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ABSTRACT

Aroclor 5432, a mixture of polychlorinated terphenyls
(PCT), was detected in sediment and several biological
compartments including: saltmarsh cordgrass (Spartina
alterniflora), American oysters (Crassostrea virginica), red-
jointed fiddler crabs (Uca minax), wharf crabs (Sesarma
reticulatum) and mummichogs (Fundulus heteroclitus) collected
from Tabbs Creek. This tidal creek is located in the southern
Chesapeake Bay region. Species from several phyla were
selected to examine PCT accumulation in physiologically and
ecologically different organisms. PCT concentrations in
sediment, saltmarsh cordgrass, native oysters, and fiddler
crabs decreased with distance downstream from the PCT outfall.
Residues in transplanted oysters and mummichogs showed a more
variable trend with distance downstream. The organism with the
highest mean concentration (18,300 pg/kg dry weight) was the
native oyster, a benthic filter feeder.

A preliminary study on the effects of Aroclors 5432 and
5460 showed induction of hepatic microsomal ethoxyresorufin O-
deethylase (EROD) activity in mummichogs injected with Aroclor
5432. A second study examined the dose-response effects of PCT
mixtures on levels of hepatic cytochrome P4501A (CYP1A) and
associated EROD activity in the mummichog, relative to a the
PCB mixture Aroclor 1254. Fish were injected intraperitoneally
with PCT formulations Aroclor 5432, Aroclor 5460, or the PCB
formulation Aroclor 1254, at doses of 0.32 to 100 mg/kg body
weight. Elevated levels of CYP1A and EROD activity were
detected in fish injected with Aroclor 5432 and 1254 doses of
32 and 100 mg/kg. Induction resulting from Aroclor 5432 was of
the same order of magintude as caused by egquivalent doses of
Aroclor 1254. Treatment with Aroclor 5460 did not result in
significant induction. This work represents the first report
of hepatic CYPlA induction caused by Aroclor 5432 in teleosts
and, similar to work in mammalian systems, suggests that the
effects of this mixture may be mediated through Ah receptor
binding.

Because commercial PCT mixtures contain small amounts of
PCB, PCB may have contributed to the induction observed for
Aroclor 5432, The planar PCB congener 3,37,4,4'-
tetrachlorobiphenyl was identified in Aroclor 5432 by gas
chromatography-mass spectrometry operating in negative
chemical ionization mode.

Environmental induction was observed in mummichogs
collected from Tabbs Creek. This study revealed CYP1lA and EROD
induction at the two most contaminated sites along the PCT
gradient., TFish at the upper creek site also exhibited
inhibition of enzyme activity. Definitive environmental
induction by PCT could not be established due to the presence
of other enzyme inducing pollutants in the creek. The results
of this study contributed to the evaluation of remediation
options for Tabbs Creek under the EPA Superfund.

xii




OCCURRENCE, FATE AND EFFECTS OF POLYCHLORINATED TERPHENYLS

IN AN ESTUARINE SYSTEM



Chapter I

General Introduction

Polychlorinated terphenyls (PCT) are chlorinated aromatic
compounds similar in structure and chemical properties to
polychlorinated biphenyls (PCB) (Fig. 1). Compared to the
well-studied PCB, little research has been conducted on the
occurrence of PCT in the environment or their biological
effects. This dissertation examines three aspects of
environmental pollution by PCT: the distribution of PCT in
biota and sediment collected from Tabbs Creek, a small tidal
tributary of the Chesapeake Bay; the effects of laboratory
exposure to PCT on the hepatic monooxygenase system of the
mummichog (Fundulus heteroclitus); and the status of hepatic
cytochrome P4501A in mummichogs collected from Tabbs Creek, as
an indicator of potential environmental induction of fish by
PCT.

PCT were produced in the United States by Monsanto from
1929 to 1972. During this time approximately 50,000 metric
tons were manufactured (Jensen and Jergensen, 1983), which was
equal to 15% of PCB production by this company during this
period (De Kok et al., 1982). Several formulations of PCT were
made, among these were: Aroclor 5432, a mixture of PCT
containing 32% chlorine by weight, Aroclor 5460, 60% chlorine
by weight, and Aroclor 5442, 42% chlorine by weight (Jensen

and Jorgensen, 1983). PCT were also produced by European and



Figure 1. Structural diagrams of polychlorinated terphenyls

(top) and pelychlorinated biphenyls.
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Japanese manufacturers {(De Kok et al., 1982).

PCT were used in hydraulic fluids, as plasticizers in
investment castings for the production of high precision parts
for aircraft (Jamieson, 1977), nuclear installations, and
jewellery (Jensen and Jergensen, 1983), in sealants for grain
silos (Fries and Marrow, 1973), in paints, in adhesives for
weatherstripping (Jamieson 1977), and as fire retardants
(Jensen and Jorgensen, 1983). PCT were reported to be used as
replacements for PCB, following the restrictive legislation of
the latter (Jensen and Jorgensen, 1983).

PCT are directly regulated under section 8(a) of the
Toxic Substances Control Act (TSCA); the Environmental
Protection Agency must be notified of any manufacture or
import. Small businesses are, however, exempt. PCT are also
indirectly regulated under section 6(e) of TSCA due to the
small amount of PCB contamination normally present in PCT
mixtures (Code of Federal Regulations, 1984). Under this
section of TSCA, PCB manufacture, processing or distribution
for use in the U.S. is prohibited, with the exception of
closed-system applications (Landfair, 1995). This PCB-related
regulation, therefore, more severely restricts PCT manufacture
and use.

Due to the structural similarities of PCT and PCB, and
their documented effects on mammals, contamination of the
environment by PCT is of concern. Highly chlorinated mixtures

of terphenyls have been detected in human fat tissue
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(Freudenthal and Greve, 1973; Watanabe et al., 1980) and blood
(Doguchi and Fukano, 1975; Watanabe et al., 1980). These
authors noted that PCT levels in blood exceeded those of PCB,
despite the lower production and reported environmental levels
of PCT. Highly chlorinated PCT have been ocbserved in wild
populations of eels and oysters in the Netherlands
(Freudenthal and Greve, 1973), in the eggs and fat of herring
gulls in Canada (Zitko et al., 1972), and in several species
of birds in Britain (Hassell and Holmes, 1977). The less
chlorinated mixture, Aroclor 5432, has been detected in white-
tailed eagles and grey seals in Sweden (Renberg et al., 1978),
and, more recently, in oysters from the Back River, Virginia
(Hale et al., 1990, 199l1a). During these studies, Hale et al.
found the highest concentrations of Aroclor 5432 in samples
from a small tributary, Tabbs Creek, which is situated on the
property of a military-aerospace complex. Oysters from this
creek contained concentrations of up to 35,000 ug/kg. This
finding led to interest in the availability and potential for
biocaccumulation of PCT by other organisms in the Tabbs Creek
ecosystem. The purpose of the research described in the second
chapter of this dissertation was to further investigate the
spatial variation of Aroclor 5432 concentrations in Tabbs
Creek sediment and to examine accumulation of PCT by several
representative plant and animal species. Species collected
were saltmarsh cordgrass (Spartina alterniflora), American

oyster (Crassostrea virginica), red-jointed fiddler crab (Uca
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minax), wharf crab (Sesarma reticulatum), and mummichog
(Fundulus heteroclitus). The work described in Chapter II
illustrates that Aroclor 5432 is biocavailable and can
accumulate 1in species representing different ecological
niches. Since minimal information was available on the effects
of these compounds, further research was deemed necessary.
Hepatic cytochrome P4501A was selected as the biological

endpoint for studies on the effects of PCT on biota.

The cytochrome P450 Monooxyenase System

The cytochrome P450 monooxygenase (MO) system in mammals
consists of cytochrome(s) P450 (P450), nicotinamide adenine
dinucleotide phosphate (NADPH)-cytochrome- P450 reductase,
phosphatidylcholine, and in some cases cytochrome b; (Black
and Coon, 1987). Recombined under optimum conditions, the MO
system will catalyze the hydrolysis of specific substrates
when the electron donor NADPH is added. P450 was first
isolated by Omura and Sato (1964), and named for its carbon
monoxide-reduced absorption peak at 450 nm. P450 contains the
active site for the monooxygenation reaction. It consists of
a protein group attached to a heme iron, with a mercaptide
sulfur joined to the heme group. Specific reactions catalyzed
by P450 include hydroxylation, epoxidation, N-,S- and O-
dealkylation, N-,S-oxidation, dehalogenation, and C-C bond
cleavage. P450 has been found in bacteria, and in almost all

plant and animal tissues examined (Black and Coon, 1987). The
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tissue with the highest concentration of P450 is the liver
(Dalh et al., 1982; Black and Coon, 1987). In a cell, P450 is
most abundant in the endoplasmic reticulum (Stegeman and Hahn,
1994). Microsomes are remnants of the endoplasmic reticulum .
Liver P450s are referred +to as hepatic microsomal
monooxygenases. Induction of the MO system is defined as an
increase in the rate of reactions catalyzed by the system
(Gruger et al., 1977; Stegeman et al., 1988).

The monooxygenase system (MO) in vertebrates catalyzes
reactions involving both endogenous and exogenous compounds.
Most substrates are hydrophobic and the affinity of P450 for
a substrate is partially determined by the lipophilicity of
the compound (Black and Coon, 1987). Endogenous substrate
reactions include synthesis and degradation of steroids,
prostaglandins, and fatty acids. Reactions involving non-polar
xenobiotic compounds include transformation to more water
soluble forms via oxidation, reduction or hydrolysis. These
reactions are referred to as Phase I reactions (Sivarajah et
al., 1978). Phase II reactions generally involve conjugations
of Phase I products with sugars, amino acids, sulphates or
other groups (Sivarajah et al., 1978; Bend and James, 1978),
and will not be examined in this dissertation. Transformation
of xenobiotics within the organism may result in an increase
in the carcinogenicity of some substrates (Stegeman, 1989).
cytochrome P4501A (CYP1A) is a P450 which catalyzes reactions

involving exogenous compounds, such as planar halogenated



aromatic hydrocarbons (HAH).

Ah receptor

Induction of the hepatic microsomal monooxygenase CYPl1lA
is a wuseful indicator of biological status following
xenobiotic exposure. Most of the bioclogical effects of PCB and
other HAH in vertebrates are believed to be mediated through
their binding to a cytosolic protein, the Ah receptor (Nebert,
1989; Poland and Knutson, 1982; Safe, 1986; Hahn et al., 1992;
Heilmann et al., 1988). Induction of CYP1lA and associated
catalytic activities, such as ethoxyresorufin-O-deethylase
activity (EROD), is one consequence of Ah receptor interaction
(Okey et al., 1979). The binding affinity of a xenobiotic for
the Ah receptor determines the magnitude of CYP1lA induction
(Poland and Knutson, 1982; Safe, 1986). Therefore, CYPlA
induction is recognized as a sensitive indicator of HAH
exposure and potential effects.

Common toxic responses in mammals produced by HAH include
wasting, hyperplasia and/or altered differentiation
(metaplasia), hypoplasia including thymus involution, and
necrosis (Poland and Knutson, 1982). Toxic responses including
thymus involution (Poland and Knutson, 1982), and
teratogenesis (Poland and Glover, 1980) are more strongly
exhibited in mammals that possess an Ah receptor with high
affinity for HAH; toxicity segregates with the Ah locus.

The sequence of events involving the Ah receptor (AhR) in
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mammals are believed to proceed as follows. The toxicant
enters the cell, binds to the AhR complex which includes heat
shock protein 90 (hsp90) and a nuclear translocator protein,
Arnt. The AhR-ligand complex enters the nucleus, at which time
hsp90 is released (Landers and Bunce, 1991). The AhR/Arnt-
ligand complex binds to a regulatory sequence of DNA upstream
of the CYP1A gene, the dioxin responsive enhancer (DRE) (Jones
et al., 1985; Denison et al., 1989; Reyes et al., 1992).
Binding of the complex to DRE may pernit association of
transcription promoting proteins with the promoter region
downstream of DRE (Wu and Witlock, 1993), enabling the
transcription of cyplA mRNA (Israel et al., 1983). Expression
of increased levels of CYP1A follows.

CYP1A is only one of the gene products regulated by AhR
binding. Others include epidermal growth factor receptor
(Madhukar et al., 1984) and protein kinase C (Bombick et al.,
1988). The sequence of events leading from AhR binding to
toxicity is not understood, but may involve the regulation of
these and other genes. However, CYP1A induction has been
directly correlated with toxicity in mammals (Poland and
Knutson, 1982; Safe, 1990). Furthermore, Moorthy et ail. (1993)
reported a possible link between EROD induction and DNA adduct
formation in rats. Unrepaired DNA adducts that are propagated
during replication can result in mutation, alteration of gene
product expression and, potentially, cancer. CYP1A effects

can, therefore, be used to evaluate the potential Ah receptor-
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mediated toxicity of a compound, and as such are valuable
measurements to obtain.

Very little research has been conducted on monooxygenase

induction by PCT. Because of the structural similarity of PCT

to PCB, information on MO induction by PCB was researched as

a reference point for this study.

Induction by PCB in Mammals and Birds

In general, when applied individually to mammals, planar
(non-ortho-chlorinated) congeners produce CYP1A induction
(Parkinson et al., 1980); phenobarbital and non-planar PCBs
induce a different P450 protein, CYP2B (Stegeman and Hahn,
1994). Planar PCB also induce CYP1lA activity in birds. In
addition to planarity, PCB molecules must have adjacent
halogen atoms in at least two lateral positions on each ring
(eg. 3,37,4,4’) to increase CYP1lA levels in birds. When there
is an unsubstituted position between two halogen substitutions
the molecule does not induce CYP1A. (Poland and Glover, 1977).
EROD activity seems to be the most sensitive indicator of

induction by PCB (Ankley et al., 1986).

Induction by PCB in Teleosts

In general, levels hepatic microsomal monooxygenases
appear to be increased in fish by HAH which induce mammalian
CYP1A, but not by HAH which induce CYP2B in mammals (Bend and

James, 1978). CYP1lA is the primary monooxygenase form induced
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in fish by planar PCB (Gooch et al., 1989). To date, non-
planar PCB (ortho-substituted) have not been shown to induce
teleost enzyme systems (Melancon et al., 1981; Lech et al.,
1982; Melancon and Lech, 1983; Gooch et al. 1989}, with the
exception of one report of EROD induction in rainbow trout
(oncorhynchus mykiss) following exposure to the mono-orthe
chlorinated 2,374,4’,5- pentachlorobiphenyl (Skaare et al.,
1991). However, this mono-ortho congener did not induce scup
CYPLlA (Gooch et al., 1989), suggesting potential species
differences.

Numerous authors have noted induction of hepatic
monooxygenase activity by PCB mixtures in teleosts in
laboratory studies (Hill et al., 1976; Gruger et al., 1977;
Addison et al., 1978; Sivarajah et al., 1978; Narbonne and
Gallis, 1979; Melancon et al., 1981; Melancon and Lech, 1983;
Ankley et al., 1986). Few experiments on enzyme induction by
PCB have been conducted by applying doses via the diet or
water. However, Gruger et al. (1977) observed that dietary
doses of 1 ppm Aroclor 1254 increased enzyme activity in young
coho salmon. Hill et al. (1976) noted that exposure of fish
to Aroclor 1254 via water also results in enzyme induction.

The majority of experiments on enzyme induction by PCB
were conducted by injection into the intraperitoneal space of
the fish. In general, intraperitoneal (i.p.) injections of 0.1
to 100 mg Aroclor 1254/ kg body weight (bw) increase enzyme

activity (Sivarajah et al., 1978, Melancon and Lech, 1983,
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Ankley et al., 1986). Planar PCB congeners can induce MO
activity at lower doses than commercial formulations such as
Aroclor 1254. Induction of teleost MO systems at 0.01 to 0.1
mg of planar PCB/kg bw has been demonstrated (Melancon and
Lech, 1983, Gooch et al., 1989). It is thought that planar PCB
are responsible for the majority of induction caused by PCB
mixtures in fish. At high doses, however, some planar PCB may
act as competitive inhibitors of enzyme induction. Gooch et
al. (1989) injected ortho and non-ortho substituted PCB into
scup (Stenotomus chrysops). EROD activity increased following
a single i.p. injection of 1 mg/kg bw 3,37,4,4'-
tetrachlorobiphenyl (BZ 77). However, at higher doses (5 and
10 mg/kg bw) EROD activity decreased. BZ 77 was found to be a
competitive inhibitor of EROD activity for scup microsomes in-

vitro.

Induction and Additional Toxic Effects in Mammals of PCT
Most research on enzyme induction caused by PCT has
involved the use of the highly chlorinated mixture, Aroclor
5460; little work has addressed the effects of Aroclor 5432.
Dietary exposure of rats to the highly chlorinated PCT
formulation, Aroclor 5460, causes an increase in liver weight
and in total cytochrome P450 (Sosa-Lucero et al., 1973}.
Intraperitoneal injection of rats with the same mixture caused
an increase in aryl hydrocarbon hydroxylase activity and total

P450 (Nilsen and Totgard, 1981). An increase in liver weight
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and liver tumor formation was reported in mice exposed to
Kanechlor C (Shirai et al., 1978). This PCT formulation,
produced in Japan, possesses a degree of chlorination similar
to Aroclor 5460 (De Kok et al., 1982). Rhesus monkeys fed
Aroclor 5460 exhibited a decrease in body weight, hair loss,
subcutaneous edema, chloracne, liver hypertrophy attributed to
proliferation of smooth endoplasmic reticulum, and hyperplasia
and dysplasia of gastric mucosa suggestive of eventual
development of neoplastic transformations (Allen and Norback,
1973). Toftgdrd et al. (1980) noted an increase in
proliferation of hepatic endoplasmic reticulum, total
cytochrome P450 levels and EROD activity in rats injected
(i.p.) with the less chlorinated PCT formulation Aroclor 5432;
these authors described Aroclor 5432 as a potent inducer of
rat liver microsomal P450. Aroclor 5460 induced EROD activity
to a lesser degree than 5432. Monooxygenase induction in

teleosts by PCT mixtures has not been previously reported.

In Chapter III, a pilot study on the effects of Aroclors
1254, 5432 and 5460 on EROD activity in the mummichog is
described. This work indicates MO induction by the less
chlorinated PCT formulation, Aroclor 5432. Chapter IV
describes a full dose-response study on the relative effects
of 5432 and 5460 on CYP1lA and associated EROD activity. These
effects are compared with those caused by exposure to 1254, a

PCB mixture known to cause monooxygenase induction in
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teleosts. The magnitude of CYP1A and EROD induction resulting
from Aroclor 5432 injection was approximately equal to that
caused by the known CYP1lA inducer Aroclor 1254. Aroclor 5460
did not cause significant enzyme induction.

Because commercial PCT mixtures contain small amounts of
PCB (Cooke et al., 1978}, and because planar PCB congeners are
known CYP1A inducers (Melancon et al., 1981; Lech et al. 1982;
Melancon and Lech, 1983; Gooch et al. 1989), it is important
to consider the potential effects of PCB contaminants in
induction studies using these mixtures. Nilsen and Toftgdrd
(1981) reported that Aroclor 5460 contained 0.75% PCB. These
authors estimated that the PCB contamination of PCT caused 20%
of the observed increase in P450 concentration, and concluded
that the PCT components of the mixture caused the remainder of
the induction. Induction studies based on exposure to PCT
mixtures must consider the potential effects of PCB components
in the nixture. Therefore, the Aroclor formulations 5432 and
5460 were analyzed using gas chromatography-mass spectrometry
(GC-MS) for the planar PCB congeners 3,3/,4,47-
tetrachlorobiphenyl (BZ 77), 3,3/,4,4’,5-pentachlorobiphenyl
(BZ 126) and 3,3’,4,47,5,5’-hexachlorobiphenyl (BZ 169). The
presence of the non-ortho-chlorinated PCB congener, and Known
CYP1A inducer in fish, 3,3’,4,4'’-~tetrachlorobiphenyl in
Aroclor 5432 was confirmed.

There have been many reports in the 1literature of

induction of CYP1A and resultant EROD activity in fish
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collected from a variety of environments (Stegeman et al.,
1990) and in different organs including liver and intestine
(Van Veld et al., 1990). Several authors have noted a gradient
of induction in fish along a contamination gradient. Van Veld
et al. (1990) found liver MO induction in spot (Leiostomus
xanthurus) to be positively correlated with an environmental
gradient of sediment polycyclic aromatic hydrocarbon (PAH)
contamination. Addison et al. (19924) reported increasing
hepatic CYP1A and EROD 1levels in winter flounder
(Pseudopleuronectes americanus) along a gradient of increasing
PAH contamination. Elskus and Stegeman (1989) found elevated
CYP1A and EROD levels, relative to those at a control site, in
mummichogs environmentally exposed to PCB and PAH. These
authors found a three-fold induction in EROD activity and a
smaller increase in CYP1A concentrations. There have been
several reports on hepatic enzyme induction in fish
environmentally exposed primarily to PCB. Addison and Edwards
(1988) found EROD activity to be significantly positively
correlated with total PCB in sediment, as indicated by hepatic
PCB concentrations in flounder (Platichthys flesus) collected
from a contaminated site in Norway. In a companion study,
Stegeman et al. (1988) found increased CYP1A and EROD levels
in the same species to be positively correlated with a field
gradient of PCB, as indicated by PCB levels in mussels
collected at the four sites. PAH were also present at these

sites. There have been no previous reports of environmental
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induction in PCT contaminated environments.

In Chapter V, the status of CYP12A in mummichogs collected
from Tabbs Creek is examined. CYP1lA induction in Tabbs Creek
mummichogs was observed, with the magnitude of induction
increasing with increasing PCT sediment concentrations.
Because other CYP1lA inducing compounds are present in Tabbs
Creek (Hale and Smith, 1988), the induction observed in Tabbs

Creek mummichogs cannot be solely attributed to PCT.
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ABSTRACT

Aroclor 5432, a mixture of polychlorinated terphenyls (PCT),
was detected in several biological compartments including:
saltmarsh cordgrass (Spartina alterniflora), American oysters
(Crassostrea virginica), red-jointed fiddler crabs (Uca
minax), wharf crabs (Sesarma reticulatum) and mummichogs
(Fundulus heteroclitus) collected from Tabbs Creek. This tidal
creek is located in the southern Chesapeake Bay region and
contains sediments with high concentrations of PCT. Samples
were collected at four sites, ranging from a suspected outfall
near the head of the creek, to its mouth, approximately 2.5
river kilometers downstream. Species from several phyla were
selected in order to examine PCT accumulation in
physiologically and ecologically diverse organisms. PCT
concentrations in sediment, saltmarsh cordgrass, native
oysters, and fiddler crabs decreased with distance downstream.
Residues in transplanted oysters and mummichogs showed a more
variable trend with distance downstream. The organism with the
highest mean concentration (18,300 pg/kg dry weight) was the
native oyster, a benthic filter feeder.
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Introduction

Polychlorinated terphenyls (PCT) are chlorinated aromatic
compounds similar in structure and chemical properties to
polychlorinated biphenyls (PCB). Compared to the well-studied
PCB, little research has been conducted on the occurrence of
PCT in the environment or their biological effects. This
chapter describes the distribution of PCT in biota and
sediment from Tabbs Creek, a small tidal tributary of Back
River, which in turn enters the southern Chesapeake Bay (Fig.
2).

PCT were produced in the United States by Monsanto from
1929 to 1972. During this time approximately 50,000 mnetric
tons were manufactured (Jensen and Jergensen, 1983), which was
equal to 15% of PCB preduction by this company during this
time (De Kok et al., 1982). Several formulations of PCT were
made, among these were: Aroclor 5432, a mixture of PCT
containing 32% chlorine by weight, Aroclor 5460, 60% chlorine
by weight, and Aroclor 5442, 42% chlorine by weight (Jensen
and Jorgensen, 1983). PCT were also produced by European and
Japanese manufacturers (De Kok et al., 1982).

The effects on mammals of dietary exposure to the highly
chlorinated PCT (Aroclor 5460) include hair loss, chloracne,
subcutaneous edema, hyperplasia and dysplasia of gastric
mucosa suggestive of eventual development of neoplastic

transformations, increase in liver weight due to proliferation
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Figure 2. Sampling locations for the monitoring study of PCT
levels in Tabbs Creek, a tributary of the Chesapeake

Bay. The bars indicate general sampling areas.
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of the endoplasmic reticulum, an increase in cytochrome P450
levels, and induction of hepatic microsomal enzymes (Allen and
Norback, 1973; Sosa-Lucerc et al., 1973; Nilsen and Toftgard,
1981; Toftgldrd et al., 1980). Shirai et al. (1978) found an
increase in liver weight and liver tumor formation in mice
exposed to Kanechlor C, a PCT formulation produced in Japan.
Kanechlor C has a similar degree of chlorination as Aroclor
5460 (De Kok et al., 1982). Toftgdrd et al. (1980) noted an
increased proliferation of hepatic endoplasmic reticulum, and
an increase in cytochrome P450 levels and EROD activity in
rats injected with the less chlorinated mixture, Aroclor 5432;
these authors described Aroclor 5432 as a potent inducer of
rat liver microsomal P450.

Due to the structural similarities of PCT to PCB and
their documented effects on mammals, contamination of the
environment by PCT is of concern. Highly chlorinated mixtures
of terphenyls have been detected in human fat tissue
(Freudenthal and Greve, 1973; Watanabe et al., 1980) and blood
(Doguchi and Fukano, 1975; Watanabe et al., 1980). These
authors noted that PCT levels in blood exceeded those of PCB,
despite the lower production and reported environmental levels
of PCT. Highly cﬁlorinated PCT have been observed in wild
populations of eels and oysters in the Netherlands
(Freudenthal and Greve, 1973), in the eggs and fat of herring
gulls in Canada (Zitko et al., 1972), and in several species

of British birds (Hassell and Holmes, 1977). The less
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chlorinated mixture, Aroclor 5432, has been detected in white-
tailed eagles and grey seals in Sweden (Renberg et al., 1978),
and recently in oysters from the Back River, Virginia (Hale et
al., 1990, 1991a). During these studies, Hale et al. (1990,
1991a) found the highest concentrations of Aroclor 5432 in
samples from a small tributary, Tabbs Creek, which is situated
on the property of a military-aerospace complex. Oysters from
this creek contained concentrations of up to 35,000 ug/kg.
This finding led to interest in the availability and potential
for biocaccumulation of PCT by other organisms in the Tabbs
Creek ecosystem. The purpose of this chapter was to further
investigate the spatial variation of Aroclor 5432
concentrations in Tabbs Creek sediment and to examine
accumulation of PCT by several representative plant and animal
species. Initial pilot studies at Tabbs Creek, a tributary of
the Chesapeake Bay, revealed PCT contamination in sediment and
oysters (Hale et al., 1990, 1991l1a).

To assess the extent of contamination of the biota of
Tabbs Creek, organisms of several different phyla were
considered for analysis for PCT content. Individual species
were selected based on their feeding strateqy, mobility and
abundance. Saltmarsh cordgrass (Spartina alterniflora) was
selected as a representative plant species. It is present in
great abundance in tidal areas such as Tabbs Creek, and is a
major primary producer in east and Gulf coast saltmarshes of

the U.S. (Reidenbaugh, 1983). A mollusk, the American oyster
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(Crassostrea virginica), was also sampled. Consumption of
contaminated oysters by man is a source of concern, since
oysters are part of a large commercial fishery. The red-
jointed fiddler crab (Uca minax) was also selected for
sampling. At some stations, fiddler crabs were not available
in sufficient numbers for analysis. At these stations, wharf
crabs (Sesarma reticulatum) were used as an alternative semi-
terrestrial crustacean. The diet of the wharf crab is similar
to that of fiddlers and includes marsh vascular plants and,
occasionally, animal matter (Bursey, 1982). In this study,
wharf crabs occupied the same spatial location as the red-
jointed fiddler. The similarity of diet and zonation suggested
that PCT burdens in wharf crabs may be similar to those in
fiddler crabs. The mummichog (Fundulus heteroclitus) was
collected to represent teleosts in the creek. It is known to
be a resident species of tidal creek ecosystems, particularly
during summer (Lotrich, 1975), and, therefore, 1is a
potentially useful indicator of PCT contamination of biota

within a localized area.

Materials and Methods

A flowchart for the analytical methodology used in this
chapter is shown in Figure 3. Sampling was conducted from

September 1989 through January 1990 at four sites within Tabbs
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Figure 3. Flowchart of analytical methods used for analysis

of PCT content in sediment and biota.
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Creek. It was noted that the furthest site upstream, TCi, went
nearly dry at low tide. In order to obtain an estimate of the
variation in PCT concentration at each 1location, three
composite samples of sediment and biota were collected within
an area of approximately 30 meters. All sampling equipment was
thoroughly cleaned and solvent rinsed prior to use. Sediments
were collected in shallow water with a metal scoop and the
upper 2 cm retained for analysis.

Saltmarsh cordgrass was obtained from the banks of the
creek and held in a cold storage room (10°C). At the time of
analysis, sediment was removed from the plant by rinsing with
tap water. Five grams (lyophilized weight) of root and 5 g of
shoot were combined for each composite.

Indigenous oysters were collected by hand. Additional
specimens were collected from the Rappahannock River, since
this river was believed to be free of PCT. The Rappahannock
River oysters were transplanted to Tabbs Creek to evaluate
bioaccumulation of PCT. The oysters were placed in mesh bags
and allowed to clear gut contents overnight. Three composites
of Rappahannock River oysters were analyzed to confirm the
absence of detectable levels of PCT, prior to placement of
samples in Tabbs Creek. The remaining oysters were
transplanted to Tabbs Creek for approximately 30 days, with 10
individuals in each bag. Oysters were allowed to clear gut
contents for 24 hours following final collection. The entire

soft tissue was used for analysis. Individual sizes ranged
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from 60 to 125 mm for indigenous oysters, and 40 to 135 mm
for transplants; five to eleven individuals were homogenized
for each composite. The number of oysters used in each
composite was determined by the number available, for the
indigenous oysters, and the number remaining alive at the end
of 30 days, for the transplants.

Fiddler and wharf crabs were collected by hand, and their
legs removed prior to analysis, to minimize contamination by
sediment adhering to fine leg hairs. Crabs were washed with
tap water and crushed prior to lyophilization. Fiddler crabs
were 24 to 36 mm in width. At site TC3 male wharf crabs were
collected; widths ranged from 21 to 28 mm. At site TC4 only
female wharf crabs were available; widths ranged from 14 to 18
mm. Fifteen c¢rabs were combined and analyzed for each
composite sample.

Mummichogs were collected in baited minnow traps, and the
entire body used for analysis. Sizes ranged from 35 to 105 mm.
Nine to eleven individuals were analyzed per composite.

After collection, all samples except saltmarsh cordgrass
were transported to the lab on ice, and retained frozen until
analysis. Due to the size of the saltmarsh cordgrass samples,
they were transported to the lab at room temperature, and then
placed in a cold storage room. Analytical glassware was
thoroughly cleaned and solvent rinsed prior to use. Volumetric
glassware was dried at 120°C, non-volumetric glassware was

baked at 400°C. High purity solvents (Burdick and Jackson)
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were used. Composites that were subsampled for analysis were
homogenized prior to 1lyophilization. All samples were
lyophilized for 48 to 72 hours. A surrogate standard,
decachlorobiphenyl, was added to the samples prior to
extraction. Samples were then soxhlet extracted for 48 hours
with dichloromethane. Solvent volumes were subsequently
reduced on a rotary evaporator and the solvent exchanged to a
1:1 (v:v) mixture of dichloromethane/cyclohexane.

High molecular weight biogenic compounds, such as lipids,
were removed via gel permeation chromatography on a 60 g bed
of Biobeads SX-3 resin (Bio-Rad), using a 1:1 solvent mixture
of dichloromethane and cyclchexane (Hale et al., 1991b).
Volumes were reduced to 1.0 ml cyclohexane and polar biogenic
compounds were removed via open column chromatography on a bed
of 10 g of activated Florisil, using dichloromethane as the
eluent.

The solvent was exchanged to hexane, and the purified
extracts injected onto a gas chromatograph (Varian 3300}
equipped with a capillary column (J & W Scientific, DB~5 fused
silica column, 30 m x 0.25 mm i.d., 25 um film thickness). PCT
were detected with an electrolytic conductivity detector (0OIC
4420) operating in the halogen-specific mode. The electrolyte
was n-propanol. The GC column was held at 20°C for 1 min,
programmed at 4°C/min to 310°C, and held at 310°C for 10 min.
The response factors of the Aroclor 5432 standards, relative

to decachlorobiphenyl, were found to be linear over two orders
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of magnitude. Concentrations in tissues were determined via
computer integration (Hewlett-Packard 3350A Laboratory
Automation System) of summed peak areas of PCT formulations,
using decachlorobiphenyl as an internal standard.

Quantitation limits were 50 ug/kg for sediment and 100
ug/kg for biota. Accuracy and precision of the method were
calculated by adding 276 ug/kg Aroclor 5432, prior to
extraction, to oyster tissue free of detectable levels of PCT.
Determined values (n=3) were found to be 81.8% (s=12.8) of
nominal concentration. Blanks were analyzed with each batch of
samples as a check on laboratory contamination; PCT were not
detected in any of these. For selected samples, identification
of compounds present was confirmed using a GC (DB-5 column)
coupled with an Extrel ELQ 400-2 quadrupole mass spectrometer
operating in the negative chemical ionization mode. Methane

was used as the moderator gas (Hale et al., 1990)

Results and Discussion

Reported values are expressed on a dry weight basis.

Chromatograms of an Aroclor 5432 standard and representative

samples are shown in Figures 3 through 9. Figures 10 trough 15

are mass spectra of Aroclor 5432 and representative samples.
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Figure 4. GC-ELCD chromatogram of Aroclor 5432 standard.
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Figure 5. GC-ELCD chromatogram of Tabbs Creek sediment

extract.
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Figure 6. GC-ELCD chromatogram of extract of saltmarsh

cordgrass collected at Tabbs Creek.
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Figure 7. GC-ELCD chromatogram of extract of indigenous

oysters collected from Tabbs Creek.
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Figure 8. GC~ELCD chromatogram of extract of oysters

transplanted to Tabbs Creek for one month.
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Figure 9. GC~ELCD chromatogram of extract of fiddler crabs

collected at Tabbs Creek.
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Figure 10. GC-ELCD chromatogram of extract of mummichogs

collected from Tabbs Creek.
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Figure 11. NCI mass spectrum of a trichloroterphenyl from an

Aroclor 5432 standard.
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Figure 12. NCI mass spectrum of a trichloroterphenyl from a

Tabbs Creek sample of saltmarsh cordgrass.
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Figure 13. NCI mass spectrum of a tetrachloroterphenyl from an

Aroclor 5432 standard.
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Figure 14. NCI mass spectrum of a tetrachloroterphenyl from a

sample collected at Tabbs Creek, fiddler crab.
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Figure 15. NCI mass spectrum of a pentachloroterphenyl from an

Aroclor 5432 standard.
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Figure 16. NCI mass spectrum of a pentachloroterphenyl from a

Tabbs Creek sample, mummichog.
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Sediment
Mean concentrations of Aroclor 5432 in sediment decreased
with distance downstream (Table 1). The upstream site, TC1,
contained the highest mean concentration (n=3) of Aroclor 5432
in the sediment (43,300 ug/kg). This site 1is nearest the
suspected outfall, as determined in a previous study (Hale et
al., 1990). The lowest mean concentration in the sediment was
found at the mouth of the creek (<171 ug/kg). PCT
concentrations varied greatly at site TCl. When sediment
concentrations were normalized to total organic carbon content
(TOC), variations in PCT levels within a site were reduced
(Table 2). For example, the coefficient of variation for PCT
concentration in sediment was 34.8% at TCl. Following
normalization to TOC, the coefficient of variation was reduced
to 14.6%. Thus, some of the variations in PCT sediment
concentrations within a given site may be attributed to
variation in TOC. Other causes of within-site variation of PCT
concentration may include multiple inputs, and variations in

creek flow rates and sediment deposition/redistribution.

Saltmarsh Cordgrass

The trend in concentrations of PCT in saltmarsh cordgrass
matched those found in the sediment, with the mean
concentrations decreasing with distance downstream (Table 1).
The highest mean concentration of Aroclor 5432 in saltmarsh

cordgrass (5080 ug/kg) was found at the upstream site TCl1l, and
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the lowest near the mouth of the creek, at site TC4 (<100
ug/kg). Mean plant PCT burdens were lower than sediment levels
at all sites. Concentrations of PCT in saltmarsh cordgrass are
of interest because the Spartina food chain is an important
food source for the other species examined. This plant may be
a route for contamination of oysters, which consume small
amounts of plant detritus (Truitt, 1931). Spartina may also be
an important source of PCT for fiddler crabs. Montague (1980)
noted that where this plant is abundant, fiddler crab fecal
pellets may be packed with vascular plant detritus.
Additionally, Hughes and Scherr (1983) determined that 44% of
a mummichog’s body carbon is derived from the Spartina food
chain. Thus, all species in this study were linked to the
Spartina food chain. Whether the PCT was internally absorbed
by Spartina or sorbed to the surface was not determined. In
either case, PCT may still be introduced into the food chain

by ingestion of this plant or its breakdown products.

Indigenous Ovsters

Indigenous oyster populations were only present at sites
TC3 and TcC4. The mean concentration of Aroclor 5432 in
indigenous oysters at TC3 was 18,300 ug/kg, which was over
seven times greater than that in the sediment at this
location, and was the highest found for any species, at any
site in this study. This concentration of 18,300 ug/kg (dry

weight) is equivalent to 2550 pg/kg (s= 1020) on a wet weight
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basis. Thus, the mean wet weight concentration for indigenous
oysters at TC3 is slightly higher than the federal standard of
2000 ug/kg established for PCB in seafood destined for human
consumption (Code of Federal Regulations, 1988). No

corresponding limit has been established for PCT.

Transplanted Oysters

Oysters were also transplanted to all four of the sites,
to further examine PCT accumulation patterns. Transplants were
found to have PCT levels below the quantitation limit (BQL)
prior to placement in Tabbs Creek. The highest mean PCT
concentration in transplanted oysters, 2820 ug/kg, was again
found at TC3. However, the mean PCT concentration in native
oysters was over six times that of the transplants at this
site. A similar pattern was observed at site TC4, where the
mean PCT burden found in native oysters was approximately four
times that of the transplanted oysters at this site. These
data suggest that the transplanted oysters may not have
achieved equilibrium with environmental concentrations of PCT
after 30 days of residence at the site. However, the
demonstrated PCT accumulation by transplanted oysters within
a relatively short period, 30 days, illustrates the
bioavailability PCT and potential for rapid bioaccumulation of
these compounds to high levels.

It is interesting to note that the highest mean

concentrations in transplanted oysters were not observed at
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the two upstream sites (TCl and TC2), where sediment levels
were highest, but at the third site downstream, TC3. The lack
of indigenocus oysters at TCl and TC2 indicates that conditions
there may not have been optimal for oyster growth and
survival. Low mean PCT concentrations in transplanted oysters
at TC1l suggests that the oysters were not open and feeding as
actively at this site as they were at TC3, causing lower
levels of PCT accumulation. Low salinity may have affected the
accumulation of PCT at the upstream locations. The salinity at
TCl was 10 ppt and at site TC3 was 16 ppt; these measurements
were made near the time of high tide. Maurer and Watling
(1973) found that, while oysters in Delaware Bay can tolerate
a salinity range of 5 to 35 ppt, the optimum salinity range
for adult oysters was 14 to 28 ppt. Oysters exposed to low
salinity water (< 5 ppt) for prolonged periods have been
reported to close their valves and die of anoxia (Andrews,
1982). The salinity measured at TCl was near the low end of
the toleration limit for oysters, suggesting conditions were
not optimal for oysters placed at the head of the creek; this
may have contributed to the lower PCT levels detected in
transplanted oysters at TCl and TC2.

Food availability may also have limited PCT accumulation
in the transplanted oysters at the upper creek sites. The
water at site TCl was observed to have freshwater runoff and
to be relatively clear, suggesting that less algae may have

been present for the oysters to harvest. Higgins (1980) noted
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that the activity of Jjuvenile oysters is gquantitatively
affected by the presence of food; when food is absent, oysters
generally remain closed. Lack of food may have thus caused the
transplanted oysters to close their wvalves at the sites
furthest upstream, limiting the exposure of oysters to PCT at
the sites furthest upstream. Viewed from another standpoint,
the observed lack of turbidity at TC1l indicates lower levels
of suspended sediment. Since suspended sediment may be a
source of PCT to biota, lower levels of suspended sediment may
have contributed to lower PCT burdens in oysters transplanted

at the upper sites (TCl and TC2}.

Crabs

Similar to sediment and saltmarsh cordgrass, mean PCT
concentrations in fiddler/wharf crabs decreased with distance
downstream. Fiddler crabs from site TC1l had a mean tissue
concentration of 7030 ug/kg; values decreased downstream to
1780 ug/kg at TC2. Fiddler crabs were not available at TC3 or
TC4C. At TC4A and TC4B, fiddler crab concentrations were at or
near the quantitation limit. The mean concentration of Aroclor
5432 in wharf crabs at TC3 was less than 353 pug/kg, while a
combination of wharf and fiddler crabs at site TC4 contained
less than 101 ug/kg. Fiddler crab PCT burdens were
consistently below sediment levels, but were within the same
order of magnitude as those of saltmarsh cordgrass and

mummichogs at all sites. Foods of the red-jointed fiddler crab
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include algae, organic debris, and dead fish (Gray, 1942).
Consumption of mummichog tissue may have, therefore, been a
route by which PCT entered fiddler crabs. Fiddlers are also
one of the primary foods of mummichogs (Kneib et al., 1980).
Thus, the food chain is not unidirectional from fiddler crabs
to mummichogs and each species may be contributing to the PCT
burden in the other. The diet of wharf crabs is similar to
that of fiddlers, as noted above. Predators of fiddlers
include blue crabs (Callinectes sapidus) and a large number of
bird species (Montague 1980); contamination of fiddler crab
tissues may be another source of PCT for organisms in this
ecosystem including blue crabs, and a means for transport of
PCT out of this ecosystem via avian predators. Montague (1980)
noted racoon (Procyon lotor) feces contained Uca parts; this
was also observed at Tabbs Creek, suggesting a pathway for PCT

movement into terrestrial food chains.

Mummichogs

PCT concentrations in mummichogs were higher at the two
upstream sites (TC1 and 2) than at the two downstream sites
(TC3 and 4). The highest mean concentration, 6950 ug/kg, was
observed at the second site downstream, TC2, while the mean
level at the extreme upstream site was 5920 ug/kg. Considering
the standard deviations in concentration at the sites, these
levels are similar. The lack of a definitive decreasing trend

downstream, as observed in the sediment may be due, in part,
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to the fact that mummichogs are mobile. Although these fish
maintain a summer range of 36 to 38 m, they may move as much
as 375 m at times (Lotrich, 1975). Furthermore, as noted
earlier, the furthest site upstream, TCl, went nearly dry at
low tide. Thus, the fish at site TCl would be expected to move
downstream, towards site TC2, at low tide, and thereby be
exposed to varying PCT concentrations via the sediment during
different parts of the tidal cycle. Heterogeneity of PCT
contamination of the sediment within a site may also have
contributed to anomalous concentrations in mummichogs. Major
foods of mummichogs include fiddler crabs, wharf crabs, other
small crustaceans, and polychaetes (Kneib et al., 1980). Thus,
PCT in fiddler crab tissue may contribute to mummichog PCT
burdens, as noted above. Prinslow et al., (1974) found that
mummichogs ingest large quantities of detritus, but do not
assimilate it. PCT sorbed to sediment may be absorbed by the
mummichog as it passes through the mummichog’s digestive
tract, thus contaminated sediment or detritus may contribute
to PCT levels in these organisms. As noted above, the Spartina
food chain is a food source for these fish (Hughes and Scherr,
1983) ; PCT associated with Spartina may also contribute to PCT
levels in mummichogs. Predators of these fish include blue
crabs (Butner and Brattstrom, 1960), illustrating another
means for PCT to be spread within the Tabbs Creek food web.
Avian predators of these fish may be a means of transport of

PCT out of the creek. Valiela et al. (1977) noted that very
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high population and production rates of mummichogs make them
an important species in the functioning of the saltmarsh
ecosystem (Valiela et al. 1977). An alteration in population
levels brought on by deleterious effects of contaminants may
thus affect the overall production of the marsh.

From the previous discussion concerning the
interrelationships of the species examined, it is clear that
the pathway for PCT transfer between organisms is complex.
Research on other chlorinated hydrocarbons reveals a
difference in opinion over the major pathways for
bicaccumulation of these types of contaminants in biota.
Biomagnification along a food chain has been described as the
most significant source of input of chlorinated hydrocarbons
to biota at higher levels of the food chain by some authors
(Macek and Korn 1970; Oliver and Niimi 1988; Rasmussen et al.,
1990). Others argue that equilibrium partitioning of
chlorinated organics between the lipid phase of the organism
and water is critical (Hamelink et al., 1971; Shaw and
Connell, 1982). The mechanism for PCT accumulation in the
organisms of this study is thought to be a combination of
biomagnification and bioconcentration. Initial sources of PCT
to biota may include sediment, suspended sediment, and PCT
dissolved in the water. Through the complex food web described
above, the organisms in this study may also be contributing to

PCT burdens in each other.
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Conclusions

Aroclor 5432 was accumulated by all species collected
from Tabbs Creek: saltmarsh cordgrass, American oysters,
fiddler crabs, wharf crabs and mummichogs. The highest
concentrations (18,000 pg/kg) were found in the native oyster.
In deneral, PCT concentrations decreased with distance
downstream from a suspected outfall near the head of the

creek.



Chapter III

A Pilot Study of EROD Induction

in the Mummichog (Fundulus heteroclitus)

by Polychlorinated Terphenyl Formulations
Aroclor 5432 and 5460,

and Polychlorinated Biphenyl Formulation Aroclor 1254.

54



55
ABSTRACT

A pilot study on the effects of the PCT mixtures Aroclor 5432
and 5460 on activities of CYP1A associated hepatic
ethoxyresorufin O-deethylase (EROD) in the mummichog (Fundulus
heteroclitus) was completed. EROD levels were compared to
those following injection of the known EROD inducer Aroclor
1254. Fish were injected intraperitoneally with PCT
formulations Aroclor 5432, Aroclor 5460, or the PCB
formulation Aroclor 1254, at doses of approximately 100 mg/kg
body weight. A 20 mg/kg Aroclor 5432 dose was also applied.
Statistically significant elevation of EROD activity was only
detected in fish injected with Aroclor 5432 at a dose of
approximately 100 mg/kg. Mean EROD activity resulting from
Aroclor 5432 injection was greater than that caused by an
approximately equal dose of Aroclor 1254. Treatment with
Aroclor 5460 resulted in the lowest mean EROD of the three
mixtures.
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Introduction

The work of Chapter II illustrates that Aroclor 5432 can
accumulate in species representing different ecological
niches. Since minimal information was available on the effects
of these compounds, further research was deemed necessary.
Hepatic monooxygenase induction was selected as an indicator
of the biological status of the mummichog following PCT
exposure, because most of the biological effects of PCB and
other halogenated aromatic hydrocarbons (HAH) in vertebrates
are believed to be mediated through their binding to a
cytosolic protein, the Ah receptor (Nebert, 1989; Poland and
Knutson, 1982; Safe, 1986; Hahn et al., 1992; Heilmann et al.,
1988). Induction of the hepatic monooxygenase cytochrome
P4501A (CYP1lA) and associated catalytic activities, such as
ethoxyresorufin-o-deethylase activity (EROD) , is one
consequence of Ah receptor interaction (Okey et al., 1979) and
is recognized as a sensitive indicator of HAH exposure and
effects.

Numerous authors have reported induction of hepatic
monooxygenase activity in teleosts following laboratory
exposure to PCB mixtures, primarily Aroclor 1254 (Hill et
al., 1974; Gruger et al., 1977; Addison et al., 1978;
Sivarajah et al., 1978; Melancon et al., 1981; Melancon and
Lech, 1983; Ankley et al., 1986). Monooxydenase induction in

teleosts by PCT mixtures has not been previously reported.
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Materials and Methods

Figure 17 illustrates the methods followed in this
chapter. Male mummichogs were collected from Kings Creek,
Virginia, on May 5, 1990. After anesthetization in a 200 mg/1l
solution of tricaine methanesulfonate, fish were given
intraperitoneal injections (22G1.5 needle} with one of five
treatments: corn oil, 100 mg/kg body weight (bw) Aroclor 1254,
32 or 100 mg/kg bw Aroclor 5432, or 100 mg/kg bw Aroclor 5460,
Aroclor standards were purchased from Chem Service (West
Chester, PA). The Aroclor mixtures were corn oil based. Ten ul
were injected per g of fish. Six fish were injected per
treatment. Injected fish were maintained in tanks containing
filtered York River water; a 50% water change was made daily
during a post-injection holding period. There was no mortality
due to injection, nor during the holding period. Fish were
sacrificed three days after injection, by stunning in York
River water/ice slurry followed by cervical transection.
Livers were immediately removed, rinsed in an ice-cold 1.15%
KCl solution, frozen in liquid nitrogen, and stored at -70°C
until analysis (within six weeks).

Microsome preparation essentially followed Van Veld et
al. (1990). Samples were centrifuged twice at 10,000 xg for 10
min in a Sorvall RC285 centrifuge and the resulting
supernatants centrifuged for 1 h at 100,000 xg. Samples were

then homogenized with a glass rod and forced through a 22
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Figure 17. Flowchart of methods used in pilot study of

EROD induction in fish injected with PCT.



Inject Samples
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gauge needle. Microsomal pellets were frozen in 1liquid
nitrogen and transferred to a -70°C freezer prior to analysis.

Total microsomal protein concentrations were determined
by the Bradford Total Protein Assay (Bradford, 1976). Twenty
1l of sample was diluted with 380 pl of deionized water. Five
ml of Bradford Protein Dye Reagent (Bio-Rad, Richmond, CA) was
added to 100 pl of diluted sample or standard, samples were
incubated at room temperature for ten min, and absorbance at
595 nm was read on a Gilford Response spectrophotometer (Ciba
Corning). Due to the small volume of each sample, single
analyses for total protein content were conducted per sample.
Protein concentrations were determined relative to a standard
curve created with dilutions of bovine serum albumin. Samples
that were not within the range of the standard curve were
reanalyzed with a appropriate deionized water dilutions.

EROD reactions were measured spectrophotometrically
(Klotz et al., 1984). EROD reaction mixtures contained 100 Mm
Tris-HCl (pH 7.90), 100 mM NaCl, 2 uM of 7-ethoxyresorufin
(Sigma Chemical Corp, St. Louis, MO), and 0.40 mM NADPH
(Sigma) and microsomal protein (25-50 pg/ml). Absorbance at
572 nm was measured for 2 minutes. Blanks contained reaction
mixture without NADPH. The small size of the mummichog liver
precluded completion of duplicate analyses.

Multi-variable analysis of variance (p=0.05) followed by
an a posteriori Tukey multiple comparison test (p=0.05) was

performed to identify significant differences between doses of
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a compound, using the Toxstat® statistical package (Gulley et
al.). For statistical analysis, data were log transformed due

to heteroscedasticity of variance.

Results

This preliminary study of induction resulting from the
intraperitoneal injection of the PCB formulation Aroclor 1254,
and the PCT formulations Aroclor 5432 and 5460 into mummichog
indicated EROD induction for the approximately 100 mg/kyg doses
of Aroclor 5432 and 1254, although the level of induction was
highly variable among fish of the same treatment (Table 3).
The mean 1level of EROD activity in controls was 210
pmol/min/mg microsomal protein. The 22 mg/kg dose of Aroclor
5432 resulted in a mean EROD activity of 510 pmol/min/mg, and
the 118 mg/kg dose of this mixture resulted in a mean EROD
level of 1920 pmol/min/mg. The same 118 mg/kg dose of the PCB
formulation Aroclor 1254 resulted in a lower mean EROD of 680
pmol/min/mg. The higher chlorinated PCT mixture, Aroclor 5460,
gave a mean EROD of 420 pmol/min/mg. Only the highest dose of
Aroclor 5432 caused a significant increase in EROD activity
(Figure 18) (Analysis of Variance, p = 0.05; subsequent Tukey

Multiple Comparison Test, p= 0.05).



61

"UOHRIASD PIEPUEIS SAOUIP (S 10N

(0st) | 0120 (009) (L8 0D (@s)
oty 0z61 01S 089 01z uEoyY
0Ll 00€ 08¢ 0z 001 9
06 062 08 08¢ 091 S
00€1 00€ 0z6 09% b
oL 0Ty 08S ov1 €
00¢ 061 ove 0Sz z
0LZ 08€E 0sL ov1 T
asop 83w ggy Ssop By/3w Gz
o9y 3opo owonday

"10d Pue §0d WM paioafuy *d T sSoyonuwniy ur Aoy (0¥ U0 SHnsay Apmig 10[id “¢ S[qBL



62

Figure 18. Results of pilot study of EROD induction in fish
injected with the PCB formulation Aroclor 1254, and

the PCT formulations Aroclor 5432 and 5460.

Error bars indicate standard error. #* Denotes
statistical significance in ANOVA and subsequent
Tukey multiple comparison test (p= 0.05),

in which data were log transformed.
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Discussion

EROD induction was observed only in fish injected with
the high Aroclor 5432 dose. Examination of the data, however,
indicated a trend toward increased EROD levels for the 118
mg/kg dose of Aroclor 1254, and possibly for the remaining two
Aroclor treatments.

Heterogeneity of the microsomal mixture may have affected
the consistency of values within treatments; +the liver
homogenate was observed to be clumpy. Introduction of air
during the procedure may also have affected results.
Additional experience with the procedure, in addition to
modifications in the method to produce a more homogenous
microsomal fraction, was expected to reduce variability within
treatments.

These results demonstrated that further study on CYPl1A
induction in the mummichogs by PCT was warranted. Furthermore,
the results of this chapter indicated that a dose-response
study would be useful 1in the effects of variations in

induction with changing doses of potential inducer.
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ABSTRACT

Accumulation of the polychlorinated terphenyl formulation

Aroclor 5432 in aquatic species has previously been reported.
Polychlorinated terphenyls (PCT) are structurally similar to
polychlorinated biphenyls (PCB), and were used in related
applications. However, their biological effects have not been
thoroughly studied. Effects of PCT mixtures on levels of
hepatic cytochrome P4501A (CYP1A) and associated
ethoxyresorufin O-deethylase (EROD) activity in the mummichog
(Fundulus heteroclitus), a common estuarine fish, were
assessed. Fish were injected intraperitoneally with PCT
formulations Aroclor 5432, Aroclor 5460, or the PCB
formulation Aroclor 1254, at doses of 0.32 to 100 mg/kg body
weight. Elevated 1levels of CYP1A and EROD activity were
detected in fish injected with Aroclor 5432 and 1254 doses of
32 and 100 mg/kg. Induction resulting from Aroclor 5432 was of
the same order of magnitude as that caused by equivalent doses
of Aroclor 1254, Treatment with Aroclor 5460 did not result in
significant induction. Because commercial PCT mixtures contain
small amounts of PCB, the PCB components may have contributed
to the induction observed for Aroclor 5432. This work
represents the first report of hepatic cytochrome CYP1A
induction caused by Aroclor 5432 in teleosts and, similar to
work in mammalian systems, suggests that the effects of this
mixture may be at least partially mediated through Ah receptor
binding.
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Introduction

Polychlorinated terphenyls (PCT) are halogenated aromatic
compounds similar in structure and chemical properties to
polychlorinated biphenyls (PCB). Approximately 50,000 metric
tons of PCT were produced in the United States by Monsanto
(St. Louis, MO) from 1929 to 1972. Several PCT formulations
were produced including Aroclor 5432 and 5460, which contain
32 and 60 percent chlorine by weight, respectively (Jensen and
Jorgensen, 1983). Little information is available on either
the distribution of PCT in the environment or their biclogical
effects.

Dietary exposure of rats to the highly chlorinated PCT
formulation, Aroclor 5460, has been reported to cause an
increase in liver weight and in total cytochrome P450 (Sosa-
Lucero et al., 1973). Intraperitoneal (i.p.) injection of rats
with the same mixture caused an increase in aryl hydrocarbon
hydroxylase activity and total P450 (Nilsen and Toftgard,
1981). An increase in liver weight and liver tumor formation
was reported in mice exposed to Kanechlor C (Shirai et al.,
1978). This PCT formulation, produced in Japan, possesses a
degree of chlorination similar to Aroclor 5460 (De Kok et al.,
1982) . Rhesus monkeys fed Aroclor 5460 exhibited a decrease in
body weight, hair loss, subcutaneous edema, chloracne, liver
hypertrophy attributed to proliferation of smooth endoplasmic

reticulum, and hyperplasia and dysplasia of gastric mucosa
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suggestive of eventual development of neoplastic
transformations (Allen and Norback, 1973). An increase in
proliferation of hepatic endoplasmic reticulum, total
cytochrome P450 levels and ethoxyresorufin O-deethylase (EROD)
activity was noted in rats injected (i.p.) with the less
chlorinated PCT formulation Aroclor 5432. Aroclor 5460 induced
EROD activity to a lesser degree than 5432 (Toftgdrd et al.,
1980) .

Because commercial PCT mixtures contain small amounts of
PCB (Cooke et al., 1978), it is important to consider the
potential effects of PCB contaminants in induction studies
using these mixtures. Nilsen and Toftgard (1981) found that
Aroclor 5460 contained 0.75% PCB. These authors estimated that
the PCB contamination of PCT caused 20% of the observed
increase in P450 concentration, and concluded that the PCT
components of the mixture caused the remainder of the
induction.

Numerous authors have reported induction of hepatic
monooxygenase activity in teleosts following laboratory
exposure to PCB mixtures, primarily Aroclor 1254 (Hill et al.,
1974; Gruger et al., 1977; Addison et al., 1978; Sivarajah et
al., 1978; Melancon et al., 1981; Melancon and Lech, 1983;
Ankley et al., 1986)., Cytochrome P4501A (CYP1A) is the primary
monooxygenase form induced in fish by planar PCB (Gooch et
al., 1989). Most of the biological effects of PCB and other

halogenated aromatic hydrocarbons (HAH) in vertebrates are
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believed to be at least partially mediated through their
binding to the Ah receptor (Nebert, 1989; Poland and Knutson,
1982; Safe, 1986; Hahn et al., 1992; Heilmann et al., 1988).
Induction of CYP1lA and associated catalytic activities, such
as EROD, is one consequence of Ah receptor interaction (Okey
et al., 1979) and is recognized as a sensitive indicator of
HAH exposure and effects. Monooxygenase induction in teleosts
by PCT mixtures has not been previously reported.

We recently reported accumulation of PCT in biota of
Tabbs Creek, a small tidal creek draining into the Chesapeake
Bay, Virginia (Gallagher et al., 1993). Aroclor 5432, was
detected in saltmarsh cordgrass (Spartina alterniflora),
American oysters (Crassostrea virginica), red-jointed fiddler
crabs (Uca minax), wharf crabs (Sesarma reticulatum), and
mummichogs (Fundulus heteroclitus). This work illustrated that
Aroclor 5432 can accumulate in species representing different
ecological niches. Since minimal information was available on
the effects of these compounds, further research was deemed
necessary. In the present study, we examined the effects of
Aroclors 5432 and 5460 on hepatic CYP1A and associated EROD
activity in the mummichog, and compared these effects with
those caused by exposure to the PCB formulation Aroclor 1254,

a mixture known to cause induction of CYP1lA in teleosts.

The results of the previous chapter indicated EROD

induction by the PCT mixture Aroclor 5432. 1In this chapter,
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a more extensive analysis of CYP1lA induction was undertaken,
using a range of doses of the three Aroclor mixtures, Aroclor
1254, 5432 and 5460. In addition, a second assay for enzyme
induction, immunochemical analysis of CYP1A levels, was
conducted. Immunochemical analysis of CYP1A measures the level
of CYP1A protein, the EROD catalyst, in the microsomal
fraction using an antibody specific to the protein. The
addition of this assay was necessary and useful as a
confirmation of EROD results, and to assess potential
inhibition of catalytic activity of the protein resulting from

exposure.

Materials and Methods

Figure 19 outlines methods used in this chapter. Male
mummichogs (Fundulus heteroclitus) (6.6 g * 1.0) were
collected from Kings Creek, Virginia, a relatively clean
reference site [Van Veld, personal communication]. The fish
were transported to laboratory aquaria, where they were
maintained in clean water and fed commercial aguarium food
(TetraWerke, Germany) for approximately one month prior to
treatment.

At the time of injection, fish were removed from aquaria
and anesthetized by placement in a solution of 200 mg/l
tricaine methanesulfonate in water for several minutes. The

fish received intraperitoneal injections of Aroclor 5432
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Figure 19. Flowchart of methods used in the CYP1A and EROD

induction dose-response study.
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(PCT), Aroclor 5460 (PCT)}, or Aroclor 1254 (PCB) at doses of
0.32, 1.0, 3.2, 10, 32, and 100 mg/kg body weight in a corn
0il carrier. Carrier oil dose was constant between treatments,
with 10 pl of carrier oil injected per g of fish body weight
for each treatment. Aroclor standards were purchased from Chem
Service (West Chester, PA). Corn oil controls and no-injection
controls were also analyzed. Each treatment consisted of three
or four fish. Following injection, fish were maintained for 72
hours in randomly selected, separate, aerated aguaria at 20 to
22°C containing York River water. Tank water was replaced
daily. There was no mortality following injection, nor during
the holding period. The fish were killed by immersion in a
York River water-ice slurry, and subsequent cervical
transection. Livers were immediately removed, rinsed with ice-
cold 1.15% KC1l, frozen in liquid nitrogen, and stored at -70°C
until analysis.

Microsome preparation essentially followed Van Veld et
al.(1990). Samples were centrifuged twice at 10,000 xg for 10
min in a Sorvall RC28S centrifuge and the resulting
supernatants centrifuged for 1 h at 100,000 xXg. Replicate
analyses demonstrated that the heterogeneity of microsomal
fractions indicated in the pilot study could be reduced by
repeatedly forcing the sample through a smaller gauge needle
(25G) . Following this protocol, samples were found to be
homogenous by protein assay. Microsomal pellets were frozen in

ligquid nitrogen and transferred to a -70°C freezer prior to
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analysis.

In order to maximize sample volume for replicate enzyme
analyses, total microsomal protein concentrations were
determined by a modified Bradford Total Protein Assay
(Bradford, 1976}, which required only 25% of the sample volume
per replicate used in the pilot study. Five pl of each sample
was diluted with 55 pl deionized water, placed in a
microplate, and 200 gl of Protein Assay Dye Reagent (Bio-Rad,
Richmond, CA) were added to each well. The mixed solutions
were incubated at room temperature for 10 minutes, and
absorptions at 570 nm were measured with a Dynatech MR5000
microplate reader. Samples were analyzed in triplicate.
Protein concentrations were determined relative to a standard
curve created with dilutions of bovine serum albumin. Samples
that were not within the range of the standard curve were
reanalyzed after appropriate deionized water dilutions.

Inmunochemical analyses were based on the methodology of
Kloepper-Sams et al. (1987), with the following modifications.
Microsomal proteins were electrophoretically separated on
polyacrylamide (12%) gels and transferred to 0.20 um
nitrocellulose papers, using a Bio-Rad Mini-Protean II
apparatus. The blots were placed in a solution of monoclonal
antibody (Mab 1-12-3) to scup CYP1lA (Park et al., 1986) for
one h. The secondary antibody was alkaline phosphatase (AP)
conjugated goat anti-mouse IgG (Bio-Rad). The blots were then

placed in a color development solution of Bio-Rad AP Color
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Reagent A and B. CYP1A contents were quantitated on a Shimadzu
CS=-930 scanner coupled to a Shimadzu DR-2 data recorder. Spot
(Leiostomus xanthurus) microsomal CYP1lA, previously calibrated
against purified scup CYP1A (Klotz et al., 1983), was diluted
for standard curve preparation. CYP1lA concentrations are
expressed as CYP1A equivalents due to potential species
differences in antibody reactivity. CYP1A measurements were
not completed for the 0.32 and 1 mg/kg Aroclor 5460 doses
because the EROD showed no significant induction, and there
was a limited quantity of antibody available at the time.
EROD reactions were measured spectrophotometrically
(Klotz et al., 1984). EROD reaction mixtures contained 100 Mm
Tris-HCl (pH 7.90), 100 mM NacCl, 2 pM of 7-ethoxyresorufin
(Sigma Chemical Corp, St. Louis, MO), and 0.40 mM NADPH
(Sigma) and microsomal protein (25-50 ug/ml). Absorbance at
572 nm was measured for 2 minutes. Blanks contained reaction
mixture without NADPH. When sufficient sample was available,
duplicate analyses for EROD activity were completed on the
samples. In these cases, the reported EROD activity was the
mean of the two analyses. The small size of the mummichog
liver precluded completion of duplicate analyses for all fish.
Multi-variable analysis of variance (p=0.05) and
subsequent a posteriori Tukey multiple comparison tests
(p=0.05), where appropriate, were performed to identify
significant differences between doses of a compound. The

Toxstat® statistical package (Gulley et al.) was used for
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these tests. Corn oil controls were treated as the 0 mg/kg
dose of each compound; there was no significant difference
between corn oil and uninjected controls. For statistical
analysis, data were log transformed due to heteroscedasticity

of variance.

To attempt to quantify potential effects of planar PCB in
the Aroclor mixtures, standards of Aroclors 1254, 5432, and
5460, 3,37,4.,4'- tetrachlofobiphenyl (B2 77), 3,3’,4,47",5-
pentachlorobiphenyl (BZ 126), 3,3',4,4’,5,5"~
hexachlorobiphenyl (BZ 169), and 2,3,37,47,6~
pentachlorobiphenyl (BZ 110) were analyzed using GC-MS. The
Aroclor mixtures were purchased from Chem Service (West
Chester, PA), and the PCB congeners from Ultra Scientific
(North Kingston, RI)., A Hitachi gas chromatograph eguipped
with a capillary column (J & W Scientific, DB-5 fused silica
column, 60 m ¥ 0.25 mm i.d., 25 pgm £ilm thickness) coupled to
an Extrel ELQ 400-2 quadropole mass spectrometer was operated
in negative chemical ionization (NCI) mode, with methane as
the moderator gas. The temperature program for the GC was 90°C
for 1 min, 4°C per min to 310°C, with a 30 min hold. Helium was
the carrier gas. Source temperature was 100°C and source
pressure was 1000 mTorr. The mass spectrometer was operated in
the full scan mode to obtain ion spectra. It was also used in
selected ion monitoring (SIM) mode to minimize interference by

co-eluting compounds, in an attempt to quantitate any coplanar
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PCB identified.

Due to the complexity of the formulations, a second
capillary column (Chrompack, CPSIL CB5/Cl18, 100m x 0.32 mm
i.d., 0.10 pm film thickness), coupled to the mass
spectrometer operating in NCI mode, was evaluated for these
separations under similar mass spectrometer conditions. The
temperature program for the GC was 75°C for 1 min, 4°C per min
to 270°C, with a hold at 270°C for 60 min. The mass
spectrometer was operated in full scan mode to obtain ion

spectra.

Results

Statistically elevated levels of CYPlA were detected in
fish exposed to Aroclor 5432 (PCT) and 1254 (PCB) doses of 32
and 100 mg/kg (Figs. 20a and 21a) (p=0.05), relative to corn
0il controls. Elevated EROD activities were also detected in
fish exposed to Aroclor 1254 and 5432 doses of 32 and 100
mg/kg (p=0.05) (Figs. 20b and 21b). Treatment of fish with
Aroclor 1254 at the 10 mg/kg dose also resulted in a
statistically significant increase in EROD activity. There was
a trend toward higher EROD activity, relative to controls, in
fish exposed to 10 mg/kg of Aroclor 5432, as well. However,
this difference was not significant. Exposure to the higher
chlorinated PCT formulation, Aroclor 5460, did not result in

a statistically significant elevation of CYP1lA or EROD
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Figure 20. CYP1A and EROD levels in mummichogs injected
with the PCB formulation Aroclor 1254.
A.) CYP1lA equivalents vs. dose

B.) EROD activity vs. dose

Standard deviation (%) indicated by error bars.
Solid line connects treatment means.

* Denotes statistical significance in ANOVA and
subsequent Tukey multiple comparison test (p=0.05),

in which data were log transformed.
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Figure 21. CYP1A and EROD levels in mummichogs injected
with the PCT formulation Aroclor 5432,
A.) CYPl1A equivalents vs. dose

B.) EROD activity vs. dose

Standard deviation (%) indicated by error bars.
Solid line connects treatment means.

* Denotes statistical significance in ANOVA and
subsequent Tukey multiple comparison test (p=0.05),

in which data were log transformed.
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activity (Figure 22) (p>0.05).
Appendix I contains data tables of CYP1A and EROD

results.

DISCUSSION

This work is believed to represent the first evidence of
CYP1A induction in teleosts caused by the PCT formulation
Aroclor 5432, and, similar to work in mammalian systems,
suggests that the mechanisms of toxicity of this mixture may
be similar to those of other halogenated aromatic compounds.
As noted above, most of the biological effects of PCB and
other HAH appear to be mediated through their binding to the
Ah receptor. Induction of CYP1lA proteins and associated EROD
activity is one consequence of Ah receptor interaction. The
presence of an Ah receptor in mummichogs has previously been
confirmed (Hahn et al., 1992). The observation that Aroclor
5432 induces CYP1lA and associated EROD activity, indicates
that the biological effects of this mixture may also be partly
dependent on Ah receptor interaction.

The results indicate that the potency of the PCT
formulation Aroclor 5432 as an inducer of CYP1lA in mummichogs
is similar to that of the PCB formulation Aroclor 1254. In
fish exposed to an Aroclor 5432 dose of 100 mg/kg, mean CYP1lA
and EROD were elevated 13-fold and 10-fold, respectively,

relative to control fish (Table 4). Treatment with the same
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Figure 22. CYP1A and EROD levels in mummichogs injected
with the PCT formulation Aroclor 5460.
A.)} CYP1lA equivalents vs. dose

B.) EROD activity vs. dose

Standard deviation (%) indicated by error bars.
Solid line connects treatment means.

* Denotes statistical significance in ANOVA and
subsequent Tukey multiple comparison test (p=0.05),

in which data were log transformed.
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dose of Aroclor 1254 resulted in a 10-fold increase in CYP1A,
and an 8-fold increase in EROD activity. In fish exposed teo a
32 mg/kg dose of Aroclor 5432 mean CYP1A and EROD were
elevated 11-fold and 8-fold, relative to controls. The 32mg/kg
dose of Aroclor 1254 caused a 6-fold increase of CYP1lA and a
4-fold increase in EROD activity.

The results from experiments with Aroclor 5460 differed
from those of mammalian studies. Aroclor 5460 was not found to
cause enzyme induction in fish, but has been reported to cause
induction in mammals (Sosa-Lucero, 1973; Nilsen and Toftgédrd,
1981; Allen and Norback, 1973; Toftgdrd et al., 1980),
although to a lesser extent than Aroclor 5432 (Toftgdrd et
al., 1980). Further studies on these differences between

mammals and fish, and between mixtures, would be useful.

Identification of a Planar PCB Condgener in Aroclor 5432

As noted above, commercial PCT mixtures contain small
amounts of PCB (Cooke et al., 1978). Thus, some of the
induction caused by Aroclor 5432 may have been due to PCB
components present. Coplanar PCB congeners have been shown to
be the primary cause of enzyme induction in fish exposed to
PCB mixtures (Melancon et al., 1981; Melancon and Lech, 1983;
Gooch et al., 1989). The confirmation of the presence and
subsequent quantification of coplanar PCB congeners in Aroclor
5432, or their removal from the mixture, would be useful to

assess more accurately the effects of the PCB components in
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the mixture.

PCB mixtures are complex formulations; there are 209
possible PCB congeners. Typical gas chromatographic methods
commonly result in coelution of several congeners. This
problem is amplified with PCT mixtures. Not only can PCT be
ortho-, meta- and/or para-chlorinated, but the phenyl rings
themselves can attain these conformations with respect to each
other, resulting in more than 1000 possible congeners.
Furthermore, wvariation in composition between synthesized
batches may contribute to variation in determined congener
composition for a given Aroclor mixture. The low concentration
of planar PCB detected in most Aroclor mixtures (Schulz et
al., 1989; Duinker et al., 1988; Kannan et al., 1987) adds to
the difficulty of accurate identification and quantification
of these congeners in these complex mixtures. The resolution
of PCT congeners from each other and from PCB components of
the mixtures is, therefore, extremely difficult to produce,
and has not, to date, been achieved.

In a preliminary experiment, attempted removal of the PCB
components in the Aroclor 5432 mixture, using HPLC with a
graphitic carbon column (50 mm x 4.6 mm Hypercarb, Shanden
Scientific), was unsuccessful. Planar PCB components in
Aroclor 5432 coeluted with PCT components. I was, therefore,
unable to obtain a PCT fraction free of planar PCT for further
dosing experiments. Furthermore, non-ortho-chleorinated PCT

congeners are not commercially available, so dosing
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experiments with these PCT congeners could not be conducted.
Therefore, using GC-MS, Aroclor 1254, 5432 and 5460 were
examined for the presence of the planar PCB congeners
3,37,4,4'-tetrachlorobiphenyl (B2 77) ., 3,37,4,47,5-
pentachlorobiphenyl (B2 126) and 3,37,4,47,5,5'~
hexachlorobiphenyl (BZ 169). This was done to assess whether
these PCB are present and may contribute to enzyme induction
in fish exposed to these mixtures.

PCB congeners were identified by their molecular ions and
retention time. The non-planar PCB congener 2,3,37,47,6-
pentachlorobiphenyl (BZ 110) coeluted with BZ 77 on the a DBS
column, preventing accurate quantitation of BZ 77 in the
Aroclor mixtures. BZ 110 has been reported (Schulz et al.,
1989) to comprise approximately 5% of Aroclor 1254; the
magnitude of the signal from this congener masked the signal
obtained from BZ 77 during GC-MS analysis. Reports in the
literature confirm the difficulty in quantitating planar PCB,
with reported values for B2 77 in Aroclor 1254 ranging from
below the quantitation limit to over 600 ug/kg (Schulz et al.,
1989; Duinker et al., 1988; Kannan et al., 1987). BZ 126
coelutes with di-ortho chlorinated BZs 129 and 168, preventing
accurate quantitation of this congener.

The use of a 100 m column partially coated with C18
(Chrompack, CPSIL CB5/Cl1l8) resolved the PCB congeners
examined. However, column bleed from the C18 column degraded

the MS source. This prevented the generation of a reproducible
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calibration curve for planar PCB with the €18 column. Lack of
resolution of PCT congeners with BZ 77 prevented use of this
Cl18 column on another detector, such as an electron capture
detector, which would have been less prone to column phase
accumulation due to elevated detector temperature (300°C).
Nevertheless, the presence of BZ 77 (Fig. 23) was confirmed in
Aroclor 5432, as illustrated by the mass spectrum of this
mixture at the BZ 77 retention time (Fig. 24). The molecular
ion (m/e 292) and chlorine isotope peaks are present in the
same ratios in both spectra. These spectra were obtained using
the €18 column. The mass spectrum of Aroclor 5460 also
contained a 292 ion at the retention time for BZ 77 (Fig. 25,
C18 column). However, since this peak was so small, and there
were no chlorine isotope peaks, the presence of BZ 77 in
Aroclor 5460 cannot be confirmed.

Molecular ions for BZ 126 and 169 were also detected in
Aroclor 5432 and 5460, at their respective retention times on
the DB-5 and C1l8 columns. However, due to the coelution of
several other PCT congeners at these retention times and a
lack of an isotope peak profile, the presence of these
congeners cannot be definitively confirmed.

The confirmed presence of BZ 77 in Aroclor 5432 is
expected to have had an effect on CYP1lA levels in mummichogs.
However, the magnitude of the effect of the BZ 77 in Aroclor
5432 on the CYP1A induction results cannot be accurately

estimated from this study.
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Figure 23. NCI mass spectrum of 3,37/,4,4/-tetrachlorobiphenyl

(BZ 77).
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Figure 24. NCI mass spectrum of Aroclor 5432, at the retention
time of 3,3’,4,4’-tetrachlorobiphenyl, confirming

the presence of this PCB congener in this mixture.
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Figure 25. NCI mass spectrum of Aroclor 5460, at the retention

time of 3,3’,4,4’-tetrachlorobiphenyl.
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The use of multi-dimensional GC might make the
quantitation of PCB congeners in PCT mixtures possible,
enabling an estimation of the effects of planar PCB congeners
on MO induction following Aroclor 5432 injection.
PCT were released to the environment as commercial
mixtures. Therefore, information regarding the effects of the
mixture, as a whole, is critical in evaluating the

significance of releases of these mixtures to the environment.
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Environmental Induction of Cytochrome P4501A

in Mummichogs Collected from an Estuarine Creek
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ABSTRACT

Mummichogs (Fundulus heteroclitus) were collected at
Tabbs Creek, a tributary of the Chesapeake Bay known to
contain high sediment concentrations of the PCT formulation
Aroclor 5432, Fish were collected along a gradient of
increasing PCT contamination within Tabbs Creek, established
in earlier studies, Samples were analyzed for environmental
induction of hepatic CYP1A and EROD activity.

Environmental induction of CYP1lA was observed along the
gradient of PCT contamination within Tabbs Creek. CYP1lA levels
in fish collected nearest the PCT outfall, sites TA and TB,
were significantly greater than levels in fish collected at
site TC, the site furthest downstream, and from control fish
collected at an uncontaminated field site (p=0.05). The mean
EROD activity at TB was significantly different from the Kings
Creek control activity. EROD levels in fish collected from TA
were the lowest in Tabbs Creek, despite the fact that the mean
CYP1A protein levels were highest at this site, and that CcYPl1A
is the source of EROD activity. The low EROD activity of the
TA fish indicates an inhibition of enzyme activity in fish
collected near the outfall. Turnover number (activity/pmol
CYP1A) illustrates a decrease in catalytic efficiency of fish
in Tabbs Creek with a decrease in distance from the PCT
outfall. Similar inhibition of EROD activity at high
xenobiotic doses has been reported by several other
researchers.

Despite the fact that PCT is present at high
concentrations within the creek, and that induction by PCT has
been demonstrated in the laboratory, the induction observed in
mummichogs collected from Tabbs Creek can not be attributed
solely to the PCT contamination within Tabbs Creek. Other
known enzyme inducers have been detected in Tabbs Creek,
including PAH and PCB.

Regardless of the inability to determine the inducing
agent, the observed environmental induction in fish collected
from Tabbs Creek is a cause for concern. Induction and
inhibition of monoxygenase activity may affect the ability of
the fish to enzymatically respond to additional contaminant
inputs, and may signal the development of Ah receptor-mediated
toxicity. Tabbs Creek 1is currently undergoing remedial
investigation under the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA). The results of this
study contributed to the evaluation of potential options for
remediation under CERCLA at Tabbs Creek.
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Introduction

Many reports have been published concerning environmental
induction of cytochrome P4501A and resultant EROD activity
from a variety of environments (Elskus and Stegeman, 1989;
Stegeman et al., 1990; Van Veld et al., 1990; Addison et al.,
1994) There have been several reports of hepatic enzyme
induction in fish environmentally exposed primarily to
polychlorinated biphenyls (PCB) (Addison and Edwards, 1988;
Stegeman et al., 1988). However, there have been no previous
reports of environmental induction of fish in polychlorinated
terphenyl (PCT)-contaminated environments.

PCT are present at high levels in Tabbs Creek, but other
enzyme inducing xenobiotics have also been detected in the
creek. Polycyclic aromatic hydrocarbons (PAH) and PCB have
been reported at the upper end of the creek, near the PCT
outfall. The concentration Benzo(a)pyrene was reported to be
1794 ug/kg, and several other PAH were detected at similar

levels (Hale and Smith, 1988).

Materials and Methods
Male mummichogs were collected from four sites on July 11
through 14, 1994, using baited minnow traps. Three of the

sites were along the Tabbs Creek PCT gradient (TA, TB and TC

[Figure 26]). TA was the site closest to the PCT outfall, as
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Figure 26. Map of sites in Tabbs Creek sampled for

environmental induction study.
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described in Chapter II. The collection of fish from TA was
made at and upstream of the collection for the TC1 site of
Chapter II. Site TB was near TC3 of Chapter II, but was
slightly off the main creek channel. TC was approximately 0.5
km up a creek tributary that branched from the main creek
between sites TC3 and TC4 of the monitoring study described in
Chapter II. The fourth site was a control site, Kings Creek,
which is located outside of the Back River basin. Kings Creek
was the collection site for uninduced fish used in the
induction study of Chapter III.

The Tabbs Creek fish were dissected in the field. Livers
were removed, rinsed with an ice=-cold KCl solution and placed
in liquid nitrogen. Kings Creek fish were transported back to
the lab, due to the proximity of the site to the lab, and were
treated similarly. all samples were transferred to a -80C
freezer and held there until analysis (within 1 month).

Samples were analyzed by the methods described in Chapter
III, except that two fish were composited per replicate. There
was difficulty in collecting larger mummichogs, particularly
at TA. Because Edwards (1988) found no significant
relationship between P450 or EROD and liver or body weight in
male fish, size differential should have no significant effect

on results.
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Results

Mean CYP1lA equivalents at TA, TB, and TC were 0.064, 0.063,
and 0.035 pmol/ug (n=12). Mean CYP1A was 0.019 at the control
site (n=12). CYP1A levels in fish collected at the sites
nearest the PCT outfall, TA and TB, were significantly greater
than levels in fish collected at site TC, and at the control
site (p=0.05) (Figure 27). CYP1A concentrations were not
significantly different between sites TA, at the outfall, and
site TB, several river kilometers downstream from the outfall.
Mean CYPl1lA equivalents in fish from TA and TB were elevated
approximately three-fold over the Kings Creek control levels.

The mean EROD activities at sites TA, TB and TC were 920,
1370, and 1120, respectively (n=12). The mean EROD of the
Kings Creek control was 890 (n=12). Only the EROD activity at
TB was significantly different from the Kings Creek control
activity (Fig. 28). The mean EROD levels in fish collected
from TA were the lowest in Tabbs Creek, despite the fact that
the mean CYP1A protein levels were highest at this site, and
that CYP1A is the source of ERCD activity. The low mean EROD
activity of the TA fish indicates an inhibition of enzyme
activity in fish collected near the outfall.

The graph of turnover number (activity/pmol CYP1A)
illustrates a decrease in catalytic efficiency of CYP1A in
Tabbs Creek fish with a decrease in distance from the PCT

outfall, near TA (Fig. 29). This decrease in catalytic
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Figure 27.

CYP1A levels in mummichogs collected from Tabbs

Creek.

Error bars indicate standard error. * Denotes
statistical significance in ANOVA and subsequent
Tukey multiple comparison test (p=0.085),

in which data were log transformed.
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Figure 28. EROD activity in mummichogs collected from Tabbs

Creek.

Error bars indicate standard error. * Denotes
statistical significance in ANOVA and subsequent
Tukey multiple comparison test (p=0.05),

in which data were log transformed.
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Figure 29. Catalytic efficiency of mummichogs collected from

Tabbs Creek.

Error bars indicate standard error. * Denotes
statistical significance in ANOVA and subsequent
Tukey multiple comparison test (p=0.05),

in which data were log transformed.
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efficiency with increasing proximity to +the outfall
illustrates enzyme inhibition at TA. The catalytic
efficiencies of TA and TB fish were significantly different
from that of TC and Kings Creek control fish.

Appendix II contains data tables of CYP1A and EROD and

catalytic efficiency reported in this chapter.

Discussion

Environmental induction of CYP1A was observed along a
gradient of PCT contamination within Tabbs Creek. Despite the
fact that PCT is present at high concentrations within the
creek, and that induction by PCT was demonstrated in the
laboratory, the induction observed in mummichogs collected
from Tabbs Creek can not be attributed solely to the PCT
contamination within Tabbs Creek. As noted earlier, other
known enzyme inducers have been detected in Tabbs Creek,
including PAH (eg. benzo({a)pyrene) and PCB (Hale and Smith,
1988) .

There may be several factors contributing to the large
coefficient of wvariation within the sites, including the
natural variability of CYP1lA and EROD levels between fish. The
demonstrated heterogeneity of PCT distribution in Tabbs Creek
sediments within a site, and, therefore, of exposure of the
fish, may also have contributed to CYP1A variability. The

variability of PCT levels in a small area was illustrated by
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the large intrasite standard deviation reported in Chapter II.
The movement of fish within in a larger area, away from the
site, may have caused additional wvariability in exposure to
inducers.

Inhibition of enzyme activity has been reported in both
laboratory and field studies. A decrease in EROD activity was
detected in rainbow trout (Oncorhynchus mykiss) and carp
exposed to relatively high doses (100 mg/kg) of Aroclor 1254
(Melancon and Lech, 1983). An inhibition of EROD activity in
fish cells exposed to 0.1 mg/kg 3,37,4,4’-tetrachlorobiphenyl
(BZ #77) has also been reported (Hahn et al., 1993) These
authors found that P4501A levels continued to increase at
doses inhibitory to EROD activity. Whether this dose-dependent
decrease in catalytic efficiency of P4501A was due to binding
of inducing agents to the P450 catalytic site or other factors
had not been determined. Gooch et al. (1989) reported
decreased EROD activity at high doses of BZ 77, and found the
decreased induction to be due to competitive inhibition by
this PCB congener.

Monosson and Stegeman (1991) reported environmental
inhibition of CYP1A in winter flounder exposed to PCB, and
possibly PAH, in Narragansett Bay, as demonstrated by a
decrease 1in EROD with an increase in CYP1A levels, and
consequently a decrease in turnover number. In contrast,
Elskus and Stegeman (1989) found no decrease in catalytic

efficiency, based on total P450 1levels, in mummichogs




100
environmentally exposed to PCB and PAH, despite an 1000-fold
increase in total PCB and 60~fold increase in total PAH at the
contaminated site relative to the control site. The authors
noted that the contaminated site, Seekonk River, Rhode Island,
is among the most contaminated sites in the c¢oastal US,
according to a NOAA study conducted in the mid-1980’s. The
inhibition of enzyme activity in fish collected at TA may have
been due to a reduction in the functioning of other components
of the MO system, or, more likely, to competitive inhibition
of EROD activity by PCT or other inducers remaining in the
microsomal fraction, or to other factors.

The observed environmental induction in fish collected
from Tabbs Creek is a cause for concern, indicating a
potential compromise in the environmental fitness of organisms
in the creek. Induction and inhibition of MO activity may
affect the ability of the fish to enzymatically respond to
additional contaminant inputs, and may signal the development
of Ah receptor-mediated toxicity. Tabbs Creek is currently
undergoing remedial investigation under the Comprehensive
Environmental Response, Compensation and Liability Act
(CERCLA) , commonly referred to as the Environmental Protection
Agency Superfund. The results of this study contributed to the
evaluation of potential options for remediation under CERCLA
at Tabbs Creek. The work described herein demonstrates the
negative ecological impact PCT may be having on organisms

within Tabbs Creek.
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Chapter VI

Conclusions

Aroclor 5432, a mixture of polychlorinated terphenyls
(PCT), was detected in several biological species collected
from Tabbs Creek: saltmarsh cordgrass (Spartina alterniflora),
American oysters (Crassostrea virginica), red-jointed fiddler
crabs (Uca minax), wharf crabs (Sesarma reticulatum) and
mummichogs (Fundulus heteroclitus). This tidal creek, located
in the southern Chesapeake Bay region, contains high sediment
concentrations of PCT. Species from several phyla were
analyzed in order to examine PCT biocavailability and
accumulation in physiologically and ecologically different
organisms. PCT concentrations in sediment, saltmarsh
cordgrass, native oysters, and fiddler crabs decreased with
distance downstream from the PCT outfall. Residues in
transplanted oysters and mummichogs showed a more variable
trend with distance downstream. The organism with the highest
mean concentration (18,300 pug/kg dry weight) was the native
oyster, a benthic filter feeder. This work confirms the
bicavailability of PCT to a wide variety of aquatic organisms.

Mummichogs injected with Aroclor 5432 exhibited
significantly elevated levels of hepatic cytochrome P4501A and
associated EROD activity. Induction resulting from Aroclor

5432 of the same order of magnitude as that caused by
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equivalent doses of Aroclor 1254. Treatment with Aroclor 5460
did not result in significant induction. This work represents
the first report of hepatic cytochrome P4501A induction caused
by Aroclor 5432 in teleosts and, similar to work in mammalian
systems, suggests that the effects of this mixture may be
mediated through Ah receptor binding.
Because commercial PCT mixtures contain small amounts of
PCB, PCB components may have contributed to the induction
observed for Aroclor 5432. The planar PCB cengener 3,37,4,4'-
tetrachlorobiphenyl (BZ 77) was detected in an Aroclor 5432
standard by GC-~MS operating in NCI mode. Gooch et al. (1989)
found that a 0.1 mg/kg body weight dose of BZ 77 caused EROD
induction, with EROD activities greater than 11-fold of
control activities. Melancon and Lech (1983) reported enzyme
induction in fish dosed with 0.01 mg/kg BZ 77. Therefore, the
presence of BZ 77 in Aroclor 5432 may have contributed to the
elevated PA4501A and EROD levels observed in the study
described in Chapter IV. From the studies described herein, it
is not possible to determine if the PCT themselves are causing
the observed MO induction, or if the induction is a result of
other components in the mixture, or a combination of
components,
Due to the number and complexity of compounds in
commercial PCT mixtures, the resolution of PCT congeners from
each other and from PCB conmponents of the nixtures is

extremely difficult to produce, and has not, to date, been
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attained. The use of a column partially coated with 18
resolved the PCB congeners examined, but resulted in coelution
of BZ 77 with PCT congeners in Aroclor 5432. Column bleed from
the €18 column degraded the MS source, preventing the
generation of a reproducible calibration. The use of multi-
dimensional GC might make the guantitation of PCB congeners in
PCT mixtures possible.

Environmental induction was observed in mummichogs
collected from PCT contaminated Tabbs Creek. This study
revealed CYP1A induction at the two most contaminated sites
along a PCT gradient. Fish at the upper creek site also
exhibited inhibition of EROD activity. Definitive
environmental induction by PCT cannot be established due to
the presence of other enzyme inducing pollutants in Tabbs

Creek.
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Appendix I

CYP1A and EROD Levels in Mummichogs

Injected with Aroclor 1254, 5432 or 5460
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Appendix II

CYP1A and EROD Levels in Fish Collected from Tabbs Creek

for Environmental Induction Study




CYPI1A Levels, EROD Activity and Catalytic Efficiency in Mummichogs
Collected at Tabbs Creek Site TA.

TAl 1320 0,1679 10

TA2 1490 0.1596 10

TA3 420 0.0414 10

TA4 470 0.0117 40

TAS 920 0.0485 20

TA6 1070 0.089 10

TA7 640 0.0091 70

TAS8 790 0.0281 30

TA9 920 0.0534 20

TA10 1340 0.0967 10
TAll 710 0.0265 30
TAI12 950 0.0420 20
920 0.0645 20

340 0.0534 20

37 % 83 % 100

Note: CV is coefficient of variation
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CYPIA Levels, EROD Activity and Catalytic Efficiency in Mummichogs
Collected at Tabbs Creek Site TB.

- EROD.. CYPIA Equivalents | Catalytic Efficiency -
£ (pmol/mmlmg) - (pmollug)~: : (pmol/min/pmol. CYP1A)
TB1 880 0.0291 30
TB2 650 0.0156 40
i TB3 1370 0.0992 10
TB4 1830 0.1160 20
TBS 1290 0.0521 20
TB6 2290 0.1224 20
TB7 1270 0.0604 20
TB8 760 0.0138 60
TB9 2170 0.1112 20
1600 0.0800 20
1240 0.0278 40
1110 0.0324 30
1370 0.0633 30
520 0.0409 10
8% 65 % 3%

Note: CV is coefficient of variation.



CYP1A Levels, EROD Activity and Catalytic Efficiency in Mummichogs
Collected at Tabbs Creek Site TC.

T o | oo

o v (pmoliug) - (pmol/min/pmol:CYP1A).
TC1 640 0.0235 30
TC2 730 0.0138 50
TC3 150 0.0029 50
TC4 1070 0.0419 30
TCS 9200 0.0079 110
TC6 1480 0.0306 50
TC7 930 0.0114 80
TC8 1260 0.0362 30
TC9 2140 0.1062 20
1580 0.0566 30
1240 0.0382 30
1300 0.0485 30

1120 0.0348 (45=) 50

510 0.0281 30
46 % 81 % 30

Note; CV is coefficient of variation.
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CYPI1A Levels, EROD Activity and Catalytic Efficiency in Mummichogs
Collected at the Kings Creek Control Site.

- (pmol/min/pmol CYPIA):

110
70

120

30
90
110
140

130
40
30
50

20

890 0.0190 80

350 0.0193 40 |
39 % 102 % 50% |

Note: CV is the coefficient of variation.
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