test, and the number o f  organisms floating on the surface, swimming in the jar, 
or resting on the sediment surface was recorded on observation forms. Amphipods that 
were floating on the surface were gently pushed below the water surface with a pipette tip 
and observed as they either buried or did not rebury into the sediment. 

Water temperature, salinity, pH, and dissolved oxygen (DO) were measured daily 
in one replicate of  each sediment treatment, and in all containers at initiation and 
termination of  the bioassay. Acceptable ranges for water quality parameters during the 
experiment were as follows: 

DO _> 6 0 mg/L 
pH 7.60 to 8.40 
Salinity 30 +2.0%o 
Temperature 15.0~ +2.0~ 
Ammonia (pore water) test-dependent, either _<30 mg/L or _<20 mg/L. 

At the end of  the test (Day 10), the contents of  each jar were sieved through a 
0, 5-ram Nytex screen to collect the R. abronms. The number of  live and dead organisms 
was counted, and organisms were examined under a dissecting microscope. The presence 
or absence of  body parts recovered at the end of  the test was also noted. If an individual 
organism did not respond to gentle probing, it was considered dead. At least 10% of  the 
mortality counts were confirmed by.a second observer. 

Total ammonia in the overlying water and the pore water was measured using a 
Fisher Scientific Accumet 1003 meter and ammonia-ion-selective electrode. To measure 
pore water total ammonia in solid-phase tests, "surrogate" jars were filled with 
approximately 200 mL of  wet sediment and 600 mL of  seawater and then placed on the 
water table with the actual testing chambers. Test organisms were not added to the 
surrogate jars. Surrogate containers were used to measure the interstitial pore water 
ammonia of  the sediment treatments prior to initiation of  the organisms (Day O) and on 
the termination day (Day 10). Ammonia in the overlying water was measured on Days 0, 
l, 3, 7, and 10. To extract pore water ammonia, the overlying water was siphoned from 
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the test containers and the sediment was removed and placed in 500-mL Teflon 
containers. The pore water for measuring ammonia was obtained by low-speed 
centrifugation at 1750 rpm for 10 min, at a relative centrifugal force of  approximately 
1000 gravity. 

The procedures for reducing pore water total ammonia concentrations to 
_<30 mg/L or ~20 mg/L followed interim guidelines established by a U.S. Environmental 
Protection Agency memorandum. 2 This memorandum suggested exchanging the overlying 
water in each test container twice a day until pore water ammonia concentrations were 
below the desired levels. To accomplish this, the overlying water was siphoned to 
approximately l cm above the sediment and replaced with filtered seawater that was 
maintained at 15 ~ Once the desired pore water total ammonia concentrations were 
reached in all test containers, the test was initiated by placing 20 organisms into each 
container. 

The procedure for the natural reduction of  total ammonia over time involved 
placing test sediment into each test chamber, filling the chambers to the correct test 
volume with filtered seawater (no test organisms), placing the chambers on a water table, 
and maintaining them at test conditions. For both experiments, test containers were 
maintained at test conditions for 47 days; at that time the total pore water ammonia 
concentration was <10 mg/L in all test containers. The ammonia levels were periodically 
monitored to chart the reduction of  ammonia over time. Once the desired ammonia levels 
were reached in all test containers, R. abronius were added to each test chamber, and the 
test was continued for 10 days. The natural reduction of  ammonia over time followed by 
a disturbance test was carried out as described above, except that after pore water 
ammonia concentrations were reduced to < 10 mg/L, each test chamber was vigorously 
shaken and allowed to settle for 24 h. The shaking was done to simulate maximum 
disturbance, such as a vigorous mixing by large infaunal organisms, or a dredging 
operation in which sediment is removed from one location and then disposed through the 
water column at another location. After the sediments had settled, test organisms were 
added to each container, and the test was continued for 10 days following ASTM E 1367- 
90. 

It is important to note that all of  the sediments were added to the test containers at 
the same time and that these containers were placed randomly on the water table and 
maintained at test conditions. There were different starting t~mes for each experiment: 
each test was begun by the addition of  test organisms when the appropriate, measured 
concentration of  total pore water ammonia was attained in all containers for that particular 
experiment. For example, Experiment 2 was started only after all test containers were 
below the target value, _<30 mg/L. This means that although they were variable, the pore 
water total ammonia concentrations were all _<30 mg/L at test initiation. 

The test sediments for these experiments were collected from several locations. 
Sediment 1 came from San Francisco Bay and represented the low ammonia sediment; 
Sediments 2 and 3 came from New York Harbor and were the medium and high ammonia 
sediments. Sediments l through 3 are representative of  actual dredged materials from 
these waterways. Sediment 4 came from Whidbey Island, Washington, and was the native 
control sediment for R. abronius. This sediment is normally collected at the same time as 
the test organisms and has been demonstrated to provide excellent survival ofR. abronius 
in tests conducted over the past decade at our laboratory. 

Sediment grain size and total organic carbon (TOC), which is the amount of  
nonvolatile, partially volatile, volatile, and particulate organic carbon compounds in a 
sample, were measured for each sediment. Grain-size analysis was conducted by Soil 
Technology, Inc., o f  Bainbridge Island, Washington. Four grain-size fractions were 

2Davies, T. T., Davis D. G., and Elmore J. P., unpublished memorandum to U.S. Environmental Protection 
Agency Regional Ocean Dumping Coordinators, Regional Wetlands Coordinators, and the U.S. Army Corps of 
Engineers, December 1993. 
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determined by a combination o f  sieve and pipette techniques (PSEP 1986). These 
methods are consistent with ASTM D217-85 and ASTM D422-72 (with the substitution 
of  a No. 100 sieve for a No. 140 sieve). Analysis of  TOC was performed by Global 
Geochemistry in Canoga Park, California. Each sediment treatment was dried and ball- 
milled to a fine powder. Before combustion, inorganic carbon in the sample was removed 
by acidification. The TOC in sediment was then determined by measuring the quantity of  
carbon dioxide released during combustion of  the sample and reporting the release as 
percentage of  dry weight (EPA 1986). 

The percentage-survival results for each test sediment were compared across all 
five test designs using the Bonferroni/Dunn's multiple comparison method with an 
experimental-wise error rate of  = = 0.05. This procedure makes all possible pairwise 
comparisons among a group of  means. This method will detect as many differences in 
means as Fisher's Least Significant Difference approach but will detect more differences 
than the Tukey's Honestly Significant Difference method (Chew 1977). 

RESULTS 

Grain size, TOC, and initial total pore water ammonia concentrations for each 
sediment (measured prior to the start of  the experiments ) are presented in Table 1. The 
grain-size distribution indicates that Sediment 4 was predominantly sand, in contrast to the 
three test sediments, which were predominantly silty-clay. 

TABLE l--Summarv of  ohvsical narameters. 

Grain-Size Distribution Total Organic Pore water 
Sediment % Drv Weight Carbon Ammonia 
Treatment Gravel Sand Silt Clay (%) (mg/L) 

Sediment 1 8 14 45 33 0.85 29.4 
Sediment 2 3 21 45 32 2.99 110 
Sediment 3 2 9 54 36 2.71 200 
Sediment 4 0 99 0 1 0.06 NM ~a~ 

(a) Not measured; technician was unable to retrieve enough pore 
ammonia. Previous experiments conducted at the MSL using 
a mean total pore water ammonia concentration of  2 mg/L. 

water to measure total 
this sediment indicated 

Both ammonia-reduction methods were effective for reducing total pore water 
ammonia concentrations. The method of  two exchanges per day required between 2 and 
12 days to reach <_30 mg/L in the pore water, whereas the natural reduction test took 
between 16 and 40 days. As expected, the time needed for ammonia reduction was 
dependent on the amount of  ammonia present in the sediments at the start of  the test 
(Table 2; Figs. 1 and 2). At the time of  these experiments, the current no-effect 
concentration of  total ammonia (96-h water-only) for R. abromus was _<30 mg/L. This 
value is shown in Figures 1 and 2 to provide a basis for comparison. 

Survival ofR. abromus exposed to each test sediment was compared using the 
standard 10-day test, the ammonia-reduction tests to _<30 mg/L and _<20 mg/L, and the 
natural ammonia-reduction test (Fig. 3). The most significant changes in R. abronius 
survival occurred with exposure to Sediments 2 and 3. The survival in Sediments 2 and 3 
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TABLE 2--The time (in days) to reduce the oore water ammonia concentration to 
_<30 mg/L by a twice-clailyexchange of  overlying water and by natural processes. 

Sediment Nomber of  Days to reach _<30 mulL 

Treatment Two Exchanges of  Overlying Water/Day Natural Reduction 

Sediment l 2 16 
Sediment 2 9 34 
Sediment 3 12 40 
Sediment 4 0 0 ~aj 

(a) The cause of  the higher concentrations of  total pore water ammonia between Days 20 
and 40 is unknown. 

for the standard I 0-day test without reduction of  pore water ammonia concentrations was 
13% and 1%o, respectively (Fig. 3). When total pore water ammonia was reduced to 
_<30 mg/L prior to introduction of  test organisms, the survival increased to 85% or greater 
in both sediments, and when total pore water ammonia was reduced to _<20 mg/L, survival 
exceeded 90% for both sediments. This suggests that pore water ammonia concentrations 
of>20 mg/L could have contributed to the effects observed for R. abronius exposed to 
these sediments. 

Sediments 1 and 4 did not show a statistically significant decrease in percentage of  
survival in any of  the tests. Survival ofR. abronius exposed to Sediment 1 ranged from 
65% to 70% throughout all experiments, suggesting that the toxicity o f  this sediment is 
not attributable to ammonia. Survival ofR. abromus exposed to Sediment 4 did not 
change throughout all experiments, ranging from 95% to 98%. This sediment is the native 
control sediment and is essentially free of  contaminants, with typical total pore water 
ammonia concentrations of_<2 mg/L. During the course of  these experiments, the total 
pore water ammonia concentrations in the native control were <10 mg/L for the first 20 
days. Between Days 20 and 40, the pore water ammonia concentration increased to >30 
mg/L and gradually decreased to 2.7 mg/L by Day 47. The cause of  the observed increase 
in ammonia is unknown, but the increase demonstrates the need to measure pore water 
ammonia concentrations during testing. 

The survival ofR. abronius did increase slightly, but not significantly in Sediments 
1 through 3 when pore water ammonia concentrations were reduced to _<20 mg/L. 
Survival ofR. abromus in Sediments 2 and 3 increased significantly in tests using two 
exchanges of  overlying water versus the standard test with no ammonia reduction. This 
reduction in toxicity occurred in sediments with a relatively high silt and clay content 
(78%-90%) and would be expected to have reduced survival because of  the fine grain size 
(DeWitt et al. 1988). Survival increased when the concentrations of  pore water ammonia 
or other covarying contaminants were reduced, regardless of  grain size. 

Survival ofR. abronius in the natural reduction test was not significantly different 
from that in tests in which ammonia was reduced to <_20 mg/L using two exchanges of  
overlying water per day. In the disturbance test, after a period of  47 days in which the 
sediments were maintained under natural conditions, disturbance of  the sediment by 
shaking did not release ammonia at concentrations of  toxicological importance during the 
subsequent 10-day toxicity test (Table 3). 
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FIG. 1--Total pore water ammonia  concentrations versus time during ammonia-reduction 
phase for Sediments 1 and 2. 
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FIG. 2--Total pore water ammonia concentrations versus time during ammonia reduction 
phase for Sediments 3 and 4. 
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TABLE 3--Results of  the stability and disturbance tests. 

Sediment 
Treatment 

Initial Pore water 
Ammonia Ammonia (mg/L) Percent 

(mg/L) Day 0 Day 10 Survival 

Natural Reduction Test 

Sediment 1 29.4 7.20 0.19 70 
Sediment 2 110.0 0.36 0.51 94 
Sediment 3 200.0 8.60 2.30 95 
Sediment 4 NM ~"~ 2.70 NM 98 

Disturbance Test 

Sediment 1 29.4 1.30 0.93 65 
Sediment 2 110.0 0.89 0.7l 94 
Sediment 3 200.0 0.79 1.50 91 
Sediment 4 NM 0.44 NM 97 

(a) Not measured; technician was unable to retrieve enough pore water to measure total 
ammonia. Previous experiments conducted at the MSL using this sediment indicated 
a mean total pore water ammonia concentration of  2 mg/L. 

There was also no statistically significant difference in survival between the natural 
reduction and the disturbance test. After the sediments were disturbed, the pore water 
ammonia concentrations were slightly lower, whereas the overlying water concentrations 
were slightly higher than those in the nondisturbed-sediment tests. Ammonia 
concentrations did not return to the levels observed when the sediments were collected in 
the field, probably because the natural microbial populations that were established in the 
test containers were able to respond to the concentrations of  total ammonia. 

Table 4 presents a statistical comparison of  the ammonia-reduction and 
disturbance experiments compared for each sediment treatment using the Bonferroni/Dunn 
method. The actual ammonia concentrations for each of  the five ammonia-reduction tests 
are shown in Table 5. Concentrations in some of  the test sediments were much lower than 
the target levels of  _<30 mg/L or _<20 mg/L, because all of  the test treatments were 
required to be below the specified concentrations prior to testing. For example, in 
Experiment 2, which employed overlying water exchange, it took the longest time to 
reduce ammonia concentration in Sediment 3 to _<30 mg/L, and during the same time 
period, the concentrations in the other sediments were reduced to well below that level. 

Three separate collections ofR. abronius were used in these experiments. 
Reference toxicant tests were conducted with each new collection of  amphipods to 
measure the health and relative sensitivity of  each batch. The LCs0s for each of  the three 
reference toxicant tests were 0.99 mgCd/L, 1.2 mgCd/L and 1.6 mgCd/L, respectively. 
The cadmium reference toxicant control chart from the MSL has a currently acceptable 
range of  Cd sensitivity of  0.56 mgCd/L to 1.3 mgCd/L. The calculated LC~0 for 
Collection 3 is above the control chart range and may indicate that the population of  
amphipods used for the stability and disturbance test was slightly less sensitive to Cd and 
possibly to other contaminants than typical test populations. 
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TABLE 4--Statistical sununarv ofR. abronius survival in five exneriments. 

Percent Survival tal 
_ Sediment Standard Natural 
Treatment 10-day _<30 mg/L _<20 mg/L Reduction Disturbance 

Sediment 1 65 69 70 70 65 
Sediment 2 13 85 90 94 94 
Sediment 3 1 86 97 95 91 
Sediment 4 96 98 96 98 97 

(a) The underline indicates that the survival results were statistically different for this 
sediment compared with those of  the same sediment tested under different conditions. 

TABLE 5--Total pore water ammonia concentrations upon initiation of  each experiment. 

Sediment Standard 
Treatment 10-day 

Total pore water ammonia concentration in mu/L 
Natural 

_<30 mg/L ~_20 mg/L Reduction Disturbance 

Sediment 1 23 3.1 2.6 7.2 1.3 
Sediment 2 74 14 13 0.36 0.89 
Sediment 3 110 23 18 8.6 0.79 
Sediment 4 5.2 0.84 1.3 2.7 0.44 

One 96-h water-only dose-response test for ammonia was conducted at the same 
time as Experiment 1. The results from this experiment are shown on Figure 4 as points 
on a 96-h water-only dose-response curve generated from six separate ammonia 96-h tests 
(conducted independently of  this study). The sensitivity of  amphipods collected around 
the time of  these experiments was comparable to the dose-response of  ammonia 
established from the previous studies. This similar response enabled a comparison of  
survival data from four of  the 10-day sediment tests to be plotted against the existing MSL 
dose-response curve for ammonia (Fig. 5). The results from this comparison showed that 
when the total pore water ammonia concentrations were >20 mg/L at test initiation for 
most of  the test sediments, the survival observed in the 10-day tests was less than would 
be predicted from the 96-h water-only dose-response curve. Even when the total pore 
water ammonia concentration was reduced to _<20 mg/L, survival ofR. abronius exposed 
to Sediment 1 did not change significantly, as shown in the circled area in Figure 5. All of  
the points in this circle are for Sediment 1, and all the data points fall below the dose- 
response curve, showing that the reduction of  ammonia did not change the toxicity of  the 
sediment to R. abronius. 
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DISCUSSION 

It has been shown that ammonia-reduction procedures are effective and that they 
can reduce total pore water ammonia to below species-specific no-effects levels prior to 
testing; consequently, the interpretation of  the results would not be driven by the amount 
of  total ammonia present in the test sediments. This benefit may outweigh any additional 
expenses incurred to perform ammonia-reduction techniques. The experimental 
procedures that allow two exchanges of  overlying water per day and those that make use 
of  natural ammonia reduction were both effective at reducing the pore water ammonia 
concentrations and increasing test organism survival. R. abronius survival increased 
significantly for Sediments 2 and 3 using both reduction procedures, suggesting that 
ammonia was a major contributor to the toxicity of  these sediments. The results of  
Experiment 4 also showed a slight improvement in amphipod survival over that in 
Experiment 2. The survival o fR.  abronius to Sediment 1 did not change significantly 
amon~ the manipulation procedures, suggesting that ammonia was not the principal cause 
of  toxacity in this sediment and that this toxicity was not diminished using either ammonia- 
reduction technique. 

There are advantages and disadvantages to both ammonia-reduction methods. The 
advantage of  overlying-water exchange is that it is much quicker than the natural- 
reduction method (14 to 28 days faster than the natural-reduction method). This would be 
desirable for sediments with stringent holding time requirements. The disadvantage is that 
there may be a potential of  removing other contaminants from the test system during the 
flushing period. In contrast, the advantage to the natural ammonia-reduction method is 
that other potential contaminants are not physically removed. Future research needs to 
address whether the loss o f  contaminants by the overlying water exchange process is an 
issue. One disadvantage of  the natural ammonia-reduction method is that the availability 
of  contaminants may decrease while bacterial populations increase to levels that convert 
ammonia to nitrite and nitrate. 

The 96-h water-only ammonia dose-response curve can be used as a screening tool 
for predicting whether pore water total ammonia will contribute to the toxicity of  a 
particular test sediment. However, the toxicity of  test sediment and total pore water 
ammonia over 10-day test periods is generally higher then would be predicted from the 
water-only, dose-response curve for the 96-h tests. There are several possible causes for 
the higher toxicity of  total ammonia in the 10-day tests: the duration of  testing is a factor, 
because the test organisms are exposed to ammonia over a longer period of  time; 
sediment is not present in the 96-h water-only test to interact with total ammonia; and the 
test conditions, particularly pH, may tend to be slightly different between the two tests. 
However, in the experiments conducted at the MSL, the pH range is typically the same for 
both the 96-h water-only and the 10-day sediment test. 

The implication of  using the current no-effects concentration for ammonia is that it 
could be higher than that expected for a 10-day sediment toxicity test. 

The conclusions from these experiments are as follows: 

Both the overlying-water-exchange and the natural-reduction method 
effectively reduced ammonia concentrations and increased R. abromus 
survival. The survival results using either method were comparable. 

The current no-effect concentration of-< 30 mg/L derived from 96-h water-only 
tests may be biased high for 10-day sediment tests, because it does not take 
into account the longer exposure period or physical and chemical interaction 
with the sediment. The reduction o f  total pore water ammonia to _<20 mg/L 
seems to decrease the ammonia-related toxicity observed in Sediments 2 and 3 
without compromising the responses (probably not related to ammonia) in 
Sediment 1. 
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The pore water total ammonia concentrations did not become bioavailable 
during the disturbance test after periods of natural reduction. 

Standard 1 O-day sediment toxicity tests have established procedures for 
reducing pore water ammonia to below species-specific no-effect 
concentrations. These procedures should be used when total pore water 
ammonia concentrations are at or above levels that affect test species, so that 
regulators can make decisions about sediment remediation or disposal based on 
data that are not biased by pore water ammonia concentrations. 
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A RAPID AND COST EFFECTIVE METHOD FOR FIELD/LABORATORY EXTRACTION OF 
POREWATER FROM WHOLE LAKE SEDIMENT USING VACUUM EXTRACTION 

REFERENCE: McCauley, D. J., Navarro, J. E., and Forgette, T. A., "A  Rapid and Cost Effective 
Method for Field/Laboratory Extraction of Porewater from Whole Lake Sediment Using 
Vacuum Extract ion,"  Environmental Toxicology and Risk Assessment: Biomarkers and Risk 
Assessment--Fifth Volume, ASTM STP 1306, David A. Beagtson and Diane S. Henshel, Eds., 
American Society for Testing and Materials, t996. 

ABSTRACT: The use of an electric vacuum pump to extract porewater from 
whole lake sediment was tested to determine if this method could be used 
to collect a sample quickly and economically for determination of 
sediment contamination. Multiple aquarium air stones (15 cm long) were 
placed evenly throughout the sediment sample and attached to a vacuum 
flask using aquarium tubing. An electric vacuum pump was used to create 
a vacuum, which pulled sediment porewater from the sample into the 
flask. In our investigation, sediment porewater was extracted at a rate 
of 9.7 mL/min with minimal labor investment. Percent similarity of 
duplicate chemical analyses ranged from 67 to 100% and percent 
similarity of duplicate acute toxicity results was 96%. Increased 
variability in both analytical and toxicological results was observed in 
samples collected in close proximity and this variability increased as 
sediment toxicity increased. Percent similarity of acute toxicity 
results using porewater extracted by vacuum and centrifugation methods 
were 84% for contaminated porewater and 100% for reference porewater. 

KEYWORDS: porewater, sediment, toxicity, extraction 

Because of the complicated physical nature of sediment, the 
assessment of sediment toxicity is much more complicated than the 
assessment of surface water or effluent toxicity. From a single matrix 
(sediment) there are several sub-matrices used to determine sediment 
toxicity, including testing of whole sediment, sediment elutriate and 
sediment porewater using a wide variety of test organisms. Numerous 
studies have compared different methodologies to determine their 
effectiveness in determining sediment toxicity (Giesy et al. 1988, 1989, 
1990; Hoke et al. 1990; Ross et al. 1992; Green et al. 1993; Harkey et 
al. 1994). The use of resident benthic organism diversity as a stand 
alone indicator or in conjunction with laboratory testing of sediment 
toxicity has also been used (Malueg et al. 1984; Rosiu et al. 1989). 

IPrincipal research scientist and environmental researchers, 
respectively, Great Lakes Environmental Center, Inc., 739 Hastings, 
Traverse City, Michigan 49686 
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The extraction of porewater from whole sediment is one of the more 
common procedures used to assess sediment quality (Hoke et al. 1990, 
1993; Ankley et al. 1992; Ross et al. 1992; Luoma and Carter 1993). 
This method is one of the least complicated and most economical because 
it brings the testing into the familiar aquatic toxicity testing arena. 
Common methods of porewater extraction include centrifugation (Edmunds 
and Bath 1976; Carignan et al. 1985; Ankley et al. 1990; Saager et al. 
1990), squeezing (Presley et al. 1967; Bender et al. 1987), pressure 
(Jahnke 1988), vacuum (Winger and Lasier 1991); and various types of in- 
situ porewater sampling methods (Sayles 1976; Carignan et al. 1985; 
Mitchell et al. 1989; Whitman 1989). However, many methods have been 
limited to laboratory use and often produce only small amounts of 
sediment porewater for analysis. 

The objective of this study was to develop and evaluate an easy to 
use porewater extraction method that would allow us to collect large 
volumes of sediment porewater from sediment samples in the laboratory or 
in the field for chemical and toxicity analyses, while maintaining the 
precision and accuracy of each individual analysis. Through the use of 
an electric vacuum pump, we modified the conventional vacuum porewater 
extraction methods to allow us to extract larger volumes of porewater 
samples either in-situ from sediment sampling devices or in the 
laboratory from sediment collection containers. This method was 
evaluated to determine if the toxicity of extracted porewaters was 
comparable to the toxicity of porewater using a standard method. We 
also evaluated the comparability of replicate samples (samples collected 
in close proximity) to determine spatial variability and the effect of 
toxicity on this variability. 

EXPERIMENTAL METHOD 

Collection/Extraction 

Sediment samples were collected from an inland lake in northwest 
Michigan from areas of intrusion by groundwater contaminated by both 
metals and organic constituents. Sediment was collected using an Eckman 
dredge (233 cm 2) and placed in washed polyurethane buckets (19 L). Lake 
water in the sampler was decanted before transfer to the sample 
container to reduce dilution of sedimens porewater. Samples were placed 
on ice after collection and stored at 4~ until analysis. Time between 
collection and analysis was less than 14 days for toxicity tests and 
less than two days for analytical tests. The dredge was decontaminated 
between each sample site using both 10% nitric acid and 100% acetone to 
prevent cross contamination of samples. 

Prior to extraction, sediment samples were homogenized in the 
sample buckets for ten minutes using an electric stirrer. Three 
aquarium grade air stones (15 cm long) were submersed in the sediment at 
equal distances and attached to a vacuum flask using aquarium tubing. 
Vacuum pressure (5-15 psi) was applied to the air stones and the 
porewater extracted into a glass flask until the desired volume of 
porewater was extracted. On average, it took approximately seven hours 
to extract the four liters necessary to conduct the toxicological and 
analytical tests. Because there was a breakthrough of finer sediment 
when extraction was first initiated, the first i00 mL of extracted 
porewater was discarded. During extraction, the air stones were 
periodically scraped to remove accumulated sediment and transferred to a 
different (i.e. wetter) location in the bucket. The extracted porewater 
was stored at 4~ until analysis and the maximum storage time between 
extraction and analysis was three days. 

For centrifuged sediment, a 250 mL aliquot of sediment was first 
mixed by slow rotation for about an hour. Samples were then centrifuged 
for 20 minutes and the porewater was decanted into a sample container. 
Each 250 mL aliquot yielded about 60 mL of porewater. 
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Chemical Analysis 

Chemical analysis focused on priority pollutant metals and 
conventional parameters using standard EPA methods because of the 
suspected type of contamination. Chemical analyses were conducted on 
duplicate and replicate vacuum extracted sediment porewater to determine 
the precision of each analysis using the vacuum extraction method. No 
chemical analyses were used to compare differences between the vacuum 
extraction and centrifugation methods. Chemical analyses for nine 
conventional parameters (BOD, COD, color, hardness, TDS, TOC, TSS, 
alkalinity, sulfate and chloride) and four metals (barium, iron, 
magnesium and manganese) were performed on duplicate samples (samples 
collected from the same location) to determine reproducibility. 
Replicate samples (samples collected in close proximity) were analyzed 
for the same conventional parameters and metals, along with three 
additional metals (arsenic, potassium, and sodium) to determine spatial 
variability. Duplicate samples were collected in the uncontaminated 
area (control) of the lake and replicate samples were collected in both 
the control area and the area of suspected contamination. Samples for 
metals analysis were filtered (0.2 ~m) prior to shipment. 

Toxicity Testinq 

Porewater samples were also used to conduct acute (48-h) and 
chronic (7 days) toxicity testing with Ceriodaphnia dubia. Acute and 
chronic C. dubia toxicity tests were conducted concurrently with 
duplicate samples collected using this vacuum extraction method. In 
addition, acute toxicity tests were conducted on duplicate samples using 
two different techniques, vacuum and centrifugation extraction, using 
porewaters extracted from contaminated lake sediment and from porewater 
extracted from a reference sediment. Reference sediment was 
reconstituted by adding DI water to a laboratory reference soil from 
south central Michigan. The median lethal toxicant concentration (LC~) 
was calculated from the acute toxicity tests. The no-observed-effect- 
concentration (NOEC) and impairment concentration (IC~) were calculated 
from the chronic toxicity tests. The LC~, NOEC, and IC~ values are all 
expressed as percent porewater. 

R E S U L T S  

Extraction 

The vacuum extraction method produced sufficient amounts of 
sediment porewater for chemical and toxicity analyses and was rapid, 
simple and economical. The average rate of extraction of porewater from 
the sediment was 9.7 mL/min and the sediment yielded about 25% porewater 
by volume. The lake sediment was relatively homogeneous throughout the 
study area and was composed of fine sand (37%), silt (37%) and clay 
(26%) in the control area and fine sand (34%), silt (47%) and clay (19%) 
in the area of contamination. The mean extraction rate (mL/min) and 95% 
confidence interval for the control area sediment (N=8) and contaminated 
area sediment (N=8) was 11.5• and 7.8• respectfully. The effect of 
sediment composition on the rate and amount of porewater extracted was 
not evaluated, but the extraction rate will vary depending on sediment 
characteristics such as particle grain size and percent moisture. The 
estimated rate of porewater extraction using centrifugation was about 3 
mL/min; this estimated rate includes the time needed to prepare the 250 
mL aliquot for centrifugation. 

Copyright  by ASTM Int ' l  (a l l  r ights  reserved) ;  Tue Oct  18 17:10:12 EDT 2011
Downloaded/pr inted by
Loughborough Univers i ty  pursuant  to  License Agreement .  No fur ther  reproduct ions  author ized.



304 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Chemical Analysis 

Percent similarity of duplicate chemical analyses ranged from 67 
to 100% (mean value of 88%) for conventional parameters and 90 to 99% 
(mean value of 95%) for metals; eleven of the 14 variables had a percent 
similarity equal to or greater than 90% (Table i). Biological Oxygen 
Demand (BOD) had the lowest percent similarity of 67%, followed by 
chloride at 71% and color at 79%. 

Chemical variability of replicate samples was higher than that of 
duplicate samples, and variability increased in contaminated sediment 
(Table i). Control area sediment had the lowest contamination levels 
when compared to the impacted area. Percent similarity of replicate 
samples from the control area not impacted by contaminated groundwater 
ranged from 33 to 98% (mean value of 75%) for conventional parameters 
and 62 to 97% (mean value of 82%) for metals. In the zone of suspected 
groundwater contamination, mean percent similarity ranged from 4 to 93% 
(mean value of 33%) for conventional parameters and 1 to 80% (mean value 
of 36%) for metals. For both duplicate and replicate samples, percent 
similarity was consistently higher for metals than for conventional 
parameters. No chemical analyses were used to compare differences 
between the two extraction methods. 

Toxicity Testinq 

Acute and chronic C. dubia toxicity tests were conducted on 
duplicate porewater samples collected by vacuum extraction (Table 2). 
The LC~ values for four duplicate acute toxicity tests were 38, 35, 35, 
and 35% (percent similarity of 96). The IC~ values for the duplicate 
chronic toxicity tests using the same porewater sample as that used for 
the acute tests were 43 and 33% (percent similarity of 77) and the NOEC 
values for the chronic tests were the same (25.0%, percent similarity of 
i00). 

Variability in chronic toxicity of replicate samples increased in 
the areas of suspected groundwater contamination (Table 2). The IC~ 
values from replicate chronic toxicity tests of porewater from the 
control area were i00 and 86 (percent similarity of 86). For samples 
collected in the area of suspected groundwater contamination, IC~ values 
for three replicate chronic toxicity tests were as follows: 34 and 55 
(percent similarity of 62), 15 and 50 (percent similarity of 30) and 4 
and 8 (percent similarity of 50). Variability was also evident by 
grouping all samples from the two zones. In the control area, the mean 
IC~ was 81• in the area of suspected of groundwater contamination the 
mean IC~ value was 23• 

Acute toxicity test results were also similar for the tests 
comparing the two extraction techniques (Table 2). The LC~ values for 
contaminated porewater were 69% for vacuum extraction and 58% for 
centrifugation (percent similarity of 84). The LC~ values using 
reference porewater were the same (>100%). Chronic toxicity tests were 
not used for the methods comparison. 

DISCUSSION 

Porewater extraction using the vacuum extraction methodology was 
faster and less labor intensive than previously reported techniques. 
Using the electric vacuum pump, 9.7 mL/min were extracted, versus 2.5 
mL/min using the hand operated pump; an increase in efficiency of about 
75%. Because a sediment of similar consistency was used, high 
variability in extraction rates was not observed. However, other 
studies using the vacuum extraction technique have reported that the 
extraction rate will vary depending on partial grain size and percent 
moisture (Winger and Lasier 1991). 
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TABLE 2--Acute and Chronic Toxicity Results for Duplicate (Dup) and 
Replicate (Rep) Sediment Porewater Samples Collected in a Control Area 
and in Areas of Suspected Intrusion of Contaminated Groundwater. 

SAMPLE END ACUTE TOXICITY 
AREA POINT 

DUP 1 DUP 2 % SIMILARITY 

CONTAMINATED IC~ 38 35 92 

CONTAMINATED IC~ 35 35 i00 

VACUUM CENTRIFUGE % SIMILARITY 

CONTAMINATED LC~ 69 58 84 

CONTROL LC~ i00 i00 i00 

CONTAMINATED IC~ 

CONTAMINATED NOEC 

CHRONIC TOXICITY 

DUP 1 DUP 2 % SIMILARITY 

43 33 77 

25 25 i00 

REP 1 PEP 2 % SIMILARITY 

CONTROL IC~ I00 86 86 

CONTAMINATED IC~ 34 55 62 

CONTAMINATED IC~ 15 20 30 

CONTAMINATED IC~ 4 8 50 

IC~ = impairment concentration; LCm = median lethal toxicant 
concentration; NOEC = no-observed-effect-concentration 

Maintenance of this technique is minimal after initial setup. 
Because of the turbidity associated with the initial porewater 
extraction, it is necessary to discard the first i00 mL. This initial 
turbidity associated with vacuum extraction was also observed in other 
studies (Mitchell et al. 1989; Winger and Lasier 1991). After the 
initial extraction, finer sediments were trapped in the pores of the air 
stones and acted as a filter for the finer sediment. Periodic 
monitoring of the declining rate of extraction will determine when the 
air stones should be scraped clean and placed in a wetter location in 
the bucket. Turbid porewater does not appear after each cleaning 
because the finer sediment remains entrapped in the air stones. For 
sediment used in this study, this technique was relatively maintenance 
free and allowed for the extraction of a large volume of porewater over 
a short period of time with a minimal labor investment. 

Chemical and toxicological analyses of duplicate samples were 
similar. Percent similarity decreased for replicate samples collected 
in areas that were more toxic (areas of suspected groundwater 
intrusion). Because of the nature of the contamination (i.e. 
groundwater intrusion into a lake) spatial variability was expected. 
Groundwater would not uniformly enter a lake but would enter in select 
areas, following geologic formations and the path of least resistance. 
Spatial variability of sediment quality is important and increased 
replication of samples may be necessary to reduce this variability 
(Stemmer and Burton 1990). 

The type of extraction technique selected would most likely have 
an effect on the chemical characteristics of the porewater, but this 
comparison was beyond the scope of this study. Comparison of acute 
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toxicity in relation to the type of extraction technique (vacuum versus 
centrifugation) indicated close similarity. Some level of variability 
in the chemical and toxicological characteristics of sediment porewater 
would be expected considering the complexity of the sediment matrix and 
its reaction to different manipulations. Future work should be 
conducted comparing these two techniques on different samples. 

Standardization of sediment toxicity assessments is critical 
because of the inherent complexity. At present, there are a variety of 
sub-matrices tested from a single matrix (sediment), including whole 
sediment, sediment porewater and sediment elutriate. Different 
organisms can be tested from each of these submatrices. Numerous 
studies have been conducted to determine which of these sub-matrices and 
test organisms are the best indicators of sediment toxicity (Giesy et 
al. 1988, 1990; Hoke et al. 1990, 1993; Green et al. 1993; Harkey et al. 
1994). All sub-matrices and test organisms were able to detect toxicity 
in sediments but selecting a test that is the best indicator of sediment 
toxicity is not possible. The use of C. dubia in toxicity testing of 
sediment porewater as a screening tool, along with a more integrated 
approach at selected stations may be the best and most cost effective 
approach (Ross et al. 1992). This integrated approach would include 
toxicity testing using all three sub-matrices along with traditional 
chemical and biological studies. The biological portion of this 
integrated approach would include an assessment of the resident benthic 
community (Malueg et al. 1984; Rosiu et al. 1989; Watzin et al. 1994). 
The key is to be consistent in the methodology employed at a specific 
study area; comparison of sediment toxicity with other sites using other 
techniques will be difficult until standardized approaches are adopted. 

REFERENCES 

Ankley, G. T., Katko, A., and Arthur, J. W., 1990, "Identification of 
Ammonia as an Important Sediment-Associated Toxicant in the Lower Fox 
River and Green Bay, Wisconsin," Environmental Toxicoloqy and Chemistry 
Vol. 9, pp 1313-1322. 

Ankley, G. T., and 14 others, 1992, "Integrated Assessment of 
Contaminated Sediments in the Lower Fox River and Green Bay, Wisconsin," 
Ecotoxocoloqy and Environmental Safety, Vol. 23, pp 46-63. 

Bender, M., Martin, W., Hess, J., Sayler, F., Ball, L., and Lambert, C., 
1987, "A Whole Core Squeezer for Interfacial Porewater Sampling," 
Limnoloqy and Oceanoqraphy, Vol. 32, pp 1214-1225. 

Carignan, R., Rapin, F., and Tessier, A., 1985, "Sediment Porewater 
Sampling for Metal Analysis: a Comparison of Techniques," Geochimica et 
Cosmochimica Acta, Vol. 49, pp 2493-2497. 

Edmunds, W. M. and Bath, A. H., 1976, "Centrifuge Extraction and 
Chemical Analysis of Interstitial Waters," Environmental Science and 
Technology, Vol. i0, No. 5, pp 467-472. 

Giesy, J. P., Graney, R. L., Newsted, J. L., Rosiu, C. J., Benda, A., 
Kreis, R. G., and Horvath, F. J., 1988, "Comparison of Three Sediment 
Bioassay Methods Using Detroit River Sediments," Environmental 
Toxicoloqy and Chemistry, Vol. 7, pp 483-498. 

Giesy, J. P. and Hoke, R. A., 1989, "Freshwater Sediment Toxicity 
Bioassessment: Rational for Species Selection and Test Design," Journal 
of Great Lakes Research, Vol. 15, No. 4, pp 539-569. 

Giesy, J. P., Rosiu, C. J., Graney, R. L., and Henry, M. G., 1990, 
"Benthic Invertebrate Bioassays with Toxic Sediment and Pore Water," 
Environmental Toxicoloqy and Chemistry, Vol. 9, pp 233-248. 

Copyright  by ASTM Int ' l  (al l  r ights reserved);  Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough Universi ty pursuant to License Agreement.  No further reproductions authorized.



308 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Green, A. S., Chandler, G. T., and Blood, E. R., 1993, "Aqueous-, 
Porewater-, and Sediment-Phase, Cadmium: Toxicity Relationships for 
Meiobenthic Copepod," Environmental Toxicoloqy and Chemistry, Vol. 12, 
pp 1497-1506. 

Harkey, G. A., Landrum, P. F., and Klaine, S. J., 1994, "Comparison of 
Whole-Sediment, Elutriate and Porewater Exposures for Use in Assessing 
Sediment-Associated Organic Contaminants in Bioassays," Environmental 
Toxicoloqy and Chemistry, Vol. 13, pp 1315-1329. 

Hoke, R. A., Giesy, J. P., Ankley, G. T., Newsted, J. L., and Adams, J. 
R., 1990, "Toxicity of Sediments from Western Lake Erie and the Maumee 
River at Toledo, Ohio, 1987: Implications for Current Dredged Material 
Disposal Practices," Journal of Great Lakes Research, Vol. 16, No. 3, pp 
457-470. 

Hoke, R. A., Giesy, J. P., Zabik, M., and Unger, M., 1993, "Toxicity of 
Sediments and Sediment Pore Waters from the Grand Calumet River - 
Indiana Harbor, Indiana Area of Concern," Ecotoxicoloqy and 
Environmental Safety, Vol. 26, pp 86-112. 

Jahnke, R. A., 1988, "A Simple, Reliable, and Inexpensive Porewater 
Sampler," Limnoloqy and Oceanoqraphy, Vol. 33, No. 3, pp 483-487. 

Luoma, S. N. and Carter, J. L., 1993, "Understanding the Toxicity of 
Contaminants in Sediments: Beyond the Bioassay-Based Paradigm," 
Environmental Toxicoloqy and Chemistry, Vol. 12, pp 793-796. 

Malueg, K. W., Schuytema, G. S., Krawczyk, D. F., and Gakstatter, J. H., 
1984, "Laboratory Sediment Toxicity Tests, Sediment Chemistry and 
Distribution of Benthic Macroinvertabrates in Sediments from the 
Keweenaw Waterway, Michigan," Environmental Toxicoloqy and Chemistry, 
Vol. 3, pp 233-242. 

Mitchell, D. F., Wagner, K. J., Monagle, W. J., and Beluzo, G. A., 1989, 
"A Littoral Interstitial Porewater (LIP) Sampler and its Use in Studying 
Groundwater Quality Entering a Lake," Lake and Reservoir Manaqement, 
Vol. 5, No. i, pp 121-128. 

Presley, B. J., Brooks, R. R., and Kappel, H. M., 1967, "A Simple 
Squeezer for Removal of Interstitial Water from Ocean Sediments," 
Journal of Marine Research, Vol. 25, pp 355-357. 

Rosiu, C. J., Giesy, J. P., and Kreis, R. G., Jr, 1989, "Toxicity of 
Vertical Sediments in the Trenton Channel, Detroit River, Michigan, to 
Chironomus tentans (Insecta: Chironomidae)," International Association 
of Great Lakes Research, Vol 15, No. 4, pp 570-580. 

Ross, P. E., and 12 others, 1992, "Assessment of Sediment Contamination 
at Great Lakes Areas of Concern: the ARCS Program Toxicity-Chemistry 
Work Group Strategy," Journal of Aquatic Ecosystem Health, Vol. i, pp 
193-200. 

Saager, P. M., Sweerts, J. P., and Ellermeijer, H. J., 1990, "A Simple 
Porewater Sampler for Coarse, Sandy Sediments of Low Porosity," 
Limnoloqy and Oceanoqraphy, Vol. 35, No. 3, pp 747-751. 

Sayles, F. L., Mangelsdorf, P. C., Jr., Wilson, T. R. S., and Hume D. 
N., 1976, "A Sampler for In Situ Collection of Marine Sedimentary Pore 
Waters," Deep-Sea Research, Vol. 22, pp 259-264. 

Stemmer, B. L. Burton, G. A., Jr., and Sasson-Brickson G., 1990, "Effect 
of Sediment Spatial Variance and Collection Method on Cladoceran 

Copyr igh t  by  ASTM In t ' l  ( a l l  r igh t s  rese rved) ;  Tue  Oct  18  17 :10 :12  EDT 2011
Downloaded /pr in ted  by
Loughborough  Univers i ty  pursuan t  to  L icense  Agreement .  No  fu r the r  reproduc t ions  au thor ized .



MCCAULEY ET AL. ON EXTRACTION OF POREWATER 309 

Toxicity and Indigenous Microbial Activity Determinations," 
Environmental Toxicoloqy and Chemistry, Vol. 9, pp 1035-1044. 

Watzin, M. C., Roscigno, P. F., and Burke, W. D., 1994, "Community- 
Level Field Method for Testing the Toxicity of Contaminated Sediments in 
Estuaries," Environmental Toxicoloqy and Chemistry, Vol. 13, pp 1187- 
1193. 

Whitman, R. L., 1989, "A New Sampler for Collection of Interstitial 
Water from Sandy Sediments," Hydrobioloqia, Vol. 176/177, pp 531-533. 

Winger, P. V. and Lasier, P. J., 1991, "A Vacuum-Operated Porewater 
Extractor for Estuarine and Freshwater Sediments," Archives of 
Environmental Contamination and Toxicoloqy, Vol. 21, pp 321-324. 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



Joshua Lipton 1, Edward E. Little 2, John C.A. Marr 3, Aaron J. DeLonay 4 

USE OF BEHAVIORAL AVOIDANCE TESTING IN NATURAL RESOURCE 
DAMAGE ASSESSMENT 

REFERENCE:  Lipton, J., Little, E. E., Marr, J. C. A., and DeLonay, A. J., "Use of 
Behavioral Avoidance Testing in Natural Resource Damage Assessment," Environmental 
Toxicology and Risk Assessment: Biomarkers and Risk Assessment--Fifth Vohtme, ASTM 
STP 1306, David A. Bengtson and Diane S. Henshel, Eds., American Society for Testing and 
Materials, 1996. 

ABSTRACT: Natural Resource Damage Assessment (NRDA) provisions established 
under federal and state statutes enable natural resource trustees to recover 
compensation from responsible parties to restore injured natural resources. Behavioral 
avoidance testing with fish has been used in NRDAs to determine injuries to natural 
resources and to establish restoration thresholds. In this manuscript we evaluate the 
use of avoidance testing to NRDA. Specifically, we discuss potential "acceptance 
criteria" to evaluate the applicability and relevance of avoidance testing. These 
acceptance criteria include: (1) regulatory relevance, (2) reproducibility of testing, (3) 
ecological significance, (4) quality assurance/quality control, and (5) relevance to 
restoration. We discuss each of these criteria with respect to avoidance testing. 
Overall, we conclude that avoidance testing can be an appropriate, defensible, and 
desirable aspect of an NRDA. 

KEYWORDS: behavior, avoidance, natural resource damage assessment, NRDA, 
restoration 
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discharges or releases of oil and hazardous substances. "Injury" is a regulatory term of 
art that means that natural resources are adversely affected by the oil or hazardous 
substances released by the responsible party. Under NRDA regulations established by 
the Department of Interior (DOI) for NRDAs performed under the aegis of CERCLA 
(43 CFR Part 11), behavioral avoidance is recognized as an injury for fish. NRDA 
regulations developed for OPA do not specifically identify avoidance testing as an 
accepted procedure for determining injuries. 

Behavioral avoidance testing may be an appropriate procedure to use in 
NRDAs. However, the approach has relatively little precedent in litigated or 
administrative proceedings. Therefore, we have developed several "acceptance criteria" 
to evaluate the use of avoidance testing in NRDAs. These acceptance criteria include: 
(1) regulatory relevance, (2) reproducibility of testing, (3) ecological significance, (4) 
quality assurance/quality control, and (5) relevance to restoration. We do not intend 
these acceptance criteria to serve as a comprehensive list of "necessary conditions". 
Rather, the criteria represent our analysis of a series of conditions that can be used to 
evaluate the appropriateness of avoidance testing in NRDA. A similar list of questions 
could be developed to evaluate other sublethal endpoints in toxicity testing (e.g., 
reduced growth, tissue residues, biomarkers). 

METHODS 

In this manuscript we address each of our "acceptance criteria" in terms of 
applicability to behavioral avoidance testing. As examples, we refer to avoidance 
testing performed at two NRDA sites: the Clark Fork River, MT, and the Blackbird 
Mine, ID. The Clark Fork River is a site highly contaminated with a mixture of metals 
(Cd, Cu, Pb, and Zn) from mining and mineral processing operations in the vicinity of 
Butte, MT. The specific methodologies and results of testing performed for this NRDA 
are described in Woodward et al. (1995), Lipton et al. (1995), and DeLonay et al. 
(1995). The Blackbird Mine site, located in the Salmon River drainage in north-central 
Idaho, is highly contaminated with copper and cobalt. The specific methodologies and 
results of testing performed for this NRDA can be found in Marr et al. (1995). 

REGULATORY RELEVANCE 

As noted above, under NRDA regulations established by DOI for CERCLA 
assessments, behavioral avoidance is recognized as an accepted injury to fish [43 CFR 
w 11.62(f)(4)(iii)(B)]. As a result, behavioral avoidance injuries and testing have 
standing in NRDAs performed in compliance with DOI regulations. Moreover, trustees 
that perform NRDAs in compliance with these regulations obtain a rebuttable 
presumption of validity. Regulations proposed by the National Oceanic and 
Atmospheric Administration (NOAA) for NRDAs performed under OPA do not 
specifically identify behavioral effects -- or other adverse responses -- as accepted 
injuries. Rather, these regulations provide that injuries are measurable adverse 
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responses caused by a discharge of oil. State statutes vary in their degree of specificity 
on accepted injuries. Behavioral avoidance testing, therefore, is directly relevant to 
NRDAs performed under the DOI regulations. NRDAs performed under other statutory 
authorities may not specifically include avoidance testing as a regulatory measure of  
injury. 

R E P R O D U C I B I L I T Y  

An important aspect of laboratory testing in NRDAs relates to the 
reproducibility of  the testing methodology. This reproducibility can include both intra- 
laboratory reproducibility (similar to the concept of  analytical precision) and inter- 
laboratory reproducibility. 

Reproducibility of  data on contaminant-avoidance behavior depends on a 
number of  factors including the calibration and stability of  the apparatus to produce 
stable contaminant gradient while minimizing other sensory cues, such as temperature, 
flow, light or disturbance that may bias spatial selection of the fish. It also requires 
that the test organism be in good health, and acclimated from handling to ensure that 
they are responsive in the test system (ASTM 1994). In our studies (see Woodward et 
al. 1995; DeLonay et al. 1995; Marr et al. 1995), we have used dye tests to confirm 
that counter current avoidance testing chambers provided a stable contaminant gradient 
with well-defined margins between contaminated and uncontaminated areas of  the 
apparatus (Fig. 1). The formation of the gradient was highly predictable, and the 
rinsing regime was sufficiently rigorous to ensure that biasing metal residues were 
absent in control areas of  the apparatus. Similarly, other variables such as light, 
temperature, flow and depth were held constant in control and test areas of  the 
apparatus to minimize potentially biasing stimuli. 

Inter-laboratory test comparisons were completed as part of  the Clark Fork 
River NRDA (DeLonay et al. 1995). The results of testing performed at the Midwest 
Science Center-Columbia, MO and at the Midwest Science Center-Jackson, WY 
showed extremely close agreement for testing performed with both brown and rainbow 
trout (Fig. 2). Statistical analysis of  the two datasets (least significant difference test, 
= 0.05, Snedecor and Cochran 1980) demonstrated that avoidance of the metals 
mixture was not significantly different in the inter-laboratory tests. As a result, we 
conclude that behavioral avoidance testing can be highly reproducible. 

E C O L O G I C A L  SIGNIFICANCE 

To be of relevance to NRDA, behavioral avoidance as an endpoint should have 
ecological significance. The impairment of behavioral function can have immediate 
consequences for fish populations, including contributing as directly to their limitation 
or elimination as reproductive failure or mortality. The avoidance of contaminants can 
lead to emigration of fish from impacted areas and result in 
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* Measured 2/3 of distance from inlet to center drain at 750 - 800 ml/min flow. 

FIG. 1--Observations of dye concentration in counter-current avoidance 
chamber: (A) during onset of dye release in chamber (note effect of drain 
malfunction); (B) during rinse period; and (C) showing dye concentration 
across the length of the chamber. 
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FIG. 2--Comparison of brown trout avoidance reaction to metals mixture 
characteristic of the Clark Fork River, Montana, measured at Midwest Science 
Center laboratories in Columbia, MO (MSC-Columbia) and Jackson, WY 
(MSC-Jackson). Vertical lines above bars represent 1 SD of the mean. 
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population declines. Persistent avoidance of contaminated areas thus represent a loss of 
habitat for that species. 

Fish movements during migration can also be interrupted by the avoidance of 
contaminant gradients encountered along the migratory route. For example, releases of 
copper and zinc have been observed to inhibit upstream Atlantic salmon migration 
because of behavioral avoidance (Saunders and Sprague 1967), and the spawning 
migration of coho salmon halted when fish encountered effluents of kraft mill (Brett 
and MacKinnon 1954). Impaired downstream or seaward migrations could also be 
similarly blocked or inhibited as fish encounter contaminated areas. 

In addition to direct avoidance of contaminants, migrations can also be blocked 
by physiological impairments arising from contaminant exposure. For example, 
exposure to metals during early development has been found to affect the 
smoltification process which includes osmoregulatory adaptations for life in seawater 
as well as negative rheotaxic orientation to water flow that will orient fish toward the 
sea and trigger preference for saline waters. Additionally, studies by Lorz and 
McPherson (1976) have shown that coho salmon fail to develop physiological 
osmoregulatory capacity to survive in sea water. Fish exposed to copper and zinc 
(Lorz and McPherson 1976), arsenic (Nichols et al. 1984), and selenium (Hamilton et 
al. 1986) failed to exhibit seaward migration. The consequences of the failure to 
migrate would be insufficient growth for survival and reproduction. The consequences 
of the inability to osmoregulate could be death (Davis and Shand 1978; Clarke 1982). 

Fig. 3 presents a hypothetical description of potential behavioral avoidance 
mechanisms at a contaminated site. Returning anadromous adults (designated as (A) in 
Fig. 3) may avoid both contaminated spawning habitats and uncontaminated upstream 
habitats, effectively decreasing the available amount of spawning habitat utilized. 
Outmigrating anadromous juveniles (e.g., salmon smolts; designated as (B) in 
Figure 3) produced in uncontaminated waters may avoid contaminated stream 
segments, thus precluding or delaying outmigration, ultimately causing reduced 
survival or outmigrants. Juveniles of anadromous and resident fish seeking larger size 
rearing habitats (designated as (C) in Figure 3) may avoid moving downstream into 
contaminated stream segments. This may effectively reduce the amount of available 
rearing habitat. This could also reduce migration of resident fish populations between 
the mainstem and tributaries, potentially resulting in less-resistant or resilient meta- 
populations in tributaries. 
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FIG. 3--Hypothetical example depicting behavioral responses to surface 
water contamination by returning anadromous adults (A), outmigrating 
anadromous juveniles (B), and anadromous and resident juveniles 
moving to rearing habitat (C). 

We conclude, therefore, that behavioral avoidance has ecological relevance in 
terms of potentially affecting survival, reproduction, and habitat availability. As a 
result, it represents an appropriate injury endpoint for NRDAs. 

QUALITY ASSURANCE/QUALITY CONTROL (QA/QC) 

QA/QC is a potentially important aspect of studies performed in support of 
NKDAs, particularly when litigation is involved. QA/QC measures help ensure that 
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data are collected in a systematic manner, and assist in the overall defensibility of 
avoidance studies. 

Methodological issues that merit consideration in QA plans include: (1) 
variables that bias spatial selection by fish, (2) abnormal behavior that limits or alters 
the responsiveness of test organisms, including maintaining test organisms in good 
condition, (3) establishment/maintenance of a stable contaminant gradient to facilitate 
interpretation of test results, and (4) rigorous identification of data and samples, 
including both analytical QC and, potentially; chain-of-custody over data. 

Variables that Can Bias Spatial Selection 

It is important that the testing apparatus be appropriately calibrated to ensure 
that potentially biasing stimuli such as temperature, flow, light, or disturbance do not 
influence spatial selection of the fish. This requires measuring flow rates entering and 
leaving each end of the chamber (this is important both to ensure the stability of the 
contaminant concentration gradient, and because water flow provides a sensory cue 
that may influence the spatial selection of the fish), as well as other variables such as 
temperature, dissolved oxygen, pH, hardness, light intensity. For example, temperature 
differences of greater than 0.4 ~ C have been shown to influence avoidance thresholds 
(Kleerekoper 1973). 

Maze bias is normally controlled for by randomizing the end of the avoidance 
chamber receiving the toxic substance. In addition to monitoring water flow, 
contaminant gradient, temperature, water quality, and light, bias can be measured by 
comparing responses to different ends of the testing apparatus during application of 
uncontaminated water. During tests by DeLonay et al. (1995), brown trout and 
rainbow trout resumed normal activity within the allotted habituation or preexposure 
period and did not exhibit any signs of abnormal behavior or heightened aggression 
during the testing procedure. Under ideal conditions, with no apparatus biases or 
directing stimuli (i.e., contaminants), fish should randomly distribute themselves and 
spend approximately the same amount of time on each end of the apparatus. Also in 
the tests by DeLonay et al. (1995), the distribution over time of both species in the 
control tests was very near this expected 50% distribution (see Figure 2). 

Test Organisms 

Responsiveness of the test organisms is also important. The test organism 
should be in good health. They should be fully acclimated (2 14-d acclimation period) 
to the dilution water used during the test to ensure that responses observed are not 
confounded by physiological adjustments or habituation stresses. The test regime 
should allow sufficient time for the test organism to recover from handling and to be 
habituated to the test chamber before testing to ensure that they are responsive. An 
organism stressed by changes in water quality, alarmed by handling, or inhibited by an 
unfamiliar test environment may freeze, become hyperactive and unresponsive to 
contaminant cues, or exhibit skewed spatial selection to the extent that reactions to 
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contaminant gradients will be obscured or inhibited. Although there is no single 
indicator of  "normal" responsiveness, the resumption of  movement within the 
apparatus is generally used as an indication of  recovery from handling (Little and 
DeLonay 1995). Alternatively a reduction in speed and frequency of  movement 
indicates recovery among fish whose initial response is hyperactive fright reactions. 
Recovery may also be indicated by a return to normal coloration or posture. Recovery 
times may vary with species and age of fish, and must be considered when developing 
the test regime. 

Whether fish are tested in pairs or small groups, it is important to ensure that 
there are no aggressive interactions that may bias spatial selection among individuals. 
The occurrence of  nips, nudges, or chases could trigger criteria for rejecting a test. 
During an avoidance test it is particularly important to monitor the frequency of  
gradient crossing. A criterion can be created to ensure that the fish are sufficiently 
active to explore and make contact with the contaminant. Spatial bias should also be 
monitored during the preexposure period. Gross behavioral form and posture should be 
monitored to ensure that the fish are not injured or impaired by the contaminant 
exposure. Behavioral activity levels should also be monitored to ensure that the fish 
have recovered from handling, are sufficiently active to explore the gradient, but not 
impaired by contaminant exposure. Schooling and aggressive behaviors should also be 
examined to ensure that the response of the fish are not altered by an aggressive 
individual. 

Stable Concentration Gradient 

In avoidance testing it is especially critical that the test apparatus produce 
consistent stable contaminant gradients. Both dye tests and chemical analysis of  water 
quality were used in Marr et al. (1995) to demonstrate that the counter current 
chamber provided a highly stable contaminant gradient with well defined margins 
between contaminated and uncontaminated areas of  the apparatus. 

Data Collection: Summary_ 

Table 1 summarizes data that can be collected to demonstrate appropriate 
QA/QC in behavioral avoidance testing. It should be recognized that not all of  these 
variables may require measurement for all tests. However, the table provides a 
summary of  the types of data that could be collected to ensure appropriate data 
quality. 

RELEVANCE TO RESTORATION 

For NRDAs performed under both CERCLA and OPA, restoration of injured natural 
resources is the ultimate objective. Therefore, injury testing should have relevance to 
the development of  restoration goals, objectives, and approaches. This relevance can 
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include: (1) determining the nature and extent of  any injuries to natural resources, 
including determining what resources (including both species and habitats) are injured 

TABLE 1--Examples of  QA/QC data for avoidance testing. 

Variables to Control for Spatial 
Bias 

�9 Behavioral variables 

�9 Analytical variables 

�9 water flow rate 
�9 temperature 
�9 water quality (e.g., dissolved 

oxygen, pH, hardness) 
�9 contaminant gradient 
�9 outside disturbance 
�9 light 

�9 frequency of gradient crossing 
�9 gross behavioral form and 

posture 
�9 activity levels 
�9 schooling/aggressive behavioral 

interactions 

purity of source water 
confirm chemical composition of 
test/control water 
removal of  contaminant after 
rinsing 
standard analytical QA/QC 

and the spatial and temporal extent of those injuries, and (2) determining the 
appropriate "level" of restoration (e.g., setting cleanup thresholds). 

As depicted above in Figure 3, avoidance responses can differentially affect the 
various species, life stages, and habitats present at a site. Behavioral avoidance testing 
can, in conjunction with population survey and site water quality monitoring programs, 
identify injured species and life stages, as well as quantifying the spatial extent of  
avoidance injuries. Such information is important in scaling restoration programs. 
Moreover, behavioral responses can be important components of  identifying restoration 
cleanup thresholds because avoidance thresholds often are substantially lower than 
acutely lethal levels. For example, in the Blackbird Mine NRDA, Marr et al. (1995) 
demonstrated that salmonids avoided Cu and Co concentrations as low as 3 and 180 
lag/L, respectively, whereas acute lethality thresholds for Cu and Co were on the order 
of  10 and 250 lag/L, respectively. Therefore, restoration of this site to prevent acute 
lethality would not be sufficiently protective of  avoidance injuries. 
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SUMMARY AND CONCLUSIONS 

In summary, we conclude that behavioral avoidance testing is an appropriate endpoint 
for use in NRDAs. Specifically, behavioral avoidance testing: 

1. has been recognized by the DOI as an accepted injury for NRDAs performed 
under CERCLA; 

2. is reproducible, showing both-high inter- and intra-laboratory reproducibility; 

3. is ecologically significant, potentially affecting survival, reproduction, and 
habitat availability; 

4. is amenable to quality assurance/quality control measures, thereby generating 
defensible data; 

5. is of relevance to NRDA restoration programs, including both scaling the 
nature and extent of restoration, as well as determining appropriate restoration 
cleanup thresholds. 
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ABSTRACT: Studies by Russian scientists have documented significant alterations and 
impairment of critical behavioral functions in aquatic organisms following exposure to 
environmental contaminants. Behavioral responses disrupted by sublethal exposure to 
toxicants are intimately involved in habitat selection, foraging, competition, predator-prey 
relationships, and reproduction, and are essential to survival. Behavioral responses of 
benthic invertebrates have received considerable study in Russia. A range of invertebrate 
taxa have been studied, including leeches, insects, molluscs, plankton, and crustaceans. In 
addition, aquatic invertebrates exhibit a large number of behavioral responses which are 
sensitive to contaminant exposure and are easily quantified. Standardized behavioral 
methodologies for measuring contaminant effects are being developed. 
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invertebrates are easily obtainable, readily cultured, and frequently inhabit the interface 
between contaminated water and sediment. Invertebrates possess a rich repertoire of 
behavioral responses that can be readily observed and measured effectively to characterize 
the consequences of sublethal exposure to a range of chemical stressors. Alteration of 
critical behavioral functions such as habitat selection, foraging, competition, predator-prey 
relationships, and reproduction are indicative of probable deleterious effects that would be 
detrimental to individual survival in the environment and may be predictive of impacts to 
populations. In addition, methods that measure behavioral changes during toxicity tests 
may be effective as rapid indicators of water quality, or may aid in contaminant 
identification. This paper describes the Russian research previously conducted on a wide 
range of invertebrate taxa, and the diverse array of behavioral responses that have been 
evaluated (Table 1). 

LEECHES 

Leeches have frequently been used in water pollution tests in Russia. Although 
they are less sensitive than standard test species such as daphnids, they are easily handled, 
otten occur in highly polluted water and are effective in contaminant screening tests. The 
leech Hirudo medicinalis is the most studied test subject in Russia. Leeches of different 
age groups can be used in such studies, but newly hatched and unfed juveniles are most 
sensitive to water pollutants. A number of simple and complex behavioral responses to 
contaminant exposure have been observed in the leech, including impaired reflex 
responses, alterations in Iocomotory activity, avoidance, and depressed or disrupted 
feeding. 

Simple reflex behavior is frequently used to indicate the effect of  exposure on 
neuromuscular integration. Commonly, the induction or cessation of movement (startle 
response) in adult H. medicinalis can be induced by weak electric currents (Baraeva 
1987). The threshold of startle reaction is determined by applying aweak electric current 
and gradually increasing the electric current intensity until the response occurs. The 
response thresholds increased among organisms sublethally exposed to copper sulphate 
(10/zmol/L) or methyl parathion (1/zmol/L) for 24 h. Thus sublethal exposure to 
contaminants impaired the leeches' ability to produce effective "startle responses" to 
external stimuli. 

Exposure to some contaminants elicits specific clinical behavioral responses that 
are oiten characteristic or symptomatic of the class of contaminant. Lapkina and Flerov 
(1979; 1980) found that some chemicals cause specific symptoms of poisoning in H. 
medicinalis during the first few hours of exposure at relatively high chemical 
concentrations (about 48-h LCs0 level). The symptoms of organophosphate exposure 
include ventral twisting of body segments, spiral twisting of the whole body, progressive 
contraction of body, and eventually edema. Ventral twisting of anterior segments and 
convulsions were observed among leeches exposed to PCB. Potentially, these specific 
symptoms may be used diagnostically to identify classes of toxicants. 
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The Iocomotory activity of leeches has been examined in numerous studies with 
toxicants (Lapkina and Flerov 1979; 1980; Lapkina et al. 1987), and assays which 
measure changes in activity of leeches have been recommended for use in the rapid 
assessment of industrial effluents in Russia. Commonly, this behavior is measured by 
counting the number of active and resting individuals that have been placed in different 
toxicant solutions. The observations begin within 3 to 7 min of exposure and continue at 
1 min intervals for 10 to 15 min. The Iocomotory activity is affected by metals, phenolic 
compounds, halogens, and carbaryl at concentrations of I to 10 % of the 48-h LCs0. 
Organophosphates, on the other hand, only evoke responses at concentrations 
approximating the LCs0 or greater (Lapkina et al. 1987; Flerov et al. 1988). Differing sites 
of toxicant activity or modes of action may account for the varying behavioral sensitivities 
observed. Metals at low exposure concentrations, for example, may act on the skin 
surfaces and membranes as a general irritant, whereas organophosphates and high 
concentrations of  metals may cause behavioral effects by impairing or disrupting the 
physiological function of cells and tissues. 

Heightened locomotory activity is often correlated with avoidance behavior 
(Lapkina et al. 1987). Avoidance reactions provide protection from the harmful effects of 
contaminants, yet also drive organisms from preferred habitats into areas that may be less 
suitable for survival. Avoidance responses were studied using a test chamber which 
received contaminated water at one end and uncontaminated water at the other to form a 
sharp gradient in the center where the apparatus drained (Flerov and Lapkina 1976). 
Measures of average time spent in the contaminated area, and the exploratory movements 
at the boundary of the gradient revealed that leeches successfully avoided sublethal 
concentrations of anionic detergent and phenol considerably below the incipient lethal 
concentration (Figure 1). PCBs were avoided at concentrations in excess of the 48-h LCs0 
which indicates that leeches are unlikely to avoid concentrations inducing lethality. The 
organochlorine, Dylox, was not avoided at concentrations up to 0.6 mg/L, twice the LCs0 
concentration. Leeches seldom penetrated gradients of phenol or detergent, but were not 
so strongly repelled by PCB. The duration of time spent in areas contaminated with 
PCBs, detergent, or phenol was negatively correlated with increasing log concentrations 
of those chemicals. 

Complex behaviors such as feeding are readily disrupted by exposure to 
contaminants and thus can serve as sensitive measures of contaminant effect. Complex 
behavioral responses can be assessed through an analysis of the sequential components of 
the behavior. Feeding behavior in leeches consists of a series of simple behaviors, each of 
which may be carried out only upon the completion of the preceding response. Thus 
contaminant effects on each behavior will decrease the probability of the successful 
completion of the whole pattern of response (Nepomnyashchikh and Flerov 1988). 
Feeding behavior of the leech Hemmiclepsis marginata was studied during sublethal 
exposure using this approach. After some period of exposure, the initial food-searching 
stages of feeding behavior in the absence of prey were recorded at 10 min intervals for 1 h. 
Subsequently, an immobilized carp was placed into each chamber and the behavior of 
leeches was again recorded for 4 h. Leeches failed to accomplish the last stages of feeding 
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behavior (attachment to the fish and blood sucking) after sublethal 18-h exposure to 
dylox; the initial stages of the sequence (scanning and crawling) were disrupted to a lesser 
degree (Nepomnyashchikh and Eljakova 1987). 

".- ......  'Xvoldan:'e' 
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FIGURE l--Avoidance reactions of the leech, Hirudo medicinalis shown 
as cumulative mean duration of time (with standard deviation bars) spent in 
areas of the chamber receiving solutions of an anionic detergent, phenol, 
PCB, or an insecticide, dylox. Dashed lines indicate the 95% confidence 
interval of response when no substance is present in the chamber. From 
Flerov and Lapkina (1976). 

Prey-searching behavior of the medicinal leech was also assessed using a similar 
sequential analysis. Behaviors and their duration were recorded during observations of 
individual leeches in open field tests, The behaviors included swimming (characterized as 
continuous locomotion in the water column); resting (not moving on the bottom with 
attachment on substrate); searching (the protrusion, retraction, and side to side 
movements of the elevated anterior body with stationary attached posterior); and crawling 
(a non-swimming motion on substrate with sequential anterior protrusion, anterior 
attachment, release of posterior, and forward movement of posterior). These independent 
behaviors occur in different combinations. Different contaminants disrupt different stages 
of prey-searching, providing a mechanistic examination of contaminant effects. For 
example, sublethal exposure to chlorophos decreased resting intervals after crawl-search. 
In contrast, copper sulfate increased the frequency of rest units after crawl-search 
combinations. Thus the effect of contaminants disrupts the sequence of behavioral 
activity. 
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CRUSTACEANS 

Simple reflex responses are also useful for examining toxicant effects in 
crustaceans. Exposure of crayfish (Astacus sp.) to sublethal concentrations of phenol and 
hydroquinone resulted in a reduced ability to produce startle reflexes in response to a 
noxious external stimuli (Baraeva 1988), using methods previously described for 
measuring the neuromuscular integration of leeches (Baraeva 1987). 

Behavioral toxicological investigations of crustaceans have largely focused on 
preference/avoidance reactions to contaminants. The intent of these investigations is to 
assess the extent of which the harmful effects of  exposure are minimized by avoidance 
responses, or enhanced by attraction to contaminated areas. Methods for such studies 
involve testing previously unexposed organisms in a Y maze. Uncontaminated water and 
toxic solutions are alternately added to the right and left arms of the Y maze to control 
biasing stimuli and position preferences of the test organisms. The number of organisms 
entering each arm are counted every 2 min during the 30 min test. 

Isopods (Asellus aquaticus) significantly avoided detergents and sublethal levels of 
phenol (Figure 2). Chlorophos and PCB were only avoided at lethal concentrations, 
however intermediate sublethal concentrations of these chemicals were attractive to A. 
aquaticus (Tagunov and Flerov 1978). Similarly the amphipod, Streptocephahts 
torvicornis, avoided phenol at the maximum tolerated concentration, and chlorophos at 
the lethal concentration, while the detergent and PCB evoked no response (Flerov and 
Tagunov 1978)~ Subsequent studies showed that amphipods failed to avoid phenol 
following a short (30 min) exposure to either PCBs or the detergent solution suggesting 
that these contaminants may damage chemoreceptors, preventing avoidance and further 
impairing the ability of these organisms to respond to other external stimuli. 

Another method for determining preference-avoidance responses involves the use 
of a counter-current chamber, in which uncontaminated and contaminated water are added 
to either end of the chamber to form a steep gradient at the center where the water drains 
from the chamber. The test was conducted for 2 to 3 h and the number of animals in 
opposite halves of the chamber were counted. This method was used to study the effect 
of individual components of waste waters of a Baikal paper mill (resorcinol, phenol, 
pyrocatchol, ethyl mercaptan, hydroquinone, and pyrogallol) on another amphipod, 
Eulimnogammarus verrucosus. Concentrations tested were 0.01, 1.00 and 10.00 mg/L. 
At the least concentration, there were no responses to any chemical, with the exception of 
a preference response to resorcinol. At the intermediate concentration, phenol and 
hydroxibenzol were avoided, hydroquinone and pyrogallol caused no response, and 
resorcinol and ethyl mercaptan were preferred to clean water. At the greatest 
concentration, only resorchnol and ethyl mercaptan caused no response (Volkov 1986). 
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FIGURE 2--Avoidance and preference reactions o f  the isopod, Asellus aquaticus shown 
as cumulative mean duration of  time spent in the area of  the test chamber areas receiving 
solutions o f  an anionic detergent, phenol, PCB, and an insecticide, dylox. Dashed lines 
indicate the 95% confidence interval of  response when no substance is present in the 
chamber. From Tagunov and Flerov (1978). 

INSECTS 

Simple reflex behaviors in insects, such as the withdrawal response of  caddisfly larvae 
(Trichoptera) into its tube or displacement behavior in dragonflies (Odonata), can be used 
to assess the effect of  a contaminant on neuromuscular integration. Invertebrates are 
typically exposed to some concentration of  a contaminant and the threshold of  an external 
stimulus (e.g., an electrical current) required to induce the reflexive reaction is determined 
(Baraeva 1987). For example, a 24 h exposure to copper and methyl parathion increased 
the threshold for the reflexive withdrawal of  the caddisfly (Phryganea sp.) into its case 
Copper decreased the threshold required to induce a displacement behavior of  the 
dragonfly (Aeshna sp.), mask grooming, whereas methyl parathion increased the threshold 
(Baraeva 1987). 

Phototaxis and Iocomotory behavior are commonly studied behavioral responses in 
contaminant-exposed insects. In studies withthe chironomid, ChironomusplumosusL. 
speed and distance o f  movement and phototactic responses were examined following 
exposure to a number of  chloride and nitrate metal salts. The trajectory traveled was 
traced onto semi-transparent paper during 2 min observation. Phototaxis was measured 
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TABLE 2--The sensitivity and tolerance to different metal concentrations 
in Hirudo medicinafis juveniles (after Lapkina  et al. 1987). 

337 

Compound  Metal  ion Mean  number  The durat ion o f  t ime (h) before  
concentra t ion  o f  leeches effect is displayed in animals 

(mg/L) moved  
(9 animals in Avoidance  Pathologic  Dea th  

experiment)  Twist ing 

CuS04 

HgCI2 

AI(NO3h 

0.01 3.7 2.0 30.0 96.0 

0.1 8.7 0.7 15.0 72.0 

1.0 9.0 0.17 3.0 20.0 

10.0 9.0 0.1 0.5 12.0 

0.01 2.5 ~ s e n t  48.0 -- 

0.1 7.3 3.0 30.0 -- 

1.0 9.0 0.8 1.0 14.0 

10.0 9.0 0.05 0.05 5.0 

1.0 2.4 absent 30.0 -- 

10.0 4.6 3.0 30.0 96.0 

100.0 9.0 0.05 3.0 18.0 

T A B L E  3--The effect o f  chlorides and nitrates on the swimming speed o f  

Chironomusplumosus larvae (Orlov and Korneva  pets. comm.).  

Concent ra t ion  Chlorides Nitrates 
(tool/L) 

K + Na  § Cu .2 Ca +2 Ni +2 Cd ~2 K + Na* Cd +z Ni +2 

1.10 .7 ... - . . . . . .  - f f f f 

1" 10 .6 ... - s ... f f f f 

1"10 .5 ... s ... - - f f f f 

1"104 ... s s ... - - f f f f 

1"10 .3 s s - s - f f 

s - Slower speed in the experiment  than in the control  

f -  Faster  speed than in the control  
- - No difference between experiment  and control  
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by placing animals into half-covered Petri dishes and counting the number of larvae in the 
dark half of  dishes during a 6 rain experiment. Most compounds tested (Table 3) affected 
distance and speed, metal nitrates causing greater effect than chlorides. Both nitrates and 
chlorides increased negative phototaxis. Phototaxis and swimming speed were 
independently affected by exposure (Orlov and Korneva, pers. comm.). 

The influence of sublethal contaminant exposure on complex patterns of  insect 
behavior has been intensively studied. (Nepomnyashchikh and Fierov 1988). Some caddis 
fly species build elaborate cases of sand particles (Limnephilidae). Larvae were pushed 
out of  their cases and placed in dishes containing a bottom layer of  sand. Periodic 
observations were made during the 48-h test, and the stage of case building (anchor, tube, 
cutting off anchor, and completion of the tube) was recorded. Exposure to methyl 
parathion at concentrations as low as 0.05 lag/I disrupted critical phases of the 
construction process. The building process was slower. Tube construction of exposed 
organisms lagged behind that of controls with progressively earlier delays being apparent 
as the concentration increased (Nepomnyashchikh et al. 1988). 

Another method was used to study the effect of chlorophos on the tube-repairing 
behavior of this species. In this case the tubes were partially destroyed and the 
observation included measuring the duration and sequence of tube repair activities of 
larvae exposed to chlorophos solutions (from 0 to 005 gg/L) for 24 h. During the 1-h 
observation a typical sequence of behaviors, which was repeated until the tube was 
repaired, included the larva's searching for sand, inspection of individual sand particles, 
attachment of  particles to the tube, and internal inspections of tubes. Chlorophos affected 
the sequence of behavioral acts at all concentrations. The largest changes were noted in 
the frequency of transition from gluing to internal inspection and from internal inspection 
to particle inspection. Such changes in the sequence of behaviors were more sensitive 
indicators of water quality than the cumulative frequencies and durations of each phase. 
For example, the sum quantity of particles attached to the tube during a given period of 
time, was not significantly affected at low concentrations (Nepomnyashchikh and 
Valjushok 1989). However, at higher concentrations the case building was significantly 
altered. 

MOLLUSCS 

Filtration activity is a commonly measured response to contaminant effects on 
bivalve molluscs. To perform such measures, Unio pictorum were exposed to toxicants in 
the laboratory for 48 h. They were then taken to the field where they were suspended in 
net funnels 25 to 30 cm above the river bottom. Particles carried by the molluscs' 
respiratory stream accumulated in a sampler at the bottom of the funnel net which was 
later weighed to provide a measure of filtration activity over a period of 4 h. The 
toxicants, ethyl mercaptan, phenol, hydroquinone, and trihydroxybenzol (paper mill 
waste), reduced particulate filtration between 32 and 64% at 10 mg/L each (Kiseleva 
1983). 
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Valve movement and closure are also affected by exposure and are readily 
monitored using inexpensive, automated recording techniques. The movements are 
recorded automatically with the help of a chart recorder connected to one valve with a 
thread. Toxicant effect was measured as the decrease in duration of periods when valves 
moved. Altered valve movement or complete valve closure occurred during exposure to 
metals, detergents, low dissolved oxygen, increased salinity, and paper mill effluents. 

Phenol, hydroquinone and dimethyl sulphide affect valve movements in Unio 
pictorum (Arefjeva 1983). The number of valve movements per time period and the 
duration of periods of closed valves were measured in Mizuhopecten yessoensis and 
('renomytihzs greyanus in response to reductions in salinity (32 to 17%o), decreased 
dissolved oxygen (5.5 to 1.0 mL/L), and the presence of the detergents (1.0 rag/L) 
(Karpenko and Tjurin 1987). The number of movements initiated by M. yessoensis 
decreased when salinity was reduced to 26%, and increased at low dissolved oxygen (1.0 
mL/L). Detergents also caused increased movement. These changes in water quality also 
caused a jumping response which may have been an attempt to avoid these conditions. 
Valve closure was also induced in this species by 50 ~g/L copper (Tjurin 1985). The 
frequency of valve movements of C. greyanus increased when salinity decreased to 23~ 
whereas further reductions in salinity induced prolonged periods of closed valves. 
Crenomytilus greyatms closed valves in response to detergent and to reduced dissolved 
oxygen (2.0 mL/L). 

Gastropod molluscs may alter activity patterns and exhibit avoidance behavior in 
the presence of contaminants. Viviparus vivipants avoided phenol at 50 mg/L. Lymnaea 
fitlva and Planorbis corneus avoided phenol at 100 mg/L by climbing the aquaria wails 
and settling above the water surface. The velocity of movement increased significantly 
with increasing concentration (Stadnichenko et al. 1983). Prolonged exposure also caused 
mucus secretion in L. fulva and P. corneus, which may have been a protective reaction to 
the toxin. 

PERIPHYTON 

Phagocytosis and the formation of vacuoles was reduced in sedentary ciliates 
Vorticella microstoma and//: convallaria during sublethal exposures to zinc (Barausova 
1983). Aqueous exposure to zinc also induced swimming behavior in the normally 
sedentary ~: convallaria, forcing them from the sediment. In spite of  reduced activity of 
the contractile vacuoles evident after day 3 of exposure, growth was not affected by these 
sublethal concentrations. 

PLANKTON 

Phototaxis in the plankton rotifer Brachionusplicatilis was affected by sublethal 
concentrations of several chemicals including mercury chloride, cadmium sulfate and 
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dylox. The response was measured by noting the rotifers' movement across a grid in 
response to lateral light stimulus. The chemical concentration which caused a 50 % 
decrease in phototaxis relative to controls (EC50) ranged t?om 1 to 10 % of  the 24-h LCso 
(Grozdov 1986). 

The ti-equency of  respiratory, movements and heart rate of  the planktonic 
cladoceran, lhtphnia magtta, decreased by sublethal exposure to phenol at concentrations 
of  0.1 mg/L and greater. Daphnids were placed in capillary tubes filled with clean water 
for 1 h, then the responses were measured during the next hour every 5 to 10 min using a 
microscope. Then test solution was piped into the tube and the response was recorded 
again in the same manner (Kolupaev 1988). 

CONCLUSIONS 

The data described are by no means the complete information on the current state 
of  aquatic behavioral toxicology in Russia. Most publications on the topic are printed as 
brief abstracts in different local periodicals published by various department laboratories. 
In addition, there are no special publications in the field of  water quality protection and as 
a consequence, no standard lbrm of  publications. We have selected only detailed articles 
for this review. 

Benthic invertebrates are among the most widely used test species in Russia. 
Medicinal leeches and bivalve molluscs are most studied. Rapid detection (leeches and 
molluscs) and automated methods (molluscs) have been developed using these species. 
The use of  the species and methods to control the quality of  effluents and natural water is 
highly probable during the next few years in Russia Industries in Russia are presently 
obligated to monitor effluents. These monitoring efforts includes measurements of  
mortality in various organisms, and in cell cultures, and certain behavioral responses 
reported here However, there is still no nation-wide program tbr bioassay development. 
Tests such as the ('eriodaphma toxicity tests (ASTM, E1295) are being used in Russia 
and other ASTM procedures are being adapted for use in Russian monitoring efforts. 

Most methods are based on the use of  simple and easily observable behavioral 
responses. The development of  more complicated methods, such as behavioral act 
sequence analysis, are now being initiated because of  the availability of  digital processors, 
however, such methods are still not available for routine monitoring. 

There is no widely accepted general approach to the study of  behavioral responses 
to water pollution. Flerov and coworkers (1988) have suggested that the study of  
pollution effects on fixed action patterns (FAP) is critically important for ecological 
monitoring since these are crucial behaviors which provide the animals' feeding, defense, 
reproduction, and other needs. They are governed mainly by internal factors and are 
resistant to changes in the animals environment. It is highly probable that toxicants which 
eliminate FAP in laboratory experiments will cause the same effect under natural 
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conditions. For this viewpoint, some results cited above may be used in ecological 
prognoses. 
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ABSTRACT: The behavioral effects of heavy metals on crayfishes may significantly 
affect their survival in the environment. Changes in their ability to remain under cover 
could substantially decrease their survivorship due to increased predation. The effect of 
sublethal cadmium exposure on the ability of juvenile crayfish to remain in cover was 
evaluated. Four different treatment groups were used (N=I 1 juveniles each): a control 
group (not exposed to cadmium), and three experimental groups exposed to 1, 2, or 3 mg 
Cd/L for 7 d. Crayfish were placed, individually, into glass aquaria containing 3 L of 
laboratory water pre-treated to detoxify all heavy metals, with continuous aeration. Each 
crayfish was provided with a dark, thigmotactic shelter. Cadmium was introduced into the 
aquaria on days 1 and 4 to maintain the nominal concentrations. Beginning on day 5 and 
continuing through day 7, observations were taken on each crayfish five times per day, 
with a minimum of 30 minutes between observations. Crayfish position was recorded as 
in cover or in the open area of an aquarium. Juveniles in the control groups were in cover 
78.3% of the observations. Over the 3 d of observations, juveniles in the 1 mg Cd/L 
exposure groups used cover 72.1%. Those in the 2 and 3 mg Cd/L groups used cover 
53.9% and 60.0%, respectively, indicating hyperactivity induced by cadmium exposure. 
Examining the daily results, however, those juveniles in the 1 mg Cd/L group were in 
cover only 60.0% of the time by day 7, indicating a latency to produce hyperactivity at this 
concentration. Those in the 2 mg Cd/L group were using the covers similarly to the 
controls by day 7 of exposure, indicating habituation to the cadmium or "exhaustion" of the 
animals by hyperactivity. Those in the 3 mg Cd/L group behaved similarly to controls on 
day 5, but beginning on day 2 and continuing into day 3 of the observations spent 
progressively fewer of the observations in cover, suggesting that initial hyperactivity 
occurred prior to the beginning of observations, and "exhausted" the animals, or that they 
were severely traumatized by the exposure to 3 mg Cd/L and required time to recover 
before exhibiting hyperactive behavior. 

KEYWORDS: cadmium, sublethal exposure, behavior, behavioral toxicity 
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The red swamp crayfish, Procambarus clarkii, was introduced into Ohio at the 
London State Fish Hatchery in 1975 along with minnows purchased from Arkansas (Tim 
Nagel, pers. comm.). By 1983, the species had reached the Akron State Fish Hatchery in 
northeastern Ohio and the Sandusky Bay area in northern Ohio (Norrosky 1983; more 
current information on P. clarkii range extension is not available, Norrosky, pers. com.). 
This species is reducing or eliminating native Orconectes species of crayfishes in Ohio and 
could reach the Erie, Pennsylvania, area in the not-so-distant future. Our interest in P. 

thus stems from its ability to out-compete and replace Qrconectes species 
(Oreonectes msticus is the only species of crayfish in our area) and its classification as a 
"pest" in some places where it has been introduced (Huner et al. 1991). 

Cadmium is important in many industrial processes, especially in the manufacture 
of paints and automobile fuels (Merian 1990). It is a heavy-metal pollutant of increasing 
environmental concern because it is a common component of industrial effluents discharged 
into receiving waters and of auto exhaust discharged onto roadside plants and drainage 
ditches (Friberg et al. 1971; Merian 1990). It also appears to have no biological uses (is 
nonessential) and is generally regarded as highly toxic (Hiatt and Huff 1975; Mirenda 
1986; Merian 1990). Cadmium, like other heavy metals, is not decayed by natural 
processes and accumulates in organic and inorganic material (Lindquist and Block 1994; 
Kliittgen and Ratte 1994). Crayfish accumulate and retain cadmium in their gills and 
viscera (Anderson and Brower 1978; Dickson, et al. 1982). Because cadmium is not 
regulated by crayfishes, sublethal concentrations of cadmium become a cumulative poison 
which may affect crayfish behavior (Bryan 1976; GiUespie et al. 1977; Dickson, et al. 
1982). As a result, the behavioral effects of heavy metals on crayfishes may significantly 
affect their survival in the environment. Changes in their ability to remain under cover 
could substantially decrease their survivorship due to increased predation. 

Our objectives in evaluating the behavioral toxicity of sublethal cadmium exposure 
on juvenile P. clarkii using cover-seeking behavior as the bioassay were to evaluate its 
potential as a behavioral endpoint and to provide data to develop the hypothesis that 
resistance to pollutants by juveniles may be a factor in promoting the spread of introduced 
p. clarkii. 

METHODS 

Four treatment groups (N=I I, each) of juvenile (<3 cm carapace length; Nagayama 
et al. 1986) P. clarkii crayfish were used in this study: a control group (not exposed to 
cadmium), and three experimental groups exposed to 1, 2, or 3 mg Cd/L for 7 d. These 
concentrations used reflect the reported 7-day LC50s and 95% confidence limits for 
Orconectes adults (1.8 [1.5-2.3] mg Cd/L; Mirenda 1986; Thorp and Gloss 1986). 

Juveniles were placed, individually, into glass aquaria containing 3 L of 
continuously aerated laboratory water which was pre-treated with NovAqua Tapwater 
Conditioner (Kordon Division of Novalek, Inc.) to detoxify all heavy metals, remove 
chlorine, and buffer the water (pH 7.0-7.5). Water temperature was a consistent 23+1~ 
Other water quality parameters measured were: total hardness, 232.6 mg CaCO3/L; total 
alkalinity, 146.4 mg CaCO3/L. Windows in the laboratory provided seasonal summer 
photoperiod. Illumination in the aquaria varied between 269-323 Ix (25-30 fc; GE Type 
214 light meter) during photophase. 

Each aquarium contained a dark, thigmotactic shelter, which has been shown to be 
the preferred shelter of juvenile P. clarkii (Antonelli 1996). Illumination in the shelter was 
below detection limit of the light meter (<10 Ix [<1 fc]). Cadmium was introduced into the 
aquaria on days 1 and 4 (two "pulse injections" to produce and to restore the nominal 
concentrations used). Nominal concentrations were used to evaluate the potential of the 
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FIG. 1--Daily cover use by juvenile Procambarus clarkii crayfish in four treatment groups. 

behavior as an endpoint for further bioassay refinement and development of a more 
definitive test. The crayfish were fed TetraMin | fish flakes daily, ad libitum, but not fed 
after the second "pulse" of cadmium. 

Beginning on day 5 and continuing through day 7, observations were taken (from 
behind a black plastic "blind") on each crayfish five times per day, with a minimum of 30 
minutes between observations (15 observations per crayfish). The position of a crayfish 
was recorded as in cover or in the open area of an aquarium. Data were analyzed by one- 
way repeated measures ANOVA, using Statview 512+ software (Abacus Concepts, Inc.). 

RESULTS AND DISCUSSION 

Juveniles in the control groups were in the covers 78.3% of the observations. Over 
the 3 d of observations, juveniles in the 1 mg Cd/L exposure groups were in cover 72.1% 
of the observations (not significantly different from controls). Juveniles in the 2 mg Cd/L 
and 3 mg Cd/L groups used the cover 53.9% and 60.0% of the observations over the 3 d, 
respectively, indicating hyperactivity induced by cadmium exposure (although only the 
results of the 2 mg/L group were significantly different from the controls: FI,21=4.5; 
P_< 0.05). 

From the daily results (Fig. 1), however, juveniles in the 1 mg Cd/L group were in 
cover only 60.0% of the observations by day 7 of exposure (day 3, observations); those in 
the 2 mg Cd/L group were using the covers similarly to the controls by day 7 (day 3, 
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observations); those in the 3 mg Cd/L group behaved similarly to controls on day 5 (day 1, 
observations), but beginning on day 2 and continuing into day 3 of the observations (days 
6 and 7 of exposure, respectively) were found progressively less often in cover. Only one 
juvenile P. clarkii died at this exposure concentration (on day 7 [day 3, observations]). 

Future studies will focus on increasing the sample sizes to compensate for the 
natural variability of behavior among animals, on refining the exposure concentrations of 
cadmium used, and on repeating this bioassay with juveniles of native Orconectes spp. to 
compare their resistance to that of juvenile ~ .  

SUMMARY 

Exposure of juvenile P. clarkii to nominal concentrations of 2 mg Cd/L and 3 mg 
Cd/L induced hyperactivity in these crayfish. Such hyperactivity (as evidenced by a 
concomitant decrease in cover-use) in a natural situation could expose them to increased 
predation. Lack of significance of the data of the 3 mg Cd/L exposure from the control data 
may be due to the variability in behavior among the animals; increased sample sizes should 
be used in future studies. 

The daily data on cover-use by juveniles in the 1 mg Cd/L exposure group indicate a 
latency to produce hyperactivity at this concentration of cadmium. 

The daily data on cover-use by juveniles in the 2 mg Cd/L group suggest habituation 
to the cadmium and/or "exhaustion" of the animals due to hyperactivity. 

The daily data on cover-use by juveniles in the 3 mg Cd/L group suggest that initial 
hyperactivity may have occurred prior to the beginning of the observations, which 
"exhausted" the animals (a situation often reported in behavioral toxicity studies of heavy 
metals with fishes; e.g. see review in Steele 1985), or that they were severely traumatized 
by the high exposure concentration (>LC50 for Orconecte~ adults), and that they required 
time to recover before exhibiting hyperactive behavior. 
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ABSTRACT : Satisfactory laboratory performance is critical to the use of aquatic 
toxicity tests in regulatory, industrial and research applications. Quality Assurance 
and Quality Control (QA/QC) practices are fundamental to demonstrating satisfactory 
performance. Laboratory aquatic toxicity test procedural and performance criteria can 
help a potential client decide that an aquatic toxicity laboratory will meet a need, as 
well as help an outside reviewer determine that test results are valid. Laboratory 
practices to assure and control quality include training staff, using standard 
procedures, and keeping valid records, but also include evaluating and improving 
performance. These components echo several widely used quality management 
principles. The costs of poor quality (lost time, lost production and lost image) touch 
both the laboratory and the laboratory's customers. While the level of quality should 
reflect the use of the study, higher quality work provides for better control, better 
data and better service, benefits ultimately shared by both the suppliers and users of 
aquatic toxicity data. 

KIgYWORDS: aquatic toxicity tests, quality assurance, quality control, performance 
criteria, whole effluent testing 
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Quality issues are part of all products and services in today's environment. 
Aquatic toxicity tests are appropriately seen as products or services and so quality 
issues are part of  the picture. Further, quality issues must be addressed to achieve 
the goal of standardization. Quality issues are also critical to the use of aquatic 
toxicity testing results for stewardship and compliance. 

Results from biomonitoring tests of  a refinery effluent by two laboratories 
illustrate the importance of the last point (Table 1). The test was the Ceriodaphnia 
dubia 7 day test which monitors survival and reproduction (USEPA 1989b, c; 1994a). 
The effluent sample was split and tests were conducted by two laboratories (Lab A 
and Lab B). Lab A reported that the effluent was relatively toxic, with 16 chronic 
toxicity units (TUc) relative to survival. Lab B reported much less toxicity, 4 TUc, 
for both survival and reproduction. 

A number of  quality issues are problematic in the Lab A report: Ceriodaphnia 
reproduction was marginally above the acceptance criterion, and no data were 
provided about the number of  broods per adult. No raw data (e.g., no bench sheets 
or no record of  daily young production) were provided, just means (with standard 
deviations) for each treatment. There was no mention of  test results with standard 
reference toxicants. An arithmetically impossible result was reported, but the report 
provided no way to determine if this was a typographical error or something else. 
Both laboratory reports were signed by a "QC Coordinator." 

Which laboratory was correct? Would an outside reviewer conclude that the 
refinery effluent exhibited high chronic toxicity or not? Suppose that the refinery's 
wastewater discharge permit specified that chronic toxicity above 8 TUc was a permit 
violation. Was the refinery effluent in violation of such a specification? Quality 
issues are clearly central to resolving such questions. 

GOALS OF A QUALITY ASSURANCE (QA) P R O G R A M  

There are at least three explicit goals of a QA program in the aquatic toxicity lab: 
(1) to demonstrate adherence to a protocol or standard, (2) to characterize the 
background conditions during the work and (3) to provide tools to objectively evaluate 
the "quality" of  a lab test. Practitioners of aquatic ecotoxicology are probably very 
familiar with the first two of these goals. For example, typical QA practices provide 
for describing the competence of staff, demonstrating the performance of equipment 
and organisms, and detailing the protocol used. Consideration of the technical 
aspects, however, may not fully consider how to evaluate "quality" itself. 

Methods of  establishing quality will vary. Students of  quality control or quality 
management have developed numerous different tracks, but the concepts proposed by 
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Table 1. Comparison of Chronic Toxicity Tests for Ceriodaphnia dubia 

Split samples of a refinery effluent were provided to the laboratories. 
Reported test results are compared with the USEPA criteria for acceptance, 
where appropriate. 

Criterion LAB A LAB B 
Control Group Performance 

Control Survival 80% 90% 90% 
Neonates (mean) > 1 5  15.44 32.8 
Adults with 

3 broods or more >60% Not reported 90% 

Reference Toxicant 
Test of a standard Recommended None Summary 

chemical to show control noted included 

Test Report 
Raw data Should be included Not reported Reported 

Anomalous data Should be 
explained 

Endpoints 
7 day LC50 
TUc-survival 
TUc-reproduction 
NOEC-survival 
NOEC-reproduction 

"67 %" mortality reported Explan- 
at one concentration, ation 

but with 10 organisms per given 
concentration, this is an when 
arithmetic impossibility needed 

9.6% 40.6% 
16 4 

> 31.95 (estimated) 4 
6.25% 25% 

<6.25% 25% 
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352 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Deming, Juran and others (Juran 1974; USEPA 1978; Walton 1990) are widely 
known, e.g., "Total Quality Management" (TQM). Therefore, it may be useful in 
this context to point out the overlap between these approaches and the QA/QC 
elements that are specific to laboratory aquatic toxicity tests. 

As used in this review, Quality Assurance (QA) includes all those planned and 
systematic actions necessary to provide adequate confidence that a product or service 
will satisfy given requirements for quality. Quality Control (QC) refers to the 
operational techniques and activities that are used to fulfill requirements for quality 
aimed both at monitoring a process and at eliminating causes of unsatisfactory 
performance. These definitions follow the ISO 9000 guidance (ISO 1987a, b, c, d). 

A paradigm in business relationships is to see a supplier-customer chain in the 
development and use of a product or service. A useful definition of  a customer is 
anyone who benefits from or uses a product or service from another individual or 
group (Clemmer 1992). We quickly recognize that each of us acts as both supplier 
and customer within our organizations and outside them. If we are the source of the 
product or service, we are the supplier. If others are the source, we are the 
customer. One modification of this concept is to add a distributor (supplier- 
distributor-customer), or the infamous "middleman." The role of the distributor is to 
pass along a product or service, essentially unchanged, but in a manner so as to get 
the right product or service passed along at the right time. The right product or 
service is the one that meets the customer's needs, and quality is one of those needs. 

Part of recognizing quality as one part of the customer's needs is recognizing that 
not every customer needs the same quality. Consequently, it is not surprising to note 
that laboratory aquatic toxicity tests currently have different levels of performance. A 
test submitted for registering a new chemical might meet Good Laboratory Practice 
(GLP) levels of performance. A test done to demonstrate compliance with a 
wastewater permit would meet specific procedural and performance criteria different 
from GLP requirements. And, a test done for research might be evaluated on entirely 
different acceptability criteria. 

We write from the perspective of  customers of  aquatic toxicity tests, or perhaps 
as distributors of  aquatic toxicity test results to other customers. Viewed this way, 
QA issues become a business issue for private sector laboratories, the suppliers of 
many aquatic toxicity test results. For both private and public sector labs, QA issues 
become a comparative benchmark for evaluating present status and future 
improvements. 

Uses of the QA program 

Both private and public organizations are coming under increasing pressure to 
have add value and to eliminate unnecessary actions. The QA program therefore will 
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be scrutinized internally and externally for what value it adds and the following uses 
make clear some of these values. 

1. Provide for confident use by customer. 
The uses of a QA program have traditionally emphasized things that permit 

outside review of  the validity of  a lab test. For example, if a company wants to 
report aquatic toxicity information on its Material Safety Data Sheet (MSDS), it sees 
QA as a way to establish that the reported information is reliable and accurate. If a 
regulatory agency wants to determine compliance or set regulatory criteria, QA 
provides a way to evaluate whether the conditions of testing are acceptable. USEPA 
Order 5360.1, for example, stated the USEPA objective to collect data of "known and 
documented quality that is adequate for its intended use" (USEPA 1984). The 
dimensions of the "known and documented quality" include precision, accuracy, 
completeness, comparability, and representativeness. 

Consistent with this perspective is the recognition that one size QA program does 
not fit all needs. A prescriptive approach to QA might serve some specific needs. 
For example, labs doing testing in the context of regulatory compliance under the 
NPDES program, i.e., whole effluent testing (WET), generally use USEPA's 
guidance for lab evaluations (USEPA 1991a). This guidance contains specific 
criteria, including checklists, which focus attention on aspects of  testing deemed 
critical for conducting accurate effluent tests. However, even the checklist focuses on 
whether a program element is in place, more than on whether a program element 
matches, dimension by dimension, an ideal program. 

2. Facilitates self-evaluation and improvement. 
A second use for the QA program is to provide lab managers and staff with a 

tool for self-evaluation and control of performance. This aspect has also been called 
"internal quality assurance" and is described as those activities aimed at providing 
confidence to the management of an organization that the intended quality is being 
achieved (ISO 1987a, 1990). 

Consistent with this perspective is the recognition that quality issues contribute to 
improvement in any organization for any type of  aquatic toxicity project. Excessive 
reliance on a static, one-size-fits-all approach to QA would stifle innovation by 
fostering a mindset that, once a QA program is in place, the work is done. 
Recognizing the competitive nature of quality issues instead leads to using QA results 
and programs as a way to identify the next step to meeting customer needs. 

3. Meeting customer needs. 
A third use for the QA program is to convince current customers or potential 

customers to use a specific supplier. Using this perspective, a laboratory can easily 
see QA a competitive issue, not just a compliance issue, or a cost of  doing business. 
If  the supplier envisions the QA program as a potential advantage in securing new 
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customers and retaining old customers, then QA issues may make more sense to 
managers seeking to grow a business. 

Activities aimed at providing confidence to the customer that the supplier's 
quality system will provide a product or service that will satisfy the customer's stated 
quality requirements are often called "external quality assurance" (ISO 1987a). 
Standards are a way of  establishing the specifications or requirements of a test and 
quality is one dimension that can be specified. To quote the business literature, 
"specifications should define what it takes to satisfy the customer" (Peters 1987). 

Quality is one of  the dimensions necessary for customer satisfaction, and so is a 
critical component of an aquatic toxicity test. For example, several WET reports 
from an Amoco facility were received that noted the failure of  the test on the front 
page summary. Although these did not constitute a compliance issue, the reported 
failures understandably upset Amoco managers. Upon reading the text, it was clear 
that the test had failed to meet the acceptance criteria, not that the effluent sampled 
had exhibited excess toxicity. It should surprise no one that Amoco considered this 
supplier to have unacceptable quality in two ways: the capacity to conduct reliable 
tests and an appropriate way to report test quality. 

The development of  data quality objectives (DQOs) provides a tool to describe 
what "known and documented quality" means in the context of  a specific aquatic 
toxicity project. DQOs are qualitative and quantitative descriptors of the 
completeness, type and amount of error that are expected and are acceptable in a data 
set (USEPA 1993b). DQOs are not necessarily the same as the acceptance criteria for 
a test, but should be viewed as target values. Because DQOs provide the best 
guidance about what levels of  performance the supplier will seek to achieve, DQOs 
should reflect the customers' needs. For example, regulatory enforcement actions 
require different DQOs than would an exploratory study. Clearly, the development of 
DQOs should be part of  the planning stages of  a project so that expectations are 
shared by all participants and resources properly allocated. 

COMPONENTS OF A QA P R O G R A M  IN Aquatic toxicity LABORATORIES  

A review of USEPA evaluation guidance (USEPA 1991a) and of  several QA 
manuals from laboratories conducting different aquatic toxicity tests suggests that 
there are common components of these QA programs. As illustrations, sections from 
three different documents are shown. 

Elements of a QA program that are recommended for laboratories testing 
effluents (Table 2) may be worded as performance criteria, i.e., they specify elements 
of  the program that need to be addressed in rather general terms. 
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Table 2. USEPA-recommended Elements of QA 
for an Effluent testing Laboratory 

The following elements are summarized from USEPA (1991a) Section 
9, "Quality Assurance and Data Handling." 

1. Maintain a written QA plan and QA program 
2. Consider sampling, handling, and preservation of test material 
3. Establish the health of the test organisms 
4. Document instrument and equipment performance, calibration, and 

maintenance. 
5. Document the methods and procedures used, including SOPs 
6. Maintain data integrity 
7. Review data evaluation procedures 
8. Use reference toxicants and control charts 
9. Document the entire testing process properly 
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Several QA elements are recognizable in section headings from a chapter on QA 
from the SOP manual (Table 3) of an aquatic toxicity testing laboratory that works 
primarily with effluents, such as whole effluent testing (WET) and toxicity 
identification evaluations (TIE). The components are consistent with the items in 
Table 2, but emphasize the details of  the testing as developed for the specific 
laboratory. 

Similarly, QA elements are illustrated by chapter titles from the QA manual of a 
laboratory that primarily tests chemical products, not wastewater effluents (Table 4). 
This type of laboratory often must comply with Good Laboratory Practice (GLP) 
regulations which require slightly different documentation and practices than are 
needed in wastewater effluent testing. Nevertheless, they address similar items. 

In general, all the QA programs addressed the following eight components: 
�9 capabilities and quality in past work 
�9 staff development 
�9 consistency in culture and test methods 
�9 specific performance criteria 
�9 standard operating procedures 
�9 correct sample handling and custody practices 
�9 accurate data collection and management 
�9 search for improvement 

Description of typical components of a QA program 

1. Capabilities and quality in past work 
Documentation to demonstrate the capabilities and quality of past work is 

typically contained in organizational histories, QA plans, descriptions of activities, 
lists of clients categorized by type of work done, and statements of capabilities. This 
information seeks to provide the customer with an acceptable level of  confidence that 
the unit can meet the customer's needs, whether for demonstrating compliance with 
regulations or to support a product stewardship statement. This component can be 
expressed as a data quality objective: the customer needs to be very certain that the 
laboratory has demonstrated capability to produce acceptable test results. 

An organizational history should demonstrate that the laboratory has an active 
testing program sufficient that the staff maintains expertise. In stating its capabilities, 
the laboratory should identify what types of testing it has conducted. Because of the 
variety of  aquatic toxicity protocols in use, the laboratory should specify what 
methods or standard methods are used, what kinds of materials are tested, and what 
test organisms are used. Lists of clients can be useful in demonstrating past 
successes, but their use should not conflict with client's wishes for confidentiality. 
An organizational chart showing staffing and general responsibilities helps to convey 
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the types of expertise within the organization. Use of subcontractors, for example, to 
conduct advanced chemical analyses, should be noted. 

QA plans identify the expected and systematic actions necessary to provide 
adequate confidence that a product or service will satisfy given requirements for 
quality. A QA plan may address the management of an entire facility, e.g., the 
testing laboratory, or may be more limited in scope, focussing on a specific project, 
e.g., a QA project plan (USEPA 1993c; 1995a). A QA plan should be written and 
should cover all aspects of the laboratory's activity, including sampling, sample 
handling, test conditions, equipment, methods, record-keeping, data evaluation and 
reporting (USEPA 1991a). Training and improvement issues should also be 
considered in a QA plan. Guidance in QA plans and programs has been prepared by 
USEPA (1978, 1980, 1989a, 1991a) and by the American Society for Quality Control 
(ASQC 1991). 

2. Staff development 
Documentation of the development and maintenance of staff capabilities is 

typically provided in the form of position descriptions that state the functional 
responsibilities, combined with resumes or profiles of the training and experience of 
the technical staff. This information seeks to provide the customer with confidence 
about the precision, accuracy and comparability of the data. 

The laboratory organization is responsible for establishing personnel 
qualifications and training requirements for all positions. The structure, functional 
responsibilities, levels of authority and job descriptions for activities should be 
documented. Each member of the organization must possess the education, training, 
technical knowledge, and experience, to perform the assigned functions. Personnel 
qualifications should be documented in terms of education, experience and training. 
Each member of the organization should have a clear understanding of her or his 
duties and the relationship of those responsibilities to the total effort. One person 
may cover more than one organizational function. 

A laboratory staff organization typically is headed by a manager who bears the 
responsibility for the overall performance of the laboratory and establishes policy for 
the unit, including quality assurance. To properly supervise an aquatic toxicity and 
QA program, the manager must have sufficient training and experience. This often is 
interpreted to mean academic degree(s) in biological science plus a year or more 
experience in the conduct of aquatic toxicity testing, e.g., culturing, testing, analysis 
and interpretation. 

A professional level person is responsible for the specific performance of a test 
or suite of tests. Position titles include principal investigator, project leader, and 
professional biologist. For larger projects, the principal investigator may supervise 
and coordinate several tasks performed by others. This person should be able to 
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perform toxicological tests and the associated activities with no or minimal 
supervision. Preparation of reports, including analysis of the data and interpretation 
of the results, is also the responsibility of the principal investigator or project leader. 
Adequate training and experience usually includes an academic degree in biological 
science plus training and experience in aquatic toxicity testing. This level of 
experience is generally equivalent to the "professional biologist" level described by 
USEPA (1991a). 

A technician is the person who conducts the aquatic toxicity testing and organism 
culture under supervision. The technician should be able to follow SOPs and collect 
reliable data generated by such methods. Minimum training and experience usually 
includes a high school education, supplemented by training in testing and culturing. 

Training should be provided for all staff as necessary, so they can properly 
perform their functions. Training opportunities in toxicity testing include those 
offered by academic institutions, short courses offered by Federal or State agencies or 
through professional organizations, and practical training (on-the-job). Training 
descriptions should be included on the resumes of staff to document the improved 
competencies so acquired. 

3. Consistency in culture and test methods 
For standardized toxicity testing, customers expect the laboratory to follow 

methods that are widely accepted and practiced, i.e., standards, such as those 
established by ASTM or regulatory agencies. In other instances, technically justified 
modifications of standard methods are appropriate and necessary. In either situation, 
consistency is the key to adequate quality. To achieve consistency, the laboratory 
should demonstrate the consistency of the procedures (e.g., use of SOPs as discussed 
in a separate point) and the consistency of the materials and conditions of testing. 
This information provides the customer with high confidence that the results will have 
the maximum precision and accuracy associated with the method, and that the results 
can confidently be compared with data obtained previously or elsewhere using the 
standardized method. 

In order to achieve consistency, appropriate and adequate equipment and facilities 
must be available. The laboratory facilities should provide a working environment 
that is clean, comfortable, and safe. The instrumentation and equipment must be 
suitable for the operational needs of the laboratory. The specific instrumentation, 
equipment, materials, and supplies needed for the performance of a standard test 
method are usually described in the written standard (e.g., aquatic toxicity test 
methods in the Annual Book of ASTM Standards, (ASTM 1994)). 

The laboratory should be kept as free from environmental contamination as 
possible in order to protect cultured organisms, instrumentation, and test materials. 
Separation of areas for culture, testing, cleaning, storage, and chemical analyses is 
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strongly recommended in order to avoid contamination of samples, cultures or tests, 
each of which can affect the precision, accuracy and comparability of test results. 

Production of valid data requires maintaining samples as closely as possible to 
their original condition through careful handling and storage. Recommended or 
required procedures for collecting, transporting, handling and storage of test materials 
are described in the relevant standard methods (e.g., ASTM 1994). 

A safe work environment is conducive to high-quality work. Appropriate safety 
measures must be used, especially for handling wet materials and hazardous or 
potentially hazardous materials. Typical measures include the use of chemical hoods, 
floor mats, eye-wash and first-aid stations, and personal safety devices such as gloves, 
glasses, aprons, coats, or masks. Disposal of materials must be appropriate and 
comply with all applicable regulations, such as described in ASTM D 5283. 

Production of consistent test organisms requires attention to the biological 
requirements and attributes of the species. The laboratory should monitor the health 
and productivity of the stock cultures used. The time and source of stock cultures, 
including species identification should be recorded. Foods used should be consistent 
in nutritional value and contaminant levels. If purchased or field-collected organisms 
are used, the laboratory should have procedures to ascertain and document the health 
and condition of these organisms. 

Consistent methodology requires attention to maintenance and calibration of 
instrumentation and equipment, as well as their proper operation. The laboratory 
should have operating manuals available and provide for routine maintenance and 
calibration as needed. All maintenance and calibration activities should be recorded. 

4. Specific performance criteria 
Tests of laboratory performance involve testing a reference toxicant, analyzing 

control organism performance, and similar measurements to establish that the data 
were generated "in control," that is, systems were behaving as expected. This 
information provides confidence that the precision, accuracy, and comparability of the 
data are acceptable. 

Performance of the laboratory must be related to criteria that permit 
determination of whether a procedure is being performed as expected. However, 
materials tested for aquatic toxicity may be unique, variable or unstable, such as a 
complex effluent that reflects the upstream operations, the effectiveness of wastewater 
treatment, and the matrix of  a particular combination of materials from a discharger. 
Consequently, sample volume may be limited and its composition may be variable 
over time, preventing extensive repeated testing. Consequently, performance 
measures for aquatic toxicity tests use measurements or test materials that may be less 
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direct measures than used in equivalent chemical analytical procedures, e.g., ASTM 
D 3856. 

Commonly used performance measures for aquatic toxicity testing include: 
periodic testing of a reference toxicant, evaluation of  control organism performance, 
and use of a simultaneous positive control (USEPA 1991a, b; EPS 1990). Periodic 
testing of a reference toxicant is accomplished by conducting a full-scale toxicity test 
using a pure chemical of known quality. Periodic tests of standard toxicants validate 
the accuracy of  the method used and assure that the procedure is under control. A 
reference toxicant test also tests the condition of the test species when the test is 
conducted at the same time as a test on an effluent or product. By using the same 
toxicant, tested at the same concentrations in the same dilution water and analyzed by 
the same data analysis, sufficient data are generated to depict the expected range of 
results. 

The results of  repeated testing can be graphically displayed as a control chart that 
displays the test endpoint, such as an EC50, and upper and lower 95 % confidence 
limits (often approximated as two standard deviations above and below the endpoint) 
over time (USEPA 1991a, 1993a). The endpoint + two standard deviations can also 
be calculated for all accumulated data and plotted on the same control chart. 
Subsequent tests of the reference toxicant are judged to be "in control" if they yield 
endpoints within the upper and lower ranges of  the cumulative data. 

Long-term changes in the sensitivity of the test can be observed by evaluating the 
running average of  the endpoint, e.g., the average of the three most recent tests. 
Changes in the precision of  the test, reflecting the variability of the data, can be 
observed by evaluating the range between the upper and lower confidence limits--as 
laboratory experience removes sources of variability, the range should decrease. For 
a laboratory with substantial history in conducting tests, a control chart may document 
that relatively little has changed (Figure 1, used with permission of The Advent 
Group). 

Control organism performance compares the observations made during the test 
with either absolute standards or historic standards. For example, whole effluent tests 
with Ceriodaphnia done using the USEPA protocol (USEPA 1993a) must demonstrate 
at least 90% survival of the control organisms during the acute (4 day) test. In whole 
effluent tests to evaluate chronic effects, control survival must be at least 80%, with 
an average of  15 young per surviving adult (USEPA 1989b, c; 1994a). The similar 
ASTM protocol (ASTM E 1295) requires that control survival must be at least 80%, 
that there be an average of 15 young per surviving adult, that the number of young 
per brood increase with each successive brood, and that young production start within 
8 days of  test initiation. All of  the above performance criteria are absolute standards. 
However, some laboratories develop standards determined from their experience. For 
example, a laboratory may find that the Ceriodaphnia routinely produce 30 or more 
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Table 3. QA Section of Standard Operating Procedure Manual 

The section headings shown below are from a chapter on QA, part of the 
Standard Operating Procedure (SOP) manual for an aquatic toxicity testing 
laboratory that works primarily with effluents. (Used with permission.) 

Water Sampling and Handling 
Test Organisms 
Culture Health - reference toxicants 

and control charts 
Facilities, Equipment and 

Test Chambers 
Analytical Methods 

Calibration and Standardization 
Dilution Water 
Test Conditions 
Test Acceptability 
Documentation and Record 

Keeping 
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young per female in their chronic bioassays. For that laboratory, control performance 
of less than 30 young may mean that their system is out-of-control as regards their 
historical performance. 

The use of a simultaneous positive control has been advocated as another tool to 
demonstrate the accuracy and comparability of test results (Henebry 1993). A 
positive control test group is treated by exposure to the concentration of the reference 
toxicant associated with the average endpoint as derived for the control chart. A test 
is accepted if the response of the positive control is reasonably similar to the average 
control chart endpoint. For example, if the EC50 is used as the endpoint, a positive 
control group would be exposed to a concentration equal to the average EC50. If this 
positive control shows partial effects, e.g., 30% or 70% response, then the 
performance is judged acceptable. Lack of any response suggests the test organisms 
were somewhat less sensitive than expected, while overwhelming response would 
suggest that the test organisms were more sensitive than expected. Henebry (1993) 
has used this approach with effluent toxicity tests using algae, Ceriodaphnia and 
fathead minnows. 

Acceptance criteria can include the above items plus other data that suggest that 
test data might not be of suitable quality. These may include lack of adequate 
environmental controls, (e.g., temperature excursions beyond normal ranges), the 
presence of confounding, stressful conditions (e.g., low oxygen concentrations, pH 
variations), excessive differences in test material concentrations between replicate 
systems (e.g., measured concentrations ranging over two-fold among the same 
treatment group), the lack of replication, or the significant failure to observe the 
conditions of the protocol. Acceptance criteria are typically included in standard 
methods, e.g., ASTM E 729, ASTM E 1295; USEPA 1988a, 1989b, 1991b, 1993a, 
1994a, b, 1995b. 

5. Standard operating procedures 
A SOP is a written procedure and is necessary to insure that a method is 

conducted consistently. This information provides confidence about the comparability 
and representativeness of the data. 

The laboratory should have written SOPs for all procedures performed routinely 
that affect data quality. Because any equipment that comes in contact with the test 
organisms or test materials may reasonably affect data quality, SOPs are needed for 
virtually every routine procedure in the aquatic toxicity testing laboratory (USEPA 
1991a). Table 4 provides an illustration of topics subject to SOP development. 

Corrective actions are an important part of SOPs. Corrective actions are the 
procedures used to identify and correct deficiencies or variations from the SOP. The 
SOP should specify how a problem will be identified (e.g., definition of a deviation), 
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Table 4. QA Manual from Ecotoxicology Testing Lab. 

Shown are the chapter titles from the QA manual of a laboratory that 
conducts aquatic ecotoxicology testing primarily on products, not 
wastewater effluents. (Used with permission.) 

1. QA system description and policy 
2. QA Manual 
3. Organization and Management 
4. Personnel 
5. Environmental control and safety 
6. Documentation and data control 
7. Reports 

8. Purchasing and contracts 
9. Sample control 

10. Test Equipment and methods 
11. QC Practices 
12. QA audits and inspections 
13. Customer relations 
14. Continuous improvement 
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what steps will be taken to correct the problem, and how to determine that the 
problem has been successfully resolved (e.g., validation of the correction). 

Preparation of the SOP represents just one part of their appropriate use. SOPs 
must be readily available in the laboratory and the staff must be familiar with them. 
Staff training and updating the SOPs should be part of the laboratory's ongoing QA 
program. 

6. Correct sample handling and custody practices 
Test material may need specific handling or storage conditions to maintain 

stability, or materials may need to be tested in a timely manner, such as for 
compliance with NPDES permits (USEPA 1988b). In addition, legal enforcement 
actions may require special chain-of-custody procedures. Information about handling 
and custody provides confidence that the data are accurate and complete, and 
representative of the intended test material. 

The requirements for sample handling and custody will vary with the test material 
and the intent of the aquatic toxicity test protocol, i.e., appropriate quality for these 
components must reflect the needs of the customer. Testing of pure substances, such 
as for product registration or stewardship will typically require appropriate chemical 
analyses to verify that the material was handled correctly and was in fact the intended 
material. Testing of effluents, such as for NPDES compliance, requires sampling, 
handling and custody procedures that meet the conditions of the NPDES permit. 
These are described in general terms by USEPA (1991a) but are detailed in the permit 
for a facility. Issues of concern include traceability of the sample, time from 
sampling to testing, holding conditions, and avoidance of any potential for 
contamination. 

7. Accurate data collection and management 
The procedures and tools used to record, transfer, manipulate, calculate, analyze 

and store data should be documented as part of the QA program. This information 
provides confidence that the data, especially as summarized and reported, are accurate 
and representative of the intended test material. 

Basic aquatic toxicity data is most often recorded on data sheets and in bound 
laboratory notebooks. Instrumental data, such as produced in analytical methods, may 
be generated in computerized formats. The QA program should address how such 
original data are treated in the generation of summary statistics and report tables, as 
well as how the original data are maintained and archived. As laboratories make 
increased use of automated procedures for data collection and handling, such as 
Laboratory Information Management Systems (LIMS) and Good Automated 
Laboratory Practices (GALP), procedures to validate computer software and system 
security should be considered (USEPA 1990). Short and long-term storage of data 
and supporting information should be considered as well. 
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Procedures for entering, checking, and correcting data should be addressed. For 
best accuracy, data should be checked thoroughly during the test for outliers and 
gross mistakes, to permit early corrective actions or to avoid compounding errors. 
Transfers of data from worksheets to permanent logs or to computer files should be 
checked for accuracy. Corrections should clearly identify both the original entry and 
correction, as well as document the reason for correction and the person making the 
correction. 

Procedures that transform data or calculate summary statistics should be validated 
using data sets with known results. Changes to the procedures or tools used (e.g., 
updated software versions) should be re-validated. Statistical programs used should 
follow any recommendations associated with the test design. 

8. Search for improvement 
A basic tenet of ISO 9000 programs and similar quality management programs is 

the continuous improvement of the product or service (ISO 1987a, 1990). Consistent 
with this is the use of  facility inspections and visits by outsiders (including 
customers), programmed self-evaluations, and accreditation by third-party 
organizations. Participation in round-robin or interlaboratory comparative testing is 
often part of these activities. This information provides confidence that the data have 
the best accuracy and precision attainable, and that results are comparable to data 
obtained previously or elsewhere. 

Given the customer's interest in quality, site visits are often part of  selecting a 
test laboratory. If  the visitor is familiar with aquatic toxicity testing, then technical 
comments can be useful to the laboratory staff and management by helping identify 
oversights or problem areas. Even non-technical comments can be helpful. For 
example, one laboratory displayed test results in its facility, apparently to illustrate 
their capabilities. However, the presence of the customer's name on the results might 
be objectionable to some clients, as was realized by a visitor's comment. More 
formal inspections may be needed to evaluate some requirements, such as Good 
Laboratory Practices (GLP), or to audit past work. 

An on-going effort at self-evaluation provides a means for managers and staff to 
consider recommendations and improvements. In general, the persons most capable 
of identifying opportunities are those directly involved in conducting aquatic toxicity 
testing, so this component ensures that this source is encouraged. 

Accreditation is another means by which the quality of a laboratory can be 
evaluated (Royal and Jop 1993). While there may be no federal system for 
accrediting aquatic toxicity laboratories, USEPA has provided materials for 
performance testing in laboratories conducting NPDES effluent tests (USEPA 1991a). 
Some state certification programs exist, such as South Carolina's. Many state 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



HARRASS & KLEMM ON QUALITY ASSURANCE GUIDANCE 367 

programs provide an endorsement for whole effluent testing for municipalities subject 
to state permits. 

QUALITY M A N A G E M E N T  AND T H E  AQUATIC T O X I C O L O G Y  
LABORATORY 

The laboratory QA program has a number of features that echo TQM principles. 
Recognizing these helps encourage the business perspective noted in an earlier 
section. For example, W. Edwards Deming repeatedly emphasized 14 points for 
quality management (Walton 1990). While some of the statements are broadly 
worded, the overlap between Deming's  quality management principles and the QA 
components is evident. Staff training is mentioned in principle 6 ("Institute training") 
and principle 13 ("Institute a vigorous program of education and training. ") 
Principle 5 ("Improve constantly and forever the system of production and service") 
reflects the need for continuous improvement through inspections, visits, self- 
evaluations and accreditation. Principle 12 ("Remove barriers to the pride of 
workmanship") captures some observations made at past visits to testing laboratories: 
small touches in the laboratory evidenced the pride that staff had in their work, and 
this appeared more clearly in quality organizations. This suggests that the QA 
program can be an ongoing, internally-driven process. 

A management concern about costs is frequently encountered with actions driven 
by QA. However, the cost of unacceptable tests and delayed regulatory action should 
be considered as part of  the cost of bad quality. According to one report about 
toxicity studies submitted with pesticide registrations, rejected studies could cost 
industry about $600 to $1,200 million for repeated studies, and require about 97,800 
additional USEPA review hours (Anon. 1995). While not the only cause for 
rejection, study quality is one factor cited for rejection. Unacceptable tests for 
effluents require repeated sampling as well as testing, meaning additional costs both 
for the supplier of the test (the laboratory) and the customer (who must provide the 
sample). 

Discussions of  the cost of quality are included in many business reviews 
(Lundvall and Juran 1974; Walton 1990; Peters 1987; Clemmer 1992). If we apply 
this concept to aquatic toxicity testing, several costs become visible. The expense of 
conducting an acute toxicity test is not especially large: current prices are in the 
$1000 to $2500 range for the basic tests. However, suppose that an effluent test 
needed to be repeated because it failed to meet acceptance criteria. Additional costs 
to the supplier would include (1) time and materials to repeat the test, (2) time and 
materials to investigate the cause of the lack of control and remedy it, (3) possible 
loss of the customer, and (4) possible loss of other customers or potential customers. 
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Business studies report that unhappy customers typically share their bad 
experiences with 9 or 10 other people (Clemmer 1992). So one way to estimate the 
cost of bad quality might be to presume that one lost customer represents 10 years of 
business with that customer plus 10 years of business with 9 other customers. If  
effluent tests were done quarterly, one lost customer might represent a loss of 
$400,000 (4 tests per year x $1,000 per test x 10 customers x 10 years). Few 
business ventures can afford such losses. 

Additional costs to the customer would include: (I) staff time to decide if the 
work should be repeated by the same laboratory or contracted to another laboratory, 
(2) facility staff time to provide another sample, and (3) staff time to discuss the 
problematic results internally and with any regulatory agencies involved. If  there 
were a product registration involved, as in the pesticide registrations discussed above, 
then delays in approval would mean lost sales revenue during the delay and possibly a 
permanent loss of market share as competitive products get a better start. Even if 
there are no registration issues, and the test is done to support product stewardship, 
i.e., provide accurate information to customers, a delay can adversely affect market 
position and perceived responsiveness to public or customer concern. 

Finally, one sensitive aspect of many current organization structures is the 
creation of a QA officer. This position is often highly visible on the organization 
chart, frequently represented by a box to the side, like a flag hanging from the pole 
that extends from the director to the laboratory staff. While such a position 
emphasizes the autonomy of the QA function, it may simultaneously emphasize the 
concept of  the "QA police," or subtly suggest that quality is the responsibility of  this 
branch, not of management nor of operations. One observer described the problem 
with such a concept: quality is not something that the top can tell the middle to do 
to the bottom (Clemmer 1992). All organizational levels, including management 
must participate in quality programs. 

CONCLUSIONS 

Quality Assurance should be an integral part of aquatic toxicity testing. QA 
provides a tool by which the supplier, distributor and customer of aquatic toxicity 
services can gain confidence in the test results. QA provides a tool to evaluate and 
control performance in the aquatic toxicity laboratory. QA also provides a basis for 
supplier-customer discussion of the data quality necessary for a project. While the 
details of  QA programs and requirements differ among laboratories doing aquatic 
toxicity testing, there are a number of  common components addressed: the 
laboratory's past work, staff capabilities, culture and testing methods, evaluating 
performance against standards, use of  SOPs, sample handling and custody, data 
collection and management, and improvement through evaluations from within and 
outside the organization. QA issues can have real impacts on the business success of 
the supplier and the customer, if total costs of  quality are assessed. Poor quality 
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work results in lost time, lost production and lost image, costs which ultimately are 
shared by the supplier and the customer. High quality work provides for better 
control, quicker responses and enhanced image, again ultimately shared by the 
supplier and the customer. 
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ABSTRACT:  This paper reviews some of the laboratory Toxicity Identification 
Evaluation (TIE) protocols published to date. A history of  the development of  these 
techniques and their application in effluents is presented. Also presented are examples of  
applications of  these techniques, a review of selected techniques, a summary of individual 
techniques and the chemicals they remove or render nontoxic, and case studies. Many 
laboratory TIE techniques are available beyond those published by USEPA, and a myriad 
of techniques have been successfully applied. The published techniques were found to be 
generally "investigative" or "applied" in nature. It is concluded from this review that the 
generally chemical-specific investigative techniques and the applied techniques, which do 
not emphasize the identification of  specific toxicants, can both be useful under various 
conditions. However, it is recommended that as a means to preliminarily evaluate full- 
scale wastewater treatment options and possibly identify specific toxicants amenable to 
"upstream" control, laboratory TIE methodologies combining both approaches be used. 
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INTRODUCTION 

In recent years dischargers have increasingly been required to reduce or eliminate 
whole effluent toxicity (WET) to aquatic organisms. These requirements often call for the 
reduction of acute toxicity, but regulatory agencies are increasingly concerned about and 
requiring the control of chronic effluent toxicity. Inherent to any toxicity control program 
is the process of appropriately documenting effluent toxicity, identifying the cause of 
toxicity, and subsequently identifying and applying the most cost-effective measures to 
achieve toxicity compliance. Laboratory Toxicity Identification Evaluation (TIE) 
methodologies have received increased attention and have been incorporated in the United 
States Environmental Protection Agency's (USEPA) approach to identifying and 
controlling WET (Burkhard and Anldey 1989). Most of the work in this area has been 
done with freshwater effluents. 

Laboratory TIE History 

Some of the earliest work done to separate the components of a mixture having 
biological effects was done with cigarette smoke (Swain et  aL 1969). Similar 
"fractionation" techniques were applied to evaluate the carcinogenic and mutagenic effects 
of different components of synthetic crude oils (Rubin et al. 1989). Some of the first 
aquatic toxicity identification or "fractionation" protocols were published by Parkhurst et 

al. (1979) and Walsh and Garnas (1983). Walsh also briefly presented this protocol in an 
early USEPA acute toxicity testing manual (USEPA 1985a). 

Wide-spread interest in laboratory TIE procedures rapidly developed with the initial 
release of USEPA's "Phase I" (USEPA 1988). "Phase II" (USEPA 1989a) and "Phase III" 
(USEPA 1989b) documents. The Phase I, II, and III documents provide methodologies 
for the characterization, identification, and confirmation, respectively, of the acutely toxic 
constituents in freshwater effluents. These procedures received wide-spread application in 
efforts to identify the specific cause of effluent toxicity, and were suggested for use in 
toxicity reduction protocols published by USEPA for industrial (USEPA 1989c) and 
municipal (USEPA 1989d) effluent toxicity control. More recently, the USEPA has 
published revised toxicity characterization protocols primarily for acutely toxic effluents 
(USEPA 1989e) as well as protocols specifically designed to characterize the source of 
toxicity in chronically toxic effluents (USEPA 199 t). In 1993, USEPA published 
protocols designed to identify (USEPA 1993a) and confirm (USEPA 1993b) the sources 
of toxicity in effluents exhibiting acute and chronic toxicity. In 1994, USEPA released a 
guidance document for conducting TIEs in marine settings (USEPA 1994). Throughout 
this time others have developed various laboratory TIE protocols, and some investigators 
have begun research to automate laboratory TIE procedures (Fort et al. 1995). The use 
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of laboratory TIE procedures in Toxicity Reduction Evaluations (TREs) has been 
discussed by Hall and Mirenda (1990), and Backus and DiGiano (1994), and has been 
reviewed by others in various texts (Lankford and Eckenfelder 1990, Ford 1992). 

Puroose 

Despite the cost-effectiveness and increased emphasis on laboratory TIE procedures, 
there has to date been no review of available methods for conducting laboratory TIE 
studies. Much of the work in this area has essentially utilized the widely popular methods 
published by USEPA. Although very useful "investigative" tools for identifying the 
specific chemical(s) possibly causing effluent toxicity, many treatment steps in the USEPA 
protocols are not amenable to full-scale application in wastewater treatment facilities, 
Other protocols utilize a more "applied" approach, developing data useful in preliminary 
evaluations of  possible wastewater treatment technologies. 

This paper reviews some of the investigative and applied laboratory TIE procedures 
published to date and discusses the applications of  various investigative and applied 
techniques such that the benefits of each approach are evident. The goal of this paper is to 
provide an overview of the laboratory TIE protocols available, review their various 
applications, and provide examples of protocols which provide "screening level" data 
useful in identifying potentially applicable full-scale treatment technologies for toxicity 
control. 

LABORATORY TOXICITY IDENTIFICATION PROCEDURES AND 
APPLICATIONS 

One of the most cost-effective and expedient ways to identify the cause(s) of effluent 
toxicity is through the use of laboratory, effluent "fractionation" or characterization 
protocols. These protocols utilize physical and chemical techniques to manipulate the 
effluent in such a way as to either separate the effluent components into major chemical 
groups (e.g., organic and inorganic) or reduce toxicity caused by specific groups of 
chemicals (e.g., metals, volatiles, etc.). Acute and/or chronic toxicity endpoints (e.g., LCso 
Values, IC25 Values, respectively) in untreated effluent are compared to those for the 
same effluent sample treated in various ways so as to reduce the toxicity associated with 
various but specific groups of chemicals. 

The term "fractionation" appeared in the early literature on these methods and is still 
used somewhat interchangeably with the terms TIE, and "toxicity characterization" to 
describe these techniques. As the USEPA methods evolved and were modified, other 
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investigators developed methods to identify the chemical specifically responsible for 
effluent toxicity. Still other methods were developed which characterized the 
physical/chemical nature of the toxicant without emphasis on identifying the specific 
toxicant, but rather developing data useful in planning other studies of potentially 
successful full-scale treatment methodologies. In application, the chemical- 
specific/investigative techniques are best applied when identification of a specific 
toxicant(s) is likely to lend itself to more cost-effective "upstream" control of toxicants on 
a smaller volume basis (as compared to treating the whole effluent). The applied 
techniques are useful in screening for treatment technologies to be applied end-of-pipe or 
at key upstream locations. Selected examples of these techniques are provided below. 

Investiuative Technioues 

The methods of Parkhurst et al. (1979) indicated that solvem extraction techniques 
were effective to separate the organic and inorganic components of synthetic fuels into 
their respective toxic components to Daphnia magna. Walsh and Garnas' (1983) protocol 
utilized techniques to first separate effluents into organic (acid, base, and neutral) and 
inorganic components, then additional techniques were utilized to further identify the 
causative toxicant(s). They utilized both freshwater and saltwater algae and crustaceans 
to evaluate the cause of toxicity in municipal and industrial effluents. More recently, the 
most up-to-date in the series of USEPA toxicity characterization (Phase I), identification 
(Phase II), and confirmation (Phase III) documents were released by the USEPA (USEPA 
1989e, 1993a, 1993b, respectively), as were toxicity characterization protocols specifically 
for chronically toxic effluents (USEPA 1991). 

The USEPA "Phase I" toxicity characterization procedures (USEPA 1989e) are 
designed to reduce or remove toxicity associated with different groups of chemicals (e.g., 
heavy metals, volatile or sorbable compounds, oxidants, etc.). Each step either removes a 
certain group of chemicals (e.g., via volatilization) or renders them biologically unavailable 
(e.g., metal chelation). The techniques rely heavily on the effect ofpH on chemical form 
and toxicity and include: pH adjustment and filtration, pH adjustment and aeration, pH 
adjustment and C~8 extraction, oxidant reduction with sodium thiosulfate, metal chelation 
with EDTA, and graduated pH testing for metals and ammonia toxicity evaluation. 

The USEPA Phase II toxicity identification procedures have been less widely applied, 
but contain useful methodologies for further identifying and confirming suspected 
toxicants (USEPA 1993a). For example, in Phase II testing a useful procedure is 
presented for identifying non-polar organics. These compounds are removed from an 
effluent by sorption onto long chain (C~,) carbon resins, selectively removed with a solvent 
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(typically methanol) tested for toxicity, and the specific chemical toxicants identified 
through HPLC or GC/MS methodologies. 

Other methods for the identification of ammonia and toxic heavy metals are also 
presented. Confirmatory methods presented in the "Phase III" document (USEPA 1993b) 
include the evaluation of test species toxicity symptoms, evaluating differences in species 
sensitivity, spiking the effluent with the suspect toxicant, and other methodologies. These 
and similar techniques have been successfully applied to effluents and other media 
(e.g., sediments). The latest USEPA protocols are also often successfully combined with 
"before-and-after" chemical analyses to identify specific chemical toxicants. The USEPA 
techniques for identifying toxicants causing chronic toxicity (USEPA 1991) are very 
similar in methodology and application to the other USEPA procedures. 

Specialized investigative methodologies have been published by Ankley et  al. (1990) 
and Ankley and Burkhard (1990) for the identification of surfactants. Durhan e t  al. (1990, 
1993) have published results specific to USEPA solid phase sorption/solvent extraction 
techniques which are very useful in identifying nonpolar organic toxicants. Some chemical- 
specific techniques have been published by Ankley e t  al. (1991), who used piperonyl 
butoxide to identify toxicity due to metabolically-activated organophosphate insecticides. 
Other techniques include the use of buffers to control pH to identify pH-altered toxicants 
(e.g., heavy metals, ammonia) as opposed to reducing test vessel head space for pH 
control as outlined in the various USEPA protocols. 

Various derivations of the USEPA protocols coupled with chemical analyses have also 
successfully identified toxicants such as diazinon (Amato et  al. 1992) and nonpolar 
organics (Burkhard et  ai. 1990). Methylparathion and carbofuran were identified as likely 
causes of toxicity in ambient waters using USEPA techniques and chemical analyses 
(Norberg-King et  al. 1991). Finally, Burkhard and Jenson (1993) utilized USEPA Phase I, 
II, and III techniques as well as chemical testing in a toxicity identification study of a 
municipal effluent. Chromium, ammonia, and diazinon were identified as the causative 
toxicants. 

Aonlied Techniaues 

Some of the more applied techniques (i.e., those integrating TIE methodologies with 
treatments potentially applicable in full-scale waste treatment operations) have typically 
been developed using effluents. For example, Reece and Burks (1985) published an early 
aquatic toxicity fractionation protocol which first separated refinery effluent components 
into volatile and non-volatile components (via steam stripping), then further characterized 
the toxicants with other treatments (e.g., organic carbon) and chemical analyses. Silica gel 
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and ion exchange techniques were also applied, as were chemical analyses to assist in 
toxicant identification. 

Gasith et al. (1988) also utilized activated carbon and ion exchange resins for toxicant 
identification in a complex wastewater. They used filtration and aeration in a protocol 
based on sequential physical/chemical separations. The approach of Doi and Grothe 
(1989) was based on the concepts utilized by Walsh and Garnas (1983), and utilized ion 
exchange resins, activated carbon, and silica gel to separate an effluent into its various 
organic and inorganic components. Building on the results with fractionation testing, 
Dorn et aL (199 l) applied a hazard assessment and structure-activity approach to various 
organic toxicants present in a petrochemical plant effluent. Multiple species toxicity tests 
with individual chemicals and field validation studies were used to confirm results. 
Goodfellow et al. (1989) also used a multispecies fractionation approach in identifying 
toxicants. This study was conducted with a municipal effluent. 

The toxicity characterization methods published by Hall and Mirenda (1990) expand 
and modify the USEPA Phase I methodologies in screening-level testing of technologies 
which could be applied in whole effluent or wastewater treatment scenarios (e.g., 
powdered carbon, pH adjustment and polymer addition, ion exchange). These techniques 
use smaller numbers of test organisms and batch bench-scale treatments to identify 
potentially promising effluent toxicity control technologies. Jop el ai. (1991) utilized 
modified fractionation procedures such as filtration, nitrogen, purging, specialty resins, 
and zeolite, coupled with extensive chemical analyses in a TIE of a chemical plant effluent. 

Other Applications and Endnoints 

Whole effluent techniques have been applied to the identification of toxicants in 
hazardous waste site leachates and sediment pore waters, and toxicity endpoints other 
than those associated with regulatory effluent testing have been used. For example, Kuehl 
et al. (1990) and USEPA (1985b) have applied ffactionation techniques to identify 
causative toxicants in hazardous waste site leachates. Ankley et al. (1992) have also 
applied or proposed the use of USEPA techniques to identify toxicants in sediment 
interstitial waters or dredged materials. Mutagenicity and teratogenicity have been utilized 
as endpoints in protocols published by Doreger et al. (1988), West et al. (1988), and 
Holmbom et aL (1983). 

Review of Selected Treatment Stens 

A list of  selected toxicity identification/characterization techniques used in various 
media has been compiled from the above references. These methods are briefly discussed 
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below as relates to the constituents removed or rendered biologically unavailable by each 
procedure. Some of  the inherent limitations and caveats associated with some treatments 
are discussed, A distinction is made for each technique as to whether it is generally 
amenable to application on a full-scale basis for effluent toxicity control. Experimentally, 
a procedure is applied to a toxic effluent sample then compared to untreated effluent to 
assess toxicity reduction. 

Air Stripping-Samples are vigorously air-stripped at the original effluent pH, and 
under highly acidic and basic conditions. Air stripping removes volatile and pH 
extractable organic chemicals as well as some inorganic chemicals (e.g., hydrogen sulfide 
and ammonia). Shifting the pH alters the form of  some chemicals making them less ionic 
and hence more likely to air strip. Air stripping is a readily applicable wastewater 
treatment technique. "Sublimation" of  chemicals during air stripping may give a false 
indication of  the true mechanism of  toxicity removal. 

Nitrogen Stripping-Stripping with inert nitrogen gas is utilized when the true 
mechanism of  removal must be verified in successful air stripping tests. Utilization of 
nitrogen controls for the possibility that air stripping tests were successful due to oxidation 
as opposed to volatilization of the chemicals removed. 

C~ Adsorption-Long chain Clg resins are utilized to remove non-polar organic 
substances and some metal complexes. Varying pH levels are used to alter the form of  
chemicals in the effluent to convert them to less polar and hence more adsorbable forms. 
Eiution with organic solvents such as methanol and subsequent chemical analysis is used 
to identify chemical toxicants. C~8 resin would not be economically applied in effluent 
toxicity control programs. 

Activated Carbon-Activated carbon treatments are typically conducted at ambient 
effluent pH, but can be conducted at varying pH as done in C~8 testing. Activated carbon 
primarily removes organic chemicals by adsorption and pore entrapment, and some metals 
due to sorption and possibly ion exchange. Activated carbon removes a wide variety of  
chemicals and is readily applicable in effluent toxicity control programs. 

Filtration-Sample filtration is typically conducted with a one-micron or smaller glass 
fiber filter to remove toxicity associated with particulate-bound toxicants. Sample pH 
adjustment can also be utilized to compare to unadjusted, filtered effluent. This may 
indicate that pH adjustment has altered the form of  the toxic constituents such that they 
adsorb to particulates in the sample, or are precipitated at a different pH and are removed 
by filtration. Unless conducted under positive pressure, false indications of  the mechanism 
of  toxicity removal can occur with this technique if readily volatile toxicants are involved. 
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Filtration is readily applied in wastewater treatment programs and can be augmented with 
polymers prior to filtration. It should be cautioned, however, that polymers can be a cause 
of toxicity if"overdosed" beyond minimum levels needed for solids removal. 

Zeolite Resin-Zeolite treatment is typically utilized in conjunction with high pH (1 l) 
air stripping and graduated pH tests to confirm or refute the presence of  ammonia as the 
causative toxicant. Although zeolite possesses some ion exchange capacity and removes 
constituents other than anunonia (e.g., some metals), it is a useful step for comparison 
with the results of  other tests designed to remove ammonia. Zeolite resins have some 
specific application in wastewater treatment programs. 

Oxidant Reduction-Sodium thiosulfate is added to the effluent to reduce toxic oxidants 
such as chlorine. This step is very effective when oxidants are present. However, sodium 
thiosulfate can also reduce toxicity due to certain metals (e.g., copper). Other, more cost- 
effective oxidant reducers (e.g., bisulfite) are typically applied in wastewater treatment. 

Metals Chelation-A chelating agent such as EDTA is added to the effluent to chelate 
toxic heavy metals. Many polyvalent, cationic heavy metals are chelated by EDTA, but 
anionic forms of  heavy metals are not chelated (e.g., selenites, chromates). Other 
chelating agents such as nitrilotriacetic acid (NTA) have also been used successfully. 
These techniques are experimental in nature as they do not physically remove metals from 
solution and therefore do not achieve lower levels of  effluent metals. 

Ion Exchange-Cation and anion exchange resins have been used quite successfully to 
remove toxicity due to inorganics or to separate effluents into inorganic and organic 
components. These resins are typically applied to samples containing high levels of  
dissolved solids which are typically considered innocuous at lower levels (e.g., sodium, 
chlorides, etc.). The resins applied in succession are often successful at removing toxicity 
due to high levels of  dissolved solids. These resins also remove toxic heavy metals either 
due to direct ion exchange (cation resin) or due to precipitation due to high pH in the case 
of  hydroxide anion exchange resins. Ammonia is also readily removed by cation exchange 
resins. Ion exchange resins are applicable to full-scale effluents, and especially to highly 
concentrated, low-volume upstream wastes. 

Graduated pH Testing-By testing the effluent under varying pH conditions within the 
physiologically tolerable range of  the test organisms one can gain information on the type 
of toxicants present. For example, if toxicity is increased at pH 6 versus pH 8, one might 
suspect that metals are responsible for the observed toxicity due to increased solubility and 
hence toxicity of  many metals. If  toxicity is increased by an increase in pH, ammonia 
might be the causative toxicant due to the increased amount of  the unionized, toxic form 
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of  ammonia with increased pH. These procedures are essentially only investigative in 
nature. 

Chemical Oxidation-Rapid oxidation of  chemicals with catalyzed hydrogen peroxide 
can degrade recalcitrant organic chemicals to non-toxic forms. This procedure represents 
a realistic pretreatment option. Ozone can also be utilized as a characterization step. 
Experimentally, one must be careful to reduce any remaining free oxidants which may 
cause toxicity. 

Solvent Extraction-Extraction of  organic chemicals with solvents has been successfully 
used in selected cases. However, problems with solvent toxicity often preclude the use of  
this procedure. Solvent extraction can also be used to separate an effluent into its organic 
and inorganic components. Solvent extraction is, however, a viable source control 
technology for wastes containing high concentrations of  organic chemicals. 

Molecolar Sieves-Molecular sieves can be utilized to assess the toxicity of  chemicals 
with different ranges of  molecular weights. These procedures can be used to identify 
specific organic chemicals following tentative identification with more generic methods. 
This provides a useful investigative tool. However, the biocides used to preserve some of  
these sieves can cause sample toxicity if not properly leached prior to use. 

Precinitation and Coagulation-High pH precipitation followed by polymer coagulation, 
alum/lime treatments, and sulfide treatments have been successfully used for the removal 
of  some heavy metals. Appropriate controls must be run on these procedures due to the 
toxic nature of  these additives if over dosed. Such techniques are readily applied in full- 
scale toxicity control programs. 

Specialty Rezin~-Specialty treatment resins such as those designed to remove organic 
chemicals via pore entrapment and/or adsorption have been used quite successfully in 
selected applications. Specialty resins such as the XAD Amberlite~ resins can be utilized 
to remove both polar and nonpolar organics. These resins can be effective in removing 
toxicity due to polar organics when other media are ineffective. Other resins such as 
"green sand" can also be used to remove inorganic constituents such as manganese. 

A~np_/Persistence Evaluation-The persistence of  effluent toxicity can be evaluated through 
exposure of  an uncovered effluent to light at room temperature for 24 to 48 hours. The 
necessary volume for a toxicity test is set aside and a toxicity test is conducted at the end 
of  the aging period. Although not designed to identify toxicity due to any specific 
chemical group, results o f  the persistence evaluation may be used to support data 
generated from other fractionation steps. 
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CASE STUDIES 

Case Studv No. 1 

Table 1 presents the results of a study with Ceriodaphnia chtbia in which the 
fractionation of a moderately toxic effluent (LCso = 35 percent) resulted in an increase in 
the LCso value to >100 percent for several treatments. This is fairly common with 
effluents which are not highly toxic. Toxicity was reduced to the extent that an LCso 
value could not be calculated (LCso > 100 percent) as a result of five different treatments: 

Nitrogen stripping at pH 11 
Ct8 treatment at the original sample pH 
Powdered carbon treatment 
Anion exchange 
Sodium thiosulfate addition 

It should be noted that the confidence intervals of LCso values overlapped. Due to the 
wide range of confidence intervals around LCsos generated using the binomial method, it is 
very difficult to achieve statistical significance. However, the importance of the degree of 
toxicity removal by a treatment is obvious regardless of the lack of statistical significance. 
Other treatments which resulted in a clear increase in LCs0 values included air stripping at 
pH 11 and cation exchange, which each raised the LCs0 value of untreated effluent from 
35.4 percent to greater than 70 percent. Removal of toxicity by powdered activated 
carbon (PAC) and C18 resin at the original sample pH may indicate that the chemical(s) 
responsible for toxicity are sorptive at near neutral pH. The fact that anion exchange and 
sodium thiosulfate treatment both removed toxicity indicates that an oxidant of some sort 
played a role in causing toxicity in the untreated sample. However, toxicity removal by 
nitrogen stripping at pH 11 and a large toxicity reduction by air stripping at pH 11 indicate 
that a base volatile compound was contributing to effluent toxicity. This is supported by 
the fact that toxicity was removed by cation exchange resin, since a cationic organic 
compound would be uncharged at pH 11 and hence volatile. The success of  both air and 
N2 stripping at pH 11 verifies that the mechanism of toxicity removal was volatilization 
and not oxidation during the pH 11 air stripping tests. The clear success of the anion 
exchange and high pH purging indicates a cationic toxicant, there were likely two different 
toxicants present in the untreated effluent. In order to resolve the actual sources of 
toxicity in this effluent, definitive analytical comparisons of before and after treatment 
samples would have to be conducted. 
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Case Studv No. 2 

Table 2 presents results of a fractionation study with Daphnia pulex. The effluent was 
moderately toxic and resulted in an LC~o of = 52 percent. Treatments increasing the LCs0 
to > 100 percent were: 

I. Air stripping at pH 3 
II. Air stripping at pH 11 
IlI. C~8 treatment at pH 3 
IV. Zeolite resin treatment 

Removal of toxicity by air stripping at pH 3 and pH 11 indicates that two toxicants 
were likely present, each of which is readily volatile under different pH conditions. The 
fact that CI8 treatment at pH 3 removed toxicity indicates that a chemical was present 
which is also readily sorbed under low pH conditions. An organic chemical unionized at 
pH 3 should both sorb to C~s resin and be volatile. The results are thus in good agreement 
in this regard, and indicate that an acid-extractable compound was at least partially 
responsible for toxicity. The success ofpH 11 air stripping can only be explained by the 
presence of a second toxicant of  similar toxicity. The marginal success of  both the cation 
and anion exchange resins further indicates the presence of two toxicants. Due to the 
success of the zeiolite resin treatment it is possible that ammonia is the other toxicant 
present in this effluent since ammonia would be removed by both zeolite and pH 11 air 
stripping. 

Case Study No. 3. 

Table 3 presents results ofa  fractionation study utilizing D. pulex and fathead 
minnows which compares toxicity removal for different species. The sample was very 
toxic to both D. pulex and the fathead minnow, with LCs0 values of 0.12 and 1.2 percent 
respectively. Statistically significant increases in D. pulex LCs0 values (reductions in 
toxicity) were achieved by PAC, and by pH 11 precipitation/filtration techniques. 
Although not statistically significant, the largest increase in the D. pulex LCso value was 
achieved by a high level addition of EDTA. Other clear increases in D. pulex LC~0 values 
were achieved by C~8 treatment at pH 9 and by cation exchange, with the lower 95 percent 
confidence intervals for these treatments just bordering the upper 95 percent confidence 
intervals for the untreated effluent. Since pH 11 precipitation and filtration, high level 
EDTA treatment, and cation exchange all reduced toxicity, it is very likely that a heavy 
metal was responsible for toxicity to D. pulex. PAC can be expected to partially remove 
metals and the partial success of this treatment (although statistically significant) supports 
the hypothesis for metal toxicity. The success of the pH 9 C~8 treatment also indicated 
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metal toxicity since precipitation at pH 9 and physical removal (filtration) by the C~g resin 
bed also removes metals. The success of the anion exchange resin does not necessarily 
contradict the metals toxicity theory. Metals containing precipitated hydroxide forms, for 
example, are removed by the high pH, hydroxide anion exchange resin due to physical 
filtration. 

The results of the fathead minnow fractionation with this same effluent also indicated 
that metals were the source of toxicity. The pH 9 Cls treatment, powdered carbon, cation 
exchange, anion exchange, zeolite, pH 11 precipitation and filtration, and high level EDTA 
treatment clearly reduced or removed effluent toxicity. Removal of toxicity (LC~0 >100%) 
to the fathead minnow was achieved for all of these treatments except powdered carbon. 
Statistically significant increases in LCs0 values were achieved by the high EDTA 
treatment, zeolite resin, pH 11 precipitation/filtration, and anion exchange. Removal of 
metals toxicity to fathead minnows would be achieved by these treatments as previously 
discussed for D. pulex. The pH 11 precipitation/filtration process was the only treatment 
resulting in statistically significant increases in the LCs0 value for both species. This, 
coupled with the other results for both species (i.e., high EDTA treatments) solidifies the 
case for metal toxicity, supporting the metal toxicity theory. 

An interesting result of this case study was the observed difference in species response 
to the treated and untreated effluents. None of the treatments removed toxicity to D. 
pulex to the extent that the LCs0 value was > 100 percent, while five treatments 
accomplished this for the fathead minnow. This likely relates to the difference in 
sensitivity olD. pulex and P. promelas to heavy metals in general. Trace levels of heavy 
metals are often toxic to daphnids, while the fathead minnow is less sensitive to many 
metals. This finding illustrates the need to run tests with more than one species in 
preliminary fractionation studies. 
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Case Studies Summary 

The case studies presented illustrate many of the previously discussed fractionation 
considerations. Most importantly, the results do not always clearly indicate the cause of 
toxicity. This is especially true for moderately or low toxicity effluents for which several 
treatments reduce toxicity. In these cases, the source of toxicity may be better defined by 
repeating fractionations until patterns develop. It cannot be emphasized enough that 
decisions on the source of  toxicity should never be made based on the results of  one 
fractionation study. Decisions on the source of  toxicity and any control decisions should 
be based on multiple fractionations utilizing analytical support, and must consider specific 
conditions present at the facility. The "'all or nothing" pattern of  toxicity removal was 
observed for many of  the treatments employed. This pattern is very common and has been 
observed for many other effluents studied, particularly when the effluent is not markedly 
toxic. 

SUMMARY 

All of  the reviewed techniques can be used in a toxicity characterization or TIE study. 
These steps are intended to identify the likely group of  chemicals responsible for toxicity. 
Although some are quite limited in their applicability in full-scale toxicity control 
programs, they provide data on the true mechanisms of  toxicity control. Developing 
complementary data in a "weight-of-the-evidence" approach to identifying and controlling 
toxicity has been proposed by others. The author's experience has also shown that a 
combination of  investigative and applied techniques is most useful. For example, EDTA 
and high pH filtration, as well as high pH air stripping and zeolite, are often used when 
toxicity due to heavy metals and ammonia, respectively, is suspected. Such an approach: 
1) screens for potentially useful full-scale treatment technologies, 2) often provides 
confirmatory data as to the mechanisms of  toxicity removal, and 3) determines whether 
further studies and supporting chemical analyses are required without apriori committing 
such resources. The experimental design in TIE studies must consider the investigative 
versus the applied nature of  each potential technique, and several of  these characterization 
studies must be conducted before a decision as to the likely cause of  toxicity can be 
reached. 
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originating in unsaturated soils above the water table. In addition to 

performing calculations of dose and risk based on initial 

concentrations, PRECIS can also be used in an inverse manner to compute 

soil concentrations in the source area that must not be exceeded if 

prescribed limits on dose or risk are to be met. such soil contaminant 

levels, referred to as soil guidelines, are computed for both single 

contaminants and chemical mixtures and can be used as action levels or 

cleanup levels. Probabilistic estimates of risk, dose and soil 

guidelines are derived using Monte Carlo techniques. 

KEYWORDS: dose, inverse procedure, Latin Hypercube Sampling, Monte 

Carlo method, risk, sensitivity analysis, soil guideline 

During the last few years, several software packages have been 

developed to assist environmental scientists in conducting risk 

assessments (Block 1995; Rennet 1995). These packages vary widely in 

terms of scope, complexity, approach to estimating risks, methodology 

for evaluating risk uncertainty, and ancillary features for entering 

data and analyzing computed risks. Many of the software tools focus on 

the use of the Monte Carlo method for directly quantifying risk 

uncertainty. Others have incorporated extensive databases that contain 

such information as climate statistics or fate and toxicity data for a 

large number of chemicals. Still others emphasize multimedia mass 
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394 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

balance fate models, wherein conservation of mass for the contaminants 

of concern is maintained throughout the risk calculations (Rennet, 

1995). This latter feature is particularly important at sites where 

transport of a contaminant away from a source area by one pathway 

reduces the level of contamination and resulting exposure that can occur 

in an alternative pathway. Consequently, balancing mass within a multi- 

media system reduces the potential for overestimating risk due to the 

inclusion of contaminant levels that are no longer present. Regardless 

of the methods applied in the software packages, each is potentially 

useful in that it can be used to assess risk efficiently at a given site 

or at many sites. 

Sandia National Laboratories (SNL), Albuquerque, New Mexico, has 

developed a software system for conducting human health risk assessments 

that is particularly suited to the evaluation of numerous sites that 

contain a variety of contaminants. The package, referred to as the 

Probabilistic Risk Evaluation and Characterlzation Investigation System, 

or PRECIS, contains several individual features as well as combinatlons 

of features that distinguishes it from prevlously-developed software 

tools. With this system, a risk assessor can calculate the risks and 

hazard indices associated with chemicals at hazardous waste sites and 

the doses resulting frcm exposure to environmental contamination from 

radioactive wastes. PRECIS can be used for s• determlnistic 

estimates of risk as well as in a probabillstic manner uslng the Monte 

Carlo method (e.g. Thompson et al. 1992; Zimmerman et al. 1990). All 

probabllistic calculations are performed internally within the package, 

as there is no dependence on a separate plece of software to conduct the 

sampling of parameters for Monte Carlo simulations. PRECIS can be used 

to conduct both the exposure assessment and risk characterization phases 
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of a risk assessment. The fate, transport, and exposure analysis 

methods in the package conserve contaminant mass as it is distributed 

through a variety of pathways. In addition to providing defensible 

estimates of risk, the system is designed to aid operable unit leaders, 

responsible parties, stakeholders, and regulators in establishing 

concentration thresholds for contaminants in source areas, as well as 

prloritizing site characterization needs. Source concentration 

thresholds computed by PRECIS, which are called soil guidelines, can be 

determined for both single contaminants or contaminant mixtures. Site 

characterization needs can be prioritized using sensitivity analysis 

techniques in the package that identify which risk assessment parameters 

have the greatest effect on computed risk. 

cURRENT FEATURES AND APPLICATIONS OF PRECIS 

PRECIS contains two separate models to evaluate risk at a site. 

Exposure assessment methods in both models account for mass-conservative 

transport of contaminants to receptor points from a source zone 

originating in unsaturated soils above the water table. The first 

model, known as RISKRAD, is designed to compute equivalent doses 

resulting from radioactive contaminants. As many as nine environmental 

pathways operating simultaneously and three general forms of exposure 

pathways can be evaluated in this model. The second model, RISKCHEM, is 

a hazardous chemlcal version of RISKRAD. In addition to calculating 

chemlcal intakes, RISKCHEM computes incidences of cancer risk and the 

hazard indices resulting from exposure to toxic constituents. 

Computation os soil guidelines is accomplished in PRECIS using 
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"inverse methods" built into the system. The techniques employed are 

referred to as inverse procedures because they perform the opposite of 

the risk calculations, i.e. they permit the calculatlon of allowable 

source area concentrations so that specified levels of risk will not be 

exceeded. In addition to determining single-source guidelines, PRECIS 

is designed to compute soil guidelines on the basis of contaminant 

mixtures. The mixture guidelines take into account what are assumed to 

be the additive effects of multiple contamlnants on dose, risk and 

toxiclty. The assumption of risk additivity, which is recommended in 

the Risk Assessment Guidance for Superfund (RAGS) (EPA 1989), obviously 

ignores any synergistic or antagonistic effects that may occur between 

co-contaminants. The soil guidelines computed in PRECIS are useful in 

the sense that they can be employed as action levels during initial site 

investigations or, in some cases, as site-specific cleanup levels. 

Sampling of uncertain parameters, when applying PRECIS in a 

probabllistic manner, !s accomplished using Latin Hypercube Sampling 

(Iman and Shortencarrier 1984), a procedure that allows rlsk uncertainty 

to be examlned with fewer Monte Carlo simulations than would be required 

using pure random sampling. Input parameter values, including values 

describing the probability density functions (PDFs) of uncertain 

parameters, are entered into the system through a graphical user 

interface. All input parameters to the rlsk models in PRECIS can be 

treated as uncertain variables. Alternatlvely, a variable can be 

asslgned a fixed constant value. For each uncertain parameter, the 

PRECIS user can select any of sixteen PDFs to represent its 

distribution. 

Performing assessments in a probabilistic manner allows the pRECIS 

user to quantitatively account for the transfer of parameter uncertalnty 
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to uncertainty in risk. Consequently, a risk assessor can compute a 

realistic range of risks associated with a site rather than a single 

risk estimate based on traditionally conservative assumptions that lead 

to both compounding and additive error. During the past several years, 

numerous investigators (e.g. Burmaster and Lehr 1991; Thompson et al. 

1992) have pointed out the inherent limitations of the conservative 

Reasonable Maxlmum Exposure (RME) concept, as published in RAGS (EPA 

1989) and traditionally applied to risk assessment, and discussed the 

benefits of probabilistic risk analysis. Probabilistic results from 

PRECIS for computed risk measures and soil guidelines can be examined in 

both report and graphical form. Graphical output from probabilistic 

assessments consists of complementary cumulative distributlon functions 

(CCDFs) of dose, intake, risk, hazard index, and soll guidelines. 

PRECIS is currently being employed by SNL to assess risk at more 

than eighty separate sites. The numerous features of the software 

system allow SNL personnel to evaluate risk at each site relatively 

quickly, and to prioritize, or rank, the sltes on the basls of their 

relative risks. Probabilistic assessment of the risk at each site makes 

it possible to observe quantitatively the effects of parameter 

uncertalnty on computed risk. Accordingly, parameter sensitivity 

analyses conducted in PRECIS are being used to identify which parameters 

have the greatest effect on computed risk and should, therefore, be 

focused on during future site characterizatlon activities. 

RADIATION PATHWAYS ANALYSIS 

The model used in PRECIS to assess human health risk at a 
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radioactive waste site, RISKRAD, is designed to compute radiation doses 

to members of a population group residing at or near the slte after it 

has been deslgnated for uses other than waste disposal. RISKRAD 

consists of a variation of the dose estimation code in RESRAD (Gilbert 

et al. 1989; Yu et al. 1993), developed at Argonne National Laboratory 

for the U.S. Department of Energy (DOE). In the model, exposures of 

humans to radionuclides are assumed to occur from wastes orlginally 

occurring in soil above the water table. Exposure can be direct from 

soil constituents, or indirect as a result of releases from the 

contaminated soll zone and subsequent environmental transport to 

receptor points away from the waste source. 

Exposure to ionizing radiation due to waste releases from 

landfills and other waste depositories can occur as a result of 

transport through a varlety of pathways. Figure 1 summarlzes the 

radiation pathways that are included in RISKP3~D. As thls schematic 

indicates, there are three main exposure pathways corresponding to the 

three mechanisms by which radionuclides can enter the body: (I) external 

radiation from radionuclides in the contamlnated zone; (2) internal 

radiation from inhaled radionuclides; and (3) internal radiation from 

ingested radionuclides. In addition, there are nine environmental 

pathways that are taken into account in RISKRAD: (i) dlrect gamma 

radiation from radlonuclides in the soil; (2) inhalatlon of resuspended 

dust (if the contaminated area is exposed at the ground surface); 

(3) ingest• of food from crops or other plants growlng in the 

contaminated soil; 

contaminated area; 

contaminated area; 

by water percolating through the contaminated zone; 

(4) ingestlon of milk from livestock raised in the 

(5} ingestion of meat from livestock raised in the 

(6) ingestion of fish from a nearby pond contaminated 

(7) ingestion of 

Copyright by ASTM Int ' l  (all  r ights reserved);  Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement.  No further reproductions authorized.



PETERSON AND KNOWLTON ON PRI~CIS 399 

FIG. 1--Exposure pathway diagram for calculating the dose to an onsite 
resident from residual radioactive material (Source: Modified from 
Yu et al. 1993, Figure 2.2) 
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water from a well contaminated by water percolating through the 

contaminated zone; (8) inhalation of radon gas diffusing from the 

contaminated soil or dissolved in water; and (9) ingestion of 

contaminated soil. Many of the environmental pathways can occur as 

segments in other pathways. For example, contaminated groundwater can 

contribute to both the food pathways and the drinking water pathway if 

contaminated well water is used for irrigation and livestock watering in 

addition to human consumption. 

The pathways analysis employed in RISKRAD for deriving doses from 

surface or buried radioactive wastes has three parts: (i) source 

analysis; (2) environmental transport analysis; and (3) dose/exposure 

analysis. Source analysis involves the derivation of source terms that 

determine the rate at which radionuclides are released into the 

environment. Environmental transport analysis consists of 

(a) identify• environmental pathways by which contaminants can migrate 

from the source to a human exposure location and (b) determining the 

rate of migration along these pathways. Dose/exposure analysis 

addresses the problem of deriving and applylng dose conversion factors 

for the radiation dose that will be incurred by exposure to ionizing 

radiation. RISKRAD contains algorithms that affect all three pathways 

analysis components. 

Waste Source in RISKRAD 

The source term in RISKRAD is defined by a subsurface contaminated 

zone in unsaturated soils in which constituents exist at 

above-background concentrations. All pathways originate at the source 

area, which is assumed by default to be a cylindr• 
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contaminated zone wherein contaminants are "uniformly" distributed. 

Uniform contamination implies that radionuclide concentrations are 

exactly the same at every point, which rarely occurs at actual sltes. 

Such an idealized source shape and contaminant distrlbutlon is necessary 

to accomodate analytical solutions used in RISKRAD to estimate 

contaminant concentrations in various medla. To account for nonideal 

conditions, the PRECIS user may elect to treat both the source shape and 

initial source concentrations of relevant contaminants as uncertain 

parameters. Accordingly, these parameters will vary with each Monte 

Carlo simulatlon in conformance with user-specified parameter ranges and 

d• 

The schematic in Figure 2 illustrates an ideallzed contaminated 

zone, as used in RISKRAD, of source thickness T. Overlying this zone is 

a cover layer of depth C d, whlch corresponds to the distance from the 

ground surface to the uppermost contaminated soil sample. The cover 

depth plus the contaminated zone thickness (C~ + T) corresponds to the 

distance to the lowest contaminated soil sample. Radioactlve doses 

computed in RISKRAD are largely affected by three r~te-limlted processes 

occurring in these two layers: (I) the rate of ingrowth and decay of the 

radionuclides; (2) the rate at which radionuclides are leached from the 

contaminated zone; and (3) the rate of erosion of the cover and 

contaminated zones. 

Contaminant leaching from the waste source is assumed in the 

current version of RISKRAD to be sorption-controlled. This means that 

the dissolved concentratlon of a radionucllde in infiltrating soil water 

leaving the base of the contaminated zone (I.e. leachate concentration) 

is directly affected by a user-specified soil/water distribution 

coefficient for that radionuclide. It also means that, if Infiltration 
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FIG. 2--Geometry of idealized contaminated zone 
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FIG. 3--Complementary cumulative distribution function curves for 
total dose from all pathways. 
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at the ground surface is sufficient to cause leachlng and the calculated 

dissolved concentratlon of a radionuclide is not greater than its 

solubility, the leachate concentrat!on is constantly decreasing wlth 

time. Currently, RISKRAD does not contain a solubility constraint on the 

the radionuclide concentration of the leachate; a version of the model 

now under development does include such a constralnt. 

Environmental Transport in RISKRAD 

For all radlation pathways but the radon pathway, RISKRAD 

calculates two separate types of quantities, known as exposure 

parameters: (i) unit intakes of radionuclides in the case of internal 

radlation (inhalation and ingestion), and (2) unit concentrations of 

radionuclides in the environment at the polnt of exposure in the case of 

external radiation. For all pathways other than the radon pathway, an 

exposure parameter for a single radionucllde transported through a 
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single pathway is computed as the product of three quantities 

et al. 1989; Yu et al. 1993) 

(Gilbert 

where 

Er(t ) : ETFr(t ) �9 SFr(t ) �9 Sr(O ) (i) 

Er(t) 

ETFr (t) 

SF~(t) 

S~(t) 

St(O) 

exposure parameter, in the form of the annual 

intake of the radionucllde (pCi/yr) for internal 

radiation, and concentration of the radionuclide 

in the contaminated zone (pCi/cm J) for external 

radiation, 

environmental transport factor [(g/yr) for 

internal radiation, (g/cmJ)for external 

radiation], 

S~(t)/S~(0) = source factcr (dlmenslonless), 

time-dependent radionuclide concentration at the 

waste source (pCi/g>, 

initial radionuclide concentration at the waste 

source (pCi/g), 

time (years), and 

index for radioactive contamination. 

The environmental transport factor ETFr(t) represents the time- 

varying ratio of the exposure parameter to the source concentration. 

Values of ETF~(t) are pathway- and radionucllde-dependent. Detailed 

formulations of the models used to calculate the environmental transport 

factors for each pathway are presented in Gilbert et al. (1989) and Yu 

et al. {1993) . The radon pathway does not depend on the calculation of 
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an environmental transport factor. The source factor SF~(t) is the 

ratio of time-dependent source concentration of a radionuclide St(t) to 

its initial concentration S=(0) (Yu et al. 1993). It represents the 

time-dependent ratio of the activity of a radionuclide remaining in the 

contaminated zone after contributions from ingrowth and removal by 

leaching and decay of the radionuclide. Equation (I) is presented in 

terms of initial source concentration and a source factor rather than 

time-dependent source concentration to help facilitate the description 

of soil guidelines, as discussed in later sections. 

The radon pathway in RISKRAD considers exposure from inhalation of 

both radon-222 and radon-220. Both outdoor exhalation of radon from the 

ground surface and indoor radon exposure from a house built onsite are 

modeled. The radon flux is attributed to molecular diffusion from soil 

sources to the ground surface and/or the foundation of a building. Flow 

of radon-contamlnated soil air in response to air pressure gradients is 

not considered. 

Rad• Dose 

The exposure factors computed as a result of environmental 

transport analysis must be translated into radioactive doses to the 

human body so that the potential risks posed by the radionuclides can be 

assessed. The computation of doses from intakes and concentrations is 

accomplished using dose conversion factors. A dose conversion factor 

accounts for the overall biological effectiveness of a radioactive dose, 

which depends on the type of radiation, the location of the 

radionuclides emitting the radiation (i.e. internal or external to the 

body), and the body organs receiving the radiation. RISKRAD takes these 
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406 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

factors into consideration by presenting doses in the form of an 

effective dose equivalent (ICRP 1979-1982). For internal exposure to 

radiation, acute intakes of radionuclides commlt an individual to 

receiving doses over future times (even with no further intake) until 

actlvity is removed from the body by biological elimlnatlon or 

radioactive decay. Taking this into consideration, doses of internal 

radiation are analyzed in terms of committed effective dose equivalent. 

In RISKRAD, committed doses are determined assuming 50 years of internal 

exposure following acute intake by inhalation or ingestion. The model 

reports radioactive doses in the form of annual effective dose 

equivalent, in units of milllrems per year (mrem/yr) . 

For all pathways other than the radon pathway, dose from a single 

principal radlonuclide transported through an individual pathway is 

computed as (Gilbert et al. 1989; Yu et al. 1993) 

where 

H=(t) 

DCF= 

Hr(t) = DCF r " Er(t) (2) 

annual effective dose equivalent (mrem/yr), and 

dose conversion factor [(mrem/pCi) for internal 

radiation from inhalatlon or ingestion, 

(mrem/yr)/(pCi/cm 3) for external gamma radiation]. 

RISKRAI) contains default values of dose conversion factors for 

each pathway and radionuclide incorporated in the model. These values 

are derived from years of study and compilation by ind• 

researchers and agencies such as the International Commission on 

Radiological Protection (ICKP) and DOE. 
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Radiation dose from radon and its decay products is calculated by 

using the accumulated exposure in terms of Working Level Month (WLM). 

The WLM is a cumulative exposure unit historically applied to uranium 

miners. Because exposure for the general population is continuous and 

the breathing rate is lower and shallower than for mlners, the use of 

WLM for estimating doses in RISKRAD has to be ad3usted for the general 

population. This is accomplished by employlng proportional factors 

published by the National Research Council (1988). 

One of the objectives of a radiation risk assessment is to 

determine the total dose to which an individual may be exposed. RISKRAD 

determines total dose (in mrem/yr) by summing the doses from all 

relevant radionuclides for all active pathways. To further assess the 

importance of individual pathways and radionuclides, it also calculates 

the total dose for a given active pathway for all relevant 

radionuclides, and the total dose from a glven radionuclide for all 

active pathways. 

Dose-to-Source Ratio 

Substitution of (i) into (2) leads to a new equation for radiation 
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408 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

dose that is expressed in terms of a mathematical construct known as the 

dose-to-source ratio 

Hr(t ) : DSR(t) . St(0 ) (3) 

where 

DSR (t) dose-to-source ratio [(mrem/yr)/(pCi/g)] 

DCF r �9 ETFr(t ) �9 SFr(t ) . 

The dose-to-source ratio allows the RISKRAD user to observe how 

doses change with time in reference to the initial concentration (at 

time zero) of a radionuclide. In addition, the DSR(t) quantity 

facilitates a simplified description of the methods used to calculate 

soil guidelines, as discussed in subsequent sections. In the same 

manner that total doses from relevant radionuclides and active pathways 

are calculated, dose-to-source ratios are also totaled. 

CHEMICAL PATHWAYS ANALYSIS 

The chemical risk assessment model RISKCHEM computes chemical 

intakes and the associated cancer risks and/or hazard indices resulting 

from exposure to carcinogenic and toxic chemicals at a hazardous waste 

site. RISKCHEM is a hazardous chemical version of RISKRAD developed at 

SNL. The current version of the model includes the chemical equivalent 

of the environmental pathways in RISKKAD, with the exception of the 

external radiation and radon pathways. Thus, RISKCHEM currently handles 

only seven environmental pathways, all of them dealing with internal 
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exposure: (I) dust inhalation, (2) plant ingestion, (3) milk ingestion, 

(4) meat ingestion, (5) aquatic food ingestion, (6) water ingestion, and 

(7) soll ingestion. A version of the model currently being developed 

will include a dermal uptake pathway and a pathway for inhalation of 

volatile chemicals. RISKCHEM is designed to calculate intakes of 

hazardous chemicals in units of milligrams per kllogram per day 

(mg/kg/day) . The chemlcal intakes are in turn used to compute 

incidences of cancer risk and the hazard indices resulting from 

Ingestion and dust inhalation of toxic constituents. 

The pathways analysis for deriving cancer risks and hazard indices 

from surface or buried chemical waste has four parts: (i) source 

analysis; (2) environmental transport analysis; (3) intake/exposure 

analysis; and (4) risk/intake analysis. The first two components 

accomplish the same risk assessment steps as their counterparts in 

RISKRAD. Intake/exposure analysis, which is analogous to RISKRAD's 

dose/exposure analysis, consists of determlning and employing intake 

conversion factors to transform annual intake quantlties into chemical 

intake rates that are normalized with regard to exposure duration, 

exposure averaging time, and body weight. Risk/intake analysis is 

applied to convert the normalized intakes into incidences of excess 

cancer as well as any hazard quotients and indices resulting from 

exposure to toxlc chemicals. 

Waste Source in RISKCHEM 

The source term in RISKCHEM is developed using most of the same 

techniques employed in RISKRAD. The contaminated source area is assumed 

to be cylindrically-shaped (Figure 2), located in unsaturated soils, and 
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uniformly contaminated. Unlike RISKRAD, however, the current version of 

RISKCHEM does not account for chemical decay and ingrowth. Thus, 

processes affecting the concentration of a chemical in the waste source 

are limited to those that control leaching of the chemical by 

infiltrating water and erosion of the cover and contaminated zones. 

Leaching of the chemical source area is sorption-controlled. 

Chemical Intake and Environmental Transport 

In developing RISKCHEM, it has been assumed that chemical intake, 

as normalized by exposure duration, body weight, and exposure averaging 

tlme, is the hazardous chemical equivalent of annual effective dose 

equivalent for a radioactive contaminant. As a consequence, as 

indicated by (2), chemical intake can also be viewed as the product of 

an exposure parameter and a conversion factor, i.e. 

where 

He(t) 

Ec(t) 

ICF c 

ED 

BW 

AT 

c 

He(t) = ICF c " Ec(t) (4) 

= 

= 

= 

= 

= 

normalized chemical intake (mg/kg/day), 

chemlcal exposure parameter, or annual mass intake of 

a chemical (mg/yr), 

ED/(BW �9 AT) = intake conversion factor (yr/kg/day), 

exposure duration (years), 

body weight (kg), 

averaglng time (days), and 

index for chemical contamination. 
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As shown in (4), chemical intake in RISKCHEM is calculated with 

relatively basic parameters that are largely identical to the parameters 

used in RAGS (EPA 1989). Accordingly, the current version of RISKCHEM 

does not incorporate explicit methods to account for such factors as 

chemlcal bloavallibility or the ability of humans to detoxify some 

chemicals. 

The version of RISKCHEM currently in PRECIS allows the user to 

specify three separate intake conversion factors for each relevant 

chemical: (i) a factor for all ingestion pathways other than the soil 

ingestlon pathway; (2) a soil ingestion factor; and (3) a dust 

inhalation factor. 

The chemical exposure parameter E~(t) (i.e., non-normalized annual 

intake) is computed for active pathways in RISKCHEM using the chemical 

equivalent of (I) 

Ec(t ) = ETFc(t) �9 SFc(t) �9 S (0) (5) 

where 

ETF c (t) 

SF c (t) 

Sc(t) 

Sc(O) 

environmental transport factor for a chemical 

(g/yr), 

S~(t)/Sc(0) = source factor for a chemical, as 

affected by leaching and erosion 

(dimensionless), 

tlme-dependent chemlcal concentratlon at the 

waste source (mg/g), and 

initial chemical concentration at the waste 

source (mg/g). 
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The chemical environmental transport factor for a specific pathway 

and chemical is calculated using the same equations employed in the 

computation of the analogous radionuclide environmental transport factor 

ETFr(t) . Thus, the methods and parameters presented in RESRAD 

documentation (Gilbert et al. 1989; Yu et al. 1993) for calculating 

transport factors apply to RISKCHEM as well. Simllar to Equation (I), 

Equation (5) is presented in terms of initial source concentration and a 

source factor rather than a time-dependent source concentration to 

facilitate discussion of chemical guidelines, as presented later. As in 

the case of radioactive waste, a risk assessor is also interested in 

derivlng the total hazardous chemical intake to which an indivldual may 

be subjected. Total intakes are presented in RISKCHEM in both report 

and graphical form. 

Risk/Intake Analys• 

Excess cancer incidence, or cancer rlsk, for a single chemical and 

pathway is computed with the equation 

where 

Rc(t) 

SLFr 

Hc(t) 

Re(t) = SLF c " He(t) (6) 

chemical cancer risk (dimensionless), 

cancer slope factor (mg/kg/day) -I, and 

chemical intake (mg/kg/day) . 

RISKCHEM utilizes two types of slope factors: oral and 

inhalation. The values for these factors are taken largely from EPA's 
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1994 IRIS database (EPA 1994). As in the case of intakes, site-specific 

cancer risks for all relevant chemicals and active pathways are also 

totaled and reported in RISKCHEM. 

Hazard quotients for a single chemical and a single pathway are 

computed in RISKCHEM using the equation 

He(t) 
HQc(t) = - -  (7) 

RfD c 

where 

HQc(t) 

RfD c 

hazard quotient (dimensionless), and 

reference dose for the chemical (mg/kg/day) . 

Following methodology presented in the Risk Characterization 

chapter of the Risk Assessment Guidelines for Superfund (EPA 1989), 

hazard indices are computed by sumn~ng hazard quotients from individual 

contaminants and individual pathways. As in the case of cancer slope 

factors, the RISKCHEM user utilizes both oral and inhalation reference 

doses, which are also taken largely from EPA's 1994 IRIS database (EPA 

1994). 

Intake-, Risk-, and Hazard Index-to-Source Ratios 

Hazardous chemical equivalents to the dose-~o-source ratio defined 

in (3) for radiation pathway analysis are computed in RISKCHEM. These 

tlme-dependent quantities describe, respect!vely, the ratio of chemical 

intake, cancer risk, and hazard index to initial chemical concentration 

in the contamlnated source area. Inspection of (4) and (5) indicates 
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414 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

that, in the current version of RISKCHEM, an intake-to-source-ratio 

[ISR(t)] is defined by the product of an intake conversion factor, a 

chemical environmental transport factor, and a chemical source factor. 

Similarly, (6) and (7) show that a risk-to-source ratio [RSR(t)] is 

formed by the product of an intake-to-source ratio and a slope factor, 

and a hazard index-to-source ratio [HSR(t)] is the quotient of an 

intake-to-source ratio and a reference dose. The ratios [ISR(t), 

RSR(t), and HSR(t)] may be used to calculate soil guidelies, as 

described below, based on prescribed limits on total intake, total 

cancer risk, and total hazard index, respectively. 

SOIL GUIDELINES 

In addition to performlng calculations for the estimation of 

various risk measures based on initial contaminant concentrations, 

PRECIS performs • calculations for estimates of acceptable 

contaminant soil concentrations given prescrlbed limlts on the risk 

measures. Such concentrations are referred to as soil concentration 

guidelines, or slmply soll guidelines. They can be used as actlon 

levels in RCRA investigations or as cleanup levels in assessing remedial 

alternatives. Soil guidelines calculated with PRECIS can also be used 

to: (a) guide the adequacy of field-screening equlpment; (b) allow an 

early determination of whether a site is safe (perhaps resulting in a No 

Further Action proposal); and (c) determine which constituents are of 

concern. 

Soil guidelines are computed assuming that individual chemicals 

are either (a) the only source of contamination or (b) part of a mixture 
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comprising several chemicals. The calculation of single-source 

guidelines is accomplished without any foreknowledge of or assumptions 

about the contaminant mixtures at a site. In contrast, to calculate 

mixture guidelines, PRECIS requires that estimates be given for the soil 

concentrations of all contaminants in the source area. 

Sinqle-Source Radiation Soil Guidelines 

A radionuclide soil guideline is the level of radioactivity 

(activity concentration) in contaminated zone soil that must be ach• 

and maintained so that a prescribed dose limit is not exceeded. The 

time-dependent soil guideline for an individual radionucllde transported 

over multiple pathways is calculated in RISKRAD as 

where 

Gr(t) 

RDL 

DSRp,= ( t ) 

Gr(t ) - 
RDL 

DSRp,= (t) (8) 

P 

single-source soil guideline in the contaminated 

zone (pCi/g), 

basic radiation dose limit (mrem/year), and 

dose-to-source concentration ratio for pth 

environmental pathway at time t 

[(mrem/yr)/(pCi/g)]. 
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416 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT 

Additional Features of RISKRAD 

In addition to calculating guidelines at designated output times, 

RISKRAD also computes the minimum guideline for each chemical during the 

entire time that doses are calculated. This corresponds to the 

guideline resulting from (8) at the time of maxlmum dose for a 

radionuclide, whlch is determined using search algor• built into 

RISKRAD. 

An additional feature built into RISKRAD permlts the user to 

determine mlnimum guidelines at a time following waste emplacement. 

This feature is provided so that the risk assessor can develop action 

levels for a site on the basis of exposures that are potentially 

occurring today, perhaps numerous years after the wastes at a site were 

flrst placed there. In other words, if the calculated maxlmum dose 

occurs at some point in the past, the assoclated guldeline may be 

irrelevant to current decisions regarding correctlve measures at a site. 

Guldelines for Radionuclide Mlxtures 

The general equatlon employed in RISKRAD for calculating a time- 

dependent mixture guideline for an individual radlonuclide is 

(9) 

where 

DSR~p.~(t) dose-to-source ratlo for the ith radionuclide 
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and the pth environmental pathway at time t 

[(mrem/yr)/(pCi/g)], 

mixture guideline for the ith radionuclide at 

time t (pCi/g), and 

number of initially-existent radionuclides. 

417 

Equation (9) can be applied to any of the output times specified 

in a RISKRAD run. Doing so in conjunction with a scheme that apportions 

dose between the n radionuclides results in soil guldelines that produce 

a combined dose for that time that is equal to the dose l• However, 

utilization of the guidelines from a specific time does not assure that 

the dose limit will not be exceeded at other times. Moreover, uslng the 

mlnimum computed guideline for a contaminant over all times does not 

guarantee that the computed total dose will always be less than the 

basic radiatlon dose limit. Thus a more conservative form of (9), that 

makes use of the maximum dose-to-source ratio for a radlonuclide, is 

actually employed in RISKRAD. 

Equation (9) contains n unknowns corresponding to the n initially 

existent radionuclides in the contaminated zone. Therefore, the 

unknowns must be defined in relative terms. Although there are many 

ways that this can be done, the current version of RISKRAD applies two 

different methods that are referred to as weighting schemes. The first 

scheme assumes that the radionuclides comprlsing the mixture will exist 

in the same proportlon as specified by the initial concentrations used 

in the RISKRAD simulation. This scheme is referred to as "weighting by 

initial concentration." The second approach assumes that the guideline 

for a radionuclide will be inversely proportional to the relative dose 

contributed by thls radionuclide. This latter scheme is referred to as 
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"weighting by total dose." 

Chemical Soil Guidelines 

Single-source soil guidelines are computed in RISKCHEM using the 

hazardous chem• equlvalents of (8). In lieu of a radlation dose 

llmit, three different sets of chemical guidelines are derived on the 

basis of a basic chemical intake limit (CIL), a cancer risk limit (CRL), 

and a hazard index limit (HIL). The respective sets of guldelines make 

use of previously described intake-to-source ratios, risk-to-source 

ratios, and hazard index-to-source ratios. These ratlos are also 

employed in the calculation of related mixture gu• using 

hazardous chem• equlvalents of (9). By comparing the guidelines 

resulting from the respective risk measure limits, a rlsk assessor can 

discern which llmit produces the most restrlctive action or cleanup 

levels. 

As in RISKRAD, a feature in RISKCHEM permits the user to determine 

mlnimum guidelines at a time following waste emplacement. As previously 

stated, this feature allows the risk assessor to develop action ~evels 

for a site on the basis of exposures that are potentially occurring 

today, perhaps numerous years after the wastes at a site were first 

placed there. 

SENSITIVITY ANALYSIS 

Sensitivity analysis techniques built into PRECIS are conducive to 

rapid assessment of model results. One of the benefits derived from 
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sensitivity analysis is the identification of parameters that most 

strongly affect risk and would, therefore, benefit from further field 

characterizatlon. The current version of PRECIS contalns tools for 

conducting two types of sensitivity analysis. Both techniques are 

considered to De "local" sensitivity methods in that they can only be 

employed wlth single model simulations taken from the full ensemble of 

slmulations that comprlse the Monte Carlo analysls. 

The flrst local sensitivlty tool is analogous to the dose-versus- 

time graphs included with the RESRAD model (Yu et al. 1993). Graphlng 

tools currently in PRECIS allow the user to plot doses with time from a 

RISKRAD run, and normallzed intakes with time from a RISKCHEM run. The 

graphical sensltivlty technique allows the PRECIS user to view these 

plots for simulatlons based on both original and perturbed parameter 

values. Parameter values are perturbed by a user-speclfled percentage. 

The second local sensitivity analysis tool built into PRECIS also 

examlnes the effects of parameter perturbatlon, but is more ob]ective 

than the first tool in that it also allows the user to compare the 

relatlve importance of each parameter through the calculation of 

normalized sensitlvlty coefficients (Cheng et al. 1989). Parameters 

producing the largest coefficients have the greatest influence on 

computed rlsk. Thus this approach quantifies the relative importance of 

each parameter so that site characterization needs can be more 

rigorously identlfied. 

MODEL OUTPUT 

RISKKAD and RISKCHEM input and results are tabulated for each 
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Monte Carlo run in a variety of ASCII-formatted reports. In addltlon to 

echoing all input parameters, the reports list time-dependent rlsk 

measures by pathway and contaminant, summarize dose-to-source ratlos and 

analogous ratios, and list single-source and mixture guidelines. 

Graphical output of the probabillstic results from Monte Carlo 

analysls consists of complementary cumulatlve distrlbution functlons 

(CCDFs) (Zimmerman et al. 1990). In the current version of RISKKAD, 

CCDFs can be requested for computed doses and guidelines. Flgure 3 

illustrates examples of CCDFs developed for total radiatlon dose at 

different simulation tlmes. The current version of RISKCHEM produces 

CCDF plots for chemical intake and intake-llmited guidelines. 

PRECIS ENHANCEMENTS 

An enhanced verslon of FRECIS that incorporates a variety of 

pathway model changes is currently being developed. Most of the changes 

are focused on RISKCHEM and include the following: (i) a dermal 

absorption pathway; (2) Inhalation of volatlle organic chemicals; and 

(3) improved groundwater pathway estimates using a model of multi- 

dlmensional advectlve-dispersive transport in the saturated zone. The 

last of these enhancements will enable simulation of additional fate and 

transport processes such as dispersion, retardation, and blodegradation. 

This will in turn enable the calculation of attenuated groundwater 

concentrations and associated exposures at a receptor located 

considerable distances downgradient of a waste slte. Similar groundwater 

pathway improvements are being applied to the radioactive waste model. 

CCDFs for cancer risk and hazard index are also being included as 
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standard output from RISKCHEM. A more global approach to sensitivity 

analysis is currently being added to PRECIS in the form stepwise 

multiple regression analysis (Zimmerman et al. 1990), using original 

variables, standardized variables, or rank-transformed data. This 

method will facilitate the identification of parameters that 

significantly impact rlsk estimates over the full probability space 

examined in a Monte Carlo analysis. 

SUI~MARY 

A series of computer tools known as the Probabllistic Risk 

Evaluation and Characterization Investigation System, or PRECIS, has 

been developed to conduct human health risk assessments at sites 

contalnining either chemical or radioactive contaminants. In addition 

to the fact that PRECIS can be used to assess risks from either chemical 

exposure or radiatlon, several features of this software system 

dlstinguish from many other software packages currently employed for 

rlsk assessment. PRECIS can be used for single deterministic estimates 

of risk as well as in a probabillstic manner using the Monte Carlo 

method. Performlng assessments in a probabilistlc manner allows the 

PRECIS user to quantltatively account for the transfer of parameter 

uncertainty to uncertainty in risk. All probabillstic calculations are 

performed internally within the system, as there is no dependence on a 

separate piece of software to conduct the sampling of parameters for 

Monte Carlo simulations. Exposure assessment models in the system 

account for multimedia transport of contaminants from a source zone 

originating in unsaturated soils above the water table. The fate, 
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transport, and exposure analysis methods in the package conserve 

contaminant mass as it is distributed through a variety of pathways. In 

additlon to providing defensible estimates of risk at a site, the system 

can compute site-specific source concentratlon thresholds, or soil 

guidelines, that correspond to levels of soil contamination that cannot 

be exceeded if specified risk llmits are to be met. Soll guldelines can 

be determined for both single contaminants and contaminant mixtures, 

which can in turn be used as action levels or possibly cleanup levels. 

Site characterization needs can be prioritized using sensitlvity 

analysis technlques in PRECIS that identify the risk assessment 

parameters having the greatest effect on computed risk. 

PRECIS, like many software packages designed to ald rlsk 

assessment, can be employed to efficiently evaluate risk at numerous 

sltes. Sandla National Laboratories (SNL) is currently applying PRECIS 

at more than eighty of its sltes for both slte ranking purposes and to 

identify the risk parameters that would beneflt most from further site 

characterization. Probabll!stic calculations wlth the system allow SNL 

personnel to quantitatively and objectively examlne the effects of 

parameter uncertainty on computed risk uncertainty, rather than using 

subjective means to evaluate risk uncertainty. 
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ABSTRACT:  Chromium exhibits multiple oxidation (valence) states, ranging from 
(-II) to (+VI). Under natural conditions, however, chromium typically exists in the 
Cr(III) (trivalent) and/or Cr(VI) (hexavalent) form, with the hexavalent form exhibiting 
higher solubility and much greater toxicity than the trivalent form. Due to the large 
differences in toxicity, the distribution of chromium oxidation states (Cr(III) and 
Cr(VI)) in site media is potentially of  great importance to the calculation of  site risk 
levels, and thus ultimately to cleanup activities. Despite its importance, chromium 
oxidation states are often not available for media samples collected at waste sites. 

Typical assumptions regarding the chromium distribution in site media are presented. 
Actual chromium distribution data from media from baseline investigations of several 
waste sites are also presented for groundwater, surface water, and soil and compared in 
terms of background chromium levels and the nature of  site wastes. The differences in 
toxicity of Cr(III) and Cr(VI) are briefly discussed. Risk estimates and risk-based 
cleanup levels generated using different assumptions for the distribution of chromium in 
site media for a selected example site are then given. These risk-based cleanup levels 
are compared to various state regulatory limits, MCLs, and Practical Quantitation 
Limits (PQLs) for chromium. 
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I N T R O D U C T I O N  

Chromium (Cr) is one of the most commonly occurring constituents at waste 
sites. Although Cr is an essential micronutrient for humans and other organisms, at 
high concentrations, some forms can be highly toxic (ATSDR, 1992). Chromium 
exhibits multiple oxidation states, ranging from (-II) to (+VI) (Bodek, 1988). Under 
natural conditions, however, Cr typically exists in the Cr(III) (trivalent) and/or Cr(VI) 
(hexavalent) form, with the hexavalent form exhibiting higher solubility and much 
greater toxicity than the trivalent form (ATSDR, 1988). Due to the large differences in 
toxicity, the distribution of Cr oxidation states (Cr(lII) and Cr(VI)) in site media is 
potentially of great importance to the calculation of site risk levels and the comparison 
to other standards, and thus, ultimately to cleanup activities. Despite its importance, 
chromium oxidation states are often not available for media samples collected at waste 
sites. 

Chromium occurs naturally in ores, with a reported concentration range in soil of 
1.0 to 2,000 mg/kg in the conterminous U.S., with a mean of 54 mg/kg (Dragun, 
1991). Hem (1985) reported that concentrations of  Cr in natural waters (unaffected by 
anthropogenic sources) are commonly less than 10/zg/L. Chromium is important 
commercially; chromite ore is used in the metallurgical and chemical industries for the 
manufacture of stainless steels, alloy cast irons, pigments, wood preservatives, and also 
in metal finishing, electroplating, and leather tanning (ATSDR, 1992). 

Although very stable, elemental Cr (Cr ~ is not usually found pure in nature 
(Eisler, 1986). In most soils, Cr will be present predominately as Cr(III) 
(ATSDR, 1992). Chromium speciation (between IlI and VI) in groundwater depends 
on the pH and redox conditions, which are primarily controlled by the amount of 
dissolved oxygen in the aquifer. Generally, oxidizing conditions, which favor the 
predomination of Cr(VI) over Cr(III), are found in shallow (typically higher dissolved 
oxygen) aquifers; reducing conditions, which favor the predomination of Cr(IlI) over 
Cr(VI), typically exist in deeper (typically, lower dissolved oxygen) groundwaters 
(ATSDR, 1992). 

Anthropogenic Cr impacts to groundwater, surface water, or soil may result in 
very different Cr speciation than that expected in these media under natural conditions. 
Even under oxidizing conditions, depending upon the source, a release of Cr(VI) to the 
environment might be transformed to less mobile and less toxic Cr(III) in the presence 
of the appropriate minerals. Conversely, strongly oxidizing chemicals associated with 
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released wastes may maintain significant amounts of Cr in the Cr (VI) state, or even 
oxidize Cr (III) to the Cr (VI) state. 

The differences in toxicity associated with Cr(III) and Cr(VI) compounds are well 
documented in the literature. The known harmful effects of Cr to humans are primarily 
attributable to the hexavalent form. The difference between the toxicity of Cr(VI) and 
Cr(III) compounds is thought to be due to the ability of  hexavalent compounds to 
penetrate biological membranes and bind to intracellular proteins, whereas trivalent 
compounds typically do not (ATSDR, 1992). For quantitative risk assessment 
applications, the USEPA currently recommends the use of an oral noncarcinogenic 
reference dose (RfD) of 1.0 mg/kg-day for Cr(III) and an oral RfD of 5x10-3 mg/kg- 
day for Cr(VI) (IRIS, 1995). 

Laboratory analysis of Cr(VI) has historically not been performed during site 
investigations. Hexavalent chromium analyses for water samples are often omitted 
from sampling programs because of the difficulty in meeting the rigorous holding time 
limit of 24 hours (Method 7196 A; USEPA, 1990). In addition, until very recently 
(Vitale, et al, 1995), there has been no USEPA-approved method for the analysis of 
Cr(VI) in soil (USEPA, 1990). Another common problem with respect to 
measurements of Cr in water is the difference in results between filtered (soluble) and 
unfiltered (total) samples. Analyses of unfiltered samples often include significant 
concentrations of Cr associated with suspended solids. 

The objective of this paper is to illustrate how the distribution of the oxidation 
states of Cr can affect the interpretation of environmental data in several media, as well 
as the risk estimates performed using the data. To accomplish this, the paper is divided 
into three components: (1) the presentation of examples of Cr distribution data in 
media including groundwater, surface water, and soil from four waste sites in the U.S.; 
(2) the presentation of several variations in Cr risk estimates using the environmental 
data collected from one of the four waste sites; and (3) the comparison of risk-based 
concentrations to other state and federal criteria which may be evaluated for use as 
target cleanup levels in the three media of interest. 

EXAMPLES OF C H R O M I U M  DISTRIBUTION IN ENVIRONMENTAL 
MEDIA 

As a part of  different types of baseline site characterizations (e.g., remedial 
investigation for a Superfund site), chromium (as well as other constituents) data were 
collected at four waste sites being investigated for environmental impacts. 
Groundwater samples were analyzed for Cr at three of these sites; surface water 
samples were analyzed for Cr at one of the sites; and soil was analyzed for Cr at one of 
the sites. Table 1 lists the operations involving Cr at each of these sites, the maximum 
Cr concentrations, the ranges of Cr (VI) distributions in each medium (i.e., the percent 
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of total Cr concentration accounted for by Cr(VI)), and the dominant Cr oxidation 
state present. It should be noted that the chromium measurements made at these sites 
were for site characterization, not for the express evaluation of the oxidation states of 
chromium. Therefore, it is acknowledged that other key parameters (e.g., dissolved 
oxygen), may have provided additional information regarding the oxidation states of 
chromium, but were not measured at the time of  the site investigations. Each site is 
further discussed below. 

Site 1 (Groundwater) 

As shown in Table 1, based upon the availability of soluble Cr(VI) sources at this site, a 
preponderance of Cr(VI) in groundwater would be expected relative to Cr(III). In fact, 
concentrations of Cr(VI) (unfiltered) were significant in a number of the 
104 groundwater samples collected, ranging as high as 131,000 ug/L. However, the 
proportion of total Cr (unfiltered) in each sample accounted for by Cr(VI) ranged from 
less than 0.04 to 151 percent, indicating that a simple generalization as to the speciation 
of  Cr in groundwater at the site would be seriously in error (values greater than 
100 percent reflect normal variation in analytical precision). Sampling technique (not 
filtering) may have biased the results in favor of high concentrations of Cr(III) in the 
groundwater samples. 

Site 2 (Groundwater) 

Impacts at this site have primarily been related to organic constituents, and there are no 
known uses of Cr-containing materials at Site 2; however, groundwater samples were 
analyzed for Cr in response to regulatory requirements. Since there are no known 
sources of  Cr at the site, downgradient groundwater Cr concentrations would be 
expected to be similar to those upgradient and representative of natural background 
conditions in the aquifer. 

Of the 45 downgradient groundwater samples (unfiltered) evaluated, two had 
anomalously high concentrations, 320 ~g/L and 634/~g/L, respectively. Neglecting 
these samples, total Cr concentrations (unfiltered) ranged only as high as 59.8/~g/L. 
Hexavalent Cr (unfiltered) was below the detection limit of 0.013/~g/L in all but four 
samples, with the highest concentration at 0.03/~g/L. The distribution of Cr(VI) in all 
samples was consequently very low, ranging from less than 0.002 to 0.18 percent, 
implying that the Cr present in groundwater was primarily in the trivalent form. 
Analyses were not conducted on filtered samples at this site; therefore, the eff6ct of 
suspended solids on the total Cr concentrations can not be evaluated. 

Site 3 (Soil) 

Chromium analyses of six soil samples were performed at Site 3. Total Cr 
concentrations ranged from 460 mg/kg to 820 mg/kg, and hexavalent concentrations 

Copyright by ASTM Int'l (all rights reserved); Tue Oct 18 17:10:12 EDT 2011
Downloaded/printed by
Loughborough University pursuant to License Agreement. No further reproductions authorized.



MAHONEY ET AL. ON CHROMIUM 431 

ranged from less than 1.0 mg/kg to 1.9 mg/kg. Unlike the water analyses presented for 
Sites 1 and 2, a significant portion of the total Cr concentrations in soil at Site 3 may be 
attributable to elemental Cr, because of the nature of the source at Site 3. 

Background Cr concentrations for soil in this area would be expected to be within the 
ranges of 15 mg/kg to 100 mg/kg (Dragun, 1991). Although hexavalent Cr was 
detected in four of  the six samples, the proportion of total Cr in each sample accounted 
for by Cr(VI) was very low, ranging from less than 0.16 to 0.39 percent. 

Site 4 (Groundwater, Surface Water, Soil) 

Eight groundwater samples at Site 4 were analyzed for total Cr (unfiltered), hexavalent 
Cr (unfiltered), and total Cr (filtered). Concentrations of trivalent Cr (unfiltered) were 
obtained by subtracting the measured Cr(VI) from the total Cr measurements (both 
unfiltered). The distribution of Cr (VI) in the unfiltered data was expressed as a 
percent of  the total unfiltered Cr data, and is given in Table 2. 

As shown in Table 2, concentrations of Cr in some of the unfiltered groundwater 
samples at Site 4 were notable, ranging as high as 58,800/~g/L for total Cr and 
51,000/~g/L for Cr(VI). Based on the potential sources at the site noted in Table 1, a 
significant variation in the distribution of Cr(VI) in the site groundwater may be 
expected. Indeed, based on these data, the percent of Cr(VI) of  the total unfiltered 
total Cr measurements spans a wide range, varying from 12.0 to 89.6 percent. 

Figure 1 presents two different representations of the Site 4 Cr groundwater data. 
The darkly shaded bars represent the soluble fractions of Cr in the total Cr 
measurements for each sample as a percent, by the ratio: Concentration Total Cr 
(filtered)/Concentration Total Cr (unfiltered) x 100. 

The lighter bars represent the hexavalent Cr fractions (unfiltered) in each sample as a 
percent, by the ratio: Concentration Cr(VI) (unfiltered)/Concentration Total Cr 
(unfiltered) x 100. 

It can be assumed that the difference between 100 percent and the height of the 
darkly shaded bars represents the portion of a given sample which was insoluble, and 
that the difference between 100 percent and the height of the lighter bars represents 
the portion of a given sample which is trivalent. Theoretically, if all of the Cr(VI) is 
soluble, the height of  the bars should be equal; the difference between the heights of the 
two bars essentially shows how good the soluble fraction is at predicting the Cr(VI) 
concentrations in the unfiltered samples. As would be expected, the sets of bars for 
each of  the samples are very similar, indicating that the soluble fraction is a good 
indicator of  the measured Cr(VI) concentrations. 
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TABLE 2--Percent distribution of hexavalent chromium in groundwater and surface 
water at site 4a 

Chromium Concentration 
(Unfiltered) (~tg/L) Percent Total Percent 

Sample Total Trivalent Hexavalent Hexavalent (III and VI) Soluble 
ID (III and (Total- (VI) Chromium Chromium Total 

VI) vI)b (Unfiltered) (Filtered) Chromiumc 
(%) (lag/L) (%) 

Groundwater 
1 343 293 50 14.6 __d __ 
2 251 221 30 1 2 . 0  . . . .  
3 1,230 1,020 210 17.1 200 16.3 
4 95 35 60 63.2 68 71.6 
5 90 30 60 66.7 62 68.9 
6 20,100 2,100 18,000 89.6 17,000 84.6 
7 58,800 7,800 51,000 86.7 54,800 93.2 
8 1,180 901 279 23.6 293 24.8 

UCLe: 58,800 7,800 51,000 Range: Range: 
12.0-89.6 16.3-93.2 

Stream 
1 169 137 32 18.9 
2 84 49 35 41.7 
3 83 57 26 31.3 
4 166 130 36 21.7 
5 119 0 129 108 
6 126 11 115 91.3 
7 130 14 116 89.2 

UCLe: 161 137 129 Range: 
18.9- 108 

aOnly samples with detections of both chromium (total) and hexavalent chromium are 
presented. 

bTrivalent Cr was not measured, it was derived by Total Cr-Cr(VI) measurements. 
Cpercentage derived from following ratio: total Cr (filtered)/total Cr (unfiltered). 
dDashes (--) indicate that filtered chromium analysis was not performed for this sample. 
eUCL is the log-transformed 95th percent upper confidence limit of the arithmetic mean, 
or the maximum concentration, whichever is smaller. 
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�9 ~ i00  T 

1 2 8 4 5 6 7 8 

Sample Number 

FIGURE 1. T H E  DISTRIBUTION OF C H R O M I U M  IN G R O U N D W A T E R  AT 
SITE 4 

The heights of  the sets of bars relative to one another and to 100 percent are also an 
indication of  how much of  the Cr in the groundwater, based on these samples, is 
present as Cr (III) and how much is Cr(VI). AS shown in Figure 1, groundwater at 
Site 4 appears to be predominantly in the Cr(VI) state, with the exception of  samples 3 
and 8 (no filtered measurements were obtained for samples 1 and 2). It is likely that 
the variation in the unfiltered Cr(V[) data (12.0 to 89.6 percent) can be attributed to 
suspended solids in the samples. 

The distribution of Cr(VI) in surface water was also evaluated for Site 4. Sources 
of  Cr in the stream adjacent to the site may have included treated wastewater 
discharges and the discharge of impacted groundwater. As shown in Table 2, the 
concentrations of  Cr in surface water were significantly lower than the concentrations 
detected in site groundwater, ranging only as high as 169/~g/L for total Cr (unfiltered) 
and 129 pg/L for Cr(VI) (unfiltered); however, the concentrations are significantly 
higher than the background concentration of 3.0/~g/L detected upstream. The 
distribution of  Cr(VI) in each of  these seven (unfiltered) samples spans a considerable 
range, 18.9 to 108 percent. 

VARIATIONS IN RISK ESTIMATES USING C H R O M I U M  DISTRIBUTIONS 

As mentioned previously, due to the lack of  oxidation state-specific environmental 
data for many sites, and the differences in toxicity of the two oxidation states, 
assumptions concerning the distribution of Cr(III) and Cr(VI) must often be made 
during the risk assessment process. Many times, it is conservatively assumed that the 
total Cr data represent either 100 percent Cr(III) compounds or 100 percent Cr(VI) 
compounds, and a wide range of risks is presented. Even if oxidation state-specific 
data are obtained, there are variations in how these data can be used to estimate risks 
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from exposure to Cr because there are separate toxicity factors for Cr(III) and Cr(VI). 
Because there are separate toxicity factors, this leads to two separate estimates of Cr 
risk (and risk-based concentrations, if calculated), effectively treating Cr(Ill) and 
Cr(VI) as different chemicals. 

To illustrate the variations in risk estimates which may result from using different 
Cr distributions, actual data and exposure scenarios from Site 4 (previously discussed) 
were used. For consistency in this illustration, only the ingestion routes were evaluated 
for a potential future residential or recreational population who may encounter Cr as 
measured in samples of site groundwater, surface water from a nearby stream, or 
surficial soil under baseline conditions. The intake calculations and risk estimates were 
performed using the methods given in the current federal Superfund guidance (USEPA, 
1989), and the noncarcinogenic toxicity factors, called reference doses (RfDs) for 
Cr(Ill) and Cr(VI) from IRIS (1.0 and 0.005 mg/kg-day, respectively). Consistent with 
federal guidance, the concentration term used was the log-transformed 95th percent 
upper confidence limit 0dCL) of  the arithmetic mean, or the maximum, whichever was 
smaller. Carcinogenic risk estimates are not given for this illustration since 
carcinogenicity was only relevant for the inhalation route (i.e., no oral slope factors are 
currently available from IRIS for Cr(III) or Cr(VI)). 

Noncarcinogenic risk estimates (called "hazard quotients") for Cr were generated 
by calculating ratios of the oxidation state-specific intake factor (resulting from a 
combination of exposure parameter values for both Cr(IIl) and Cr(VI)) divided by the 
oxidation state-specific RfD (USEPA, 1989). Values which exceed one (1.0) are of  
potential concern. Hazard quotients (HQs) for Cr were calculated using unfiltered 
groundwater and surface water data for the following variations of  Cr(III)/(VI) 
distributions: assuming 100 percent of  the measured total Cr (unfiltered) concentration 
was Cr(III) to calculate a UCL and use of the Cr(III) RfD; assuming 100 percent of  the 
measured total Cr concentration was Cr(VI) to calculate a UCL and use of  the Cr(VI) 
RfD; using an estimated Cr(llI) concentration (subtracting the measured hexavalent 
data from the total Cr data and calculating a UCL) and the Cr(III) RfD; and using the 
measured Cr(VI) data to calculate a UCL and the Cr(VI) RfD. For surficial soil, only 
the first two variations were performed because only total Cr data (no hexavalent) were 
available. The range of  HQs for Cr generated using these variations are presented in 
Table 3. Also presented are the concentration terms (UCI_s or maximums) used to 
calculate the HQs. 

As shown in Table 3, for groundwater, the HQs ranged from 0.27 to 400. The 
minimum value was obtained by use of the measured distribution data for Cr(III), and 
the maximum was obtained assuming 100 percent of the total Cr was as Cr(VI). In 
reviewing the assumption (not measured) data for Cr(III) and Cr(VI), a range of 2 to 
400 for the HQ is evident. Because the groundwater concentration (58.8 mg/L total 
Cr) used to calculate both HQs and the exposure parameters were all the same, this 
range simply represents the range in toxicity of Cr(III) and Cr(VI). This wide range in 
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TABLE 3--Variations in noncarcino~enic risk estimates resultin~ from different 
chromium distributions 

Exposure Route and Cr Distributions 
Noncarcinogenic Hazard 

95th UCLa Quotient 
(ppm) (HQ) 

INGESTION OF GROUNDWATER 

-Assumed 100% Cr(III) 
-Assumed 100% Cr(VI) 

58.8 * 2.0 
58.8 * 400 

-Measured Cr(III)b 7.8 * 0.27 
-Measured Cr(VI) 51.0 * 360 

INGESTION OF SURFACE WATER 

-Assumed 100% Cr(III) 
-Assumed 100% Cr(VI) 

0.161 3.9E-05 
0.161 7.8E-03 

-Measured Cr(III)b 0.137 * 3.4E-05 
-Measured Cr(VI) 0.129 * 6.4E-03 

INGESTION OF SURFICIAL SOIL 

-Assumed 100% Cr(III) 
-Assumed 100% Cr(VI) 

153 3.7E-05 
153 7.4E-03 

aUnfiltered data are presented for both groundwater and surface water; units for soil 
are in mg/kg. If an asterisk (*) noted, UCL exceeded maximum, so the maximum 
concentration was used to estimate HQs. 

b"Measured" Cr(III) value determined by subtracting measured Cr(VI) concentration 
from measured total Cr concentration. 
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risk estimates indicates that, if oxidation state-specific data were not available and 
assumptions about Cr oxidation states were used instead, and predominately Cr(III) 
was present in groundwater, the risks would be greatly overestimated. However, if 
Cr(VI) was the predominant oxidation state, risks on the upper end of  the range would 
be expected to be more representative. 

Using the actual measured distributions of  Cr(III) and Cr(VI) in groundwater (7.8 
and 51.0 rag/L, respectively) from Site 4, a range of  HQs of 0.27 to 360 is obtained. 
This range is very similar to the range obtained from just assuming 100 percent of  
either Cr(Ill) or Cr(VI). The similarity is due to the fact that most of  the Cr present in 
groundwater was demonstrated to be hexavalent. More specifically, the UCL used to 
estimate Cr(VI) risks (51.0 mg/L) is approximately 87 percent of  the total Cr 
measurement (58.8 mg/L). The minimum HQ value (0.27) is lower than the minimum 
HQ obtained assuming 100 percent Cr(III) (2.0) because the UCL used is smaller. 

For surface water, the HQs were much lower than those for groundwater 
(reflecting much lower measured concentrations of Cr), ranging from 3.4 x 10-5 to 
7.8 x 10-3. The differences in groundwater and surface water concentrations may 
reflect differences in site sources, or proximity to sources, or a higher percentage of 
Cr(llI) in surface water, which is likely bound to sediment. As was the case with 
groundwater, the minimum value was also obtained by use of  the measured distribution 
and using measured distribution data for Cr(IlI), and the maximum value was obtained 
from assuming 100 percent of the total Cr was Cr(VI). The HQs obtained assuming a 
100 percent distribution and using measured distribution data reflect differences similar 
to groundwater (i.e., 3.9 x 10-5 compared to 3.4 x 10-5, and 7.8 x 10-3 compared to 
6.4 x 10-3). 

Only two HQs were generated for the surficial soil ingestion route because no 
hexavalent data were measured for soils. Although the HQ values for soil are relatively 
low, they still represent a large range, from 3.7 x 10-5 to 7.4 x 10-3. The distribution 
of Cr(IlI) and Cr(VI) in soil cannot be predicted by the percentages observed in water 
samples, and would be expected to be very different. Although the HQs are below the 
"acceptable" timit of  1.0, the range of  HQ values points to the importance of having 
hexavalent Cr measurements. It should be noted that there are sources of  uncertainty 
in the risk estimates inherent in the process other than the assumptions about Cr 
distribution. Also, the distribution of oxidation states of Cr left at sites may change 
through natural processes over time. 

RISK-BASED AND O T H E R  CLEANUP LEVELS 

For the purposes of comparison to regulatory criteria for Cr, risk-based 
preliminary remediation goals (PRGs) were calculated using the same methods, 
exposure scenarios, and parameters from Site 4 used in the risk estimates (HQs) 
previously presented in Table 3. PRGs are chemical-specific concentrations, generated 
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by "back-calculating" from an HQ value of 1.0 to arrive at an "acceptable" Cr 
concentration in each relevant medium. Figure 2 provides a summary of the most and 
least conservative PRGs for Cr (i.e., assuming total Cr is 100 percent Cr(VI) or 
100 percent Cr(III), respectively) for each medium, groundwater, surface water, and 
soil, along with selected state and federal regulatory limits for comparison. As shown 
in Figure 2, some of the criteria are for specific valence of Cr (III or VI), and some are 
for total Cr. 

Groundwater 

The groundwater risk-based PRGs calculated for Cr ranged from 0.14 mg/L (assuming 
100 percent Cr(VI)) to 29 mg/L (assuming 100 percent Cr(III)). Both of the risk- 
based PRGs are greater than the Practical Quantitation Limit (PQL) of 10/ag/L for Cr. 
The federal MCL (or Maximum Contaminant Level) for total Cr, the Massachusetts 
Cr(VI) standard, and the Wisconsin groundwater standard for total Cr are all 0.1 mg/L, 
just below the risk-based PRG based on 100 percent Cr(VI). The Massachusetts 
(Cr(III) groundwater standard is 2 rag/L, an order of magnitude below the risk-based 
PRG based on 100 percent Cr(llI). 

Surface Water 

The surface water risk-based PRGs calculated for Cr ranged from 19 mg/L (assuming 
100 percent Cr(VI)) to 3,700 mg/L (assuming 100 percent Cr(III)). Both of the risk- 
based PRGs are greater than the PQL of 10/,tg/L for Cr. The federal freshwater 
chronic ambient water quality criteria for Cr(llI) and Cr(VI) are 0.21 mg/L and 
0.011 rag/L, respectively. The Wisconsin chronic surface water standards for Cr(IlI) 
and Cr(VI) are 0.055 mg/L and 0.0097 rag/L, respectively. The New Jersey surface 
water standard (based on total Cr) is 0.16 mg/L. As shown in Figure 2, all of these 
regulatory levels are orders of magnitude below both risk-based PRGs presented. This 
is presumably because the regulatory levels are based upon toxicity to aquatic 
organisms rather than humans. 

Soil 

The soil risk-based PRGs calculated for Cr ranged from 1,300 mg/kg (assuming 
100 percent Cr(VI)) to 270,000 mg/kg (assuming 100 percent Cr(III)). Both of the 
risk-based PRGs are greater than the PQL of 0.5 mg/kg for Cr. The draft federal soil 
screening level for Cr(VI) (390 mg/kg), the Massachusetts Cr(VI) soil standard 
(200 mg/kg), and the Wisconsin Cr(VI) soil standard (135 mg/kg) are all well below 
the Cr(VI) risk-based PRG. The Massachusetts Cr(IIl) soil standard (1,000 mg/kg) 
and the Wisconsin Cr(III) standard (50,000 mg/kg) are also well below the Cr(III) risk- 
based PRG. 
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RGURE 2. SUMMARY OF CHROMIUM RISK-BASED PRELIMINARY 
R E M E D I A T I O N  G O A L S  A N D  R E G U L A T O R Y  L E V E L S  B Y  M E D I U M  

270,000-  IO0~Cr(Ul) pl:lO (J) 

50+000 - 

3,700 - - 100% Cr (Mr) PRG (q 

20 T 100% Cr (ll) PRG(b) 

/ 
2-1- Mmmaehu=eU= Cr IIII) StRndard (�9 10 - 

o. t4- i- loo% Cr (Vl) PRG (b) 0.21 - 

0,1 - I -  MCL! d) UllmachuxelW Cr (YI) 0.16 - 
I Standsrd'(�9 Wisconsin Cr 
| (to~tl) SWndardlO~ O.06S- 

0.D1 --L Prwtkmil Quanlllltlon Limit 0.01 - 

0.011 - 

0.00417 - 

1=300 - 
1,000 - 

Cr till) Standlrd (k) 

100% Cr (Vl) PRG O) 
Maesachumttx Cr (HI) Standard (I) 

3~10- 

2 0 0 -  
1 3 5 -  

- 100% Cr (Vl) PflG {f} 0.5 - 

CR IMl) Chronic AWQC(g) 

- New ,JarNy Cr (total) Standard (h) 

- WIiconlin Cr (111) Chronic Standard (l) 

Pt'llellell Oulutlltlltlon Limit 

Cr (VI) Chronic AWQC (9) 
Wlaconsln Cr (VI) Ch#onic Slxndard (I) 

F l d l t l l  Soll Sr 

Wlscomdn Cr (Vl) Standard(l) 

?r lCl lc l l  Qt, llntltallon Limit 

Groundwater Surface Water Soil 

Footnotes: 

(a) 
(b) 
(c) 
(d) 
(e) 
(~ 

(g) 
(h) 
(i) 

(J) 

(k) 
(I) 
(m) 

ENVIRONMENTAL MEDIA OF INTEREST 

Due to the large range of chromium concentrations presented in this figure, the levels indicated are not to scale. 

PRG based on the ingestion exposure route for a residential child/adult population. 
Based on groundwater category GW-3 (category of groundwater at all disposal sites) (ASTM, 1995). 

"Maximum Contaminent Levels" Title 40 Code of Federal Regulations Pt.142. 
Source: ASTM, 1995. 

PRG based on the dermal contact, incidental ingestion, and inhalation exposure routes for a recreational 

child/adult population. 

AWQC = Ambient Watar Quality Criteria (USEPA, 1984). 

Criteria for FW2 surface waters (New Jersey Administrative Code). 

Assumes hardness of 100 ppm (Wisconsin Administrative Code). 

PRG based on the dermal contact, incidental ingestion, and inhalation exposure routes for a residential 

child/aduft population. 

Nonindustrial level (ASTM, 1995). 

Source: ASTM, 1995. 
Based on ingestion exposure route from draft USEPA Soil Scrsening Guidance (USEPA, 1994). 
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As shown in Figure 2, there can be a great deal of variation in the criteria which 
may be used at a site as target cleanup levels. This variation is likely due to differences 
in the assumptions made concerning what constitutes an acceptable exposure. For the 
risk-based PRG levels calculated for Cr, the assumptions used (or the actual 
distributions) of  Cr(III)/Cr(VI) within the associated media have an enormous effect on 
the level calculated. Thus, the Cr distribution may determine whether or not a cleanup 
level exceeds an associated regulatory level, and potentially whether, and how much, 
remediation at a site is necessary. 

C O N C L U S I O N S  

It has been demonstrated that the distribution of  Cr oxidation states varies widely 
throughout waste sites and environmental media, and there is no apparent or consistent 
trend in the proportions of the Cr oxidation states observed. The distributions 
observed at the four waste sites evaluated are most likely due more to the oxidation 
states and concentrations in site sources as compared to the environmental 
transformation reactions which may be taking place in the media. It was also shown 
that the filtering of water samples can have a profound effect on the determination of 
the predominant oxidation states present. 

Risk estimates (HQs) calculated using data from one of the waste sites evaluated also 
showed a wide range. Because the risk estimates are directly related to concentrations 
in site media as well as toxicity, and the toxicity value for Cr(III) is much lower than 
that for Cr(VI), this variability is not unexpected. 

In addition, an evaluation of  risk-based PRGs and selected state and federal criteria 
showed a wide range in acceptable levels of Cr in site media; this range is also a 
function of  the oxidation state of Cr assumed/measured. Although oxidation state- 
specific measurements of Cr are not routinely performed at all waste sites, this paper 
illustrates the importance that the distribution of Cr(III) and Cr(VI) in environmental 
media has on the characterization of data, the evaluation of potential risks associated 
with the media, and also possibly the level of cleanup required at a site. 
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DEVELOPMENT OF A MATHEMATICAL MODEL FOR DESIGN OF MULTIPLE-WELL 
SOIL VAPOR EXTRACTION SYSTEMS 
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for Design of Multiple-Well Soil Vapor Extraction Systems," Em.ironnlental Toxicology 
and Risk Assessment: Biomarkers and Risk Assessment--Fifth Volume, ASTM STP 1306, 
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ABSTRACT: Soil vapor extraction (SVE) is a proven tecnnology mat can remove volatile organic 
compounds (VOCs) from the subsurface effectively if the conditions are favorable. However, most 
systems are designed by empirical methods or engineering judgement based on results of pilot tests. 
An attempt is made to develop a mathematical model for the technology so that optimal operating 
parameters can be obtained. The pressure distributions induced by multiple-well extractions are 
obtained by superimposing an existing analytical solution. Concentrations of VOCs as a function of 
time and space are obtained by numerical simulation of the migration and fate of VOC. The 
effectiveness of SVE systems using different operating parameters is evaluated on the basis of the 
quantity of contaminant removed. The developed mathematical model provides the necessary 
engineering design tools to evaluate different operation scenarios. 

KEYWORDS: volatile organic compound, soil vapor extraction, numerical simulation, multiple-well 
operation, site remediation, subsurface contamination, soil venting, mathematical model 

INTRODUCTION 

Soil vapor extraction (SVE) or soil venting is an in-situ process developed to remove VOCs, 
liquid-phase hydrocarbons, and semi-volatile compounds from the subsurface. It has been used to 
remove VOCs from numerous contaminated sites successfully (Crow et al. 1986; Knieper 1988; 
Malot 1989). The fundamental phenomena governing the performance of SVE can be understood 
easily. The vapor flow through an unsaturated soil is induced by applying a vacuum through an 
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extraction well. A pressure gradient is thus created to drive gas flow through the contaminated zone 
to the extraction well. Contaminated vapor so collected can be either discharged directly to the 
atmosphere or treated by a vapor treatment device. Commonly used vapor treatment devices include: 
granular activated carbon, catalytic combustion, and vapor incinerator. A typical SVE system is 
presented in Fig. 1. 

Vapor Treatment 

p , -  

Air/Water 
separator 

~ 1  Water 
Treatment 

Cap 

Contaminated 
Soil 

p -  

f 

Injection well 

Blower r 

Groundwater~ ~'~ 
Table 

Extraction 
well 

J 

J 

J 

Screen 

r well 

Clean 
i Soil 

Contaminated groundwater 

FIG. 1 -- Schematic of a typical soil vapor extraction system 

At present, SVE systems are often designed by empirical methods. Many designs are based 
on engineering judgment and experience gained from expensive and time-consuming pilot tests 
(Massmann 1989; Johnson et al. 1990). Hence, there is a need to develop rational design methods. 
Much effort has been devoted to develop a mathematical simulation method to describe the 
performance of the SVE system. Theoretically, the performance ofa  SVE system can be assessed 
by a two step approach: (1) determination of the pressure distribution in the domain of interest; and 
(2) simulation of contaminant transport and contaminant interactions between different phases. 
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While many earlier studies have provided a deeper insight into the design and operation of the 
SVE system, their uses to simulate more complex and practical configurations of  SVE systems are 
quite limited. For example, there is still no systematic study of the effectiveness and efficiency of 
using multiple-well extraction (Johnson et al. 1990). Most studies to date use only one extraction 
well installed at the center of the contaminated zone. Therefore, studies on (1) advantages and 
disadvantages of using multiple wells; and (2) optimization of multiple-well operation are yet to be 
performed. 

In this paper, an approach to address these problems is presented. The Baehr and Hult (1991) 
analytical approach is adopted to determine the pressure distribution in the subsurface during a 
multiple-well extraction. The transport of VOCs to the extraction wells is simulated by the 
advection-dispersion equation. The distribution of VOCs in different phases is determined by 
equilibrium relationships between concentrations of VOCs in various phases. Solutions obtained from 
these numerical simulations are used to assess the performance of SVE systems using different 
operating parameters. 

ASSUMPTIONS 

Though the concept of a SVE operation can be understood easily, successful application of 
the technology depends on these factors: 
(1) favorable chemical properties of contaminant (high Henry's constant or high vapor pressure 

and low aqueous phase partition coefficient); 
(2) favorable characteristics of the soil environment (high porosity, low water content, and high 

air permeability); and 
(3) optimal operating parameters, such as number of wells, well configuration, pumping rate, 

screen length, etc., of the SVE system. 
These factors must be considered carefully in the development of a mathematical model for the 
simulation of SVE operations. However, certain simplifications are necessary so that the 
mathematical model is able to represent the SVE process adequately and the resulting equations can 
be solved efficiently. The assumptions made in the formulation of the mathematical model are 
summarized in Table 1. 

DETERMINATION OF PRESSURE DISTRIBUTION 

Using Darcy's law, continuity equation, and ideal gas laws, the steady state pressure 
distribution in the scenario depicted in Fig. 2 is described by (Baehr and Hult 1991) 

k, 0r----~ + r 0z z bbr 

where qb = p2 and P = pressure [g/cm-s2]; 19 = intrinsic air permeability of soil in the radial direction 
[cm2], k~ = intrinsic air permeability of soil in the vertical direction [emZ], kr = intrinsic air 
permeability of cover material in the vertical direction [cm2], b = depth of unsaturated zone [cm], b o 
= thickness of the cover [cm]; and Patm = atmospheric pressure [g/cm-s2]. The last term on the left 
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TABLE 1 -- Assumptions made in the formulation of the mathematical model 

Classifications Assumptions 

Subsurface (a) the soil is homogeneous and isothermal 
environment (b) source of contamination has been removed 

(c) Darcy's law is valid for gas flow 

Contaminant 
properties 

(f) 

SVE system (a) the upper soil surface is covered by an impermeable material 
(b) the pressure field in the subsurface is at steady state 

(a) the VOC vapor is an ideal gas and a Newtonian fluid 
(b) slip flow and Klinkenberg effect are negligible 
(c) water and immiscible fluid phases are immobile 
(d) chemical equilibrium between phases can be reached instantaneously 
(e) sorption of contaminant on soil particle surface can be described by a 

linear isotherm 
the rate ofbiodegradation and chemical reactions are negligible 

2 

b * ; ]  Low permeability cover on the top of soil surface '~. ] 

r ~" z = O  

S c r e c n  

k~ 

t >k, 
~ 7  
-"  Groundwater Table z = b 

FIG. 2 -- A partially screened extraction well with a cover on the ground surface 
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hand side accounts for the air leakage through the cover. For the boundary conditions given by 

0 r  (r, 0) = 0 r  (r,b) 0 
"~z ~ (2) 

and at r = r w 

2 
l i m r  P ~  (3) 

0___0_0 = 0 0 < z < d (4) 
Or 

00  -Qc 
= d < z < L (5)  

Or , t k , (L  - d)r , ,  

0___~ = 0 L < z < b (6)  
Or 

where r w = radius of the well [cm]; Qc = (QbtRT)/Mair; Q = mass pumping rate [g/s]; la = dynamic 
viscosity of air [g/cm-s]; Mai r = molecular weight of air [g/mole]; R = universal gas constant 
[8.3145x 107 erg/mole-K]; T = temperature [K]; L = distance from the lower surface of cover to the 
bottom of well screen; d = distance from the lower surface of cover to the top of well screen; and 
(L-d) = length of screened portion of the extraction well; the analytical solution to Eq. (1) is given 
by (Baehr and Hult 1991) 

r = p 2 = §  aQc 

krr w 

(7) 

x oo,/  / 

where a = ~k /k , K o = the zeroth order modified Bessel function of the second kind; K l = the first 
order modlYfied 13essel function of the second kind; and M n = ~/(an/b)2. k,/(b bckz). 

As Eq. (1) is linear in qb, the value ofqb at any location due to a multiple-weU extraction can 
be obtained by superimposing the solution given in Eq. (7). Thus, the pressure induced at any 
location A by m extraction wells is given by 
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P^ = ~ ~i-I 4~(ri 'z) - (m-  1)p'2" (8) 

where PA = pressure at point A [g/cm2-s]; and r i = distance between extraction well i and point A 
[cm]. 

S IMULATION OF VOC TRANSPORT AND INTER-PHASE PARTITIONING 

The vapor flux through an unsaturated zone is described by the advection-dispersion equation 

Ja ffi qaC.  - D V C  a (9) 

where Ja = vapor flux [g/cm2-s]; % = -kVP/(n~t) = average linear velocity of  air through the porous 
medium; C a = concentration of VOC in the gaseous phase [g/cm3]; and D = hydrodynamic dispersion 
tensor [cm2/s]. Neglecting dispersion in the transverse direction, the hydrodynamic dispersion 
coefficient in the i-direction D i is given by 

D i  = ~ L I q ~ l  + Dfe (10) 
where 0~ L = longitudinal dispcrsivity [cm]; ~ i  = component of the average linear velocity of  air in the 
i-direction; and D z" = effective molecular diffusion coefficient of  gas in soil [cm2/s]. Millington 
(1959) defined the effective molecular diffusion of  gas phase as 

D;  = 01) 
n 2 

where Df = free-air diffusion coefficient [cm2/s]. The mass balance equation of  VOC is thus given 
by 

~ 2  a 
-- + 7 . J ,  = 0 ( 1 2 )  

where R T = nS~q~ h + nS a + p b I ~  = retardation factor; Sw and S a = degrees of  water and air 
saturation, respectively; K h = Ca/C w = Hen~fs constant; Cw = concentration of  VOC in the aqueous 
phase [g/cm3]; Pb = dry density of  the porous medium [g/cm3]; I ~  ffi CJC a = soil-gas partition 
coefficient [cm3/g]; and C s = concentration of VOC in the sorbed phase [g/g]. Solutions to Eq. (12) 
give the concentration of VOC as a function of time and space. 

The soil-gas partition coefficient Ksa is estimated by (Ong and Lion 1991) 

K .  0 
K ~  = - -  + (13) 

Kh Kh Pw 

where K~w = soil-water partition coefficient [cm3/g]; 0 ffi water content by mass in decimal; and Pw 
= density of  water [g/cm3]. The soil-water partition coefficient K ~  is related to the carbon content 
of the soil by (Hamaker and Thompson 1972; Rao and Davidson 1980; Jury et al. 1983) 
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K .  = fo, K., (14) 

where foo = fi'acfion of  organic carbon in the soil [dimensionless]; and Koo = organic carbon 
normalized partition coefficient [cm3/g]. 

The pressure distribution in the subsurface is determined by Eqs. (7) and (8), and the vapor 
flux is then calculated using Eq. (9). Then solutions to Eq. (12) give the concentration of  VOC in 
the gaseous phase as a function of time and space. The numerical scheme used to solve Eq. (12) is 
the discretization method developed by Patankar (1981). The domain of  simulation is divided into 
continuous non-overlapping control volumes. A grid point is located at the geometric center of each 
control volume and the partial differential equation is integrated over each control volume and over 
the time interval from t to t+At. The concentration at the grid point is thus representative of  that of 
the control volume. The profile of  flux over each face of  the control volume is assumed to be 
uniform. The technique of implicit fh'fite difference is used for time marching. Applying the power 
law scheme to interpolate the concentration at the surface of the control volume, the two-dimensional 
discretization equation for VOC concentration can be expressed as 

arC r awC w + azCF. + asC s + aNC N + b (15) 

where a i = discrctization coefficients; and C i = concentration of VOC of grid point i at t+At [g/cm3]. 
W, E, S, and N are the grid points surrounding grid point P. The discrctization coefficients are 
calculated by 

a B GoA( ]P . ] )  + [[Fo,0]] (16) 

aw = G~A(IPw[) * [[-Fw,0]] (17) 

a~ = G.A(IP.[)  * [[Fa,0]] (18) 

as = G s A ( I P , [ )  + [ [ -Fe0] ]  (19) 

ap RT AxAy 
At (20) 

b apCp ~ (21) 

where the operator [[a.b]] denotes the greater of a and b; Ax and A y = d~ensions of  control volume 
in the x and y directions, respectively; Fe, Fw. Fs, and F. = mass flow rates through the respective 
control-volume interfaces; Pc, Pw, Ps, and P. = Peeler numbers of  the flows at interfaces e, w, s, and 
n, respectively; Cr ~ concentration of VOC at grid point P at time t; and the interpolation function 
A (I P I) is given as 

A ( [ P I )  = [[0, (1-  0.1 IP[)5]] (22) 

The coefficients Go, G ~  G s, and G n are defined as 
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DoAY 
Oo I ,  

(23) 

D w A y  
G w (24) 

Iv, 

DoAX 
G s (25) 

I, 

DnAx 
G. (26) 

where De, D,,~ D~ and D n are the hydrodynamic dispersion tensors; and Ie, Iw, Is, and I n are the grid 
spacings between grid point P and its neighboring grid points E, W, S, and N, respectively. 

The discretization equation, i.e. Eq. (15), can be solved numerically by the line-by-line 
iteration technique for the given initial and boundary conditions (Patankar 1981). The method uses 
the Thomas algorithm or the tridiagonal matrix algorithm as the basic operator. The discretization 
equations along a chosen line of grid points can be solved when the concentrations of VOC at grid 
points on neighboring lines are given the best estimates. The solving process is continued iteratively 
in all directions until the concentrations of VOC at all the grid points converge. Interested readers 
should refer to Hsu (1995) for details of the algorithm. 

RESULTS AND DISCUSSIONS 

A hypothetical benzene (C6I-I6) contaminated site 16 m long by 16 m wide is used to 
demonstrate the capability of the developed mathematical model. The soil properties of  the site and 
chemical properties of benzene are tabulated in Tables 2 and 3, respectively. The surface of  the 
contaminated site is covered by a material of very low air permeability to enhance removal efficiency. 
The performance of three different SVE systems is evaluated. One, three, and five extraction wells 
are installed at the center of the contaminated zone in Cases A, B, and C, respectively. The well 
configurations are depicted in Figs. 3a, 4a, and 5a. The operating parameters are tabulated in Table 
4. The total mass pumping rate for all three cases is chosen to be 18 g/s to evaluate the effects of 
number &wel ls  on VOC removal efficiency. 

As all three cases being studied are axisymmetfic, only one-quarter of  the contaminated zone 
is simulated. The pressure distributions in a horizontal soil layer at the middle of the well screen for 
one, three, and five extraction wells are presented in Figs. 3b, 4b, and 5b, respectively. In general, 
there is a cone of pressure depression adjacent to each extraction well. Theoretically, the extent of  
the reduced pressure zone determines the effectiveness of  the extraction well in generating a pressure 
gradient to drive gas flow. For Case A as presented in Fig. 3b, the extent of the reduced pressure 
zone appears to be quite limited to the close vicinity & t h e  extraction well. The pressure gradient 
diminishes rapidly with increase in distance from the extraction well. Thus, increasing mass pumping 
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TABLE 2 -- Soil Properties of the hypothetical benzene contaminated site 

449 

Soil properties Values 

Porosity n 
Intrinsic air permeability in r-direction k r 
Intrinsic air permeability in z-direction 1% 
Longitudinal dispersivity aL 
Temperature T 
Degree of  air saturation S a 
Degree of  water saturation S w 
Dry density of  soil Pb 
Fraction of  organic carbon in the soil foe 
Depth of  unsaturated zone b 

0.4 
1.28x10 -7 cm 2 
4.92x10 -s cm 2 

0.004 cm 
20~ 

0.8 
0.2 

1.73 g/cm 3 
5% 

500 cm 

TABLE 3 -- Chemical properties of benzene 

Chemical  properties Values a 

Molecular weight MW 
Vapor pressure Pv 
Solubility in water S 
Organic carbon normalized partition coefficient Koo 
Henry's constant K h 
Free-air diffusion coefficient Df 

78.1 g/mole 
0.1 atm b 

1,780 mg/l b 
85 cm3/g b 

0.186 c 
0.088 cm2/s 

a All the parameters are measured at 20~ 
b Values adapted from Krishnayya et al. (1994). 

Values adapted from Rathfelder et al. (1991 ). 

TABLE 4 -- Operating parameters of SVE systems evaluated 

Operating parameters Case A Case B Case C 

Number of  extraction wells 
Mass pumping rate per well Q [g/s] 
Dist. from bottom of cover to bottom of well screen L [cm] 
Dist. from bottom of cover to top of well screen d [cm] 
Thickness of  cover b c [cm] 
Intrinsic air permeability of  cover kc [cm 2] 

1 
18 

500 
300 
20 

1.9x10 "9 

3 
6 

500 
300 
20 

1.9x10 "9 

5 
3.6 
500 
300 
20 

1.9xlO -9 

rate does not necessarily improve the performance o fa  SVE system when the contaminated zone is 
relatively large. Even when the total mass pumping rate is identical, Cases B and C generate much 
larger reduced pressure zones as depicted in Figs. 4b and 5b, respectively. Therefore, it is more 
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advantageous  to install multiple extraction wells at a reduced mass pumping rate when the 
contaminated zone is relatively large. 

FIG. 3 -- Case A: Single extraction well 

FIG. 4 -- Case B: Three extraction wells 
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Contours of benzene vapor concentration after 40 and 110 hours of continuous pumping at 
constant rates for the three cases are presented in Figs. 6, 7, and 8. These figures indicate that 
benzene vapor in the contaminated soil is driven toward the extraction wells and the mass of benzene 
in the soil is decreasing with duration of soil vapor extraction. Moreover, it can be observed that the 
pattern of the contours is dependent on the well configuration. Removal of benzene vapor at the 
comer of the contaminated zone is the most difficult as the flow path is the longest in that direction. 
It is another good indication that multiple-well extraction should be used in a relatively large 
contaminated zone so as to shorten the flow path for the VOC to reach the extraction well. 

FIG. 5 -- Case C: Five extraction wells 

The benzene vapor removal efliciencies of the three different well configurations as a function 
of time is plotted in Fig. 9. Initially, the removal efficiency increases with the number of wells even 
though the total mass pumping rates are equal in all three well configurations. However, the inward 
migration of contaminant with time makes the single-well extraction system progressively more 
efficient. When the contaminated zone is rdatively large at the onset of the cleanup operation, a 
multiple-well extraction system can create a larger reduced pressure zone at a lower pressure gradient 
than a single-well extraction system. Thus, the zone of influence of a multiple-well extraction system 
is much larger than that of a single-well extraction system. Though the extraction rate of a single-well 
extraction system in the close vicinity of the well is higher, more contaminant can be removed by a 
multiple-well extraction system because of its larger zone of intluence. As the zone of contamination 
decreases with time, the multiple-well extraction system starts to lose its advantage. The higher 
extraction rate of a single-well extraction system begins to dominate the rate of contaminant removal. 
An optimization strategy can be formulated on the basis of these observations. Initially, a multiple- 
well extraction system should be operated with the maximum available power. The number of 
extraction wells is then reduced progressively while the power supplied to each pump is increased 
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accordingly. The performance of the SVE system can thus be kept at its best throughout the 
operation. 

CONCLUSIONS 

Soil vapor extraction has been proven to be an efficient technology to remove VOC from the 
subsurface. However, the lack of proper engineering design tools makes it very difficult to design 
an optimal operating system. A mathematical model describing the pressure distribution generated 
by vacuum extraction wells and the transport and fate of VOC in the unsaturated zone has been 
developed in this study. The pressure distribution generated by a multiple-well extraction system is 
obtained by superposition of an analytical solution for a single-well extraction system. The approach 
is extremely useful in the simulation of complex and practical system configurations where there are 
multiple extraction wells installed in the contaminated zone. The equation describing the transport 
and fate of VOC is solved iteratively by the discretization method. The developed mathematical 
model can be applied to simulate field-scale operations. 

A hypothetical case is presented to demonstrate the capability of the developed mathematical 
model to predict the performance of the SVE system, and to evaluate the efficiency of a single-well 
versus that of a multiple-well extraction. The results indicate that the performance ofa SVE system 
can be optimized by the use of proper combination of single well and multiple wells at different stages 
of the cleanup operation. 
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ABSTRACT: The applications of cone penetration technology (CPT) in geotechnical and 
geo-environmental engineering are increasing due to recent advances in electronics and 
sensors that can be installed on the cone. However, interpretation of CPT data is a complex 
process and most existing methods are either empirical or semi-empirical. In order to fully 
utilize the capability of CPT, issues of local feature identification, uncertainty quantification, 
and scale effects on the interpretation of collected data have to be addressed properly. In this 
paper, wavelet transform and wavelet variance are used to characterize the essential scales 
of  CPT data, and wavelet transform modulus maxima and phases are used to detect 
instantaneous frequency change. The scale effects of site stratigraphy determination using 
CPT data are demonstrated. The results indicate that this wavelet-based approach can 
provide a promising tool to reduce uncertainties in CPT data interpretation. 

KEYWORDS: wavelet analysis, site characterization, cone penetrometer test, CPT, scale 
effects, site stratigraphy, subsurface contamination, spatial data analysis, feature extraction 

~ T R O D U C T I O N  

Accurate characterization of the subsurface is an integral part of  successful design and 
implementation of waste management/environmental remediation strategies for contaminated 
sites. Reliable modeling of the chemical, biological, and mechanical processes affecting 
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subsurface transport and fate of the contaminant are needed for risk assessment. The 
subsurface has to be characterized and important parameters have to be identified before any 
model can be developed. The model will gain credibility only if it can identify and verify 
critical processes and their interactions in the modeling processes (Li et al. 1996). Localized 
processes in the subsurface and multi-scale effects in geologic sampling data have to be 
addressed during site characterization as the characterization may change with scale of 
subsurface processes, e.g., ground-water recharge is significantly affected by soil depth and 
small scale topography (Seyfried and Wilcox 1995) and transport processes significant at 
small scales may not be relevant at large scales. New emerging processes are identified as a 
result of  the increase in scale. However, methods used to represent these processes in a 
model may depend on the assumed model structure (Carrera 1993). From the analytical 
perspective, the process of localization introduces important aspects, such as scale 
dependence of localization zone and evolution of an affmed structure within the region, that 
may violate conventional assumptions made for continua. From the computational 
standpoint, issues associated with localization include the role of adaptivity and mesh 
objectivity in the development of unique patterns of localization and stability of  such 
numerical schemes. These unresolved issues are addressed in terms of their relevance to 
applications in geotechnical engineering, geo-environmental engineering, constitutive 
parameter identification, error analysis, and risk assessment in this paper. 

The need for accurate subsurface information is ever-increasing. Increases in data 
requirements demand more rapid and economical analyses of collected data. The current 
trends in dynamic geo-environmental engineering are focused on a better understanding of 
the dynamic properties of geologic media used in engineering practice. In-situ measurements 
are often preferred to laboratory testing because they eliminate possible sample disturbance 
during retrieval, and handling and transport of samples. Accurate subsurface strata 
identification and delineation are prerequisites for both geotechnical and geo-environmental 
engineering applications. In most geo-environmental engineering projects, chemical data and 
hydraulic properties of the subsurface strata are typically the focus. The cone penetration 
technology (CPT) has gained widespread popularity for these purposes due to recent 
advances in electronics and sensors that can be installed on the cone (Bowders and Daniel 
1994; Akhtar 1995). It offers numerous advantages that are being capitalized in the geo- 
environmental arena. Some of these advantages are: (1) the technique can provide a rapid 
and inexpensive means to study the subsurface physical and chemical characteristics of a 
hazardous waste site (data are collected at the standard penetration rate of 2 cm/s); (2) 
continuous subsurface profile information can be obtained; (3) the data collected can be 
processed in real time on site so that field decisions can be made; (4) in-situ measurements 
can be made and there is no time lag between collection and chemical analyses of  samples; (5) 
there is no direct contact between workers and contaminated materials; (6) the results 
obtained are almost operator independent; (7) no contaminated cuttings have to be handled; 
and (8) impact to the surrounding environment is kept at a minimum. However, some of 
these advantages can also be disadvantages of the CPT, e.g., not having a soil sample 
(cutting) can make strata identification more challenging (Bowders and Daniel 1994; Olsen 
1994). In general, current criticisms on the cone penetration technology include: resolution, 
sensitivity, accuracy and confidence of the information obtained. Interpretation of CPT data 
is a complex process due to the presence of localized and multi-scale features in the 
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subsurface. Most existing interpretation methods are either empirical or semi-empirical. 
These methods are thus soil specific. 

Geostatistical methods are widely accepted tools used to integrate static data for 
subsurface characterization. However, their uses in the processing of  dynamic data are very 
limited. Moreover, they cannot address critical issues such as data sensitivity and scale, and 
are inadequate in evaluating different data types. Data integration is a non-trivial task because 
different data types span different length scales of  heterogeneity. In the analysis of  any given 
data set, the length scale of  heterogeneity that can be resolved and the associated uncertainties 
have to be quantified. More promising tools to address these issues are needed for the 
analyses of  CPT data. 

Wavelet analysis is a newly developed mathematical theory and computational 
technique for the separation and sorting of  structures on different time scales at different 
times, or on different spatial scales at different locations (Brewer and Wheatcraft 1994; Pike 
1994; Li 1995; Loehle and Li 1996). In wavelet representation, a geophysical signal is 
decomposed into a sum of elementary building blocks describing its local frequency contents. 
It is also very useful in the investigation of energy contents of  different components of  
geologic signals within subbands or subspectra and their relationships among different rated 
processes in the subsurface. In this paper, the limitations of  current geostatistical approach 
to process data are discussed. Wavelet analysis is used as an innovative method to identify 
and characterize the subsurface at different scales using CPT data. It is demonstrated that 
wavelet analysis can provide a natural way of  sorting multiple scales and localized processes, 
and determining spatial scale features and site stratigraphy hidden in CPT data. 

L I M I T A T I O N S  OF CURRENT GEOSTATISTICAL A P P R O A C H E S  

Multi-scale and localized structures in CPT data are difficult to identify and analyze 
using current geostatistical methods as the principal frequencies and scales ofgeotechnical 
and geo-environmental properties of the subsurface change very rapidly over space. Current 
geostatistical methods such as semi-variance analyses or kriging have four major limitations: 
(1) Semi-variance is a global statistic as it compares all data points at a given lag over the 
entire data set. Local spatial features that produce anomalous results cannot thus be detected. 
For example, if there are alternating soil types along a drilled core, the semi-variance plot of  
the data is wavy and difficult to interpret. Moreover, a semi-variance plot does not provide 
sufficient information to back-calculate details of  specific structures, such as strata, that 
generate the correlations. (2) Current geostatistical methods do not provide stratigraphic 
description. While data collected from a detailed site investigation can be used to construct 
a 3-d picture ofstratigraphic features, current geostatistical methods do not allow quantitative 
description of  such a spatially explicit data set. Therefore, it is not possible to compare 
stratigraphic structures of  different sites, such as degree of  blockiness or degree of 
interbedding, quantitatively. However, these properties have significant influence on the 
hydrology and characteristics of  contaminant transport at the site. (3) Current geostatistical 
methods do not capture discontinuities. These methods cannot describe such features and 
they fail to deal with discontinuities such as those at stratigraphic boundaries. However, 
information on fractures and discontinuities is crucial for contaminant or microbial transport 
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studies. (4) Geostatistical methods do not allow detection or description of multi-resolution 
structures that are extremely important in relating phenomena across scales. In summary, 
current geostatistical methods work best within homogeneous strata or in randomly 
heterogeneous unstructured media. New methods are thus needed to describe heterogeneous 
spatial structures and patterns. 

Kriging is a collection of generalized linear regression techniques used to minimize the 
variance of an estimate defined by a chosen covariance model and it is the dominant method 
used to interpolate geologic data. Kriging techniques include ordinary kriging (point, site, 
and block), universal kriging, disjunctive kriging, indicator kriging, and cokriging (Deutseh 
and Journel 1992). When kriging techniques are applied to perform statistical interpolation, 
the data are assumed to be: (1) intrinsic-stationarity or second-order (weak) stationarity; (2) 
ergodicity or partial ergodicity; and (3) existence of distribution-based estimation (Li et al. 
1992). However, the distributions of data are skewed in many applications (especially in CPT 
data) rendering accurate estimation very difficult to make. When data are multi-variate 
normally distributed and variogram is known and well behaved, ordinary kriging is known to 
be statistically optimal. Similarly, multi-variate lognormal kriging is optimal if data are 
lognormally distributed. However, it is very difficult to guess the correct distribution for 
nonlinear and spatially distributed data. The user ofgeostatistics is therefore faced with the 
formidable task of choosing the most appropriate stationary model for his data. It is very 
dimcult to make the proper choice as the only given information is from a single realization 
(set of samples). Since the kriging estimator depends only on the semi-variogram (or the 
covariance function) and the configuration of observation points (Haining 1990), it also has 
the disadvantages ofsemi-variogram. Different types ofkriging require different assumptions. 
Nonetheless, these assumptions are at best only approximately satisfied in practice. For a 
strongly structured subsurface, the soil and rock parameters that control contaminant flow 
often change abruptly over short distances. Thus, the assumptions made by kriging cannot 
even be satisfied approximately. Therefore, new spatial statistical methods are needed to 
interpolate between unsampled areas for many types of non-stationary, singular, and 
discontinuous subsurface data. 

Singularities and irregular structures often carry the most important information in 
heterogeneous subsurface systems. Until recently, Fourier transformation has been the most 
accepted mathematical tool used to analyze singularities. It is a global technique that provides 
a description of the overall regularity of signals, but it is not well adapted to find the locations 
and spatial distribution of singularities. Fourier transforms are localized in frequency but not 
in time (or space). Therefore, they contain information on the frequencies of the signal at all 
times (or depths) but do not indicate how the frequency vary with time (or space). 

WAVELET ANALYSIS 

Wavelet analysis is a new computational method developed for signal processing. 
Because of its capability to perform time (or space) - frequency localization and multi- 
resolution analysis, the wavelet transform of a signal can provide detailed information on the 
underlying processes as a function of time or spatial scale. It provides a new technique to 
analyze geophysical signals at various scales. In wavelet representation, a geophysical signal 
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is decomposed into a sum of elementary building blocks describing its local frequency 
content. The algorithm is fast and very easy to implement. 

Wavelet transforms are integral transforms using integration kernels called wavelets. 
These transforms enable the study of non-stationary processes (signals) that have good 
localiTation properties both in time (or space) and frequency (Chui 1992; Gao and Li 1993; 
Meyer 1993). Locations of rapid changes in a signal can be detected easily as illustrated in 
Fig. 1. The signal consists of parts of frequencies 5 Hz and 20 Hz. Its wavelet transform 
contour map clearly identifies the time when the activity shifts from low frequency to high 
frequency. The shape of the basic wavelet function in the time (or space) domain varies with 
frequency to provide an improved fitting to nonlinear and irregular geophysical data. The 
wavelet analysis provides both scale and time (or space) information and allows separation 
and sorting of different structures on different time (or space) scales at different times (or 
locations). The integral wavelet transform of a function f is defined by 

where the function~((t-b)/a)/~/I-~ is called the "basic" or "mother wavelet". The 
parameters a(*0) and b are used to adjust the shape and location of the wavelets, respectively. 
The 1/tV~ term keeps the energy of the scaled wavelet equal to the energy of the original 
mother wavelet. As a changes, the shape of the wavelet is compressed or stretched to cover 
different fi'equency ranges. Changing b allows the time (or space) localization center to move 
and translate wavelets through all data points as shown in Fig. 2. Thus, wavelet transform 
provides a time (or space) - frequency description of a geophysical signal f. In comparison 
to the windowed Fourier transformation, wavelet transformation possesses an improved 
ability to "zoom in" and "zoom out" structures at different scales (Chui 1992; Meyer 1993). 

FIG. 1 -- A signal consists of parts of different frequencies and its wavelet transform contour 
map 
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FIG. 2 -- Changes in shape of  the "mother wavelet" defined by the "Mexican hat" function 
with different values of  a and b 

Let fbe a given experimental geophysical signal with energy content Ef =<f, f>. For 
the analysis of  wavelet ~, the wavelet variance WVf of  f is defined as the integral sum of  the 
squares of  transform coefficients at different scales of  all data points as follows, 

T~(a) 
I 

WVf (a) T2(a ) - T,(a)  rj r,~x, e v  ,~[t, ,**,~a,b,jd b (2) 
Tt(a) 

where Tl(a ) and T2(a ) are the lower and upper bounds of the spatial range where transform 
coefficients are computed for a given scale a. The wavelet variance is simply the average of  
the squares of  the wavelet coefficients at every point along the transection for a given scale. 
As energy is conserved in wavelet transformation, the area under a wavelet variance is 
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proportional to the energy content of  the signal. Its relative magnitudes can thus be used to 
measure the scale dependence of the relative strengths of  different structures. Moreover, a 
dominant structure or correlation length is usually characterized by a large local WVf (a) 
value. The scale at the peak ofWVf(a)  (dWVf(a)/da = 0) can be used as an objective 
estimate of  the scale of  the dominant structure (Li 1995, Gao and Li 1993, Collineau and 
Brunet 1993; Li and Loehle 1995). Thus, wavelet variance can be used to capture 
appropriate correlation scales of spatial heterogeneity of CPT data. Phase change and local 
wavelet transform modulus maxima (Delprat et al. 1992; Muzy et al. 1994) can be used to 
characterize scale effects and to extract local features and site stratigraphy from the collected 
CPT data. 

Recent research indicates that Fourier analysis and classical box-counting methods 
cannot reveal the multi-fractal structure of a signal easily and that wavelet analysis can 
provide an immediate access to information that is obscured by time (or space) - frequency 
methods (Meyer 1993). The wavelet-based method provides a natural generalization of the 
classical box-counting techniques for fractal objects as the wavelets actually play the role of 
"generalized boxes" (Muzy et al. 1994). The method thus provides a more generalized tool 
to analyze non-stationary, nonlinear, and multi-scale geophysical signals. Beyond statistical 
characterization of the scaling properties of fractal objects, the advantages of the wavelet 
transform microscope can also be taken to address the fundamental issue of solving the 
inverse fractal problem. In many cases, the self-similarity properties of  fractals can be 
expressed in terms of a dynamic system that leaves the object invariant. The inverse fractal 
problem consists of recovering the dynamical system or its main characteristics from the data. 

APPLICATION OF WAVELETS TO CPT DATA ANALYSIS 

Data interpretation and accuracy in determining stratigraphy by CPT technology are 
complex processes due to the presence of localized and multi-scale features in the subsurface. 
Most current interpretation methods are empirical or semi-empirical. Each of these methods 
is otien applicable only to limited types of soils. In order to develop a rapid, reliable, safe and 
cost effective technique for in-situ and real-time characterization of subsurface contamination, 
CPT data processing techniques need to be improved. In this preliminary study, wavelet 
transform and wavelet variance are used to characterize multi-scale features of  CPT data, and 
wavelet transform modulus maxima and phases are used to evaluate scale effects and site 
stratigraphy. The "Mexican hat" mother wavelet function ~(t ') = (1-16t'2)exp(-8t'2), the 
second-order derivative of the Gaussian function defined within -1 s t' ~ 1, is used in the 
analyses. The radius of the window mother wavelet function is 1. This "Mexican hat" 
function is well localized in both time (or space) and frequency as shown in Fig. 2. When the 
wavelet function is applied to Eq. (1), t' is replaced by (t - b)/a. A wavelet variance, defined 
by integrating the wavelet coefficient fluctuations as presented in Eq. (2), is used to detect 
the characteristic scales of non-periodically spaced spatial structures. Results indicate that 
this method can provide a basis for the quantification and characterization of the subsurface. 

The CPT data used for the analyses include pore pressure, sleeve friction, and tip 
resistance as a function of depth. The characteristic scales of spatially correlated heterogene- 
ity of  pore pressure, sleeve friction, and tip resistance in the CPT data are presented in Fig. 
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FIG. 3 -- Characteristic multi-scales of spatially correlated heterogeneity of pore pressure, 
sleeve friction, and tip resistance measured by CPT. (Curves indicate magnitude 
of variability as a function of scale, and arrows indicate scale of local maximum 
variance.) 

3. When all the data are included in the evaluation of Eq. (2), two peaks can be observed in 
the tip resistance data at 3.63 m and 4.47 m. A single dominant scale is observed in the sleeve 
friction data at 4.54 m. However, no dominant scale under 6 m is observed in the pore 
pressure data. It is very interesting to observe that the single dominant scale of the sleeve 
friction data is very close to one of the dominant scales of the tip resistance data. From the 
scaling and resolution standpoints, this observation provides support for the validity of current 
CPT data interpretation methods that use tip resistance and sleeve friction information to 
characterize the subsurface. However, extreme care must be exercised to handle different 
CPT variables with different scales. These scaling results will improve our current data 
interpretation, especially in the integration of different scale data in CPT measurement. These 
scaling information may also help to detect different contaminants in the subsurface as 
different materials have their specific physical and chemical features in time (or space) and/or 
frequency domain. The results of phase changes of CPT data, e.g., pore pressure, sleeve 
friction and tip resistance, at scales from 0 to 0.5 m, 0 to 1 m, and 0 to 1.5 m are presented 
in Fig. 4. The curves give the scales at which the wavelet transform modulus maxima occur 
within the limits as a function of depth. It is obvious that these scales depend on the upper 
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FIG. 4a -- Scaling effects on the determination of  site stratigraphy by pore pressure 
measured by CPT 
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bound of the scale. When a scale is chosen, the curves give the depths at which the data 
change phase as the locations of wavelet transform modulus maxima give the depths where 
the data change phase. Thus, the space between any two wavelet transform modulus maxima 
at a given scale can be interpreted statistically as a phase. Physically, the subsurface layer 
between any two wavelet transform modulus maxima can be interpreted as a stratum. The 
interpreted site stratigraphy agree well with the observations made in confirmatory boreholes. 
These information can also be used to determine soil structures, and type/concentration/ 
location of subsurface contaminants. As the scale changes, one can "zoom in" and "zoom 
out" the detailed structures at different scales. 

DISCUSSIONS AND CONCLUSIONS 

In the analysis and interpretation of signals such as the CPT data and seismic signals, 
the ability of the technique used to extract relevant features from the data is of vital 
importance. The important features of the signals, such as edges, spikes, or transients, are 
often characterized by localized information either in the time (or space) domain, the 
frequency (or wave number) domain, or both. In this preliminary research, wavelet 
transformation and wavelet transform modulus maxima are used to filter CPT data. The 
technique may provide a new approach for the analysis and interpretation of CPT data. These 
information can be used as a basis to quantify and characterize any subsurface properties 
relevant to contamination. Current wavelet transform methods (l-d, 2-d and 3-d) require 
evenly spaced data. However, this requirement does not impose any restriction on the 
interpretation of CPT data as they are collected at regular intervals in depth. 

Many decision processes in CPT data analysis and interpretation involve several 
variables or dimensions. Therefore, the acceptability of  an alternative interpretation method 
depends on how well it addresses the characteristics of the problem in concern with respect 
to these variables or dimensions. Combining this approach and an adaptive fuzzy modeling 
technique (Li and Yeung 1994) will provide great potential for rapid assessment and 
prioritization of many contaminated sites across the country. 

Characterization of the subsurface needs to integrate data from a variety of sources 
such as cores, logs, seismic traces, pressure transients, tracer tests, cone penetrometer 
measurements, borehole flowmeter measurements, etc. Such data integration is computing 
intensive and non-trivial since different data types span different length scales of heterogenei- 
ties. Wavelet analysis will surpass current geostatistical methods by using techniques from 
geophysical inverse theory along with high resolution numerical modeling to identify 
dominant patterns in subsurface heterogeneities and examine their impact on environmental 
remediation and other subsurface processes. 
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