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ABSTRACT

The toxicity of a chemical compound depends on the route as well as the
magnitude and duration of exposure. While previous studies have shown that uptake
of lipophilic toxicants can result from dietary, sediment, or aqueous exposure, the
relative contribution of each to overall accumulation has not yet been determined.
Cytochrome P4501A, an enzyme involved in xenobiotic biotransformation, can be
induced by exposure to polycyclic aromatic hydrocarbons (PAHs) and this induction
can therefore be used as an indicator of exposure. I conducted experiments designed
to evaluate which route of uptake predominates in fish exposed to environmentally
relevant concentrations of a PAH. I hypothesized that tissue patterns of
immunohistochemical staining for P4501A are route-specific. Fundulus heteroclitus,
an estuarine killifish, were exposed to benzo[a]pyrene, a PAH, via diet (0, 0.1, 10, or
100 mg B[a]P/kg), water (0, 0.5, or 5.0 ug B[a]P/L) and intraperitoneal (IP) injection
(50 mg Bl[a]P/kg body weight). Following 72 - 80 hour exposures, fish were
processed by routine methods for paraffin histology and stained for P4501A using an
avidin-biotin immunohistochemical detection system. Staining intensity in histologic
sections of whole fish was evaluated by 1) light microscopy and a subjective rating
system, and 2) a photometric quantitation method developed specifically for this
study. P4501A immunostaining of gill pillar cells, hepatocytes, kidney tubular
epithelial cells, heart endothelial cells and intestinal epithelial cells were evaluated
quantitatively. Patterns of immunostaining for P4501A were route-specific. Gill
pillar cells rarely stained for P4501A in dietary exposures but always stained in
aqueous exposures and IP injections. Staining of the gut epithelial cells was also
route-specific and most intense in the dietary exposures, less in the aqueous
exposures, and absent in the IP injections. Staining of hepatocytes and heart
endothelium was greater in aqueous exposures and IP injections than in dietary
exposures. A time course experiment was also conducted, including the following
treatments: 10.0 mg B[a]P/kg dietary exposure, 5.0 ug B[a]P/L aqueous exposure,
control (B[a]P-free) diet, and acetone control. Fish were sampled at O, 1, 3, 6, 12,
and 24 hours. The same route-specific P4501A immunostaining patterns were
observed in this experiment. No staining for P4501A was observed prior to 12 hours;
at 24 hours the staining pattern was the same as at 12 hours while the intensity
increased. Mummichog from a PAH-contaminated site demonstrated intense P4501A
immunostaining in all five cell types examined. This pattern is consistent with
exposure from multiple routes.
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INTRODUCTION

Over the years, one of the most debated issues in aquatic toxicology has been
which route of toxicant uptake predominates under field conditions. Though
laboratory studies have shown that fish and aquatic invertebrates can assimilate
toxicants through exposure to contaminated water, food, and sediments (Macek and
Korn, 1970; Jarvinen et al., 1977; Jarvinen and Tyo, 1978; Rubinstein ef al., 1984;
Varanasi er al., 1985; Fisher et al., 1986; Clark and Mackay, 1991), the relative
importance of each route remains controversial. Early studies (Hunt and Bischoff,
1960) on the effects of DDD, a DDT metabolite, on wildlife at Clear Lake,
California, indicated food-chain transfer of this insecticide. This conclusion was
based on chemical analyses of vertebrate and invertebrate specimens collected, which
indicated that smaller fish and invertebrates accumulated less toxicant than did larger
vertebrates. Grebes, at the top of the food chain, accumulated the highest levels of
DDD. Later, Woodwell et al. (1967) measured DDT residues in soil samples and
various organisms inhabiting a marsh on Long Island, New York. They found that
larger organisms and higher carnivores had greater concentrations of DDT than
smaller organisms and organisms at lower trophic levels. Woodwell e al. suggested

that these differences were due to food-chain biomagnification of DDT. Similar
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results were reported by Meeks (1968), who sprayed an enclosed marsh with DDT.
Herbivorous snails accumulated the least DDT residues, whereas crappie (Pomoxis
annularis) and snapping turtles (Chelydra serpentina), each occupying the highest
trophic level of their respective orders, accumulated the highest DDD tissue residues.
All of these early studies involved samples collected from contaminated natural
environments. Macek and Korn (1970) conducted the first laboratory studies that
supported the food chain biomagnification hypothesis proposed by prior investigations.
They exposed brook trout, Salvelinus fontinalis, to the dietary and aqueous levels of
DDT found in Lake Michigan. Fish accumulated 10 times more of the available
DDT from the contaminated diet than they did from aqueous exposures. These
investigators concluded that the 1 mg/kg levels of DDT found in yearling Lake
Michigan brook trout must therefore be due to exposure in the diet.

A criticism of much of this early work is that there is no well defined or
environmentally valid quantitative relationship between the dose administered in the
diet and that administered in the water. The dietary organisms and the fish used as
the exposure organisms were not exposed to the same aqueous concentration of the
xenobiotic and so the experiments did not mimic the situation in nature. For
example, Macek and Korn (1970) used a dietary DDT level about one million times
higher than the level present in their aqueous exposures. These higher dietary levels
of DDT may account for the higher tissue residue levels they observed in brook trout
following dietary exposure; it may not be related to food-chain transfer of DDT.

Subsequent studies in which both prey and consumer organisms were exposed



to the same levels of contaminant suggested that uptake from the water was more
important than dietary uptake. For example, Reinert (1972) found that Daphnia
magna and guppies, Poecilia reticulata, accumulated more dieldrin directly from
water than from food that had been exposed to similar dieldrin concentrations in
water. Scura and Theilacker (1977), found that anchovy larvae exposed to aqueous
polychlorinated biphenyls (PCBs) accumulated the same amount whether or not they
were fed a PCB-contaminated diet, suggesting that the diet plays a negligible role in
PCB accumulation. Jarvinen et al. (1977) exposed fathead minnows, Pimephales
promelas, to DDT in water, food, and in water and food simultaneously. Although
they found that some tissue accumulation of DDT occurred from food, the
accumulation from water was much greater. Jarvinen and Tyo (1978) exposed
fathead minnows to endrin and found that accumulation from water was greater than
that from the diet. In all of these studies the diet and consumer organisms were
exposed to the same level of contamination in the water and uptake from the diet was
not considered to be as significant as that from the water.

Hamelink er al. (1971) also rejected the food chain biomagnification of
pesticides proposed by other investigators based on studies of DDT tissue residues in
organisms exposed in a farm pond and artificial pools. Their rejection of the food
chain transfer theory was based on the observation that a stepwise increase in residue
concentration occurred between trophic levels in all treatments, whether or not a
complete food chain was present. Instead of the food chain biomagnification model,

they proposed uptake mechanisms based on adsorption and solubility differences of



xenobiotics in the various components of the aquatic environment. The linear
correlation they observed between DDT concentrations in invertebrates and water was
attributed to DDT exchange between water and body fat; the higher the percentage of
fat the greater the accumulation of DDT residues. They further suggestéd that similar
mechanisms are important in fish. In this case, the exchange of DDT residues passes
through two stages, from fat to blood and from blood to water. This study was the
first to discuss uptake of lipophilic toxicants by aquatic organisms in terms of a
simple compartment model, with water, blood and body fat as the compartments.

In the early 1980s a more complex thermodynamic model became popular with
investigators studying routes of uptake in aquatic organisms (Mackay, 1979;
Thomann, 1981; Connolly and Pedersen, 1988; Gobas et al., 1988; Clark et al.,
1990; Clark and Mackay, 1991). In this model the environment consists of several
compartments (e.g. the atmosphere, a lake, sediment, water, and biota).
Concentration data for the chemicals in each compartment are expressed as fugacities
for the different phases. Fugacity is defined as the ’escaping tendency’ of a chemical
from one compartment into another compartment (e.g. from water to biota), measured
in units of pressure (Mackay, 1979; Connolly and Pedersen, 1988). Some principles
governing fugacity are: 1) when fugacities from two compartments are equal there is
no net movement of the chemical between compartments; 2) fugacity is always
linearly proportional to the relative concentration between two compartments; and 3) a
chemical will always diffuse from a compartment of high fugacity to a compartment

of low fugacity (Mackay, 1979). If the chemical concentration in a fish is greater



than would be predicted by differences in fugacity between the water and fish then
one conclusion might be that there is some other source of chemical to the fish. This
source could be the diet or chemical sorbed to the sediment. Thus by measuring the
actual fugacities in the various compartments and comparing these numbers to those
generated by the fugacity model, conclusions about the source of the chemical to a
compartment can be made. One problem associated with this thermodynamic model
is that is does not adequately determine the behavior of compounds that are readily
metabolized (biotransformed, e.g. PAHs) into products that exhibit different fugacities
than the parent compound. The model does, however, appear to be useful in
describing the partitioning behavior of persistent (poorly biotransformed) toxicants
(e.g. PCBs) in simple ecosystems such as the Great Lakes (Thomann, 1981; Thomann
and Connolly, 1984; Gobas er al., 1988; Clark er al., 1990).

How exposure occurs in the environment is important because evidence
indicates that the toxicity of a xenobiotic is dependent on the route of exposure as
well as the magnitude and duration of exposure. For example, Tice er al. (1989)
demonstrated that cytotoxicity and genotoxicity of benzene was dependent on whether
mice were exposed via inhalation or gavage (force-feeding). Similarly, Schurdak and
Randerath (1989) found that the tissue distribution of carcinogen-DNA adducts
depended on several factors, including magnitude and route of exposure. They
demonstrated that topical application of a variety of PAHs was found to be more
carcinogenic to mice than subcutaneous injection. Grossman et al. (1991)

demonstrated that thiobenzamide-induced hepatotoxicity depended on the route of



administration. Intraperitoneal thiobenzamide dosing led to more severe liver necrosis
than did oral dosing. As a last example, Collins ef al. (1992) concluded after
reviewing the literature on cadmium carcinogenicity that cadmium should be
considered noncarcinogenic by the oral route. They based this conclusion on studies
in which rats exposed to cadmium chloride at several dose levels demonstrated no
increase of tumors due to cadmium ingestion. On the other hand, these authors
reported that cancers in people occupationally exposed to cadmium were common if
the exposure occurred via airborne cadmium.

In comparison to the great amount of mammalian literature on this topic, there
are relatively few studies that have addressed the relationship between route of
exposure and toxicity in aquatic organisms. Jarvinen et al. (1977) and Jarvinen and
Tyo (1978) exposed fathead minnows to DDT and endrin, respectively, in diet, water,
and both simultaneously and measured mortality as an endpoint. In both studies, fish
exposed to the toxicant in both diet and water simultaneously had significantly higher
mortalities than those exposed via diet or water alone. These experiments
demonstrate that route of uptake can have an effect on the toxicity of a compound in
aquatic organisms, but further work needs to be done in this area.

It is important to determine which route of uptake predominates in the field in
order to design laboratory experiments that better reflect conditions that occur in the
natural environment. For example, if studies determine that exposure in the field via
the dietary route is more toxic to fish than aqueous exposure, biomonitoring in

contaminated areas should emphasize analysis of dietary organisms. Laboratory



studies that are conducted in conjunction with field biomonitoring in the above
example should also concentrate on dietary sources of contamination in order to
accurately represent the field situation.

In fish, the intestine and gill are considered to be the major tissues responsible
for uptake of toxicants. Both the intestine and the gill are optimal for toxicant uptake
because of large surface areas, close proximity to the environment, and direct contact
of the absorptive epithelial cells to the bloodstream. While both gut and gill share
features that make them ideal for toxicant uptake, they differ with respect to the
uptake process. In the gill, uptake presumably occurs via the direct absorption of
individual molecules by the epithelium and is a relatively rapid process. In the gut,
however, uptake of a lipophilic toxicant is dependent on dietary fat digestion and
absorption, a process that can take several hours (Vetter ef al., 1985; Van Veld,
1990).

Once the toxicant enters an organism, be it via gill or gut, biotransformation
may occur. Biotransformation is the process by which lipophilic compounds are
converted into metabolites that are usually less toxic, more hydrophilic, and more
easily eliminated. Conversion of lipophilic toxicants into hydrophilic metabolites is
usually a two stage process involving enzymes. Phase I enzymes catalyze oxidation,
reduction, and hydrolysis reactions yielding hydrophilic functional groups such as
hydroxyl (-OH), carboxyl (-COOH), or amino (-NH,) groups. Phase II reactions can
then conjugate the product from Phase I with an endogenous molecule (for example

glucuronic acid or sulfate) resulting in a more water soluble metabolite that is more



readily excreted (Sipes and Gandolfi, 1991). Biotransformation usually leads to
detoxication and excretion of a xenobiotic, but this is not always the case. In some
instances activation can occur, such as in the biotransformation of benzo[a]pyrene
(B[a]P), a polycyclic aromatic hydrocarbon (PAH). Benzo[a]pyrene is
noncarcinogenic in its original form, but becomes carcinogenic after it is converted to
a chemically reactive diol-epoxide following oxidation by Phase I enzymes and
hydration by Phase II enzymes (Varanasi et al., 1989).

The primary enzymes involved in Phase I biotransformation reactions comprise
a family of proteins collectively known as cytochrome P450. The tissues of animals
contain multiple cytochrome P450 isozymes, each possessing somewhat different
catalytic properties (Guengerich et al., 1982; Stegeman and Kloepper-Sams, 1987).
Up to 150 mammalian P450 genes, organized into 27 gene families with numerous
subfamilies, are presently known (Nebert ef al., 1991). Fewer forms have been
identified in fish (Stegeman, 1992); in part because of the relatively small number of
investigators working on P450 in aquatic organisms.

A common feature of cytochrome P450 proteins is induction or repression of
specific forms by exposure to various compounds. Induction (elevation) of a specific
P450 form can occur in vertebrates following exposure to many toxicants (Stegeman
and Kloepper-Sams, 1987) and has been demonstrated to be dose-dependent in both
mammals (Bars and Elcombe, 1991) and fish (Van Veld et al., 1988b). Induction of
P4501A forms occurs in fish exposed to polycyclic aromatic hydrocarbons (PAHs), B-

naphothaflavone (BNF), specific planar PCBs, polychlorinated dibenzodioxins



(PCDDs) and polychlorinated dibenzofurans (PCDFs) (Nebert et al, 1989).

The mechanism of P4501A induction is dependent upon the high affinity
binding of the incoming toxicant to the Ah (aromatic hydrocarbon) receptor in the cell
cytoplasm. Subsequent to the binding of the receptor to the substrate, the Ah-toxicant
complex is transported to the nucleus via a translocating protein. Once in the
nucleus, the DNA is activated and an increase in transcription of the gene that codes
for the P4501A isozyme occurs. The mRNA leaves the nucleus and binds to
ribosomes located in the cytoplasm, where translation into P4501A and insertion into
the endoplasmic reticulum (microsomes) occurs (Denison et al., 1985). Although
many toxicants induce P4501A, not all of them are efficiently biotransformed by
P4501A. PAHs, such as B[a]P, are efficiently biotransformed by P4501A while other
lipophilic organic toxicants, such as TCDD and many PCBs, are poorly transformed.

Although the liver is considered by most investigators to be the primary organ
involved in toxicant biotransformation in fish, recent immunohistochemical studies
have also demonstrated the presence of P4501A in many extrahepatic tissues, such as
gill pillar cells, gut epithelium, kidney tubular epithelium, heart endothelium,
olfactory epithelial cells (Lindstrom-Seppa et al., 1981; Stegeman et al., 1979;
Smolowitz et al., 1992). The presence of P4501A in these tissues indicates that they
are exposed to toxicants and that biotransformation may occur in tissues other than the
liver. The presence of P4501A in this range of cell types further suggests that
P4501A immunohistochemistry may be an effective way to examine the relative

importance of different routes of toxicant uptake in fish.
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Immunohistochemical detection of P4501A in histological sections of whole
fish is, for several reasons, a new and effective way of approaching the question of
which route of toxicant uptake predominates in field-collected animals. Whereas
other methods (e.g. immunoblotting, catalytic assays) have demonstrated P4501A
induction in diverse organs following toxicant exposure, these techniques do not
detect cell-specific induction. For example, Van Veld et al. (1990) demonstrated
elevated intestinal P4501A in fish collected from a PAH-contaminated site by
immunodetection and measurement of catalytic activity, as measured by
ethoxyresorufin O-deethylase (EROD) elevation. These authors suggested that
induction in the gut was evidence for dietary exposure. However information on
specific cell types was not available with their approach. Such information is
important because induction in cells proximal to the environment within an organ may
indicate route-specific uptake by that organ. For example, induction of P4501A in
the intestinal epithelium may require dietary toxicant exposure whereas enzyme
induction in endothelial cells of the gut may occur through aqueous toxicant exposure.
The same route-specific phenomenon may occur in the gill, where P4501A induction
in the epithelial cells may occur following aqueous exposure whereas induction in the
endothelial cells may occur following dietary exposure or intraperitoneal injection.
Balk ez al. (1984) exposed northern pike, Esox lucius, to radiolabeled B[a]P and
examined sections of whole fish using autoradiography in order to evaluate tissue
distribution of B[a]P. Although this approach allowed visualization of B[a]P in

specific organs, no distinction was made between metabolites and parent compound.
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With autoradiography, the routes of uptake of parent compound cannot be
differentiated from the routes of redistribution and elimination of metabolites. In
contrast, an immunohistochemical approach avoids problems associated with
metabolites as these products lack the lipophilicity required for Ah receptor binding
and are therefore not effective P4501A inducers.

Although several investigators have used immunohistochemistry to look at the
tissue distribution of P4501A in fish subsequent to toxicant exposure, results from
these studies may be limited in their applicability to the natural environment. In
many of the past immunohistochemical studies, fish were administered toxicants by
routes and dosages that were not intended to mimic environmental exposures. For
example, Smolowitz e al. (1992) exposed topminnows, Poeciliops spp., to
waterborne B[a]P at a concentration of 1 mg B[a]P/L, a concentration that exceeds the
aqueous solubility of B[a]P in seawater [5 - 10 ug/L (Verschueren, 1983)] by at least
two orders of magnitude. Although this high concentration led to P4501A induction
in the intestinal epithelium, this induction may have been due to the swallowing of
microcrystalline B[a]JP. Exposure to B[a]P concentrations of this magnitude would
not occur to fish in the field. Other investigators have used intraperitoneal injection
as the route of exposure (Miller et al., 1988; Smolowitz et al., 1991; Lester er al.,
1993). As this is not a route that would occur in nature, results from these studies
can not necessarily be extrapolated to the field. Another drawback of previous studies
was that the quantitation of staining intensity was limited to subjective ratings, usually

on scales ranging from O to 4. This did not allow statistical evaluation of the data
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and therefore results could not be compared among studies due to rating variability

between investigators.

Hypothesis and Objectives

The limitations of previous studies indicate that new approaches to the
evaluation of routes of toxicant uptake need to be developed. I hypothesize that fish
exposed to B[a]P by different routes will exhibit tissue-specific patterns of P4501A
induction which can be detected using immunohistochemistry, and that quantitation of
staining intensity can be done using photometric microscopy.

The objectives of the present study were:

1) to develop a method for immunohistochemical detection of P4501A in the
mummichog, Fundulus heteroclitus, using a polyclonal rabbit-anti-cod P4501A
antibody,

2) to determine if route specific differences in tissue induction of P4501A exist
using histological sections of whole fish,

3) to determine if the pattern of tissue specific P4501A induction in
mummichog changes temporally,

4) to compare the P4501A induction patterns in feral mummichog collected
from a PAH-contaminated site with patterns present in mummichog following B[a]P
exposure in the laboratory in order to determine which route predominates in the
field, and

5) to develop a method for quantitating P4501A immunohistochemical staining

13



intensity that will allow statistical comparisons of fish exposed by different routes.
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MATERIALS AND METHODS

FISH

The mummichog, Fundulus heteroclitus, was chosen for this study for several
reasons. These fish have a limited summer home range (Lotrich, 1975), leading to
relatively accurate determination of the exposure history of feral fish. Mummichog
also have a wide geographical distribution, inhabiting tidal marshes from the Gulf of
St. Lawrence to northern Florida. The results of these experiments are therefore
applicable to a wide geographic area. Other reasons for selecting mummichog for
this study included their small size (adult fish average 8 cm total length), hardiness,
abundance, ease of capture, as well as the relative ease with which they are cultured
and maintained in the laboratory.

Mummichog for this study were collected using minnow traps. Traps were
placed in tidal creeks at low tide and were retrieved after the tide had returned,
between four to six hours later. Fish were transported in buckets back to the
laboratory within an hour of retrieval, and sorted according to size. For the purposes
of this study, fish under 40mm in total length (under 1.5 g in weight) were selected to
allow analysis of individual whole fish on single slides.

Mummichog were obtained from three sources for this study. For the dose-

response experiment, laboratory-reared mummichog were used. They were obtained
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as eggs from fish collected at Catlett Island, in the lower York River, VA. The
general procedure for fertilizing mummichog eggs involves the following steps: 1)
eggs are stripped from gravid female mummichog into a fingerbow! containing
filtered seawater; 2) male fish are sacrificed, testes are removed and macerated in
filtered seawater; 3) the sperm suspension is pipetted over the eggs and the mixture is
gently swirled together and allowed to sit for approximately 45 minutes; 4) the sperm
suspension is pipetted off, the eggs are rinsed and incubated at 27° C; 5) seawater is
changed periodically and hatching occurs between Day 9 to Day 12 (Cynthia Horton,
personal communication). The basal level of P4501A in these fish was assumed to be
very low because they had been raised from eggs in the laboratory (i.e. minimal
environmental exposure). Because of a lack of the required number of laboratory-
reared mummichog, fish for the remainder of the experiments were collected from
King’s Creek, Gloucester County, VA, and acclimated in a flow-through system
receiving filtered York River water for 4-6 weeks prior to exposures. Both the

Catlett Island site and the King’s Creek site are considered to be uncontaminated.

MODEL TOXICANT

Polycyclic aromatic hydrocarbons (PAHs), a class of toxicants that induces
P4501A in fish (Stegeman and Kleopper-Sams, 1987) are common environmental
contaminants that are causally linked to high prevalences of cancer in certain feral
fishes, including the mummichog (Baumann, 1989; Vogelbein et al., 1990; Johnson et

al., 1993).
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B[a]P was used in this study because it is a readily available PAH, induces

P4501A, is relatively well studied, and is widely used as a model lipophilic toxicant.

CHEMICALS

Benzo[a]pyrene was obtained from Aldrich Chemical Co. (Milwaukee, WI)
and ethyl m-aminobenzoate methansulfonate (MS-222) from Crescent Research
Chemicals (Phoenix, AZ). The Avidin-Biotin Detection System (Rabbit) and
permanent aqueous mounting media was purchased from Signet Laboratories, Inc.
(Dedham, MA). All other chemicals were standard laboratory grade and were
obtained from either Sigma Chemical Co. (St. Louis, MO) or Mallinckrodt Chemical
Co. (Paris, KY). The rabbit-anti-cod P4501A antibody was provided by Dr. Anders
Goksoyr, University of Bergen, Bergen, Norway and the rabbit-anti-rat GST-77
antibody used as a negative control was provided by Dr. Emmanuel Farber

(University of Toronto, Toronto, Ontario).

LABORATORY DIET

Fish were fed a diet consisting of cod (300 g), clams (300 g), trout chow (600
g), spinach (300 g), carrots (150 g), yeast (200 g), vitamin E (750 IU), vitamin C
(5.5 g), potassium iodide (20 mg), gelatin (500 g), water (2.1 L), and cod liver oil (1
mL). The ingredients except for the gelatin and water were homogenized in a high
speed blender. The gelatin was added to water, heated until dissolved and added to

the other ingredients. The entire mixture was then mixed thoroughly, allowed to set
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overnight at 4°C, and stored at -20°C until used. In the dietary exposures for the first
dose-response experiment and the time-course experiment, this diet was amended with
B[a]P added to 1 mL cod liver oil at the correct dosage from a 10 mg B[a]P/mL oil
stock solution. In the second dietary dose-response experiment, trout chow pellets

were evenly coated with cod liver 0il/B[a]P mixture resulting in the required dosages.

P4501A IMMUNOHISTOCHEMISTRY: METHOD DEVELOPMENT

Immunodetection of P4501A in tissue sections of whole mummichog was
accomplished using a polyclonal rabbit antibody directed against cod P4501A and an
avidin-biotin-peroxidase detection system (Signet ABC Kit). Mummichog were killed
by overdose with ethyl m-aminobenzoate methanesulfonate (MS-222) and an
intraperitoneal incision was made to allow proper penetration of fixative. Fish were
fixed for 48 hours in Bouin’s fixative (picric acid, formalin, glacial acetic acid),
washed three times for one hour each in water, bisected longitudinally, decalcified
(25% formic acid, 10% sodium citrate) overnight, and washed overnight in running
tap water. Finally, fish were washed in 50% ethanol (EtOH) saturated with lithium
carbonate for four hours to remove picric acid and dehydrated in successive rinses of
50-95% EtOH. Processing for paraffin histology was done by standard methods
(Luna, 1968).

Longitudinal sections, five microns in thickness, of whole fish were cut on a

rotary microtome and adhered to gelatin pre-treated slides (two sections per slide).
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Sections were deparaffinized in xylene and hydrated in phosphate buffered saline
(PBS). All subsequent incubations were carried out at room temperature in a
humidified chamber using the Signet Elite Avidin-Biotin Detection Kit. All washes
were five minutes in PBS. Endogenous peroxidase activity was quenched by direct
application of three percent hydrogen peroxide onto the sections for five minutes,
after which sections were washed. Non-specific background staining was blocked
with a 20 minute incubation in normal goat serum, which was not washed off. The
primary antibody (rabbit-anti-cod P4501A) was applied directly over the goat serum
and the slides were incubated overnight at 4°C. In the development of the
immunohistochemical method of visualizing P4501A in mummichog several dilutions
and incubation times for the primary antibody were tested. Dilutions ranging from
1:25 to 1:2,000 were tested using incubation times ranging from 20 minutes at room
temperature to 24 hours at 4° C. After washing, biotinylated goat-anti-rabbit IgG was
added, allowed to incubate for 20 minutes, and washed off. Next, the Avidin-Biotin
Complex was added, incubated 20 minutes, and washed off. Then the substrate, 3-
amino-9-ethylcarbazole, was added and the sections were incubated for 30 minutes to
allow color development. Finally, the slides were rinsed in tap water, one section per
slide was counterstained with Mayer’s hematoxylin for 10 seconds and slides were
mounted with an aqueous mounting medium. The second section was not
counterstained because this decreased interference with the immunohistochemical stain
and increased the sensitivity of the photometric quantitation of staining intensity.

Negative controls consisted of sections from the same fish stained in the above
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manner with one of the following three exceptions: 1) omission of the primary
antibody (rabbit-anti-cod P4501A); 2) omission of the secondary antibody
(biotinylated goat-anti-rabbit IgG); or 3) substitution of rabbit-anti-rat GST-77 for the
primary antibody. This latter antibody does not visibly react with mummichog tissue.
Positive controls consisted of sections of livers that had shown induction in previous

experiments.

EXPERIMENTAL DESIGN: B[A]JP EXPOSURES

Dose-Response Study: Aqueous and Dietary B[a]P Exposures

This dose-response experiment was performed for two reasons: 1) to
determine at what concentration of B[a]P P4501A induction is detected by
immunohistochemistry, and 2) to determine if route specific differences in the tissue
patterns of P4501A induction occur between aqueous and dietary exposures.

Five lab-reared mummichog were placed in each of seven 1L glass aquaria (35
fish total) and allowed to acclimate until they were feeding normally on the control
diet (ca 72 hours). Contaminated diets were identical to the laboratory prepared
control diet with the addition of B[a]P previously dissolved in the cod liver oil
component. The following treatments were randomly assigned: high aqueous (5 ug
B[a]P/L), low aqueous (0.5 ug B[a]P/L), high dietary (10 mg B[a]P/kg food), low
dietary (1 mg B[a]P/kg food), aqueous carrier control (50 ul acetone/L), control diet

(no B[a]P), and starved. The three separate control treatments were included for the
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following reasons: 1) acetone, to control for potential P4501A induction resulting
from acetone (acetone was used as the carrier for B[a]P in the aqueous exposures); 2)
Bla]P-free diet, to control for possible P4501A induction resulting from the laboratory
prepared gel diet; and 3) starved, to account for possible low levels of P4501A
inducers present in the control diet.

Throughout the study the fish were fed once daily at a rate of three percent
body weight. The water was changed 10 minutes after feeding to remove uneaten
food particles and to reduce the possibility of contamination of water by dissolution of
dietary B[a]P in the water. For aqueous exposures, the B[a]P was introduced in an
acetone carrier (50 uL/L). The temperature ranged from a low of 19.8°C to a high
of 22.0°C over the course of the experiment and the salinity was approximately 15
parts per thousand throughout. The experiment was terminated after 80 hours, at
which time all fish were killed by overdose with 500 mg/L ethyl m-aminobenzoate

methanesulfonate (MS-222).

Dose-Response Study: Dietary Exposure Only

This experiment was conducted to examine a higher range of dietary toxicant
concentrations after analysis of the first dose-response experiment demonstrated lower
intestinal P4501A induction than predicted.

Five mummichog collected from King’s Creek, Gloucester County, VA, were
placed in each of four 10L glass aquaria (20 fish total) supplied with flow-through

York River water and allowed to acclimate (ca 48 hours). The diet was composed of
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trout chow pellets evenly coated with B[a]P dissolved in cod liver oil. The four

groups of fish were randomly assigned to the following treatments: 0, 1.0, 10.0,

100.0 mg B[a]P/kg food. Fish were fed once daily at a rate of five percent body
weight and excess food was allowed to deplete from the tank through the flow-

through system. Fish were killed by MS-222 overdose after 72 hours.

Time Course Study

This study was conducted to determine at what time after toxicant exposure
P4501A induction could be detected immunohistochemically and if route-specific
differences in P4501A induction occurred over time.

Fifteen mummichog collected from King’s Creek, VA, site were placed in
each of eight 5L glass aquaria and allowed to acclimate for 72 hours. Two tanks
were assigned to each of four treatments: acetone control (50 ul/L), aqueous (5 ug
B[a]P/L), dietary (10 mg B[a]P/kg food), and control (B[a]P-free) diet. Fish were
fed at a rate of three percent body weight per day. Three fish from each tank were
collected and killed by overdose with MS-222 at 0, 1, 3, 6, 12, and 24 hours post
exposure. Time zero fish were used as a control for both aqueous and dietary

exposures.

IP Injection Experiment
This experiment was conducted to compare P4501A induction in fish exposed

through intraperitoneal injection with fish exposed via the aqueous and dietary routes.
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Eight mummichog from the King’s Creek site were acclimated in a 10L aquarium for
72 hours and then starved 48 hours pre-exposure. The fish were injected
intraperitoneally with 50 mg B[a]P/kg body weight dissolved in 0.2 g cod liver oil.
After 48 hours, the fish were killed by overdose with MS-222. Comparisons in
P4501A staining intensities were made between the fish exposed to B[a]P via IP
injection and the time zero fish from the Time Course experiment (unexposed fish

collected from the King’s Creek site).

Feral Fish from a PAH-Contaminated Site

Ten mummichog were collected from the Southern Branch of the Elizabeth
River, adjacent to the Atlantic Wood Industries, Inc. wood treatment facility, a site
that is heavily contaminated with PAHs of coal tar origin (Vogelbein et al., 1990).
These fish were transported to the lab in buckets and sacrificed immediately using
MS-222. Staining for P4501A in these fish was evaluated in comparison with staining
in fish from time zero of the Time Course Study (fish collected from the

uncontaminated site at King’s Creek, VA).

STAINING EVALUATION

Specific staining of sections by P4501A was evaluated using either light
microscopy, photometric microscopy, or both. The five cell types that were evaluated
between treatments included the heart endothelial cells, hepatocytes, kidney tubular

epithelial cells, gill endothelial (pillar) cells, and intestinal epithelial cells. Selection
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of these tissues was based on a preliminary evaluation which showed differences
between treatments and indicated that these cells were amenable to quantitative
analysis by photometric microscopy. In both techniques the slides were evaluated
blindly so that the treatment a particular slide belonged to was not known at the time
of evaluation. In order to check the consistency of the staining technique from one
staining run to the next, sections from the same fish were stained and evaluated more
than once and the evaluations were compared.

Light Microscopy. Specificity of cellular staining and staining intensity were
recorded. Staining intensity was subjectively rated on a scale ranging from O to 5,
where 0 = negative, 1 = very low, 2 = low to moderate, 3 = moderate, 4 =
moderate to high, and 5 = very high intensity staining (Figure 1). The rating
consisted of an average value for each tissue evaluated, which resulted in one value
per tissue type per fish. The mean of the five values per tissue type per treatment
was compared between treatments to determine if any treatment-specific (and

therefore route-specific) trends existed.
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Figure 1: Examples of range of P4501A staining intensity (pink) in gill pillar cells of
Fundulus heteroclitus on a scale from O (no staining) to 5 (highest intensity staining).
Sections have been counterstained in Mayer’s hematoxylin (blue). A: Staining
intensity rating of 0; B: staining intensity rating of 2; C: staining intensity rating of 4.

Magnification = 10400x.
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Photometric Microscopy. A Zeiss inverted microscope (model # IM35)
equipped with a Photometer SF (photomultiplier model # R 928 HA) was used. To
optimize the sensitivity of the photometer to the stain, a green filter, wavelength =
510 nm, was used. A 0.4 mm pinhole aperture was used in conjunction with the 40x
objective to allow evaluation of staining intensity in individual cells. Values obtained
represent percent light transmitted through the specimen, ranging from 0 - 100%,
such that a high value (lots of light transmitted) denotes low intensity staining and a
low value (little light transmitted) denotes high intensity staining. Ten individual cells
were evaluated per tissue type per fish and these values were added together to obtain
a mean value per tissue type per fish. The mean value for four fish per treatment was
compared between treatments statistically.

Photometric evaluation was not used for all treatments in this study. Those
treatments that showed negative to low staining in all five cell types upon light
microscopic evaluation were not evaluated using the photometric technique. These
treatments were not included in the photometric analysis because the readings would
have consisted of values ranging from 95 - 100 percent transmittance in all cases and
would not have contributed further to the results obtained through light microscopy.
Those treatments not analyzed photometrically included the acetone controls in all but
the initial dose-response experiment, the three and six hour treatments in the time
course experiment, and the lowest concentration treatments (1.0 mg B[a]P/kg dietary,

0.5 ug B[a]P/L aqueous) in the dose-response experiments.
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STATISTICS

Analysis of variance was used in all cases where normality and homogeneity
of variances were achieved. In some cases, a 2*arcsine(square root) transformation
was used to achieve homogeneity (Zar, 1984). In those cases where homogeneity was
not achieved, the nonparametric Kruskal-Wallis analysis of variance was used.
Tukey’s Multiple Comparisons test was used when the ANOVA signified that three or
more treatments were significantly different from each other in order to distinguish
which pairs were different. Spearman Rank correlations were calculated and tested
for significance using a t-test to determine if the values obtained using photometric
microscopy could be correlated to those obtained using light microscopy. All

statistical calculations were made using SYSTAT software.
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RESULTS

P4501A Immunohistochemistry: Development of Methodology

The dilutions from 1:25 to 1:400 produced staining, however optimum staining
(no background staining, gradations in staining apparent) occurred at a dilution of
1:200 incubated from 18 - 24 hours at 4° C. Table 1 lists the specific cell types that

stained positively for P4501A in at least one of the exposure studies.

LIGHT MICROSCOPY
Dose-Response Study: Dietary and Aqueous Exposures

Both the acetone control and the dietary control treatments resulted in negative
to low level staining in four out of five tissues; only the kidney tubular epithelium
stained highly in some cases following these two treatments (Figure 3). In both the
aqueous and dietary treatments, none of the cell types examined exhibited consistent
elevated P4501A immunolabeling at the lower concentrations (0.5 ug B[a]P/L water,
1.0 mg B{a]P/kg food). For both aqueous and dietary exposures, however, the higher
concentrations (5 ug B[a]P/L water, 10.0 mg B[a]P/kg food) resulted in induction of
P4501A in several cell types, and the patterns of occurrence and intensity of staining
differed between the dietary and aqueous treatments. In the aqueous exposure, gill

pillar cells were always highly stained (Figure 4A), gut epithelium was usually
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Table 1. List of cell types that demonstrated positive P4501A immunostaining in at
least one of the exposure studies. Cell types chosen for quantitative analysis
are denoted by (*).

Liver:

-hepatocytes (*)

-exocrine pancreatic acinar cells
-sinusoidal endothelium

Heart:
-endothelium of ventricle and bulbous arteriosus (*)
-endothelium of vessels

Gill:
-pillar cells (endothelial cells) (*)
-endothelium of vessels in gill arch

Kidney:
-tubular epithelium (some portions of the tubules only) (*)

Gastrointestinal tract:
-mucosal epithelium of the anterior portion of the intestine, concentrated at the
luminal surface of the cells (*)

Mauscle:
-endothelium of intramuscular blood vessels
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Figure 2. Results from light microscopic evaluation of Fundulus heteroclitus in Dose-
Response Study: Dietary and Aqueous Exposures. Bars represent mean subjective
ratings, rounded to the nearest whole number, for each of the five cell types
evaluated (n = 5 fish). Scale ranges from O (negative staining) to 5 (highest intensity
staining). Treatments include control diet, 1.0 mg B[a]P/kg food, 10 mg B[a]P/kg
food, 50 ul acetone/L water, 0.5 ug B[a]P/L water, 5.0 ug B[a]P/L water, and

starved fish.
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Figure 3. Lack of P4501A immunostaining (pink) in Fundulus heteroclitus following
control diet treatment, with water renewed once daily over a period of 80 hours
(Dose-Response Study). Sections were counterstained with Mayer’s hematoxylin
(blue). A: gill pillar cells (10400x); B: gut epithelium (10400x); C: hepatocytes
(16380x); and D: kidney tubular epithelium (10400x). A - C were rated 0 and D was

rated 4 on a scale from 0 ( no staining) to 5 (highest intensity staining).
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Figure 4. P4501A immunostaining (pink) in Fundulus heteroclitus following 5 ug
B[a]P/L water treatment, with water renewed once daily over a period of 80 hours
(Dose-Response Study). Sections were counterstained with Mayer’s hematoxylin
(blue). A: gill pillar cells (6500x), subjective rating = 4; B: gut epithelium
(16380x), subjective rating = 4; and C: heart endothelium (6500x), subjective rating
= 5. These tissues were rated on a scale from O (no staining) to 5 (highest intensity

staining).
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moderately to highly stained (Figure 4B), the heart endothelium was highly stained
(Figure 4C), the hepatocytes were moderately stained, and the kidney tubular
epithelium was moderately to highly stained (this staining did not seem to be related
to experimental exposures). After dietary exposure to 10 mg B[a]P/kg food, the
pattern in the gut epithelium was similar to that of the aqueous with moderate staining
(Figure 5), the gill pillar cells and hepatocytes contained negative to low level
staining, the heart endothelium was low to moderately stained, and the kidney tubules
were moderately stained (again, this was variable throughout the tubules). The gut
epithelium and the kidney tubular epithelium of the starved fish were highly stained,

the hepatocytes, heart endothelium, and gill pillar cells did not stain in these fish.

Dose-Response Study: Dietary Only Exposure

Similar to the first dietary dose-response experiment, exposure to the lowest
concentration, 1.0 mg B[a]P/kg food, did not result in any staining of the gut
epithelium (Figure 6). Exposure to the intermediate concentration, 10.0 mg B[a]P/kg
food, did lead to some staining, although at a lower mean intensity than in the 100.0
mg B[a]P/kg food treatment. There was high variability in staining intensity of the
gut epithelium in individual fish in the 10.0 mg/kg treatment (Figure 7A), whereas
the variability within a fish in the 100.0 mg/kg treatment was much lower (Figure
7B). The variability in both cases was limited to the anterior portion of the gut, the
posterior portion was not stained. Thus, although the mean intensities were very

similar between the two treatments, the variability was greater in the 10.0 mg
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Figure 5. P4501A immunostaining (pink) in the gut epithelium of Fundulus
heteroclitus following 10 mg B[a]P/kg food treatment, fed once daily over a period of
80 hours (Dose-Response Study). Section was counterstained with Mayer’s
hematoxylin (blue). This tissue was rated a 4 on a scale from 0 (no staining) to 5

(highest intensity staining). Magnification = 10400x.
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Figure 6. Results from light microscopic evaluation of Fundulus heteroclitus in Dose-
Response Study: Dietary Only Exposures. Bars represent mean subjective ratings,
rounded to the nearest whole number, for each of the five cell types evaluated (n =
5 fish). Scale ranges from O (negative staining) to 5 (highest intensity staining).
Treatments include control diet, 1.0 mg B[a]P/kg food, 10 mg B[a]P/kg food, and

100.0 mg B[a]P/kg food.
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Figure 7. P4501A immunostaining (pink) in gut epithelium of Fundulus heteroclitus
fed either A: 10 mg B[a]P/kg food (subjective rating = 3), or B: 100 mg B[a]P/kg
food (subjective rating = 4) once daily over a period of 72 hours. Sections were

counterstained with Mayer’s hematoxylin (blue). These sections were rated a scale

from O (no staining) to 5 (highest intensity staining). Magnification = 6500x.

36



T
®Eg }(}

t ] gptl
WW <t e-vO ]
tto D +

tv GE



B[a]P/kg food treatment than in the 100.0 mg B[a]P/kg food treatment. The
hepatocytes and kidney tubular epithelium were only low to moderately stained, which
is consistent with findings of the first experiment. However, the heart endothelium
was very highly stained in all fish examined from both the 10.0 and the 100.0 mg
B[a]P/kg food treatments; the gill pillar cells showed moderate to high induction in

these fish as well.

Time-Course Study

Negative to low level staining for P4501A was observed in the gill pillar cells,
heart endothelium, and hepatocytes throughout this study until the last sampling time,
24 hours after exposure. At 24 hours some increases in staining intensity were
observed in these three cell types of fish exposed to 5 ug B[a]P/L water (Figure 8).
Increases in staining intensity were observed in the gut epithelium and kidney tubules
of fish from both treatments beginning six to twelve hours after exposure (Figure 9).
In general, the mean staining intensities observed in cells after 24 hour exposure in
this study were lower than the staining intensities observed in cells after 72-80 hours

in the dose-response study.

Intraperitoneal Injection Experiment
In the fish given intraperitoneal injections of 50 mg/kg body weight, the gill
pillar cells (Figure 10B), heart endothelium and hepatocytes were all highly stained

(Figure 11). The gut epithelium demonstrated negative to low intensity staining
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Figure 8. Results from light microscopic evaluation of Fundulus heteroclitus in Time
Course Study: Aqueous B[a]P Exposure. Bars represent mean subjective ratings,
rounded to the nearest whole number, for each of the five cell types evaluated (n =
5 fish). Scale ranges from O (negative staining) to 5 (highest intensity staining).
Treatments include control, 1 hour, 3 hour, 6 hour, 12 hour, and 24 hour exposure to

5 ug B[a]P/L water.
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Figure 9. Results from light microscopic evaluation of Fundulus heteroclitus in Time
Course Study: Dietary B[a]P Exposure. Bars represent mean subjective ratings,
rounded to the nearest whole number, for each of the five cell types evaluated (n =
5 fish). Scale ranges from O (negative staining) to 5 (highest intensity staining).
Treatments include control, 1 hour, 3 hour, 6 hour, 12 hour, and 24 hour exposure to

10 mg B[a]P/kg food.
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Figure 10. P4501A immunostaining (pink) in Fundulus heteroclitus injected
intraperitoneally with 50 mg B[a]P/Kg body weight and sacrificed 48 hours later.
Sections were counterstained with Mayer’s hematoxylin (blue). A: gut epithelium
(10400x), subjective rating = 1; B: gill pillar cells (10400x), subjective rating = 4.
These tissues were rated on a scale from 0 (no staining) to 5 (highest intensity

staining). .
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Figure 11. Results from light microscopic evaluation of Fundulus heteroclitus in

Intraperitoneal Injection Exposure. Bars represent mean subjective ratings, rounded
to the nearest whole number, for each of the five cell types evaluated (n = 5 fish).
Scale ranges from O (negative staining) to 5 (highest intensity staining). Fish were

injected with 50 mg B[a]P/kg body weight and sacrificed 48 hours later.
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(Figure 10A), and the kidney tubular epithelium was moderately stained but was not

induced above the control levels (the time 0 treatment of the Time Course Study).

Wild Fish collected from a PAH contaminated site

Tissues from mummichog obtained from a PAH-contaminated environment
exhibited by far the most intense staining of all the fish examined in this study (Figure
12). The gut epithelium (Figure 13A), heart endothelium, gill pillar cells (Figure
13B) and hepatocytes were all intensely stained. The kidney tubular epithelium was
the only tissue that did not exhibit an increase in staining above levels observed in

fish from a control site (the time O treatment of the Time Course Study).

PHOTOMETRIC QUANTITATION

ANOVAs and Tukey’s Multiple Comparisons (when necessary) were
performed in three separate analyses per tissue, the results are shown in Tables 2 - 5
and Figures 14 - 34.

In Analysis 1 (Table 2, Figures 14 - 18) the ANOVA was significant in four
out of the five tissue types; only in the case of the kidney tubular epithelium was
there no significant differences in P4501A staining intensity between treatments. In
the gill pillar cells and heart endothelium, P4501A staining was significantly greater
following aqueous and IP exposure to B[a]P and in the feral fish than it was following
dietary exposure or in the control treatment. P4501A staining in the gut epithelium

was significantly greater following dietary exposure and in the feral fish than it was
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Figure 12. Results from light microscopic evaluation of Fundulus heteroclitus
collected from a PAH-contaminated site in the Elizabeth River, VA. Bars represent
mean subjective ratings, rounded to the nearest whole number, for each of the five

cell types evaluated (n = 5 fish). Scale ranges from O (negative staining) to 5

(highest intensity staining).
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Figure 13. P4501A immunostaining (pink) in Fundulus heteroclitus collected from a
PAH-contaminated site. Sections were counterstained with Mayer’s hematoxylin
(blue). A: gut epithelium (10400x), subjective rating = 5; B: gill pillar cells
(10400x), subjective rating = 5. These tissues were rated on a scale from 0 (no

staining) to 5 (highest intensity staining). .
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Figure 14: Mean P4501A staining intensity in gill pillar cells of Fundulus heteroclitus
following control dietary, 10 mg B[a]P/kg food dietary, 5 ug B[a]P/L aqueous, IP

injection and in feral fish as measured using photometry (n = 4 fish).
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Figure 15: Mean P4501A staining intensity in gut epithelial cells of Fundulus
heteroclitus following control dietary, 10 mg B[a]P/kg food dietary, 5 ug B[a]P/L

aqueous, IP injection and in feral fish as measured using photometry (n = 4 fish).
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Figure 16: Mean P4501A staining intensity in heart endothelial cells of Fundulus
heteroclitus following control dietary, 10 mg B[a]P/kg food dietary, 5 ug B[a]P/L

aqueous, IP injection and in feral fish as measured using photometry (n = 4 fish).
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Figure 17: Mean P4501A staining intensity in hepatocytes of Fundulus heteroclitus
following control dietary, 10 mg B[a]P/kg food dietary, 5 ug B[a]P/L aqueous, IP

injection and in feral fish as measured using photometry (n = 4 fish).
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Figure 18: Mean P4501A staining intensity in kidney tubular epithelial cells of
Fundulus heteroclitus following control dietary, 10 mg B[a]P/kg food dietary, 5 ug
B[a]P/L aqueous, IP injection and in feral fish as measured using photometry (n = 4

fish).
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following aqueous and IP exposure or in the control fish. In the hepatocytes, P4501A
staining was greater following IP exposure and in the feral fish than it was following
aqueous or dietary exposure to B[a]P or in the control fish.

In Analysis 2 - Dietary Time Course results (Table 3, Figures 19 - 23) the
only significant results were in the gut epithelium, where there was a significantly
P4501A staining following 24 hours of exposure than at any other time. However, in
Analysis 2 - Aqueous Time Course results (Table 4, Figures 24 - 28) the one
significant result was in the gill pillar cells following 24 hours of exposure to aqueous
B[a]P.

In Analysis 3 - Dietary Only Dose Response results (Table 5, figures 29 - 34)
significance occurred in both the gut epithelium and the heart endothelium. In both
cases, the greater level of 10.0 mg B[a]P/kg food and the 100 mg B[a]P/kg food
treatments resulted in significantly greater levels of P4501A staining than the control
diet.

Spearman Rank Correlations were computed between the values obtained using
light microscopy versus those obtained using photometric microscopy and a t-test for
significance was performed on the resulting correlations (Table 6). The results are
inverse correlations because the photometric values range from 40-100, from highest
intensity to lowest intensity staining. The values for light microscopy, on the other
hand, range from O (negative) to 5 (highest intensity). These results show that the
mean P4501A staining intensity results for the photometric technique correlates

significantly with the mean P4501A staining intensity results for the standard light
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microscopic technique for the gut epithelium, the hepatocytes, the gill endothelium,
and the heart endothelium but doesn’t significantly correlate for the kidney tubular

epithelium.
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Figure 19: Mean P4501A staining intensity in gill pillar cells of Fundulus
heteroclitus following exposure to 10 mg B[a]P/kg food over time, including time O,

1 hour, 12 hours, and 24 hours, as measured using photometry (n = 4 fish).
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Figure 20: Mean P4501A staining intensity in gut epithelial cells of Fundulus
heteroclitus following exposure to 10 mg B[a]P/kg food over time, including time O,

1 hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 21: Mean P4501A staining intensity in heart endothelial cells of Fundulus
heteroclitus following exposure to 10 mg B[a]P/kg food over time, including time O,

1 hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 22: Mean P4501A staining intensity in hepatocytes of Fundulus heteroclitus
following exposure to 10 mg B[a]P/kg food over time, including time O, 1 hour, 12

hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 23: Mean P4501A staining intensity in kidney tubular epithelial cells of
Fundulus heteroclitus following exposure to 10 mg B[a]P/kg food over time, including

time 0, 1 hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 24: Mean P4501A staining intensity in gill pillar cells of Fundulus
heteroclitus following exposure to 5 ug Ba]P/L water over time, including time 0, 1

hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 25: Mean P4501A staining intensity in gut epithelial cells of Fundulus
heteroclitus following exposure to 5 ug B[a]P/L water over time, including time O, 1

hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 26: Mean P4501A staining intensity in heart endothelial cells of Fundulus
heteroclitus following exposure to 5 ug B[a]P/L water over time, including time O, 1

hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 27: Mean P4501A staining intensity in hepatocytes of Fundulus heteroclitus
following exposure to 5 ug B[a]P/L water over time, including time 0, 1 hour, 12

hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 28: Mean P4501A staining intensity in kidney tubular epithelial cells of
Fundulus heteroclitus following exposure to 5 ug B[a]P/L water over time, including

time 0, 1 hour, 12 hours, and 24 hours as measured using photometry (n = 4 fish).
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Figure 29: Mean P4501A staining in gill pillar cells of Fundulus heteroclitus
following dietary exposure to B[a]P at concentrations including O mg, 10 mg, and 100

mg/kg food as measured using photometry (n = 4 fish).
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Figure 30: Mean P4501A staining in gut epithelial cells of Fundulus heteroclitus
following dietary exposure to B[a]P at concentrations including 0 mg, 10 mg, and 100

mg/kg food as measured using photometry (n = 4 fish).
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Figure 31: Mean P4501A staining in heart endothelial cells of Fundulus heteroclitus
following dietary exposure to B[a]P at concentrations including 0 mg, 10 mg, and 100

mg/kg food as measured using photometry (n = 4 fish).
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Figure 32: Mean P4501A staining in hepatocytes of Fundulus heteroclitus following
dietary exposure to B[a]P at concentrations including O mg, 10 mg, and 100 mg/kg

food as measured using photometry (n = 4 fish).
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Figure 33: Mean P4501A staining in kidney tubular epithelial cells of Fundulus
heteroclitus following dietary exposure to B[a]P at concentrations including O mg, 10

mg, and 100 mg/kg food as measured using photometry (n = 4 fish).

70



Juswijeal|

B)/6w 0°001 By/6w 00} gike) 0

Aususiy|

(q\|
001L)

™

q-
sourwsuURI] % -

L0

(

-
O

¢ sisAjeuy

s||@D leljdyud3g Jeingny Asupiy



Table 6. Spearman Rank Correlations (R,) for light microscopy results versus
photometric microscopy results, based on one cell type examined in each tissue
(gill pillar cells, gut epithelial cells, heart endothelial cells, kidney tubular
epithelial cells, hepatocytes). Also shown are the results of a test for
significance of the R values.

Tissue R, @ T P

heart endothelium -0.936 13 9.58 <0.005
gut epithelium -0.883 13 6.79 <0.005
gill pillar cells -0.606 13 2.75 <0.01
hepatocytes -0.578 13 2.55 <0.025
kidney tubular epithelium  -0.327 13 1.25 >0.10
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DISCUSSION

The cell types that stained for P4501A in the mummichog (Fundulus
heteroclitus) are in general identical to those of several other species in similar
studies (Lorenzana et al., 1988; Miller et al., 1988; Smolowitz et al., 1991;
Smolowitz et al., 1992; Stegeman et al, 1992). However, whereas the goals of the
previous studies were limited to determining which specific cell types stained for
P4501A under defined conditions, the present study is the first attempt to use P4501A
immunohistochemistry as a tool to study routes of toxicant uptake. This study
demonstrates that P4501A immunohistochemical staining patterns differ in fish
depending on route of exposure to B[a]P, a lipophilic toxicant. Dietary, aqueous, and
intraperitoneal injection of B[a]P each induced P4501A in different tissues to different
degrees and these route-specific staining patterns for P4501A were quantified and
statistically compared. P4501A induction over time reflected the same route-specific
staining patterns observed in the dose-response experiments. Feral fish collected from
a severely PAH-contaminated site demonstrated a pattern of P4501A induction
possibly indicative of multiple exposure routes.

Staining differences in the gill pillar cells between dietary and aqueous
exposures support the studies by Balk et al. (1984), who found that radioactivity was

greater in the gills after aqueous exposure to radioactive B[a]P than after dietary
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exposure. These results may be explained in terms of route of B[a]P uptake and
subsequent blood circulation patterns. Following absorption of dietary B[a]P and
other toxicants by the intestinal mucosa, the toxicant and any biotransformation
products may enter the portal vein, the dominant route by which dietary nutrients and
toxicants are transported to the liver (Lagler et al., 1977). In the liver, further
biotransformation may occur prior to excretion of the metabolites to the gallbladder.
Up to 98% of the radioactivity associated with 3H-B[a]P dietary metabolites in
mummichog have been detected in the pathway from the intestinal lumen to the liver
and gallbladder up to 12 hours after feeding fish a 3H-B[a]P diet (Vetter et al.,
1985). Assuming that 98% of the metabolites were restricted to this circulation route,
the remaining two percent is all that is available to be passed on to induce P4501A in
other tissues. Similar circulation patterns occurring in fish exposed to B[a]P in this
study may explain the low level induction observed in the gill pillar cells and heart
endothelium following dietary B[a]P exposure, as little parent compound may be
reaching these organs.

The higher staining found in the gill pillar cells and heart endothelium in the
second dietary dose-response experiment are at first glance contradictory to the results
of the first dietary dose response experiment. The explanation may lie in the
experimental design of this dietary exposure experiment. Fish were fed at a higher
rate in the second dietary exposure (five percent body weight as opposed to three
percent body weight) and excess food was not removed immediately after feeding but

depleted slowly, over time, through the flow-through system. This may have
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permitted uneaten dietary B[a]P to dissolve in the water and may have therefore led to
aqueous exposure of the gill pillar cells as well as the intestinal epithelium. Also, the
diet in the second experiment, trout chow evenly coated with the cod liver oil/B[a]P
mixture, may have resulted in increased levels of bioavailable B[a]P dissolved in the
water relative to the gel diet.

In addition to the circulation pattern of dietary toxicants another important
factor contributing to only slight induction in peripheral tissues following dietary
exposure may be the biotransformation potential of the intestine. Previous work has
shown that the fish intestine is very efficient at metabolizing B[a]P. Van Veld et al.
(1988a) demonstrated that as much as 90% of the B[a]P-associated radioactivity
entering the portal vein of toadfish following dietary exposure was present in the form
of metabolites resulting from intestinal biotransformation. Because of inefficient
binding of metabolites to the lipophilic binding sites on the Ah receptor, metabolites
do not induce P4501A. Exposure to parent B[a]P alone will lead to elevated levels of
this enzyme in the liver, or any organ containing P4501A. In another study, Van
Veld et al. (1988b) quantitated P4501A in liver and intestines of spot following
exposure to dietary 3-methylcholanthrene. They found no P4501A induction in the
liver but moderate to high induction occurred in the intestine. This result suggests
that the intestine is highly efficient at biotransforming lipophilic compounds and that
parent compoﬁnd (active inducer) is not reaching the liver. In the present study the
results were not quite so conclusive. Although some induction was observed in the

gut epithelium following dietary B[a]P exposure, it was not as high as previous

74



studies had shown using other methods of detecting P4501A induction (such as
catalytic assays and immunoblots). It is possible that the dietary concentrations of
B[a]P used in the present study were not high enough to cause high induction in
mummichog intestine, perhaps concentrations greater than 100.0 mg B[a]P are
required.

In addition to studying responses to dietary B[a]P, the effects of starvation on
P4501A expression were also investigated. This treatment was included in order to
serve as a control for low levels of dietary inducers that are undoubtedly present in
natural diets. However, rather than observing negative or low level staining in the
intestinal epithelium in starved fish as observed previously by Van Veld et al.
(1988b), high intensity staining was observed in both the kidney and intestine of all
the starved fish. The effect of starvation on mammalian P4501A levels are variable,
with decreases, increases, and no change in enzyme levels being reported (Anderson
and Kappas, 1991). Recently, investigators have observed induction of other forms of
P450 in kidney, and lung tissues of hamster starved for four days (Ueng et al., 1993),
but intestinal tissue was not included in this analysis. Van Veld et al. (1988b)
detected no ethoxyresorufin O-deethylase activity (EROD, catalyzed by P4501A) in
spot (Leiostomus xanthurus) intestine after a five day starvation period. It is possible
that intestinal induction in the mummichog following starvation in the present study is
a species-specific reaction but further work is required in order to understand these
findings.

When hydrophobic xenobiotics are present in the water, they can be taken up
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via the gills into the pillar cells, where induction of P4501A and biotransformation
may occur (Miller et al., 1988; Miller et al., 1989; Andersson and Part, 1989).
From here metabolites and any unmetabolized parent compound diffuse into the blood
capillaries and are transported to the other tissues via the carotid artery and dorsal
aorta. In the present study, high intensity staining was observed in the gill pillar
(endothelial) cells following aqueous exposure to B[a]P at a concentration of 5.0
ug/L. Consistent with previous studies (Miller et al., 1989; Smolowitz et al., 1990;
Stegeman et al., 1991; Smolowitz et al., 1992), no induction was observed in the
surficial gill epithelium and suggests that the induction observed in the pillar cells
may be due to B[a]P exposure via passage through the overlying epithelial cells. It
appears that the lamellar epithelial cells have a negligible capacity for B[a]P induction
and merely allow the compound to pass through. Another explanation for induction
of gill endothelium but not gill epithelium may be exposure to B[a]P via the
circulatory system rather than directly from the water. Fo; example, toxicant taken
up in the gut from swallowed water may enter the circulation via the hepatic portal
vein and be transported to the gills where induction in the endothelial cells would then
occur. This seems unlikely however, as little gill induction was observed in the
dietary exposures.

Induction in the intestinal epithelium after aqueous exposure was most likely
due to swallowing of water in conjunction with normal feeding and swimming
behaviors. A method involving prevention of water intake through the oral cavity

would be the only way of determining the contribution of the gills alone. Part (1990)
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described such a method in which a fish is decapitated and the gills perfused for 40-
45 minutes to determine the physical parameters of gill absorption of hydrophobic
chemicals. This system was used by Andersson and Part (1989) to demonstrate that
38% of radioactivity recovered from the dorsal aorta of rainbow trout exposed to
aqueous 3H-B[a]P was parent compound. The remaining radioactivity was due to
oxidized (9%) and conjugaied metabolites (50%). These findings suggest that less
metabolism occurs in the gills than in the intestine, where up to 90% of the
radioactivity entering the portal vein has been attributed to metabolites (Van Veld et
al., 1988a), allowing higher levels of parent compound (active inducer) to circulate
to, and induce P4501A in, other organs such as the liver and heart. Higher levels of
parent B[a]P in circulation may explain the results from the present study in which
higher induction in the hepatocytes and heart endothelial cells were observed in
aqueous exposures than in dietary exposures. Thus, aqueous uptake via the gills leads
to greater induction of the heart and liver than does dietary exposure via the intestine,
due perhaps to the higher levels of active inducer available.

It is important to keep in mind when interpreting the results of the aqueous
exposures, that although within the solubility range of B[a]P [5.0 ug/L to 10.0 ug/L
(Verschueren, 1979)], the levels of B[a]P used in this study were higher than would
be found in almost any field situation. In field situations, the hydrophobicity of B[a]P
causes the toxicant to bind to the sediment, decreasing the B[a]P available to the gills
via aqueous exposure. This hydrophobicity also contributes to the difficulty in

measuring B[a]P concentrations in the laboratory because it causes the compound to
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bind to glassware and equipment and leads to inaccurate readings. The higher B[a]P
concentration used in this study (5.0 ug/L) although substantially lower than most
aqueous exposures in previous studies, is only marginally within the limit of
solubility. This high concentration of aqueous B[a]P may have contributed to the
P4501A induction observed in the intestinal epithelium in the aqueous laboratory
exposures. However, the actual concentration to which the fish were exposed was
most likely lower than the 5.0 ug/L introduced into the tank because of binding of the
toxicant to the glass of the aquaria and air hoses, a phenomenon described by Haner
(1993).

Although cell types which stained for P4501A after aqueous exposure to B[a]P
in this study were for the most part identical to those stained in previous aqueous
exposure studies, one point of difference is that the nasal epithelium did not stain for
P4501A in this study. Smolowitz er al. (1992) observed this tissue to be stained in
topminnows exposed to waterborne B[a]P. These findings may in part be attributed to
the excessively high concentration of B[a]P used in the Smolowitz study, a level that
exceeds the solubility of B[a]P in water by at least two orders of magnitude. At this
concentration, the B[a]P will exist primarily in a microcrystalline state rather than in a
dissolved state as it does in the natural environment. The induction potential of
microcrystalline B[a]P in nasal and intestinal tissues is likely to be greater than that of
dissolved B[a]P because of a higher concentration of toxicant in direct contact with
the tissue.

Although dietary and aqueous routes of toxicant exposure have often been used
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in laboratory studies because they mimic field situations, many investigators have
chosen to use the method of intraperitoneal (IP) injection when testing for the toxicity
of a compound to fish (Varanasi et al., 1989; LeMaire et al., 1990; Smolowitz et al.,
1991). This method is convenient because it doesn’t involve the complications
inherent to dietary and aqueous exposures. Making certain that each fish receives a
specific dose is more difficult in aqueous and dietary exposures. However, IP
injection is not a route by which exposure occurs in the natural environment. My
results show that IP exposure to B[a]P produces different patterns of P4501A
induction than are found in dietary-, aqueous-, or field-exposed fish. IP injection did
not result in detectable induction of P4501A in gut epithelium, whereas the other
routes resulted in moderate to high gut epithelial cell induction. This result is
contradictory to findings that mucosal epithelium of scup intestine is induced after IP
injection of 3,3’,4,4’-tetrachlorobiphenyl [TCB (Smolowitz et al., 1991)]. In that
same study, however, the intestinal epithelium is not induced after IP injection of
2,3,7,8-tetrachlorodibenzofuran (TCDF). The explanation for these contrasting
results is unclear but may be related to differences in biotransformation rates for the
two compounds; B[a]P is generally much more susceptible to biotransformation than
TCDF. The differences in the Smolowitz study may also be due to the higher dosage
of TCB (1 mg/kg) as compared to 3 ug/kg for TCDF. The 50 ug B[a]P/kg dose used
in the present study is relatively high for IP injection and therefore low dose is
probably not the reason that gut epithelial induction was not detected.

Tissues from feral fish collected in the vicinity of a creosote-contaminated site
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were far more intensely stained than fish tissues from any of the fish exposed to B[a]P
in the laboratory. Staining was found in all five of the cell types examined, gill pillar
cells, gut epithelium, heart endothelium, hepatocytes, and kidney tubular epithelium.
Widespread induction suggests that aqueous and dietary exposure may be occurring
concurrently in this environment. A less likely possibility is that exposure is
occurring through the water alone, as the results of my laboratory studies indicate that
gut induction may also occur in this situation. However, B[a]P is a lipophilic
compound, and, as mentioned previously, has a relatively low solubility range in
water (5 - 10 ug/L) making it more likely that most of the B[a]P would associate with
the sediment. Tﬁerefore, it is possible that the lower concentration of B[a]P found
dissolved in water at this site would not be high enough to induce P4501A in the gut.
In order to determine if the levels of aqueous B[a]P found in the Elizabeth River at
the Atlantic Wood site are high enough to induce intestinal P4501A in mummichog,
laboratory studies using water from this site would need to be performed.

In the field, mummichog diets include polychaetes and small crustaceans,
although they do ingest sediment associated detritus as a by-product ( Kneib and
Stiven, 1978; Kneib, 1986). Actual levels of B[a]P found in marine organisms vary
from < 0.5 ug/kg in crabs of Chesapeake Bay (Pancirov and Brown, 1977) to as high
as 42 ug/kg in inner harbor mussels of Vancouver, Canada. The highest
concentration of dietary B[a]P used in this study, 100.0 mg B[a]P/kg food, is on the
high end of the range for most polluted environments but probably does not exceed

values from the highly contaminated Elizabeth River site. The environmentally
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exposed fish examined in this study were collected from the Southern Branch of the
Elizabeth River, adjacent to the Atlantic Wood Industries, Inc. wood treatment facility
where the levels of PAH in the sediment have been reported at approximately 1200 -
2200 ug/kg (Bieri et al., 1986; Vogelbein et al., 1990). These PAH levels exceed
those reported from any other contaminated environment. Studies have demonstrated
that the biodiversity of the benthos at sites in the Elizabeth River is lower than at
control (uncontaminated) sites (Dauer, 1993), limiting the dietary choices of
mummichog to most likely contaminated food organisms. As mummichog are known
to ingest sediment associated with food items, mummichog from this site may have
been exposed to extremely high levels of PAH’s through combined exposure to
contaminated diets and contaminated sediment. This exposure may explain the higher
level of induction observed in the gut epithelium of the Elizabeth River fish as
compared to induction in those fish exposed in the laboratory.

An interesting observation with respect to the feral fish examined in this study
is that the immunolabeling observed in the renal tubules of these fish was less than
that observed in fish exposed in the laboratory. In healthy fish, kidney tubules are
exposed to a toxicant if it is reabsorbed during its passage through the tubules enroute
to elimination. This reabsorption occurs if the toxicant is too lipophilic to allow
excretion via the urine, allowing further opportunities for biotransformation and
subsequent elimination. Induction of P4501A may occur upon reabsorption of the
toxicant into the tubular epithelium. In the Elizabeth River fish, chronic toxicant

exposure may lead to alterations in kidney function, although the renal epithelium in
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these specimens appeared histologically normal. Renal pathology has been observed
by other investigators in mummichog collected from the Atlantic Wood site (Dr.
Wolfgang Vogelbein, personal communication). In this study, the kidneys were the
least reliable organ for predicting chemical exposure because of high variability of
staining intensity among fish in the same treatment. In the laboratory studies, some
control fish had high P4501A induction in the renal tubules and conversely some
exposed fish had very low level induction. Whether this variability is a function of
the fish, the kidney, or the treatment could not be determined from this study.

The results of the time course study were consistent with those of the dose-
response study, the same route-specific P4501A staining patterns were observed.
However, no staining was observed before 12 hours after either dietary or aqueous
exposure. Van Veld er al. (1988) observed an increase in intestinal EROD within
three hours of feeding spot dietary B[a]P (10 mg B[a]P/kg). Immunohistochemical
detection of P4501A does not appear to be as sensitive a method as immunodetection
via Western blots or catalytic assays such as EROD, perhaps explaining why staining
was not observed at an earlier sampling time in the present study. Another
explanation may be related to differences in species used in the different studies. The
basal P4501A levels measured in Fundulus tissues are consistently higher than levels
measured in other species, and the magnitude of induction above the basal levels are
consistently lower (Dr. Peter Van Veld, personal communication). It is possible that
although spot respond to B[a]P exposure within three hours with increased P4501A

activity, the response time of mummichog is longer.
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Previous immunohistochemical studies involving evaluation of patterns of
induction in fish tissues used a purely subjective evaluation of intensity, usually on a
scale from O to 3 (Lorenzana et al., 1988; Miller et al., 1988; Smolowitz et al., 1991;
Stegeman et al., 1991; Smolowitz et al., 1992). As a result, rigorous statisfical
analysis was not possible, because of only one data point per tissue per fish. In the
present study, a photometric microscope with a pinhole aperture leading to analysis at
the single cell level, allowed several readings per tissue. Thus, parametric and
nonparametric statistics could be used to compare the P4501A induction response in
fish exposed by different routes. Results from the immunolabel quantitation using
photometry were generally consistent with the subjective ratings, as demonstrated by
the significance of the Spearman Rank Correlations. However, there were problems
associated with the photometric method that may have biased the results. In some of
the tissues examined, the cell morphology is such that the cells did not fill the 0.4
mm pinhole used. In heart, for example, the endothelial cells are elongated and
flattened, being slightly wider in the central portion and tapering toward the ends.
While the wider central portion did not fill the entire pinhole, the ends were left out
completely and the reading was thus influenced by the surrounding unstained tissue.
In liver, problems appeared to be related to variation in lipid content between fish. In
those livers with a greater concentration of fat, hepatocyte fat vacuoles tended to
compress the cytoplasm of the hepatocytes into crescents and bias the readings toward
lower than actual values. In gut and kidney a high variability in intensity of staining

between cells within an individual fish was encountered. In kidney, cells were
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randomly selected, to the extent possible. In the gut, staining was restricted to the
anterior portion and cells from the posterior portion were not read. Limiting the
readings to the anterior portion of the gut did not solve the entire problem, however,
as variability also occurred within this portion. The gills were the easiest to read,
there was little variability within the cells of an individual and the cells were round in
shape and filled 80-90% of the pinhole aperture. Although there are definite
limitations to this method, I feel that reliable data have been obtained (as
demonstrated by the Spearman Rank Correlations) and that the ability to perform

statistics on the data greatly enhances the strength of the findings.
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SUMMARY AND CONCLUSIONS

Examination of whole fish exposed to B[a]P via diet, water, or intraperitoneal
injection using immunohistochemical detection of P450IA induction demonstrates
route-specific differences in immunostaining patterns and, thus, uptake. Moderate
P4501A induction was observed in the gut epithelium in dietary exposed mummichog,
but no induction was observed in the gill pillar cells. While aqueous exposed fish
also exhibited moderate gut epithelial P4501A induction, intense staining was present
in the gill pillar cells in these fish as well.

Differences in P4501A staining patterns were also found between dietary and
aqueous exposed fish in the hepatocytes and heart endothelial cells. Dietary exposure
consistently resulted in lower P4501A induction in these cells than did aqueous
exposure. This result suggests that either 1) 72 hours was not enough time to allow
the B[a]P to be absorbed into the gut epithelium, cause induction, and be passed on to
the liver and heart through the bloodstream, or 2) the gut epithelium effectively
reduced the level of active inducer reaching the liver.

Intraperitoneal injection of B[a]P led to a pattern distinct from that found in
dietary and aqueous exposures, high induction in the gill pillar cells but no induction
in the gut epithelium (staining which is present in aqueous exposed, dietary exposed,

and feral fish). These results show that this method should not be used to mimic field
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conditions for B[a]P exposure as the gut epithelium is not induced.

In the time course analysis of B[a]P uptake no P4501A induction was observed
until 12 hours after exposure in both the dietary and aqueous exposures. This
suggests that there is up to a 12 hour time lag between exposure to B[a]P and
immunohistochemically detectable P4501A enzyme induction in mummichog. The
induction patterns at 12 hours and 24 hours were consistent with the induction
patterns found in the dietary and aqueous dose response experiment.

Fish collected from an extremely contaminated site in the Elizabeth River,
VA, demonstrated high induction in all five cell types examined. This result suggests
that these fish may be exposed via multiple routes, including diet, water and possibly
sediment, a route not examined in this study.

One goal of this study was to provide more information on what route of
uptake predominates in the field for fish exposed to lipophilic toxicants. This
information is important because it aids in the development of valid laboratory
studies. Although nothing definite can be said about which route of uptake
predominates in the field as a result of this study, a useful technique has been

developed which can lead to an eventual solution to this controversy.
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SUGGESTIONS FOR FUTURE RESEARCH

The present study addressed uptake of a lipophilic toxicant via dietary,
aqueous, and intraperitoneal injection exposure routes. Similar studies need to be
performed exposing fish to toxicant sorbed to sediment. It has been demonstrated that
fish living in benthic environments in close contact with contaminated sediments have
elevated levels of P4501A. Determining the relative importance of sediment-bound
toxicant would be complicated but necessary in understanding overall toxicity to fish
in the natural environment.

In the present study, exposure duration was limited to 72 to 80 hours. This
time limit was based on previous work demonstrating P450IA induction occurring
within this period, however, fish in the field are exposed over much longer time
periods. Some non-migratory fish, such as mummichog, are most likely exposed
during their entire life time. Further experiments should be directed toward
describing P4501A induction over time, beginning with newly hatched fry and
continuing through the life span of the fish. It is probable that at different points in a
fish’s life history, different routes of exposure will be most toxic to the fish. In some
species, the fry and juveniles might school in the water column (aqueous route may
be most important), whereas the adults lead predominantly benthic lives (sediment

route may predominate). Also, components of a fish’s diet differ in toxicant
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concentration and diet varies with the life history of a fish.

The single sampling site for wild fish collected for this study was extremely
highly contaminated, the levels of PAHs exceeding those reported in any other study.
It might be informative if fish collected from sites ranging in contamination from
relatively pristine to relatively contaminated were immunohistochemically stained for
P4501A induction. This would contribute to an understanding of the sensitivity of the
technique and observed differences in staining patterns might be correlated with
differences in toxicant levels present in the diet, sediment, or water at different
locations.

The photometric technique I developed for quantitating P4501A staining
intensity needs to be further investigated and refined. I have shown that it can
correlate highly with subjective evaluation of staining intensity in some organs and
with further development, it may be a very useful tool in investigating small

differences in staining intensities between treatments.
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