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CHAPTER1I
INTRODUCTION AND LITERATURE REVIEW
Introduction

One of the most critical environmental issues today is the pollution of soil
and water with toxic chemicals. In recent years, the concern for potential toxicity
from the exposure to multiple toxic chemicals has been amplified by various envi-
ronmental problems, including those associated with hazardous waste sites. Howev-
er, there are no accepted methods to determine the additive, antagonistic, or syner-
gistic effects of such chemical mixtures in the environment, nor are there well-de-
fined assay systems whereby the potential risk to animals and humans environmen-
tally exposed to these pollutants can be reliably assessed.

Because of possible adverse biological effects to human and animals resulting
from toxic chemicals, a major priority has been the development of early warning
sentinels which will identify and define areas of contamination. Simple quantitation
of toxic substances in water and soil with comparison to levels of toxins known to
cause disease in laboratory animals is not an acceptable means of determining the
potential hazard of toxins in the environment (Clark et al., 1982; Rowley et al.,
1983). Additionally, analytical assays for specific toxins typically recognize only those
toxins for which specific procedures were performed. Toxicity in the natural envi-
ronment is usually the result of exposuré to complex mixtures of toxins, and their
metabolites or degradation products, where additive insults of low levels of multiple

toxins may cause deleterious effects (Rowley et al., 1983). Furthermore, there is



limited scope of investigation in this area because of the complexity of experiments
requifcd for a chemical mixture that has more than two components. There have
been some recent studies dealing specifically with toxicity of complex mixtures such
as a dump site samples (Plotkin and Ram, 1984; Silkworth et al., 1984), combustion
products from tobacco smoke (Heckman and Dalbey, 1982; Bassi et al., 1984;
Rylander, 1984), diesel fuel and gasoline (Dalbey and Lock, 1982; MacFarland,
1984), contaminated water samples (Bull, 1984; Kool et al., 1985), contaminated
fish (Villeneuve et al.,, 1981; Chu et al,, 1984), by-products from synfuel operations
and coal combustion (Cunningham et al., 1985; Springer et al., 1986), and chemical
mixtures of environmental concern (Yang and Rauckman, 1987). Toxins which have
been "aged" in the environment may be more toxic than corresponding quantities of
technical mixtures (out of a bottle) which are used in virtually all laboratory experi-
ments. This effect has been demonstrated with polychlorinated biphenyls (Horn-
shaw et al., 1983).

Resident wildlife species have been used successfully to monitor a variety of
toxic effects from environmental contaminants (Dixon, 1982; Hutton, 1982; Smith
and Rongstad, 1982; Ellenton et al., 1983; Helwig and Hora, 1983; Rowley et al.,
1983; Thalken and Young, 1983). Biological monitoring of exposure to various
chemicals has advantages over routine analyses of soil and water concentrations of
toxins. It is difficult to relate these routine analyses to actual bioavailability of
chemicals to resident wildlife, which is the real determinant of the toxic risk in the
exposed subjects.

The cotton rat (Sigmodon hispidus) is a small, robust rodent with a scaly,

sparsely haired tail that is shorter than the combined length of head and body. Total
length, 200-275 mm; tail, 90-110 mm; hind foot, 30-35 mm; ear, 15-20 mm; weight,
50-150 g (Schwartz and Schwartz, 1981). Cotton rat may serve as a bioindicator of

environmental pollutants due to its abundant distribution throughout much of the



United States (Lyane, 1974; Grant et al., 1982), its ease of capture, and its sufficient
size to allow multiple assays on single animals. Furthermore, its short life expectancy
(Iess than one year), its confined area of movement (less than one hectare) and its

close association with the soil have advantages for a toxicologic study of a specific

area (Fleharty and Mares, 1973; Lyane, 1974).

Population Dynamics

Population dynamics of resident wildlife species can potentially change in
response to exposure from toxic environmental contaminants. This has been demon-
strated with wild voles in the Love Canal Emergency Declaration Area, which was
considered safe for man and animals (Rowley et al., 1983). Population studies on
voles from this area indicated a significant decline in the population density because
of the loss of mature females and increased in utero mortality. Subsequent evalua-
tion of individuals living in this area suggested toxicity in humans, as well (Rowley et
al., 1983). Similarly, Pomeroy and Barrett (1975) have studied the effects of pesti-
cides on population density in cotton rats. Pesticides were found to inhibit reproduc-
tion which resulted in a lower peak population density.

Population studies tend to be tedious, time consuming, and must be rigidly
controlled (Rowley et al.,, 1983). Even when coupled with toxicologic and pathologic
evaluation of tissues, potential long-term effects, especially carcinogenesis, may be
difficult to assess from population studies. Development of alternate tests, that

could indicate possible deleterious long-term effects, are merited.

Mixed Function Oxidase Enzyme System

The mixed function oxidase (MFO) enzyme system is of considerable inter-
est; importance of this enzyme resides not only in its ability to detoxify certain for-

eign chemicals, but also its ability to produce carcinogens or reactive toxic metabo-



lites. The MFO enzyme system is induced by exposure to a wide variety of toxins
such as dioxin, polyhalogenated biphenyls (PCBs and polybrominated biphenyls),
alkanes, olefins, aromatic carbon systems (monocyclic and polycyclic hydrocarbons
and halobenzenes), nitrogen-based systems (nitrosamines, aromatic amines, azo
dyes), sulfur-based systems, and metal-based systems (Conney, 1982; Guengerich
and Liebler, 1985; Payne et al., 1987). Thus, evaluation of induction of the MFO
system in wildlife is a means of indicating exposure and toxicity of a variety of
chemicals in our environment (Knight and Walker, 1982). The level of MFO induc-
tion is evaluated by assaying for cytochrome P-450 (Omura and Sato, 1964). Ro-
dents are a sensitive model due to their typically high P-450 levels, their marked P-
450 inducibility, and their abundance in nature (Dent et al., 1976; Kahl et al., 1980;
Cresteil et al., 1986). Cytochrome P-450 activity in fish has been documented as a
criterion for determining water pollution. However, the use of P-450 levels has not
been consistently successful due to low inherent levels of cytochrome P-450 and
marked variation in inducibility in fish (Lindstrom-Seppa et al., 1985). Cotton rats
may be a more suitable model due to their high cytochrome P-450 concentrations
compared to laboratory rat, their marked inducibility (Elangbam et al., 1989), and
ubiquitous distribution in the southeastern United States (Lyane, 1974; Grant et al.,
1982).

The specificity of the mixed-function oxygenase system depends upon cyto-
chrome P-450 (terminal electron acceptor), of which there are at least 10 different
isoenzymes in laboratory rat liver (Ryan et al., 1984; Astrom and DePierre, 1985). A
single isoenzyme appears to be the product of a discrete structural gene (Nebert and
Negishi, 1982). Many of these isoenzymes can be selectively induced by various
xenobiotics. In laboratory rats, phenobarbital causes at most a 1-fold increase in
total cytochrome P-450 activity; however specific phenobarbital isoenzymes P-450b

and P-450e increase 40-fold. 3-Methylcholanthrene shows as much as a 70-fold



increase in P-450c (Thomas et al., 1987). Evaluation of isoenzymes induced by
different environmental contaminants is a more sensitive indicator than total cyto-
chrome P-450. However, typical methods for evaluation of cytochrome P-450 isoen-
zymes are difficult. They require either complex immunologic or recombinant DNA
methods (Burke et al., 1985; Shires et al., 1987). Commercial reagents are not avail-
able, thus requiring isolation of the specific isoenzyme by numerous separations,
production of monoclonal antibodies, and development of assays for quantitation
that have not been standardized and have technical problems in quantitation. Prob-
lems in developing these assays include the low solubility of cytochrome P-450 and
its tendency for aggregation (Rothwell et al., 1985; Seidel et al., 1984; Waxman,
1986; Thomas et al., 1987). In addition, total reliance on immunologic and recombi-
nant-DNA methods is suspect in view of evidence that microsomes contain variable
proportions of enzymatically inactive yet antigenically recognizable cytochrome P-
450 apoproteins (Guengerich et al., 1982; Seidel et al., 1984).

The isoenzymes of cytochrome P-450 have unique but overlapping substrate
specificities (Guengerich, 1977). As a consequence, same substrate may be metabo-
lized by two or more isoenzymes at different rates. Therefore, many of the "model"
substrates which have been used do not appear to differentiate adequately between
individual isoenzymes or between induced and constitutive isoenzymes (Guengerich
et al., 1982; Kaminsky et al., 1983). In Sprague-Dawley rats, while phenobarbital
causes a 40- to 60-fold increase in immunologically measured isoenzyme(s), it only
increases microsomal activity of aminopyrine N-demethylation and aldrin epoxida-
tion (reactions considered to be isoenzyme specific) 3- to 6-fold (Guengerich et al,,
1982; Ryan et al., 1982). The O-dealkylation of phenoxazone ethers is much more
specific. Several investigators are using metabolism of specific phenoxazone ethers
(ethoxy-, pentoxy-, and benzyloxy-), which are highly specific for the major isoen-

zymes, as an indicator of cytochrome P-450 isoenzyme induction in laboratory rats



(Burke et al., 1985; Lubert et al., 1985; Rettie et al., 1986).

The specificity of O-dealkylation of phenoxazone ethers and degree of in-
creased metabolism by specific cytochrome P-450 isoenzymes has been demonstrat-
ed in laboratory rats. When compared to uninduced microsomes, phenobarbital-
induced microsomes showed a 283-fold increase in O-dealkylation of pentoxyphe-
noxazone, while a 9-fold increase was observed with 3-methylcholanthrene-induced
microsomes. In the same group of experiments, O-dealkylation of ethoxyphenoxa-
zone was increased 51-fold by 3-methylcholanthrene and only 6-fold by phenobarbi-
tal (Burke et al., 1985). Similar findings have been demonstrated with other cyto-
chrome P-450 isoenzyme inducers (Burke and Mayer, 1983; Burke et al., 1985;
Lubert et al., 1985; Rettie et al., 1986).

Light and Ultrastructural Hepatic Pathology

Induction of microsomal enzymes has several consequences for the organism.
Increased activity of microsomal enzymes enhances the rate of biotransformation of
the inducer itself and exogenous and endogenous substances that are metabolized
by this system. As a consequence, induction can cause accelerated catabolism of
drugs, increased rate of inactivation of physiological hormones and vitamins, and
modification of biotransformation of other exogenous substances. Activation of
some parent compounds can result in formation of reactive metabolites that initiate
toxic and carcinogenic events. Increased hepatic microsomal activity is associated
with hepatomegaly and centrilobular hepatocellular swelling. Ultrastructurally, the
outstanding effect is the proliferation of smooth endoplasmic reticulum in centrilob-
ular hepatocytes. There is correlation between alteration in the structure and
content of organelles and biochemical changes observed in the subcellular fractions
(Fouts and Rogers, 1960; Staubli et al., 1969; Weibel et al., 1969; Toftgard et al.,

1986; Woods and Fowler, 1986). Ultrastructural hepatic alterations not only corre-



late with biochemical events of detoxification or activation but also with toxic effects

of a parent compound or its metabolites to specific organelles.

Hematology and Serum chemistry

Serum enzyme concentrations are now routine diagnostic aids for assessing
toxic exposure. Enzymes are useful in part because of their specific activity and
tissue-specific production. Determination of the activity of hepatic enzymes released
into circulation from damaged liver has become one of the most useful tools in the
study of hepatotoxicity. Pollutants such as halogenated hydrocarbons have been
shown to increase liver weights, and concentrations of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) in mice (Munson et al., 1982).

Chemicals toxic to bone marrow can decrease the circulating numbers of all
three major groups of formed cells (pancytopenia). Agents regularly associated with
pancytopenia provided exposure is sufficiently intense include benzene, arsenic,
lindane, chlordane, mustards, chloramphenicol, trinibotoluene, gold, hydantoin

derivatives, and phenylbutazone (Smith, 1986).
Conclusion

Environmental pollution has become a critical issue in recent years due to
urban industrialization. However, there are no well defined assays or tests to deter-
mine the potential toxic hazards in man and animals. The cytochrome P-450-medi-
ated hepatic mixed-function oxygenase system is involved in the metabolism of
endogenous and exogenous compounds including, variety of environmental pollu-
tants. The role of biotransformation is well characterized. Induction of the cyto-
chrome P-450 by phenobarbital and 3-methylcholanthrene-type compounds has
been demonstrated in a variety of mammals, lower vertebrates and invertebrates,

likely to be exposed to environmental pollutants. This sensitive induction response



may be useful in the development of a biological monitoring system.

This study was designed to develop a reliable, quick and sensitive method to
monitor environmental toxicity through the evaluation of hepatic cytochrome P-450
levels in wild cotton rats (Sigmodon hispidus). Population characteristics, organ
pathology, hematology and serum biochemistries and ultrastructural hepatic pathol-

ogy (selected cotton rats) were included for complete toxicological evaluation.
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CHAPTER II

INDUCTION OF HEPATIC CYTOCHROME P-450 ACTIVITY
IN WILD COTTON RATS (SIGMODON HISPIDUS) BY

PHENOBARBITAL AND 3-METHYLCHOLANTHRENE
Introduction

Cytochrome P-450 enzymes are a family of hemoproteins which are impor-
tant in the metabolism of drugs, carcinogens, steroid hormones, fatty acids, and
endogenous and exogenous toxins (Conney, 1982; Guengerich and Liebler, 1985;
Payne et al,, 1987). The bioactivation (enzyme) index of cytochrome P-450 has been
used in fish as a criterion for monitoring environmental pollution (Payne et al.,
1984).

For toxicological evaluation, small rodents are superior to fish and other
aquatic species because they are phylogenetically closer to man and live in close

proximity to man. Wild cotton rats (Sigmodon hispidus) are ubiquitous throughout

the Southeast quadrant of the United States, easy to capture, have a generation
interval of less than one year and a limited range of movement (less than one hec-
tare). Adult cotton rats range in size from 110 to 225 g and 100 to 200 g for males
and females respectively (Chipman, 1965). This enables the collection of sufficient
body fluids and tissues for pathological and toxicological assays on individual ani-
mals rather than having to pool fluids and tissues from several animals. Further-
more, this species may prove to be an excellent model for monitoring environmental

contamination.
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Traditionally, cytochrome P-450 inducing agents are grouped into two class-
es. One, represented by phenobarbital, induces P-450b and P-450e; the other, repre-
sented by 3-methylcholanthrene, induces P-450c and P-450d isoenzymes. The types
and amounts of cytochrome P-450 vary among species, organs, health status, sex,
and stress of the animal (Astrom et al., 1986; Sipes and Gandolfi, 1986, Thomford
and Dziuk, 1986). If the levels of cytochrome P-450 of wild cotton rats are to be used
in monitoring environmental pollution, it is necessary to characterize the inducibility
and concentration of cytochrome P-450 in this species.

This study was designed to determine the concentration and inducibility of
cytochrome P-450 in the livers of cotton rats after intraperitoneal (ip) administration

of phenobarbital and 3-methylcholanthrene.
Materials and Methods

Pregnant female cotton rats were collected from uncontaminated areas with
Sherman live traps. They were housed in individual polycarbonate cages with wire
tops containing wood shavings as bedding. They were maintained using 12-hour
photoperiod, were fed rat chow (Rodent laboratory chow 5001, Purina Mills, Inc.),
and received water free choice. Their young were weaned at 3 weeks and housed 2
animals of the same sex to a cage until they weighed a minimum of 85 grams. Before
initiating experiments, each rat was weighed and placed in an individual cage. Induc-
tion studies were conducted using phenobarbital, 70 mg/kg in 0.09 % saline ip for 4
days, and 3-methylcholanthrene, 25 mg/kg in corn oil ip for 3 days. Four males and
four females received each agent. Two groups of four males and four females each,
one group receiving saline and one receiving corn oil by ip injection were served as
controls. On the day after the last injection the animals were fasted overnight then
killed by cervical dislocation. Animals were exsanguinated by severing the aorta.

Livers from both control and treated rats were weighed and total cytochrome P-450



17

levels were assayed (Omura and Sato, 1964). Microsomal protein was determined
on solubilized microsome samples (Smith et al., 1985). Representative liver samples
were fixed in 10% buffered formalin and processed for histopathologic examination.

Results were analyzed using a Student’s t-test (Steel and Torrie, 1980).
Results and Discussion

The liver weight to body weight ratio was significantly (P < 0.05) increased
139% (males) and 165% (females) of the control value in rats receiving phenobarbi-
tal and 156% (males) and 158% (females) of the control value in rats receiving 3-
methylcholanthrene (Table 1). Microscopically, the hepatic lobules of treated livers
were enlarged due to hypertrophy of hepatocytes particularly in centrilobular areas
(Fig. 1,2). The total hepatic cytochrome P-450 concentrations were higher in animals
receiving phenobarbital and 3-methylcholanthrene than in control animals (Table
1). The concentration of cytochrome P-450 was similar between male and female
animals. Furthermore, the concentration of hepatic cytochrome P-450 in treated rats
was more than that reported for laboratory rats (Sumner and Lodola, 1987): 1.3 +
0.1 nmoles/mg protein and 1.0 + 0.14 nmoles/mg protein for phenobarbital and 3-
methylcholanthrene respectively. The cytochrome P-450 inducibility in laboratory
rats is reported to be approximately 50 to 100% of the control value (Kahl et al,,
1980). In contrast, the value in wild cotton rats was 146% to 209% of the control
value, indicating greater cytochrome P-450 response. Previous induction studies on
cotton rats dealt only with 3-methylcholanthrene, an inducer of P-450c and P-450d.
This response leading to higher P-450 concentration may be related to species dif-
ferences in regulatory genes. It has been reported that P-450 induction is regulated
by a cluster of genes (Kahl et al., 1980). Consequently, genetic differences in capaci-
ty for the induction of cytochrome P-450 can cause large differences in xenobiotic

metabolism, thereby leading to significant differences in concentration and induction
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of cytochrome P-450 among different species.

Biotransformation enzyme activity in fish has been documented as a criterion
for determining water pollution (Payne et al., 1984). However, the use of cyto-
chrome P-450 levels in fish has not been consistently successful due to low inherent
levels of cytochrome P-450, and marked variation in inducibility (Lindstrom-Seppa
et al., 1985). Cotton rats are likely to be more useful model due to their typically
high cytochrome P-450, their marked inducibility and ubiquitous distribution in
Southeast United States. Our initial studies at a contaminated toxic waste disposal
site suggest that hepatic cytochrome P-450 in the cotton rats may be a useful indica-

tor of environmental contamination (Elangbam et al., 1987).
Summary

The concentration and inducibility of hepatic cytochrome P-450 in wild
cotton rats (Sigmodon hispidus) using phenobarbital and 3-methylcholanthrene are
presented. After treatment, the total cytochrome P-450 concentration was signifi-
cantly elevated (P < 0.05) to 146 to 209% of the control value. There was centrilob-
ular hypertrophy of hepatocytes in the livers of treated rats and a corresponding
increase in liver to body weight ratios. Cotton rats are a likely model for hepatic
cytochrome P-450 induction studies and as a biomonitor of environmental contami-

nation.
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Table 1. Liver weights and levels of hepatic cytochrome
P-450 from control and treated animals

Treatment Control Treated Control Treated
and sex males males females females
(n=4) (n=4) (n=4) (n=4)

a. Phenobarbital:

Liver weight (g) 2.61 4.36 2.84 3.57
+0.13 +0.35 +0.42 +0.18
Liver weight
%* *
------------ X 100 2.75 3.82 2.41 3.97
Body weight +0.11 +0.10 +0.08 +0.13
(139%) (165%)
* *
P-450 nmoles/mg 2.11 4.36 1.74 3.64
of protein +0.13 +0.42 +0.31 +0.14
(206%) (209%)
b. 3-Methylcholanthrene:
Liver weight (qg) 2.90 4.63 2.71 3.40
+0.17 +0.18 +0.25 +0.17
Liver_weight
* *
------------ X 100 2.86 4.47 2.50 3.95
Body weight +0.15 +0.13 +0.09 +0.07
(156%) (158%)
%* *
P-450 nmoles/mg 2.10 3.07 1.84 3.51
of protein +0.14 +0.21 +0.10 +0.26
(146%) (191%)

(n) = Number of rats

Data expressed as Mean+SE

* = Statistically different from control rats (P < 0.05)
Number in parenthesis indicates the percentage of the
control value
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Fig. 1. Liver from control animal illustrating normal size and appearance of hepa-

tocytes. Central vein (CV).

Fig. 2. Liver from animal treated with phenobarbital illustrating the enlargement of

centrilobular hepatocytes and nuclei (arrow). Note increased cytoplasmic vacuoles.

Central vein (CV).



CHAPTER 111

DEVELOPMENT OF THE COTTON RAT (SIGMODON HISPIDUS) AS
A BIOMONITOR OF ENVIRONMENTAL CONTAMINATION WITH
EMPHASIS ON HEPATIC CYTOCHROME P-450 INDUCTION
AND POPULATION CHARACTERISTICS

Introduction

Biological monitoring of exposure to various chemical pollutants has been
employed for environmental toxic evaluation (Christian, 1983; Rowley et al., 1983).
The impact of pollutants can be predicted by biochemical responses of exposed wild
animals. Responses linked to biochemical detoxification processes would be espe-
cially meaningful because of their direct link to detoxification function. They are
generally quite sensitive and precede the onset of more serious pathology at cellular
and tissue levels.

The mammalian liver and its cytochrome P-450 is central to xenobiotic
metabolism. Cytochrome P-450, a family of hemoproteins with distinct activity pro-
files catalyzes metabolism of an almost limitless number of xenobiotics as well as
certain endogenous compounds. This enzyme system serves as a route of detoxifica-
tion as well as a route of metabolic activation of parent compounds to reactive
metabolites that initiate toxic and carcinogenic events (Guengerich and Liebler,
1985). The induction of cytochrome P-450 enzyme in fish has been extensively stud-
ied and validated as a criterion for monitoring water pollution (Payne et al., 1984).

Wild cotton rats (Sigmodon hispidus) are potentially superior to fish for

23
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toxicological studies because they are phylogenetically closer to man and live in close
proximity to man. They are ubiquitous throughout the Southeastern United States,
easy to capture, have a generation interval of less than one year, and limited range
of movement (less than one hectare). Additionally, fish are aquatic and unsuited for
evaluation of terrestrial pollution.

The present study was designed to develop a reliable, quick, and sensitive
method to determine environmental toxicity hazards in man and animals through
the evaluation of hepatic cytochrome P-450 levels in wild cotton rats. Population
characteristics and organ pathology were included for complete toxicological evalua-

tion.
Materials and Methods

Royal Hardage (RH) toxic waste disposal site, a declared superfund site, was
selected for the field study. This site is located near the town of Criner in McClain
County, Oklahoma and covers approximately 25 hectares. According to the informa-
tion provided by the Oklahoma State Department of Health (1986 report), solid
wastes as well as drummed liquids were placed in areas known as the main pit,
barrel mound and sledge mound during 1972 to 1980. The main pit and barrel
mound together cover a 6 meters deep area of approximately 18,580 square meters.
The locations of the main pit, barrel mound, sludge mound, evaporation ponds and
north pit are shown in Figure 1. The study site encompassed the main pit and barrel
mound areas which were dominated by tall grass cover with the exception of a few
areas of stained, bare scil. An uncontaminated control (CS) site with ecologically
similar habitat to RH was selected approximately 2.5 km Southwest of RH.

Cotton rats were live-trapped for a 3-day population study using an 8 x 8
trapping grid with 10 meters spacing between trap stations and 10.2 x 10.2 x 22.9 cm

Sherman aluminum traps baited with rolled oats. Individual trap stations were iden-
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tified with labeled flags. Cotton rats were weighed, sexed, and marked by toe clip-
ping prior to their release. The third day‘s captives were returned to the laboratory
for further evaluations.

Cotton rats returned to the laboratory were placed in individual polycarbon-
ate cages with wire tops containing wood-chips as bedding. Rats were fasted over-
night with water provided ad libitum, immobilized by cervical dislocation, and
exsanguinated by severing the aorta. No laboratory food was provided to these rats
during holding period. Cotton rats were necropsied and livers quickly removed,
weighed and processed for cytochrome P-450 assay. Total cytochrome P-450 con-
tents were measured with a recording spectrophotometer (Shimadzu MPS200). The
spectrophotometer and recorder were set to scan from 400 to 500 nm (1 cm/nm).
Cytochrome P-450 was quantitated on the basis of the difference spectrum between
the carbon monoxide reduced cytochrome complex and the reduced cytochrome
itself according to Omura and Sato (1964). Liver microsomal protein was deter-
mined on solubilized samples (Smith et al. 1985). Fresh weights of testes, adrenal
glands, kidneys and spleen were recorded. Liver, kidney, adrenal, pancreas, repre-
sentative samples of intestinal areas, reproductive organs and brain were fixed in
10% buffered formalin for histopathology.

Population characteristics including density (Grant et al., 1982), biomass
(Grant and French, 1980), effective trapping area (Grant et al., 1982), sex ratios,
trappability (Krebs and Boonstra, 1984) and age structure (Stafford and Stout, 1983)
were determined. Body weights were used as an index of age: 0-59.9 g = juvenile,
60-99.9 g = subadult, 100+ g = adult (Stafford and Stout, 1983).

Statistical significance of organ weights and Cytochrome P-450 values was
analyzed using Student’s t-test (Steel and Torrie, 1980). The accepted level of signif-

icance was P < 0.05.
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Results and Discussion

Over-all, male cotton rats and to a lesser extent females from RH showed an
induction of hepatic cytochrome P-450 (Table 1) with means of 122% and 119% of
control (CS) values in males and females, respectively. The mean concentration of
cytochrome P-450 of 1.05 nmoles per mg of protein found in RH males was signifi-
cantly higher (P < 0.5) than the CS males (0.80 nmoles per mg of protein). While,
cytochrome P-450 levels in RH females were higher than CS but no statistical signif-
icant difference was observed. The liver to body weight ratio in both sexes was con-
sistent within RH and CS groups.

The Mixed Function Oxidase (MFO) enzyme system is of considerable inter-
est; the importance of this enzyme system resides not only in its ability to detoxify
certain foreign chemicals, but also its ability to produce carcinogens or reactive toxic
metabolites. Several environmental pollutants have been shown to induce the MFO
enzyme system (Guengerich and Liebler, 1985). The level of MFO induction is
evaluated by assaying cytochrome P-450. The hepatic cytochrome P-450 induction
(122% and 119% of the control value in males and females respectively) demon-
strated in this study is an appealing candidate as a new bioindicator for monitoring
chemical exposure. Simple quantitation of toxic substances in water and soil with
comparison to the levels of toxins known to cause disease in the laboratory may not
be an acceptable means of determining the potential hazard of toxins in the envi-
ronment (Clark et al., 1982; Rowley et al., 1983). Analytical assays for specific toxins
typirally recognize only those toxins for which specific procedures were performed.
Toxicity in the natural environment is usually the result of exposure to a complex
mixture of toxins and their metabolites or degradation products (Rowley et al.,
1983). Additive insults of low levels of multiple toxins may cause deleterious effects.

Toxins which have been "aged" in the environment may be more toxic than corre-
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sponding quantities of technical mixtures (out of bottle) which are used in virtually
all laboratory experiments. This effect has been demonstrated with polychlorinated
hydrocarbons (Hornshaw et al., 1983). Biochemical detoxification response there-
fore, is especially meaningful and often precedes the onset of more serious cellular
changes.

Cytochrome P-450 activity in fish has been documented as a criterion for
determining water pollution. However, the use of P-450 levels has not been consist-
ently successful due to low inherent levels of cytochrome P-450 and marked varia-
tion in inducibility in fish (Lindstrom-Seppa et al.,, 1985). Cotton rats are an excel-
lent prospective model due to their high cytochrome P-450 concentrations com-
pared to laboratory rat and their marked inducibility.

Characteristics of cotton rat populations for the two study sites (RH and CS)
are shown in Table 2. Population density at the CS site (68 cotton rats per hectare)
greatly exceeded the density at RH site (21 cotton rats per hectare). Maximum
trappability did not differ appreciably between sites. Biomass density showed a
similar trend with 5331 g/ha at CS which was 290% of the RH biomass density. The
age structure indicated a higher percentage of juveniles in CS site (20%) compared
to the RH site (11%).

Results of this study are in agreement with population studies on wild voles in
Love Canal, New York (Rowley et al., 1983) where thousands of organic and inor-
ganic chemicals were buried. Population difference between CS and RH due to
immigration from surrounding areas was considered an unlikely possibility. The low
population density at the RH site might be attributed to decreased recruitment or
increased mortality from environmental pollutants. The impact of pollutants is
further elucidated by decline in juvenile percentage and biomass density at RH site.
The lower percentage of juveniles at the RH site could have been due to increased

susceptibility of juveniles to pollutants, decreased conception, or increased fetal
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mortality.

Mean testes, kidney, spleen, thymus and adrenal weights relative to body
weights did not differ significantly between treatment groups for male and females.
A variety of parasites (nematodes and cestodes) infected the liver and intestine of
cotton rats from both RH and CS sites. The parasitic lesions in liver consisted of
nodular cystic masses (cysticercus) of approximately 4 mm in diameter, located
beneath the capsule, and varied in number from 1 to 7. Except for the presence of
adult worms (nematodes and cestodes) in the lumen, no macroscopic changes were
seen in the gastrointestinal tract. The other organs and tissues were essentially
normal. Histopathologic examination of the organs and tissues of each rat did not
reveal toxin-associated lesions. 50 percent of rats from each site (RH and CS) had
cut sections of strongyloides (larval and adult forms) within the intestinal crypts with
minimal inflammatory response. Absence of light microscopic lesions in the various
organs and tissues in RH rats indicates the limitations of histopathologic evaluation.
Tissue alterations are dependent on type of toxins, time and frequency of exposure
and several other factors. Standard histopathologic evaluation may not be feasible in
detecting low level exposure to toxins. More sophisticated pathologic tissue evalua-
tion such as morphometry of liver at the light microscopic level to determine hepa-
tocyte and lobule size and at the electron microscopic level to determine cellular
alteration and especially hypertrophy of smooth endoplasmic reticulum (SER), the
site of cytochrome P-450 (Guengerich and Liebler, 1985) may be fruitful. These

studies are promising and warrant further testing to determine their validity.

Summary

A three day population study of wild cotton rats (Sigmodon hispidus) from

Royal Hardage (RH) waste disposal site, a declared superfund site and similar rats

from an uncontaminated (CS) habitat was conducted using Sherman live traps. The
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third day‘s captives were returned to the laboratory for evaluation of total hepatic
cytochrome P-450 and complete necropsy including organ weights. The level of
mean hepatic cytochrome P-450 in the RH rats was 122% of the control value in
males whereas in female, the value was 119%. Additionally, there was an apprecia-
ble difference in population density (21 cotton rats/ha for RH versus 68 for CS). The
biomass density and juvenile percentage were also remarkably different. These
results suggest that biotransformation response (hepatic cytochrome P-450 induc-
tion) along with population studies in cotton rats would be especially meaningful in

assessing environments contaminated with hazardous chemicals.
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Table 1. Body weights, liver weights and mean hepatic
cytochrome P-450 levels from control (CS) and Royal
Hardage exposed (RH) cotton rats

Sites Terminal Relative liver Cytochrome P-450
and body weight weight nmoles/mg of
sex (g9) (%) protein
CS males 101.19+12.23 4.10+0.21 0.80+0.03

(n=5)

*

RH males 103.22+14.12 4.09+0.17 1.05+0.03
(n=8) (122%)
CS females 98.59+9.29 3.71+0.41 0.92+0.08
(n=5)
RH females 78.95+15.56 4.58+0.34 1.09+0.04
(n=4) (119%)

All data are expressed as X+SE

Number in

control value
* = Statistically different from control (P < 0.05;
Student t-test)
n = No. of rats

parenthesis indicates the percentage of

the
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Table 2. Population characteristics

Sites Population Biomass Maximum Juve- Sub- Adult
density density trappabi- nile adult
(rats/ha) (g/ha) lity (%) (%) (%) (%)

Cs 68 5331 90.90 20 54 26

(290%)
RH 21 1903 86.80 10.50 63.20 26.30

Number in parenthesis indicates the percentage of the CS
value

CS = Control site; RH = Royal hardage toxic waste disposal
site
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Figure. 1. Map of the Hardage (Criner) site showing locations of main pit, barrel

mound, evaporation ponds (west and east ponds) and north pit.



CHAPTER IV

EVALUATION OF ULTRASTRUCTURAL HEPATIC RESPONSE
TO ENVIRONMENTAL TOXICANTS IN WILD
COTTON RATS (SIGMODON HISPIDUS)

Introduction

The cytochrome P-450-mediated microsome monooxygenase is involved in
the metabolism of endogenous substrates, such as steroid hormones, as well as
xenobiotics, including many drugs and carcinogens (Conney, 1982; Payne et al.,
1987). The induction of cytochrome P-450 enzymes to certain chemicals plays a
significant role in the rate of metabolism of these compounds and could lead to the
development of a biological monitoring system of sufficient sensitivity to discrimi-
nate environmental quality differences for a wide variety of pollution conditions
(Payne et al., 1987). There is a correlation between the alteration in structure and
content of organelles and biochemical changes observed in the subcellular fractions
(Fouts and Rogers, 1960; Weibel et al., 1969; Staubli et al., 1969; Toftgard et al.,
1986; Woods and Fowler, 1986).

Hepatic lobules are composed of hepatocytes organized in three microcircu-
latory zones (periportal, midzonal, and centrilobular). The hepatocytes in each of
these zones contain enzymes which are involved in various biochemical reactions.
The predominant location of the mixed-function oxidation system in the liver lobule
is the centrilobular zone (Farber and Fisher, 1979). Ultrastructural changes in the

hepatocytes not only correlate with biochemical events of detoxification but also
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with toxic effects of a parent compound or its metabolites.
The objective of this study was to characterize the ultrastructural alterations
in the liver of wild cotton rats (Sigmodon hispidus) following exposure to polychlori-

nated biphenyls (PCB) contaminated habitat.

Materials and Methods

Cotton rats used for breeding stock, were collected from uncontaminated
areas (Blackwell, Stillwater) with Sherman live traps. They were housed in the
laboratory animal facility in individual polycarbonate cages with wire tops and wood
shavings as bedding. They were maintained using 12-hour photoperiod and received
commercial rat chow and water ad libitum. After a 2-week acclimatization, a male
was paired with a female for 1 wk to breed. The offspring were weaned at 3 weeks
and housed 2 animals of the same sex to a cage until they weighed at least 90 grams.
Prior to the experiments, rats were placed in individual cages. Induction studies
included the use of phenobarbital in saline (an inducer of P-450b and P-450¢)
70mg/kg IP for 4 days. Five female and 5 male cotton rats were administered
phenobarbital. Five male and 5 female cotton rats received intraperitoneal (IP)
injections of saline and served as controls.

An industrial site near Pryor, Oklahoma (PO), a known PCB-contaminated
area was selected for the field study. This site is located in Mayes County, Oklaho-
ma. According to information provided by the United States Corps of Engineers
(1987), the site has Aroclor 1254 (PCB mixture) concentration in the soil greater
than 800 PPM. The contaminated site was dominated by tall-grass cover. An uncon-
taminated control site with an ecologically similar habitat to PO was selected
approximately 0.50 km Southwest of PO.

Cotton rats were live-trapped for 3 consecutive days, using an 3 x 22 trapping

grid with 5 m spacing between trap stations and 10.2 x 10.2 x 22.9 cm Sherman
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aluminum traps baited with rolled oats. Individual trap stations were identified with
labeled flags. The third day’s captives were returned to the laboratory for further
evaluation.

All rats were fasted overnight with water provided ad libitum, immobilized by
cervical dislocation, and exsanguinated by severing the aorta. The cotton rats were
necropsied, and their livers quickly removed, weighed and volumes determined
(Elias and Hyde, 1980). Each carcass was labeled and submitted to the United
States Corps of Engineers for PCB analysis. Total hepatic cytochrome P-450 levels
were assayed by the method of Omura and Sato (1964). Microsomal protein was
determined on solubilized microsome samples (Smith et al., 1985). Liver, kidney,
adrenal, pancreas, representative samples of intestinal areas, reproductive organs,
and brain were fixed in 10 % neutral buffered formalin for histopathology. Liver
tissue for transmission electron microscopic examination was minced to approxi-
mately 1-mm cubes and fixed in Karnovsky’s fixative. Tissue was rinsed in three
changes of cacodylate-H2O-sucrose buffer for 30 min (10 min each rinse), post-fixed
in a 1:1 solution of osmium tetroxide and 0.27 M cacodylate buffer for one hr. Tissue
was rinsed in three changes of cacodylate-H2O-sucrose buffer for 30 min (10 min
each rinse ). Dehydration consisted of consecutive 10 min rinses each of 50%, 70% ,
90% reagent grade ethyl alcohol followed by three 10 min rinses in 100% ethyl
alcohol and 10 min three rinses in propylene oxide. Tissue was then allowed to
remain for 24 hrs in 1:1 propylene oxide and DER resin. The tissue was embedded
in fresh 100 % DER and polymerized at 60°C with 5-8 Hg vacuum for 48 hrs. Thick
(55 nm) sections were cut with glass knives on a Sorvall MT 6000 Ultracut ultrami-
crotome, mounted on glass microscope slides, and stained with Mallory’s stain.
Centrilobular hepatocytes were selected for thin sectioning. Thin (0.55nm) sections
were stained with uranyl acetate and lead citrate and examined with a Jeol 100C XII

transmission electron microscope (Jeol Ltd, Tokyo, Japan).
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Results
Pryor contaminated rats :

The population of the cotton rats in the Pryor site inéluding the uncontami-
nated was relatively low. Three collections in January 1988, June 1988 and January
1989 with 3-day trappings each time, resulted in a total collection of nine cotton rats
(6 rats on first collection followed by 1 in June 1988 and 2 in January 1989). Nine
cotton rats (6 contaminated and 3 uncontaminated) were included in the study.

At necropsy, major gross lesions in the contaminated rats were confined to
the liver. The livers were friable and enlarged with accentuated lobular patterns.
Additionally, one rat had multiple irregular white foci of 1-3 mm in diameter in the
central hepatic lobe. These hepatic gross changes were not observed in the uncon-
taminated rats. The other organs from both contaminated and uncontaminated rats
were essentially normal.

Liver weight, liver volume, liver-weight to body-weight ratio and liver volume
to body-weight ratio are presented in the Table 1. Both liver-weight to body-weight
and liver volume to body weight were significantly (P < 0.05) increased in the
contaminated rats. This increase was associated with increased activity of total
hepatic cytochrome P-450. The total hepatic cytochrome P-450 in the contaminated
rat was 144 % that for the uncontaminated cotton rat. Of the nine cotton rats, seven
(excluding the last collection on January, 1989) was included for whole body PCB
analysis. Except for one cotton rat (PCB concentration < 0.5 ppm), whole body PCB
concentration of PO rats (1.42 to 12.36 ppm) greatly exceeded the concentrations in
CO rats (< 0.5 ppm). There were substantial light microscopic changes in the livers
of contaminated rats. These alterations included mild to moderate enlargement of

centrilobular and midzonal hepatocytes including enlarged nuclei and increased
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cytoplasmic lipid droplets. Within a single hepatocyte, these lipid droplets ranged
from numerous fine droplets to one or more larger droplets (Fig. 1). The periportal
hepatocytes were minimally affected. The liver from one rat from the contaminated
site had multiple, locally extensive foci of coagulation necrosis. The livers of the
uncontaminated rats were essentially normal (Fig. 2). Incidental extrahepatic lesions
seen in both contaminated and uncontaminated rats included mild interstitial ne-
phritis, intestinal strongyloidiasis, and cestodiasis and focal interstitial mononuclear
cell infiltrations in the pulmonary interalveolar septa.

Ultrastructurally, the most striking feature of centrilobular hepatocytes of the
contaminated rats was the proliferation of smooth endoplasmic reticulum (SER).
The cytoplasm was filled with SER, which displaced the mitochondria (Fig. 3). The
proliferation of SER consisted of both vesicular and tubular membranes. The rough
endoplasmic reticulum (RER) was disorganized with long profiles woven between
mitochondria and in one case encircling the nucleus. The rough endoplasmic reticu-
lum were dilated and continuous with the proliferated SER. Additionally, RER had
fewer than normal attached ribosomes. Membrane-bound lipid droplets of various
sizes were in the cytosol, and most were enclosed by SER. The presence of lipid
droplets varied among rats; two rats had substantially more lipid droplets compared
to cells from other rats.

Compared with contaminated rats, the centrilobular hepatocytes of uncon-
taminated rats had less SER, uniformly distributed mitochondria (Fig. 4), and fewer
membrane-bound lipid droplets. However, one rat had minimal mitochondrial
degeneration (ore or two mitochondria involved) characterized by microconcre-

tions.

Phenobarbital treated rats:

The light microscopic hepatic changes of phenobarbital treated rats were
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comparable to contaminated rats from Pryor. The ultrastructural changes of centri-
lobular hepatocytes were an extensive proliferation of the SER similar for that seen
in the contaminated rats (Fig. 5). The lipid droplets, which were bounded by smooth
double membranes, varied greatly in size and appeared to coalesce to form large
droplets. The presence of lipid droplets in the cytosol was more prominent in
phenobarbital treated rats than in contaminated rats. Hepatocytes with severe lipid
vacuolation appeared to have less RER than hepatocytes with mild lipid changes.
Saline-treated rats had comparable ultrastructural changes to uncontaminated rats
(Fig. 6). However, lipid droplet accumulation was more pronounced in saline treat-

ed rats than in uncontaminated rats.
Discussion

The phenomenon of increased liver weight associated with induction of
microsomal enzymes has been observed in rabbits with dermal application of Aro-
clor (PCB mixture). Similarly, hepatomegaly, liver weight increases and increased
friability have been reported in rats fed polybrominated biphenyls (Sleight and
Sanger, 1976; Raber et al.,1986). This increase in the liver weight was related to
hypertrophy of the hepatocytes with increased organelle (SER) content. These
findings are in agreement with significantly increased liver weight and volume of the
contaminated rats in the present study.

The proliferation of SER is a reversible response to a variety of exogenous
substances including PCB and polybrominated biphenyls (PBB) and is a morpholog-
ical reflection of enhanced enzyme activity (Sleight and Sanger, 1976; Farber and
Fisher, 1979; Render et al., 1982). Increased SER following PCB treatment, has
been reported in the livers of mice, monkeys, guinea pigs, and rats (Nishizumi, 1970;
Kimbrough et al., 1972; Vos and Notenboom-ram, 1972). Biotransformation en-

zymes of the mixed-function oxidation system are associated with electron transport
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chains on the SER (Farber and Fisher, 1979); therefore, proliferation of the SER
results in increased activity of the MFO enzymes. Since detoxification of PCB and
PBB is dependent on the MFO enzymes, the logical result of PCB-induced hepato-
toxicity would be proliferation of SER in hepatocytes containing substantial mixed-
function oxidation capability. Thus, the zonal distribution of the PCB-induced
increase in SER, is greater in centrilobular hepatocytes (Farber and Fisher, 1979).

Increased SER originates from continuous growth and budding from preex-
isting cisternae of RER (Orrenius and Ericsson, 1966). Vos and Notenboom-Ram
(1972) have reported numerous ultrastructural changes in rabbit hepatocytes due to
PCB treatment. Included in their observations were degranulation of RER in
hepatocytes from animals after dermal application of PCB for 28 days. In the
present study, the ribosomes in many hepatocytes from contaminated cotton rats
were affected similarly. According to Farber and Fisher (1979), the dispersal of
ordered aggregates of ribosomes and detachment of ribosomes from RER can occur
under various conditions, including anoxia, ischemia, and hepatotoxcosis. This
phenomenon has been associated with inhibition of protein synthesis during liver
injury induced by carbon tetrachloride and ethionine. Ethionine-induced ultrastruc-
tural and biochemical changes can be reversed by the administration of a metabolic
antagonist of ethionine such as methionine or adenine.

Intracytoplasmic membrane-bound lipid droplets were found throughout the
cytosol and varied in number and size. In PCB-treated rats, fatty livers were pro-
duced as a result of the decreased availability of non-esterified fatty acids for hepatic
mitochondrial oxidation (Mehlman et al., 1974).

Polychlorinated biphenyls have been identified as widespread, persistent
environmental contaminants. They have been detected in fish (Brunn and Manz,
1982; Zabik et al., 1982), birds (Barbehenn and Reichel, 1981), and humans (Safe,

1984). The PO contaminated cotton rats were exposed to known PCB polluted site
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for an unknown period. Their whole body PCB content confirmed the bioavilability
of the toxicant. How PCB entered or enters the body is still unknown. Most likely,
the mode of exposure would be through ingestion. However, inhalation through dust
filled air and percutaneous absorption are also possible. Additionally, transfer of
PCB from maternal to fetal and suckling rats has been reported (Takagi et al., 1986)
whereby the highest concentration of PCB was in the fetal placenta followed by the
fetal liver, heart, skin, muscle, blood, lung and brain and the dam’s milk.

In conclusion, the ultrastructural evaluation of liver together with hepatic
microsomal assay, hepatic light microscopy, liver weight and volume from wild
cotton rats provide a meaningful method of biomonitoring for environmental

contamination.
Summary

A total of six cotton rats (Sigmodon hispidus) were collected from a known
polychlorinated biphenyls contaminated site. Three cotton rats, serving as control,
were collected from a nearby uncontaminated site. There were significant increases
in the liver weight and volume of the contaminated rats compared with uncontami-
nated rats. Associated with increased liver weight and volume, the total hepatic
cytochrome P-450 activity was greatly increased (144 % of the control value). Light
microscopic hepatic changes in contaminated rats included moderate enlargement
of centrilobular and midzonal hepatocytes with vacuolated cytoplasm. Ultrastruc-
tural alterations of centrilobular hepatocytes of the contaminated rats consisted of
abundant smooth endoplasmic reticulum, disorganized rough endoplasmic reticu-
lum, lipid droplets, and detached ribosomes. These changes were similar to hepatic
ultrastructural alterations produced in cotton rats by three-day phenobarbital treat-
ment. Lipid droplet formation in the cytosol was a more prominent feature in the

phenobarbital-treated rats.
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Table 1. Body weights, liver weights, Liver volume and
total hepatic cytochrome P-450 levels from conta-
minated and uncontaminated cotton rats

Measurement Uncontaminated PCB-Contaminated
site site
(n=3) (n=6)

Body weight 93.06+3.97 74.73+7.84

(9)

Liver weight 2.99+0.24 4.52+0.53

(9)

Liver volume 2.78+0.25 4.15+40.50

(cubic cm)

Liver weight

------------ X 100 3.25+40.41 6.22+0.64
Body weight

Liver volume

*

------------ X 100 3.02+0.41 5.71+0.61
Body weight

P-450 1.70+0.21 2.4540.26
(nmoles/mg protein) (144%)

All data are expressed as Mean+SE

Number in parenthesis indicates the percentage of the
control value

* Statistically different from uncontaminated (P < 0.05)
n Number of rats



47

Figure 1. Liver from a contaminated cotton rat. Swollen centrilobular hepatocytes

with numerous cytoplasmic lipid droplets. Central vein (CV).

Figure 2. Liver from an uncontaminated cotton rat. Normal hepatocytes. Central

vein (CV).
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Figure 3. Centrilobular hepatocyte from a contaminated cotton rat. Note prolifera-

tion smooth endoplasmic reticulum.
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Figure 4. Electron micrograph of centrilobular hepatocyte from an uncontaminated
cotton rat. Diffusely scattered mitochondria and network of endoplasmic reticula of

rough and smooth types. Occasional mitochondrial concretions.
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Figure 5. Electron micrograph of centrilobular hepatocyte from a phenobarbital
treated cotton rat. Note proliferation of smooth endoplasmic reticulum and cyto-

plasmic membrane-bound lipid droplets.
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Figure 6. Electron micrograph of centrilobular hepatocyte from a control cotton rat.
Note diffusely scattered mitochondria and network of endoplasmic reticula of both

rough and smooth types.



CHAPTER V

A STUDY OF O-DEALKYLATION OF RESORUFIN ETHERS AS AN
INDICATOR OF HEPATIC CYTOCHROME P-450 ISOENZYME
INDUCTION IN THE COTTON RAT (SIGMODON
HISPIDUS) : AMETHOD FOR MONITORING
ENVIRONMENTAL CONTAMINATION

Introduction

Cytochrome P-450, the terminal oxygenase of the mixed-function oxidase
system is widely distributed in many tissues but is present in the highest concentra-
tion in hepatic endoplasmic reticulum. This enzyme system plays an essential role in
the metabolism of a broad range of xenobiotics, and endogenous and exogenous
substrates (Guengerich and Liebler, 1985). Evaluation of hepatic cytochrome P-450
induction in wild animals has been suggested as a biological monitor to various envi-
ronmental contaminants. Hepatic microsomes contain multiple cytochrome P-450
isoenzymes, each possessing broad and overlapping substrate selectivity (Ryan et al.,
1982). The different isoenzymes function in both the activation and detoxification of
foreign compounds and some forms of cytochrome P-450 have been implicated in
the activation of a variety of chemical carcinogens (Guengerich, 1977; Prough et al,,
1984; Wilson et al., 1984).

Many of the model substrates which have been widely used for measuring
cytochrome P-450 induction do not differentiate adequately among individual isoen-

zymes, nor between induced and constitutive isoenzymes (Guengerich et al., 1982;

52



53

Kaminsky et al., 1983). In recent years, O-dealkylation of resorufin ethers has gained
a considerable importance. This reaction, which is highly specific for the major
isoenzymes, can be used as an indicator of cytochrome P-450 isoenzyme induction.
Novak and Qualls (1990) have demonstrated that O-dealkylation methoxy-, ethoxy-,
pentoxy- and bezyloxyresorufins in cotton rat (Sigmodon hispidus) was similar to
Sprague-Dawley rats for 3-methylcholanthrene inducible forms of cytochrome P-
450.

The objective of this study was to evaluate the induction of major hepatic
éytochrome P-450 isoenzymes through O-dealkylation of various resorufin ethers in

the cotton rat (Sigmodon hispidus) as an indicator of environmental contamination

with toxic chemicals.

Materials and Methods

Chemicals:

Propoxy-, butoxy-, hexoxy-, octoxy - and decoxyresorufins were synthesized
from resorufin by the method of Mayer et al. (1977) using appropriate alkyl iodides.
Resorufin, I-iodopropane, 2-iodobutane, I-iodohexane, I-iodoctane and I-iododec-
ane, were purchased from Aldrich Chemical Company (Milwaukee, WI 53201,
USA). Methyl-, ethyl-, pentyl- and benzyloxyresorufins were obtained from Molecu-
lar Probes Inc. (Junction City, Oregon 97448, USA).

Animals:

Cotton rats collected from uncontaminated areas (Near Stillwater, Oklaho-
ma) with Sherman live traps were used as breeding stock for a captive outbred
colony. Animals were housed in our laboratory animal facility in individual polycar-

bonate cage with wire tops and wood shavings as bedding. Animals were maintained
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under a 12 hour photoperiod and commercial rat chow was provided ad libitum.
After 2 weeks of acclimatization a male was placed with a female for two weeks.
Offspring were weaned at three weeks of age and housed in pairs (same sex) until
they reach a desired body weight. Induction studies were performed using pheno-
barbital, 70 mg/kg in 0.09 saline IP for 4 days, and 3-methylcholanthrene (3MC), 25
mg/kg in corn oil IP for 3 days. Four males born to wild-caught females in our out-
bred colony received each agent. Two groups of four males each, one group receiv-
ing saline and one receiving corn oil by IP injection served as controls.

Two known contaminated sites near Criner and Pryor, Oklahoma) were
selected for field trials. The Royal Hardage (RH) toxic waste disposal site, a de-
clared superfund site, is located near the town of Criner in McClain County, Okla-
homa. This site was used as a toxic waste dump during 1972 to 1980. An industrial
site near Pryor, located in Mayes county, Oklahoma is an aroclor 1254 (polychlori-
nated biphenyl mixture) contaminated site. According to the United States Corps of
Engineer (1987), the site has soil concentration of Aroclor 1254 greater than 800
ppm. Cotton rats were live-trapped from contaminated and nearby uncontaminated
sites (CO for RH and CP for PO) with ecologically similar habitat. The distances
between contaminated and uncontaminated sites for Criner and Pryor were approx-

imately 2.5 and 0.5 km respectively.
Microsomal preparation:

Cotton rats returned to the laboratory from field studies and rats from labo-
ratory studies receiving phenobarbital, 3MC and control cotton rats, were fasted
overnight and killed by cervical dislocation. Liver microsomes were prepared using
methods previously described (Omura and Sato, 1964). Microsomal protein was

measured by the method of Smith et al. (1985).

(O-dealkylation reactions:
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The dealkylation of alkoxyresorufins (methoxy-, ethoxy-, propoxy-, butoxy-,
pentoxy-, hexoxy-, benzyloxy-, octoxy- and decoxyresorufins) was measured at 37°C
using a SLM 48000 spectrofluorometer (SLM Instruments Inc. 810 West Anthony
Drive, Urbana, IL 61801, USA). The fluorometer was set to an excitation wave-
length of 570 nm, and an emission wavelength of 585 nm with slit widths of both
monochrometers at 2 nm. The fluorescence increase as a function of time from
resorufin formation measured by the spectrofluorometer was concurrently plotted
on HP7475A Plotter (Hewlett-Packard Company, 16399 W. Bernardo Drive, San
Diego, CA 92127-1899). Reaction mixtures consisted of microsomal protein (0.30 to
1.50 mg/ml), 1978 ul 1mM Na/K buffer (pH 7.6), 10 ul substrate (1mM in dimethyl
sulfoxide). Reactions were initiated by addition of 50 mM nicotinamide adenine
dinucleotide phosphate (NADPH) in 1mM Na/K buffer. The rate of formation of
resorufin was calculated by comparing the rate of increase in relative fluorescence to
the fluorescence of a known amount of resorufin.

The decision tree method was used for selecting the appropriate procedure
for hypothesis testing (Gad and Weil, 1984). Data were first subjected to normality
test using Univariate procedure (SAS Institute, 1985). Since the data were normal
(normality test), the unpaired TTest procedure (SAS Institute, 1985) was used for

further comparisons.
Results and Discussion

Effects of phenobarbital-induced and 3-methylcholanthrene-induced microsomes on

O-dealkylation of alkoxyresorufins :

The rate of O-dealkylation of the homologous n-alkyl ethers of resorufin with
increasing alkoxy chain lengths by cotton rat microsomes to a common metabolite,

resorufin was different among ethers (methoxy-, ethoxy-, propoxy-, butoxy-, pentoxy-
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, hexoxy, benzyloxy-, octoxy- and decoxy-). Methoxy ether was the most actively
metabolized substrate by (both saline and corn oil treated controls) microsomes
(Fig. 2), whereas phenobarbital-induced microsomes showed no specific preference
for any ether. In comparison, 3-methylcholanthrene (3MC)-induced microsomes
were selective for ethoxy ether (Fig. 1) with a decreasing order of selectivity (rate of
metabolism) of ethoxy > benzyloxy > methoxy > propoxy > pentoxy > octoxy >
butoxy > hexoxy > decoxy.

Control microsomes in Sprague-Dawley rats showed a selective preference
for an ethyl ether (Burke et al., 1985). The best substrate for phenobarbital-induced

‘microsomes has been reported to be pentyl ether in Sprague-Dawley rats (Burke
and Mayer, 1983; Burke et al., 1985; Lubert et al., 1985). However, cotton rats had
no substrate selectivity for phenobarbital-induced microsomes and this agrees with
previously reported findings for the cotton rat (Novak and Qualls, 1990).

The rate of metabolism of methoxy-, ethoxy-, propoxy-, pentoxy- and benzy-
loxyresorufins by 3MC-induced microsomes differed significantly (P < 0.05) be-
tween control and treated cotton rats (Fig. 3). It is important to note that in the
3MC-induced microsomes, the substrate showing the highest rate of metabolism was
not necessarily the substrate showing the greatest degree over controls. Ethoxyre-
sorufin was the fastest substrate for 3MC-induced microsomes, but the induction of
the metabolism of propoxyresorufin was greater (24-fold increase) than the induc-
tion of ethoxyresorufin. The study of Novak and Qualls’s (1990) study on cotton rats
unfortunately, did not include O-dealkylation of propoxyresorufin by 3MC-induced
microsomes. Highest substrate selectivity for propoxy and butoxyresorufins by 3MC-
induced microsomes has been reported in C57BL strain of mice (Lum et al., 1986).

Marked species difference exists in the toxic response of animals to various
chemicals. Some of these differences reflect quantitative as well as qualitative dif-

ferences in drug metabolism and induction of 3MC-induced microsomes (also desig-
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nated as cytochrome P-448) by drugs and other chemicals. A chemical may act as an
inducer in one species but have no effect or even cause inhibition in another
(Hansen and Fouts, 1971; Hook et al., 1975). Iwasaki et al. (1986) reported the
induction of P-448 activity by 2-aminoanthrecene in rat but not in hamster. Fur-
thermore, in hamsters, 7-ethoxyresorufin-O-deethylase activity is induced by 3MC
but not by phenobarbital (Blaich et al., 1988). The activity of pentoxyresorufin-O-
deethylase, which is useful as a specific enzymatic assay for P-450b in the rat liver,
cannot be used to probe phenobarbital-like inducers in the hamster liver (Blaich et

al., 1988).

Effects of environmental pollutants on microsomal O-dealkylation of alkoxyresoru-

fins :

Based on the results from the 3MC induction study, microsomal O-dealkyla-
tion of methoxy-, ethoxy-, propoxy-, pentoxy- and benzyloxyresorufins was selected
for field studies.

Twenty two cotton rats (12 RH and 10 CO) were collected from the Criner
study area. Significant differences in O-dealkylation of methoxy (P < 0.0001), ethoxy
(P < 0.0009), propoxy (P < 0.0012), pentoxy (P < 0.0005) and benzyloxyresorufins
(P < 0.0023) were observed between RH and CO in male cotton rats (Table 1).
Females however, had an apparent increase (3 to 8-fold increase) in O-dealkylation
rate for all of five ethers in RH rats but which was not statistically significant from
CO rats.

Population densities of cotton rats on the Pryor study area were low in both
PO and CP. Three collections in January 1988, June 1988 and January 1989 with
three-day trapping resulted in a total collection of nine cotton rats (6 rats on first
collection followed by 1 in June 1988 and 2 in January 1989). Because of the limited

number of animals, no definitive conclusions can be drawn regarding the effect of
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environmental contaminants on O-dealkylation of all ethers tested. Despite this
cautionary note, there were significant differences on O-dealkylation of all ethers
between PO and CP rats. Cotton rats from PO had significantly higher rate of O-
dealkylation reactions (P < 0.05) than that of controls (Table 2). Aroclor 1254 (PCB
mixture) has been categorized as a "mixed" type of inducer, because it possesses the
properties of both phenobarbital-type and 3MC-type inducers (Ryan el at., 1979).
Since cotton rats from Pryor were exposed to a known Aroclor 1254 contaminated
area, increased rate of O-dealkylation observed in PO rats may be real and could be
attributed to Aroclor 1254. However, further study with a large sample size (ade-
quate number of both sexes) is warranted.

Cytochrome P-448, 3MC-induced microsomes (also designated as P-450c and
P-450d in the rat) are induced by polycyclic aromatic hydrocarbons and other
chemical carcinogens (Ioannides et al., 1984), while cytochrome P-450 (also desig-
nated as P-450b and P-450e in rats) is exemplified by drugs such as phenobarbital
(Lu and West, 1980). Cytochrome P-450 tends towards deactivation while in contrast
cytochrome P-448 tends toward metabolic generation of toxic intermediates (Ioan-
nides et al., 1984; Phillipson et al., 1985). The induction of cytochrome P-448 has
been associated with mutagenic and carcinogenic activity of the inducing agent
(Ioannides et al., 1984) and with genetic potential for malignancy (Nebert and
Jensen, 1979). Study of cytochrome P-448 induction in wild cotton rats, therefore,
can be used an a reliable bioindicator of environmental toxic exposure.

In laboratory rats, phenobarbital causes a 40 to 60-fold increase in specific
phenobarbital isoenzymes (P-450 b'and P-450 e) compared with 1-fold increase in
total cytochrome P-450. Three methylcholanthrene causes as much as a 70-fold
increase in P-450c (Thomas et al., 1987). However, evaluation of cytochrome P-450
isoenzymes is difficult and requires complex immunologic and recombinant-DNA

methods (Burke et al., 1985; Shires et al., 1987). Furthermore, total reliance on
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immunological and recombinant-DNA methods is moreover, of questionable validi-
ty because of variable proportions of enzymatically inactive yet antigenic cyto-
chrome P-450 apoproteins (Guengerich et al., 1982; Seidel et al., 1984).

The specificity of O-dealkylation of resorufin ethers and degree of increased
metabolism by specific cytochrome P-450 isoenzymes has been demonstrated in
laboratory rats. When compared to uninduced microsomes, phenobarbital-induced
microsomes showed a 283-fold increase in O-dealkylation of pentoxyresorufin, while
a 9-fold increase was observed with 3MC-induced microsomes. In the same group of
experiments, O-dealkylation of ethoxyresorufin was increased 51-fold by 3MC and
only 6-fold by phenobarbital. O-dealkylation of ethoxyresorufin, therefore, consti-
tutes a highly specific and sensitive method for the determination of major isoen-
zymes induced by 3MC in a variety of species (Guengerich et al., 1982). Pentoxyre-
sorufin has been reported as specific for drugs such as phenobarbital, SKF-525A
whereas the dealkylation of benzyloxyresorufin is preferentially induced by isosa-
frole in Sprague-Dawley rats (Burke et al., 1985). Significant differences in dealkyla-
tion of methoxy, ethoxy, propoxy, pentoxy and benzyloxyresorufin between RH and
CO male cotton rats indicate the induction of major isoenzymes by environmental
toxicants.

Compared with laboratory induction studies, the rate of O-dealkylation was
considerably lower in RH cotton rats. These differences may be related to several
factors such as nutrition, type of toxic agent, nature of exposure, duration of expo-
sure and most importantly, dose of the toxicant (low or high). Maximal induction of
cytochrome P-448 activity by 2-acetylaminofluorene occurs at about 2 mg/kg and at
higher doses the extent of induction is drastically reduced, possibly because of the
hepatotoxicity of the inducing agent (Iwasaki et al., 1986). Likewise, at very low
doses, induction of cytochrome P-448 may be insignificant.

From the evaluation of alkoxyresorufin O-dealkylation by environmental
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contaminant-induced microsomes it was apparent that there were individual differ-
ences particularly among females. This diminishes the value of using female cotton
rats to assess the toxic effects of environmental contaminants. Sex differences occur
in the O-dealkylation of alkoxyresorufins in cotton rats, the females exhibiting a
higher O-dealkylation rate (Novak and Qualls, 1990). Although the mean rate of
alkoxyresorufin O-dealkylation in females was higher than males, this does not
conclusively prove that increased metabolic activity was the only factor for individual
metabolic differences in females. Variation may also be linked to hormonal (steroid
and thyroxine) status (Gustaffson et al., 1984).

Studies have indicated that fetal and newborn animals of most mammalian
species including man have limited ability to metabolize xenobiotics because of the
low levels of hepatic mixed-function oxidases and other enzymes involved in detoxi-
fication that are present at birth. However, postnatal development is rapid, adult
levels of activity being reached within a few weeks (Kato et al., 1964; Short and
Davies, 1970). Finally, marked fall in the maximal activity of phenobarbital-inducible
and 3MC-inducible forms of microsomes occurs in senescent animals whether
expressed in terms of microsomal protein or unit of cytochrome P-450. However,
there are no age-related changes in enzyme (ethoxyresorufin O-deethylase and
aldrin epoxidation) activities (Wynne et al., 1987). Age-related effects in alkoxyre-
sorufins O-dealkylation are unlikely in the present study. Since enzyme activities are
not affected by increased age, the evaluation of enzyme activity (alkoxyresorufin O-
dealkylation) should be more advantageous than total cytochrome P-450 assays

which are subjected to age related quantitative change.
Summary

The O-dealkylation of homologous series of n-alkyl ethers (methoxy, ethoxy,
propoxy, butoxy, pentoxy, hexoxy, benzyloxy, octoxy, decoxy) was studied in hepatic
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microsomes from control, phenobarbital and 3-MC pretreated cotton rats. Wild
cotton rats collected from two known contaminated sites (Royal Hardage, Criner
and Pryor creek, Pryor) with adjacent uncontaminated sites were examined for O-
dealkylation of five ethers (methoxy, ethoxy, propoxy, pentoxy and benzyloxyresoru-
fins) by hepatic microsomes. The rate of resorufin formation by hepatic microsomes
in control cotton rats was highest for methoxyresorufin. In 3MC-induced micro-
somes, ethoxyresorufin was the best substrate. Compared with controls, 3MC-
induced microsomes had the highest substrate selectivity to propoxyresorufin (24-
fold increase). The Criner study indicated a significant increase in the rate of resoru-
fin formation by hepatic microsomes in contaminated male rats. There was apparent
increase in O-dealkylation rate for contaminated females by hepatic microsomes,
however, this increase was not statistically significant. Similar significant increase in
O-dealkylation rate by hepatic microsomes was seen in Pryor contaminated rats. It is
concluded that O-dealkylation of alkoxyresorufins in wild cotton rats by hepatic
microsomes may provide a reliable method for monitoring environmental contami-

nation.
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Table 1.

Criner study

Effect of environmental conta-
minants on microsomal O-dealkylation of resorufin
ethers in cotton rats

Resorufin ethers

Animals and Methoxy Ethoxy Propoxy Pentoxy Benzyloxy
Statistics
Males:
a a a a a
RH (n=8) 0.364 0.311 0.204 0.027 0.336
+0.035 +0.050 +0.035 +0.003 +0.048
a a a a a
CO (n=5) 0.103 0.045 0.027 0.009 0.117
+0.019 +0.015 +0.016  +0.002  +0.025
Fold 4-fold 8-fold 8-fold 3-fold 3-fold
induction
Significance 0.0001 0.0009 0.0012 0.0005 0.0023
Females:
a a a a a
RH (n=4) 0.626 0.954 0.540 0.038 0.525
+0.297 +0.554 +0.253  +0.010 +0.204
a a a a a
CO (n=5) 0.152 0.268 0.180 0.014 0.069
+0.020 +0.045 +0.029 +0.004 +0.017
Fold 4-fold 4-fold 3-fold 3-fold 8-fold
induction
Significance NS NS NS NS NS

a = nmoles

of resorufin formed / min / mg microsomal
protein (expressed as Mean + Standard error)
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Table 2. Pryor study : Effect of environmental contaminants
on microsomal O-dealkylation of resorufin ethers in
cotton rats

Resorufin ethers
Animals and Methoxy Ethoxy Propoxy Pentoxy Benzyloxy
Statistics

a a a a a
PO (n=6) 1.417P 1.330 1.266 0.070 0.444
+0.203 +0.182 +0.264 +0.013 +0.114
a a a a a
PC (n=3) 0.248 0.302 0.178 0.021 0.074
+0.026 +0.039 +0.047 +0.009 +0.006
Fold 6-fold 4-fold 7-fold 3-fold 6-fold
induction
Significance 0.0022 0.0021 0.0088 0.0166 0.0224

a = nmoles of resorufin formed / min / mg microsomal
protein (expressed as Mean + Standard error)



Figure 1. Relationship between reaction rate and alkyl ether chain length by liver

microsomes of control and 3-methylcholanthrene (3MC) pretreated cotton rats.
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CHAPTER VI

HEMATOLOGIC AND BLOOD CHEMICAL CHARACTERISTICS
OF WILD AND LABORATORY RAISED COTTON
RATS (SIGMODON HISPIDUS)

Introduction

The hispid cotton rat (Sigmodon hispidus) is ubiquitous in its distribution in
the southeastern United States, comprising an important component of small
mammal communities in grass and brush dominated rangelands (Fleharty and
Mares, 1973). Cotton rats are increasingly used as animal models of both human and
animal diseases. Their susceptibility to a variety of pathogens has been used in the
"choice species" study of respiratory syncytial virus (Prince et al., 1978), parainfluen-
za virus (Murphy et al., 1981), mycoplasma pneumoniae (Eaton et al., 1942) and
filarial parasites (Court and Story, 1981). Because of their species specific suscepti-

bility, cotton rats also are used as in vivo infection stock for Echinococcus multilocu-

laris (Lubinsky, 1960). Recently, increased emphasis has been placed on the use of
wild cotton rats as biomonitors to evaluate the effects of pollutants in the environ-
ment (Elangbam et al., 1989).

Despite their importance in the study of many diseases, there is a general
lack of baseline physiological information for the species which hindered our efforts
in assessing the health and general physiological status of both captive and wild
caught cotton rats. Only selected hematologic values have been reported in this

species (Dotson et al., 1987). Our primary objective was to compare selected
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hematologic and serum chemical characteristics of wild caught cotton rats with those
raised in the laboratory to establish baseline reference values. We also examined the
effects of xenobiotic exposure on several blood parameters of wild cotton rats that

were collected from a contaminated waste disposal site.
Materials and Methods

A total of 52 cotton rats (body weight > 60 g) was collected from three loca-
tions in central Oklahoma near the towns of Blackwell, Criner, and Stillwater from
June to September 1987. Twenty-nine of these cotton rats were collected from
Criner, Oklahoma which included 16 animals obtained from the Royal Hardage
toxic waste disposal site and 13 from an adjacent uncontaminated control site. We
collected cotton rats from the Royal Hardage site to examine the sensitivity of se-
lected blood parameters to xenobiotic exposure. All three collection locations were
from ecologically similar habitats, representing typical ungrazed tall-grass prairie.
Cotton rats used in this study were live-trapped using Sherman aluminum live-traps
baited with rolled oats.

Cotton rats collected from uncontaminated areas in Blackwell and Stillwater,
Oklahoma were used as breeding stock for a captive outbred colony. Animals were
housed in our laboratory animal facility at Oklahoma State University in individual
polycarbonate cages with wire tops and wood shavings as bedding. Animals were
maintained under a 12 hr photoperiod and commercial rat chow was provided ad
libitum. After a 2-week acclimatization, each female was paired for two weeks with
an adult male for breeding. Offspring born to captive females were weaned at three
weeks of age and housed in pairs (same sex) until they reached a desired body
weight (> 60 g) for blood sampling.

Wild-caught cotton rats were always returned to the laboratory prior to blood

sampling. Both wild-caught and laboratory-raised cotton rats (captives), were fasted
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overnight, immobilized by cervical dislocation, and bled by periorbital sinus punc-
ture. A blood sample was collected in Microtainer brand tubes containing EDTA
(Becton Dickson and Company, USA) as an anticoagulant for hematologies. A
whole blood sample for serum was collected in plain glass tubes, allowed to clot for
2-3 hours, and centrifuged for 30 minutes at 3000 rpm (IEC CENTRA-R, Interna-
tional Equipment Company, Needham, Massachusetts 02194, USA). Cotton rats
were necropsied for any gross abnormalities.

Hematologies were performed on a Coulter Counter Model-S (Coulter
Electronics, Hialeah, Florida 33014, USA). Hematological parameters assayed in
this study included white blood cell counts, total red blood cell counts, hemoglobin
(Hgb), hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC).
Differential counts were conducted on Wright-stained blood smears by classifying a
minimum of 100 cells.

Serum samples were analyzed on a SMAC-II (Technicon Instruments Corpo-
ration, Tarrytown, New York 10591, USA) according to procedures specified by the
manufacturer. Serum chemistries included aspartate aminotransferase (AST),
alanine aminotransferase (ALT), total bilirubin, direct bilirubin, serum urea nitro-
gen (SUN), creatinine, cholesterol, alkaline phosphatase (AP), phosphorus, calci-
um, total protein, albumin, globulin, sodium, potassium, chloride, CO,, creatine
phosphokinase (CPK), gamma glutamyl transferase (GGT), uric acid and lactate
dehydrogenase (LDH).

Differences in hematological and serum chemical parameters between cotton
rats from the Royal Hardage contaminated site and those from an adjacent uncon-
taminated control site were compared by one-way analysis of variance using the
general linear models procedure of the Statistical Analysis System (SAS Institute,

Cary North Carolina, 27511-8000, USA). Hematological and serum biochemical
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data for 52 cotton rats, including rats from Royal Hardage contaminated site (ex-
cluding the parameters of MCHC, total protein, albumin, and chloride), were
combined to derive baseline values for wild-caught cotton rats. Differences in mean
hematological and serum chemical parameters between wild-caught and captive

cotton rats were also analyzed by one-way analysis of variance.

Results and Discussion

Effect of Xenobiotic Exposure :

No major differences were observed in hematological and serum biochemical
values between the control and Royal Hardage collection sites in Criner, Oklaho-
ma. The only exceptions were with MCHC, total protein, albumin, and chloride
(Table 1). Mean corpuscular hemoglobin concentration was significantly lower in
cotton rats from the Royal Hardage site compared to those fro