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DEVELOPMENT AND EVALUATION OF THE MALLARD DUCK

AS A MODEL TO INVESTIGATE THE
IMMUNOTOXICITY OF ENVIRONMENTAL CHEMICALS

CHAPTER I
INTRODUCTION

Wildlife Ecotoxicology
Wildlife species are integral components of the ecosystems in which they live and

enhance the economic and aesthetic value of the biosphere. The study of wildlife
toxicology contributes to the understanding of environmental chemical risks and provides

benefit for ecosystems as a whole, including humans. Due to their exposure to a variety of
natural environments, both pristine and contaminated, wildlife may be suitable

environmental sentinels for human exposure. Wild animals may be susceptible to sublethal
effects of low-level, chronic exposures to toxicants, particularly as they are subjected to

extreme conditions. Large-scale disease outbreaks in wild waterfowl are common (U.S.
Fish and Wildlife Service 1987a). These die-offs may be precipitated by

immunosuppression or other disturbances in normal physiology resulting from exposure to
environmental contaminants. Evidence exists to support the hypothesis that environmental
chemicals induce immunotoxicity, resulting in compromised resistance to infection. One of
the first reports of such effects demonstrated a decrease in host-resistance to duck hepatitis

virus (DVH) in mallards exposed to PCB (Friend and Trainer, 1970). Similarly, Porter et
al. (1984) showed that the immunotoxin cyclophosphamide (CP), given in conjunction
with moderate food and water restriction, resulted in reduced survival of young deer mice

to weaning. However, when the animals were presented with unlimited food and water,
no such effect was noted. This study thus demonstrated the need to also consider energy
stress in wildlife with respect to such perturbances.
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Biomarkers Of Environmental Contamination
General Overview
Biomarkers are "measurements of body fluids, cells, or tissues that indicate in
biochemical or cellular terms the presence and magnitude of toxicants or of host response"

(Committee on Biological Markers, 1987). Three categories of biomarkers: biomarkers of
exposure, effect, and susceptibility, are used to address the interactions between

environmental chemical contaminants and biological organisms. Biomarkers of
susceptibility are biological measurements typically used to identify sensitive individuals to
a given toxicological insult, and are not usually applied to the ecological risk assessment

process. The following sections will therefore focus on some current biomarkers of
exposure and effect, their biological basis, and the important assumptions upon which they
rely.
Biomarkers of exposure give information leading to the quantitation of exposure to
a specific type of toxicant. The measurement of specific liver enzyme induction,
depression of brain acetyl cholinesterase, and direct measurements of residues of the parent
compound or metabolites present in various tissues are examples of biomarkers of

exposure. Quantification of exposure to environmental contaminants is difficult, due to the
wide variety of exposure routes (air, soil, water, and food chain; McCarthy and Shugart
1990). In addition, it is not always possible to quantify exposure using analytical chemical
methods, since metabolism of the parent compound can create many additional compounds,
that may not accumulate or that may be more toxic than the parent compound.

Additionally, exposure to complex mixtures of chemicals such as polychlorinated biphenyls
(PCBs) that contain chemicals with widely varying biological half-lives and routes of
metabolism can create great difficulties in quantification of exposure using analytical

chemistry (Eganhouse and Gossett 1991)

.
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Biomarkers of effects consider the capacity of a chemical to disrupt an organism's

ability to maintain a healthy state. Such biologic markers have been defined as "...any
change that is qualitatively or quantitatively predictive of health impairment or potential

impairment resulting from exposure." (NAS/NRC 1987). Biomarkers of effects should be
able to predict sublethal and deleterious effects to populations of organisms from long-term

chemical exposures. Predictions of future effects are more difficult than estimations of
effects in the present. Various statistical models exist to estimate risk for organismal or

population level effects (Suter, 1993). However, in order for such models to be of use,
appropriate endpoints for measuring sensitive dose-response relationships must be
selected. Identification of appropriate, sensitive endpoints for detecting the effects of low-

level exposures on biological systems is a complicated process. The immune system and
the processes involved in reproduction and development are examples of sensitive and vital
parameters to be considered as biomarkers of effects in toxicological evaluations.
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Mixed-Function Oxygenases as Biomarkers
Overview of MFO Activity
Liver mixed-function oxygenase (MFO) activities are commonly used as
biomarkers of environmental contamination due to the fact that many isoenzymes of this

class of proteins are inducible by the substrates that they metabolize. These enzymes are a
primary metabolic route for most foreign compounds and produce more easily excretable

water-soluble amino acid, glutathione, sulfate, or sugar-based conjugates (Sipes and

Gandolfi 1991). Induction of specific cytochrome P-450 (P450) isoenzymes is known to
occur in many species with many chemicals, such as with induction of P450 class 1A1
ethoxyresorufin-O-deethylase (EROD) activity following exposure to a variety of

halogenated or unhalogenated coplanar polyaromatic hydrocarbons (PAH). However, as
discussed below, the use of a specific P450 isoenzyme activity to determine exposure to a
specific chemical may not be appropriate for every species or new animal model.

Species Differences
Measurement of the induction of P450 enzyme activities by the 0-dealkylation of
alkoxyresorufins (pentoxyresorufin and ethoxyresorufin (PROD and EROD) respectively)
has been proposed as a means to detect exposure to environmental contamination (Lubet et

al. 1990). While there is specificity of these substrates in the rat model for various P450
isoenzymes, the utility of P450 enzyme assays as specific biomarkers becomes less clear
since conversion of a substrate to a specific product is not necessarily the result of the same

specific P450 isoenzyme from species to species (Brouwer, 1991). For example, although
phenobarbital (PB) is a powerful inducer of P450 2B1-type enzyme activity (PROD) in
rats, treatment of mallards with PB results in induction of alkoxyresorufin enzyme activities

associated with the 1A1 isozyme P450 family (Hennes, personal comm. 1992).
Conversely, treatment of mallards with B-napthoflavone (BNF) leads to induction of both
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EROD and PROD activities, while only EROD is induced in the rat. Hepatic P450
induction profiles following PCB exposure in the mallard (Chapter IV) suggest that the
same enzyme may be capable of metabolizing both substrates. Mallards also have very
long-lasting anesthesia when given PB, implying a relative lack of P450 2B-1 activity.

Measuring MFOs
Therefore, while P450 enzyme activities may be indicative of exposure to a
chemical, enzyme-substrate cross-reactivity between species makes the identification of the

specific chemical exposure difficult. To improve upon this methodology, western blot
techniques utilizing mono- and polyclonal antibody probes for specific isoenzymes are
becoming more frequently used in place of the traditional colorimetric enzyme activity

assays (Li and Bandiera, 1993). The western blot technique allows identification of
specific P450 isozymes from their biochemical structure rather than from substrate
specificity.
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Cholinesterase Activity as a Biomarker
Acetylcholinesterase (AChE) activity is one of the most studied and best understood

biochemical endpoints used as a biomarker. Organophosphorus and carbamate pesticides
specifically inhibit AChE through binding and disruption of the active site of the enzyme.

Compounds such as carbofuran, terbufos, fonofos, and azinphos-methyl account for
nearly half of the 89 million acre-treatments of organophosphorus chemicals each year in

U.S. agriculture (U.S.F.W.S. 1987a). These chemicals have high acute toxicity as
determined by their LD50 values (4.5 - 140 mg/kg range in the rat; 0.4 mg/kg in the
mallard (Anas platyrhyncos)). The inhibition of AChE leads to excess neurotransmitter
(choline) build-up in the post-synaptic neuronal clefts, leading to tremors, seizures, and

death. The specific inhibition of AChE by organophosphorus or carbamate compounds
allows for a direct causal relationship to be established between chemical exposure and

biochemical effect. However, population level effects on wildlife from agricultural use of
these chemicals have not been specifically determined. In addition, although inhibition of
cholinesterase usually is thought to be an acutely hazardous process, little is known

regarding chronic, low-level exposures to cholinesterase-inhibiting chemicals. Costa et al.
(1982) have shown that changes in tolerance to anti-cholinesterase chemicals can be

induced with chronic exposure in small mammals. This process likely involves the
compensatory down-regulation of specific receptors necessary for transduction of the
acetylcholine signal. Such receptor-mediated physiology has also been characterized in the
mallard (Marden et al. 1992).
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Immune System as a Biomarker
Overview
Immunity has gained more interest from environmental toxicologists in recent years
due to the increased awareness of the vital roles which the immune system plays in health

and survival. The immune system can be divided into four interconnected categories:

cellular, humoral, specific, and non-specific or natural immunity. Cellular immunity refers
to those immune functions which are mediated by cells (e.g. cytotoxic T-lymphocytes,
macrophages, natural killer cells). Humoral immunity involves the secretion of specific

antibodies by plasma cells, derived from B-lymphocytes. Individual components of each
of these categories can be dissected from the whole and measured individually, or can be
measured more generally as a coordinated "response" to an antigen or pathogen.
Undesired modulation of the immune system can occur as suppression of a specific
function, or hyper-responsiveness, leading to hypersensitivity or autoimmunity.
Additionally, immune functions, particularly in certain (i.e. Ah-receptor sensitive) murine

models, are among the most sensitive endpoints for toxicological effects using 2,3,7,8tetrachlorodibenzo-p-dioxin (dioxin) like compounds (Kerkvliet et al., 1990a,b).
Suppression of the immune system can result in a decrease in host-resistance to

various diseases. Many cells in the immune system have overlapping functions. For
example, phagocytosis and oxidative burst can be carried out by macrophages as well as
neutrophils; similarly, antigen presentation to T-helper cells can be mediated by B-cells as

well as macrophages. However, there may also be instances, such as with acquired
immune deficiency syndrome (AIDS) in which the complete loss of one component (CD4

T-lymphocytes) results in a lethal collapse of the entire immune system. Chemicals that are
toxic to specific cell types can theoretically cause similar results. Alternatively,

immunosuppression through less specific mechanisms of toxicity, such as through
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endocrine dysfunction, or cytotoxicity at the level of the bone-marrow progenitor cells, can
result in compromised host resistance.
A number of animal models exist for the measurement of immunological defects

following environmental stress (Elsasser 1987, Goven 1988, Weeks 1988). The range of
species spans from invertebrates to birds, reptiles, amphibians, and mammals. For
example, the earthworm recently has been developed as a model for the measurement of

basic cellular immunity and inflammation (Cooper and Roch, 1992). Unique advantages of
this model include the intimate contact with soil and convenient localization of immunocytes

within the coelom. The main disadvantages of the model is its physiological simplicity,
such as the lack of a complex nervous or endocrine system to parallel that of mammals or

birds. More primitive and well conserved immunological functions such as macrophage
oxidative burst and phagocytosis have been developed for broad application and are

thought to be useful in more primitive models such as the trout (Zelikoff et al., 1991).

Specific Immunity
The immune response refers to actions taken by various cells in the

immune system against specific antigenic challenges. This response involves multicellular

events leading to antibody formation by B-lymphocytes, and the regulation of this
formation by various other immune cells including T-helper, T-suppresser, and cytotoxic-

T-lymphocytes. Some antigens, such as that found in the oil from poison oak, can elicit a
specific response in a subset of the T-cell population, leading to the formation of delayed-

type hypersensitivity (DTH). This response is characterized by local aggregation of
specific, activated T-cells, with migration of inflammatory neutrophils and then
macrophages to the local site. The spleen contains germinal centers of B- lymphocytes that

produce the humoral antibody response. Macrophages and other antigen processing and
presenting cells such as dendritic epithelial cells are of importance in initiating and
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regulating specific immune responses. Binding of certain antibody isotypes (IgM, IgG) to
foreign cells can lead to complement fixation and cytolysis.

Although the binding of antibodies to antigens often results in the fixation of
complement and the subsequent destruction of a targeted cell, antibodies may also facilitate
cellular cytotoxicity through display of antibody molecule constant regions exposed on the
surface of the target cell. The resulting lysis of the target cell is referred to as antibodydependent cellular cytotoxicity (ADCC).

It is thought that the humoral antibody response is the most sensitive parameter
when considering immunotoxicity due in part to the number of various cell types involved
in the overall response, and due to the complex mechanisms governing the ultimate

production of specific antibodies by B-cells. This is especially true when considering Tcell dependent antibody responses such as that to sheep erythrocytes (SRBC), which
involves macrophages as antigen presenting cells and producers of interleukin-1 (IL-1), Thelper cells to recognize the antigen and produce IL -2, EL-5 and IL -6 in response to 1L-1,

and B-cells to recognize the presented antigen, and respond to cytokine stimuli by
producing antigen-specific antibodies. Despite its sensitivity and biological significance,
specific immunity involves the introduction of an antigen or pathogen to elicit an immune

response and is therefore invasive and not useful in some field situations. In addition,
animals must be recaptured after having been exposed to antigens, thus posing further
difficulties for field measurements.

Non-specific Immunity
General

Non-specific or natural immunity refers to aspects of the immune system that do not
require previous exposure or sensitization to a foreign antigen or cell in order to be effective

against that antigen or cell. These properties make natural immunity a desirable biomarker
since controlled, prior exposures to antigens in environmental settings are often impractical,
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in addition to being invasive. Natural killer cells (NKCs), polymorphonuclear cells and
macrophages typically comprise the majority of the cells involved in natural immunity.

Natural immunity is of great importance in the early stages of infection (1-4 days), during
which time the infection may be overcome or controlled until other aspects of the specific

immune response are activated. Animals may, therefore, rely heavily upon natural
immunity to quickly recover from infectious disease, since the time required for antibody

production or activation of T-cells may be too long for those functions to be of survival

value. Naturally occurring antibodies, or "natural antibodies", are a component of natural
immunity, and can be measured in numerous species through simple agglutination

techniques using xenogeneic erythrocytes as antigens. The human blood group
glycoprotein antigens (A, B, AB, 0) elicit the binding of spontaneously occurring
antibodies for reasons presently unknown. Miller et al. (1989) have reviewed the
biological significance of natural antibodies.

Macrophages

Macrophages are an integral part of both the natural and specific immune systems.
They do not require prior sensitization for eliciting cytotoxic activity and they are capable of

releasing cytokines and mediators such as IL-1, IL-6, and PGE2 that modify specific
immune responses. In addition, they are important in the presentation of antigen to specific
lymphocytes for the amplification of the immune response. Macrophages also regulate
antibody-mediated cellular cytotoxicity through interaction of their Fc-receptors with

membrane-bound antibodies. They are important not only due to their ability to coordinate
and participate in the destruction of foreign organisms, but also on account of their
participation in inflammation and tissue repair.
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Natural Killer Cells
Natural killer cells are bone marrow-derived cells presumably of lymphocyte

lineage that predominantly reside in the bone marrow, peripheral blood and spleen. These
cells are thought to be an important component of the immune surveillance system that

functions as a first line of defense against viral infections, and in the control of the

emergence and metastatic spread of tumors (Lopez 1988). NKC activity has been shown
to be present in birds as well as mammals (Sharma and Tizard 1984), and may be present
in all vertebrates. The unique property of NKCs lies in their ability to recognize and
destroy foreign cells without prior sensitization, and without the requirement of major
histocompatibility complex (MHC) recognition (i.e., they do not need a "self" marker on
the target cell in order to destroy the cell). NK cells are activated and controlled in vivo and
in vitro by several cytokines such as 13- interferon (IFN), interleukin-4 (IL-4) and

interleukin-2 (IL-2).
Natural killer cell activity has been studied extensively in humans, since the activity
can be conveniently measured using cells harvested from a blood sample (Hattori et al.

1983; Gatti et al. 1987; Serrate et al. 1987; Lindemann 1988; Nair and Schwartz 1988;

Bankhurst and Imir 1989; Yagita et al. 1989). Individuals that are deficient in NKCs or
their activity exhibit a marked susceptibility to herpes virus infections, implying that lack of
NKC activity can lead to increased susceptibility to viral infections (Biron et al. 1989).

Target cells for NKC assays are typically lymphoid or "soft" tumors in origin.
Natural killer cell activity has been measured in the blood of certain bird species using a

known NKC-sensitive tumor cell line derived from a Leukosis-Sarcoma virally-induced
chicken B-cell lymphosarcoma, LSCC-RP-9 (Sharma and Okazaki 1981; Baecher-Steppan
et al. 1989). Other cell-lines are being investigated in various laboratories for avian NKC
activity. For example, the murine mastocytoma P815 is not an effective NKC target for the

murine system, but is useful in 18-hour assays in chicken (Sieminski- Brodzina and
Mashaly, 1991) and mallard NKC systems (chapter IV).
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Several chemicals suppress NKC activity in vitro (Hattori et al., 1983; Ito et al.,

1988), and in vivo (Sadek, 1987; Okamoto, 1988). In addition, endogenous hormones
(e.g., estrogens, thymosins, luteinizing hormone, glucocorticoids and thyroxine) have
been shown to have marked effects upon NKC activity (Papic et al., 1987; Okumura et al.,

1987; Hou and Zheng, 1988; Rouabhia et al., 1988). Glucocorticoids (i.e. cortisol,
corticosterone, dexamethasone, etc.) inhibit NKC activity of human peripheral blood cells

(Gatti et al., 1987; Imir et al., 1987; Nair et al., 1988). Excess thyroxine suppresses native
and IL-2 induced NKC activity in humans with Graves' disease (Papic et al. 1987) and in
mice fed thyroxine in the drinking water for 2 weeks (Stein-Streilein et al. 1987).

Immune And Endocrine System Interactions
A high degree of mutual regulation exists between the endocrine and immune

systems (Kelley, 1988). Glucocorticoid hormones are generally considered to be

immunosuppressive. In mammals, glucocorticoid increasing factors (GIF) such as
adrenocorticotropic hormone or corticotropin releasing factor, increase following antigen

challenge (Waterson, 1970; Besedovsky, 1979) possibly to prevent undesirable and
"forbidden" immune reactions from taking place. One such GIF, interleukin-1 (IL-1), is
known to increase adrenal production of ACTH directly (Bernton et al., 1987) or indirectly
(Sapolsky et al. 1987) through triggering corticotropin releasing factor (CRF) release from

the hypothalamus. Such responses, also seen in the domestic fowl, imply the presence of
an irnmune-hypothalamo-pituitary axis in birds (Brezinschek et al., 1990). Unfortunately,
data regarding avian endocrine/immune interaction are scarce, and are often focused on

autoimmune thyroiditis strains (Marsh, 1992), or sex-linked dwarf chickens, which may
not represent normal avian physiology. Glick (1984) has proposed that the circuitry
between lymphocytes and the neuroendocrine system in mammals also exists in birds.
Much of the research in this area has focused on the developing immune system rather than

on the mature adult system. Studies with glucocorticoid (GC) and thyroid hormones have
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shown that GC are immunosuppressive in the chicken and in most avian species tested,
while thyroid hormones appear to have varying effects mainly on cellular immunity

(Williamson et al., 1990). Glucocorticoid and thyroid status are independently regulated in

most birds tested (Peczely, 1979).

Testing for Immune System Defects
Tier Approach

The immune system is among the most complex of physiologic systems, with its

many cell types, functions, and interactions. Although it is possible to measure complex,
specific functions of cells in the immune system in a compartmentalized fashion, such as
with the development of the plaque-forming cell assay to measure antibody formation by
splenic B-lymphocytes (Jerne 1963), measurements of immune cell functionality are

simplifications of what actually takes place within the organism. Immunotoxicologists
therefore investigate the functionality of the immune system in breadth when screening new

chemicals for effects. For this reason, a "Tier" approach has been implemented that
attempts to standardize immunotoxicity testing and to encompass as many of the functions

of the immune system as possible.

Modified for Wildlife

The Tier system examines all of the broad categories of immunity, and gives some

prioritization for the order and emphasis of each test. The Tier approach was developed for

and is used primarily in the mouse model (Luster et al., 1988; Table I.1). Similar
approaches based upon this model have been recently proposed to encompass many species

(Weeks et al., 1992, Table 1.2). The basic philosophy of the Tier approach is one that
allows for the breadth of the system to be explored first (Tier 1), with subsequent
investigations (Tier 2) focusing in more depth on the parameters examined in Tier 1. Tier 3
is a set of endpoints designed to test the pertinence of the first two Tiers' results to
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Table I.1

Components of a Tier Test for Immunotoxicity
SCREEN (Tier I)

Parameter

Procedures

Immunopathology

Hematology Complete and differential
blood count.

Weights

Body, spleen, thymus, kidney, liver.

Cellularity

Spleen Histology Spleen, thymus, lymph

node. Flow cytometry cell counts.

Humoral-mediated immunity

Enumerate IgM antibody plaque-forming
cells to T-dependent antigen (SRBC).
LPS-induced mitogen response.

Cell-mediated immunity

Lymphocyte blastogenesis to T-cell
mitogens (Con-A) and mixed leukocyte
response against allogeneic leukocytes.

Nonspecific immunity

Natural killer cell activity.
COMPREHENSIVE (Tier II)

Immunopathology

Quantitation of splenic B and T cell
numbers.

Humoral-mediated immunity

Enumeration of IgG antibody response to
SRBC.

Cell-mediated immunity

Cytotoxic T lymphocyte cytolysis.

Delayed hypersensitivity response.
Nonspecific immunity

Macrophage function-quantitation of
resident peritoneal cells, and phagocytic
ability.
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Table Ll (continued)
Syngeneic tumor cells

HOST RESISTANCE (Tier III)

PYB6 sarcoma (tumor incidence)
B16F10 melanoma (lung burden)

Bacterial models

Listeria monocytogenes (mortality)
Streptococcus species (mortality)

Viral models

Influenza (mortality)

Parasite models

Plasmodium yoelii (parasitemia)

Luster et al. 1988
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Table 1.2.

The Tier System as Applied Across Species

Species Applicability
Vertebrates
Test
Complete blood
count
Cell differential
Hematocrit
Leukocrit
Organ weights
(spleen, thymus,
bursa, etc)
Histology (spleen,
thymus, bursa,
lymph nodes)
Wound healing
NK cell activity
Macrophage
phagocytosis and
killing
Lysozyme activity
Agglutination assay
Chemiluminescence
Graft rejection
Melanomacrophage
centers

Immune
Component

Invertebrates Fish

Birds

Mammals

General

+

+

+4

+

General
General
General
General

+

+
+
+
+

+4
+4

+
+

+4

+

General

+

+4

+

-+

Inflammation
Nonspecific
Nonspecific
Nonspecific
Humoral
CMI
CMI
CMI

+4

+
+
+

+
+
+
+
+

+

+4
+

+
+

+
+
-
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Comprehensive (Tier II)
Test
Immune cell
quantitation
Surface markers
Flow cytometry
Native
immunoglobulin
quantitation
Plaque-forming
cell assay
Lymphocyte
blastogenesis
Mixed leukocyte
response
Cytotoxic T-cell
activity
Delayed-type
hypersensitivity
response
Macrophage
responses
melanin accum.
chemotaxis
pinocytosis
NBT reduction
Lymphokine
quantitation

Immune
Component

Invertebrates Fish

Birds

Mammals

+
+

+
+
+

+

+J

+
+
+

Humoral

+

+

+4

+

CMI

-

+

+i

+

General

Humoral

CMI
CMI

-

+

+

+

+

+J

CMI

Nonspecific
-

Nonspecific
soluble
mediators

+
+
+
-

+
+

+
+

4 Indicates techniques are developed for the mallard model.

Weeks et al. 1992,

+

+
+
+

+
+
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"pathogen resistance" by challenging the animal with a specific pathogen (bacteria, virus,

protozoa). Although it is not possible to measure all of the parameters mentioned in the
murine Tier approach for all other species, it is important to measure multiple aspects of

immunity when screening for immunological effects in non-murine species. This
approach has been adopted in this thesis, with measurements of humoral and cellular,

specific and non-specific immunity. The assays concentrate on Tier I for the mallard
model, although lymphocyte blastogenesis, a Tier II parameter, was also examined.

Examples of Immunotoxicants
Defects in immune function have been shown to occur in a variety of species

following exposure to environmental contaminants (Kerkvliet et al., 1982; Koller et al.,
1986; Fairbrother and Fowles, 1990). Such defects may lead to increased susceptibility
of animals to disease and therefore increased disease-related mortality (Fairbrother, 1988;

Friend, 1989). Increased mortality has been observed in laboratory and in situ
experiments using mallard chicks challenged with DVH, and exposed to selenium
(Whiteley and Yuill 1989), or polychlorinated biphenyls (PCBs) (Friend and Trainer
1970). Resistance of mice to Salmonella typhosa endotoxin and to malaria infection also
was significantly reduced by exposure to PCBs (Loose et al., 1978). Direct cytotoxicity
to immunocytes may occur through the destruction of progenitor cells in the bone
marrow, as shown by benzene (Cornish, 1980). Other potential immunotoxic effects
include the blockade of specific cellular activities involved in the immune response. One

example of this is the impairment of antigen processing by macrophages exposed in vitro
to dieldrin (Loose et al., 1981), or impaired interaction of lymphocytes with antigens
when exposed to cadmium and zinc in vitro (Kiremidjian- Schumacher et al., 1981).

Indirect effects on the immune system are also possible, such as through perturbance of
the endocrine or nervous systems (Stevenson and Taylor, 1988; Dunn, 1988).
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Polychlorinated Biphenyls
PCBs as Environmental Contaminants
Polychlorinated biphenyls are ubiquitous in the environment and tend to

bioaccumulate in lipid soluble matrices, such as in the adipose tissue of animals. In
addition, PCBs are often found associated with aquatic environments in sediments rich in

organic matter. Many PCB congeners exist, the toxicities for which have not all been
thoroughly investigated, nor have structure-activity relationships (SAR) been applied that

predict toxicity based on tissue residues alone. One PCB mixture, Aroclor 1254, was
produced commercially in the U.S. and contained 54% (by weight) chlorine. This
mixture contains a relatively large percentage of tetra-, penta-, and hexachlorobiphenyl

congeners. These congeners are among the most environmentally long-lived and most
toxic of the PCBs. The large-scale commercial manufacture of PCBs in the U.S. ceased
with the adoption of the Toxic Substance Control Act of 1970. However, PCB residues
still are prevalent in the environment in certain areas, and many animals are exposed to

various PCB congeners. Boon et al. (1989) have examined the potential for
biotransformation and bioaccumulation of various PCBs and metabolites at several

trophic levels. Wildlife, particularly waterfowl, are at risk from exposure to these
compounds, as has been demonstrated in many tissue residue studies (Borlakoglu, et. al.
1990; Gilbertson et. al. 1991; Becker et. al. 1992; Ormerod and Tyler 1992).

Ah-Receptor Concepts
Polychlorinated dibenzodioxins and furans have had SARs successfully applied to
them, normalizing all of the various congeners to that of 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD). The central mechanism of toxicity is thought to occur through the
binding to the Ah-receptor, a cytosolic protein that activates the transcription of a gene
locus including genes for the cytochrome P450 1A1 enzyme (Poland and Glover 1975,
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Poland et al. 1976, Poland and Glover 1980, Whitlock 1987). Silkworth (1984)
correlated immunotoxicity with microsomal aryl hydrocarbon hydroxylase activity and
concluded that immunotoxicity of various PCB congeners in mice is mediated through

activation of the Ah-receptor-gene complex. In this case, mechanistic data have become
the means by which regulators can assign toxicity to various, relatively untested
compounds with accuracy.

Endocrine and Immune Effects
The many biological endpoints that are affected by TCDD have led to many

theories regarding mechanisms of action. For example, it has been proposed that the
mechanism of action of TCDD-like compounds, including some PCBs, is through
modulation of steroid and other hormone receptors, preventing natural hormone/receptor

interaction (Umbreit and Gallo 1988). TCDD has been shown to cause early endocrine
perturbances with respect to prolactin and T4, and to interfere with circadian cycles for

corticosterone (Jones et al. 1987). Although some PCBs are TCDD-like and apparently
cause toxicity through interaction with the Ah-receptor, PCBs in general are not as easily
amenable to the use of structure-activity relationships since they have a greater variety of

toxicologic outcomes. Several PCB congeners are metabolized by cytochrome P450
mechanisms, resulting in the formation of hydroxylated metabolites. Some of these
metabolites are toxic through the interaction of thyroxine binding proteins or receptors

(Brouwer, 1990). In addition, neurotoxic effects from exposure to PCBs are also seen
(Brouwer, 1991). These compounds, therefore, should be evaluated individually, and
grouped into sub-families for their potential to exert specific toxicological effects.
The relative susceptibilities of different species to PCB toxicity are not well

known. There is a range of susceptibility of wild species to acute and chronic PCB
toxicities. Mink (Aulerich and Ringer, 1977) and seals PI-(dc&A vitulina) (Reijnders, 1986)

are highly sensitive to the effects of PCBs on reproduction. Birds, as a general rule, are
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more resistant to acute PCB toxicity than are mammals. Mallards tend to be among the
more resistant avian species to PCB, similar to Japanese quail (Coturnix coturnix
japonica). The acute LD50 of Aroclor 1254 is 2699 mg/kg in the mallard and 2898 mg/kg

in the quail, respectively (U.S.F.W.S. 1986). Absorption and accumulation of PCBs is
rapid and depuration is lengthy. Among the signs of acute toxicity in birds are morbidity,
tremors, beak pointed upwards, and lack of muscular coordination. In sublethal toxicity
studies, PCBs have been shown to disrupt normal patterns of growth, reproduction,

metabolism, and behavior in birds (U.S.F.W.S. 1986). Young chickens exhibit induced
EROD activity following exposure to less than 1 ppm Aroclor 1254 in the diet, even

though no overt toxicological changes are apparent (Hansen et al. 1980). It is not known
if PCBs are immunotoxic to mallards. There are recent reports that PCBs and other
chlorinated hydrocarbons target the endocrine system, specifically the adrenal, thyroid,
and reproductive glands (Umbreit and Gallo 1988, Rattner et. al. 1984), to exert their

toxicity in birds. For example, TCDD can alter the metabolism of steroids such as
progesterone and androgens, thus leading to potential reproductive and/or immunological
impairment (Moore et. al. 1985).

Reproductive effects are known to occur as a result of PCB exposure in birds.
Biessmann (1981) showed that in female Japanese quail, PCBs accumulate in the ovaries
and steroidogenic tissue of the follicular interstitium, whereas males do not accumulate

PCBs in their reproductive glands. Both sexes accumulate PCBs in fat and liver. Bush
(1974) showed that PCB residues in chicken eggs were 2-3 times more potent in
reproductive impairment after 12 weeks vs. 3 days storage in the hen's body.
Brouwer (1991) has proposed that monohydroxy- metabolites of PCBs are more
toxic than the parent compounds, and that a number of biomarkers be used to evaluate the
effects of PCBs on wildlife based on the different target organs for toxicity in different

species. The biomarkers proposed include P450 levels, EROD induction, plasma T4 and
vitamin A. A number of species were compared using this approach, including herring
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gulls &am argentatus), cormorants (Phalacrocorax carbo), eider ducks (Somateria
mollissima), marmoset monkeys, rats and mice, and harbor seals. In this study,
susceptibility to PCBs correlated with EROD activities, ability to form

monohydroxylated PCB metabolites, and a decrease in T4 or vitamin A. The one
exception to this trend was the eider duck, which exhibited 57-fold induction of EROD
activity, but no decrease in plasma T4, transthyretin (TTR), or vitamin A following

exposure to 3,3',4,4'-tetrachlorobiphenyl (50 mg/kg). The conclusion of these researchers
was that the eider duck was "Ah-responsive" as measured by EROD induction, but that
the induced P450s were not able to hydroxylate the coplanar PCB to create the toxic
metabolites.

Figure I.1 shows the structural similarity between thyroxine and some coplanar

PCB metabolites. Leffin and Riviere (1992) have shown that mallards, in general, exhibit
metabolic pathways for detoxification of xenobiotics that are different from more

commonly used species such as mice and rats. In their study, mallards were resistant to
liver EROD enzyme induction by PCBs following single oral exposure to 250 mg/kg,

while PROD (P450 2B1) activity was mildly induced. This pattern is different from that
seen in Japanese quail (Miranda et. al., 1987). The gut transit time for mallards is
roughly half that in raptors or domestic poultry (Serafin, 1984), implying that oral
exposure may not provide the absorption that it does in other species.
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Cl
OH

4-0H-3',4',3,5-tetrachlorobiphenyl
Cl
Cl

5-0H-3',4',3,4-tetrachlorobiphenyl

C.

C
L-Thyroxine
Figure I.1. Structural similarities between L-thyroxine and monohydroxy
metabolites of two polychlorinated biphenyls.
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The Mallard Model
Why the Mallard
The mallard currently is used by the EPA as a model for determining the effects
of pesticides and waterborne contaminants on reproduction and growth (U.S.E.P.A.,
1991). In addition, researchers at the U.S. Fish and Wildlife Service (Hudson et. al.,
1979; Hoffman and Albers, 1983; U.S.F.W.S., 1987b) have compiled extensive toxicity

data using pesticides and other environmental contaminants on several species, including

the mallard. Normal hematological and physiologic parameters have also been
established for the mallard (Fairbrother and O'Loughlin, 1990; Fairbrother et al., 1990).
Immune function, as measured by the antibody response to SRBC, has been used

successfully to study sublethal effects of lead shot ingestion (Trust et. al., 1990), and oil

ingestion (Rocke et al., 1984) in mallards. This existing database can be used to help
understand the relative strengths and weaknesses of the mallard model. Mallards
experience frequent lethal outbreaks of Pasteurella multocida and duck viral enteritis
(U.S.F.W.S., 1987c), and other diseases in the wild, lending credence to the concern of
contaminant-induced immunosuppression contributing to the observed die-offs.
Mallards, as representatives of waterfowl, are intrinsically useful for studying
environmental contaminant toxicology since they feed on plants and invertebrates
proximal to the aquatic sediment where many contaminants accumulate. The primary
strengths of the mallard model are the combined characteristics of its ubiquitous nature in
North America (U.S.F.W.S. 1987d), and its relative ease in use as a hardy laboratory

research animal. Additionally, the size of the mallard (approximately 1 kg) allows for
sizable blood samples to be taken (10-12 mL) providing the option of running many

different tests on a single animal. These characteristics argue for the convenience and
relevance of using this model. The primary weakness of this model is ironically partly
the same reason that gives this model strength: ubiquitous occurrence. Ubiquitous
occurrence implies two qualities about the mallard: 1) the exposure of the mallard to
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many different waterfowl environments, and 2) the hardiness and adaptiveness with
which the mallard perseveres through environments in which other waterfowl do not

thrive. The first characteristic is beneficial from the researchers' perspective for obvious
reasons, and the second is negative, implying that the mallard is a relatively resistant, and

insensitive species to contaminated environments. Rattner (1981) has shown that adult
mallards are tolerant to high concentrations of petroleum crude oil in the feed. In this
study, clinical biochemical parameters in addition to corticosterone and T4 were
measured, while immune function, and cytochrome P450 activities were not measured.
However, adult male mallards have increased susceptibility to Pasteurella multocida
pathogenesis following treatment with sublethal doses of crude oil (Rocke 1984).
Additionally, Friend and Trainer (1970) showed that PCB exposure increased mortality

of mallard ducklings to DVH. The selection of an animal model is a philosophical
dilemma that requires the understanding of the assumptions that one is making when

selecting a model. In this case, the main assumption in this research is that the mallard,
despite its apparent resistance to many adverse conditions, is a species which

approximately reflects the toxicological responses of waterfowl as a whole. Knowledge
of species-specific resistance to environmental contaminants is useful, particularly when
considering chemicals that bioaccumulate and have potential for biomagnifying to higher
trophic levels of the food chain.

Purpose of Thesis
This dissertation will focus on the development of sublethal immunological
biomarkers of effects for the mallard, and on understanding the relationships of regulation

of these endpoints through endocrine parameters. The immune system in mallards is
presented as a target for toxicity of environmental contaminants, including two forms of

selenium and a commercial mixture of polychlorinated biphenyls (PCB). In addition,
influences of glucocorticoid and thyroid hormones on various immune responses are
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presented in order to better understand the regulation of normal immune function in the
mallard.
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CHAPTER II
GLUCOCORTICOID EFFECTS UPON NATURAL AND HUMORAL
IMMUNITY IN MALLARDS
Fowles, J., Fairbrother, A., Schiller, S., Fix, M., and Kerkvliet, N.I. 1993. Develop.
Comp. Immunol. 17:165-177.

Abstract
Two studies were conducted to determine the effects of dexamethasone (DEX) on
immune function in mallard ducks, Each day ducks were injected intramuscularly with
DEX at doses ranging from 0.2 4.0 mg/kg for 28-30 days. Physiologic effects consistent

with high dose glucocorticoid (GC) treatment were observed at the 4 mg/kg dose, and

included significant body weight loss, lowered hematocrit, and elevated alanine
aminotransferase (ALT) activity. At all doses, effects of DEX on the immune system were

observed. When DEX was given at 0.2 mg/kg/day, significant suppression of primary
IgG antibody titers to sheep erythrocytes (SRBC) was observed. At 1 mg/kg/day, primary
IgM and secondary IgM and IgG titers were suppressed as well. These doses of DEX also
produced significant elevation in natural killer cell (NKC) activity of peripheral blood
mononuclear cells (PBMNC). Removal of adherent cells from the PBMNC prior to NKC
assay eliminated the enhancement in NKC activity. Based on these results, it was
postulated that the elevation in NKC activity may be due to suppression by DEX of
monocyte production of prostaglandin-E2 (PGE-2) resulting in the release of NKC activity

from the inhibitory effects of PGE-2. This hypothesis was supported by a measured
decrease in PGE-2 production during the NKC assay by cells from DEX-treated birds.
Furthermore, an enhanced NKC activity could be reproduced in vitro with the addition of
indomethacin or DEX to NKC cultures containing adherent cells from PBMNC. Direct
effects of DEX on nonadherent cell NKC activity and lymphocyte viability were only
observed at high concentrations (10-4 M) of DEX, while the phagocytic activity of adhered
blood monocytes was inhibited at 10-6 M DEX. The suppressed phagocytic activity may
contribute to the suppressed antibody responses observed in DEX-treated birds. Together,
these results support an indirect immunomodulatory effect of DEX on NKC activity and
perhaps antibody responses in vivo via altered monocyte function in mallard ducks
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Introduction
In order to study the influence of environmental stressors upon immune function in
wild waterfowl, we selected the mallard (Anas platyrhyncos) as a laboratory model. The
relatively large database that exists regarding mallard physiologic characteristics, the

volume and ease of blood collection, and their wide distribution in North America, makes
them desirable as a test species. Additionally, they are hardy and easily adapted to
laboratory settings.
Various forms of environmental stress can elevate blood glucocorticoid (GC)

concentrations in humans and animals. Glucocorticoid hormones are characteristically
immunosuppressive when present in high concentrations in vivo and in vitro (Cupps and

Fauci, 1982). There are also aspects of immunity that are stimulated by GC, such as the
expression of IgG Fc receptors on interferon-gamma treated human macrophages (Guyre

et. al. 1988). As important products of the hypothalamic-pituitary-adrenal axis, GC
regulation may be one mechanism by which the brain monitors and controls immune

responses. Glucocorticoid concentrations have been shown to be altered following
exposure to immunosuppressive environmental contaminants such as the coplanar

polychlorinated biphenyls (PCB's) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (Gorski et. al.
1988, Kerkvliet et. al. 1990). Other parameters indicative of endocrine dysregulation, such
as decreased thyroxine concentration, are also seen with exposure to PCB's and dioxins
(Muzi et. al. 1989).
One component of the immune system which plays an important role as a first line

defense mechanism is the natural killer cell (NKC). Natural killer cells are lymphocytic
cells that are capable of binding to, and lysing foreign cells and transformed autologous

tumor cells without prior recognition (Herberman, 1989). There is considerable evidence
that NKCs may be of value in the prevention of morbidity and mortality in humans and

animals exposed to infectious diseases, particularly viruses. The immunologic importance
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of NKCs as first line defense mechanisms and their potential use as non-invasive
immunologic endpoints make them ideal for study in animals from which relatively large

volumes of blood can be obtained. Several chemicals have been shown to suppress NKC

activity. In addition, endogenous hormones (e.g. estrogens, thymosins, luteinizing
hormone, GCs and thyroxine) have been shown to have marked effects upon NKC activity

(Hattori et. al. 1983, Sadek et. al. 1987, Okumura et. al. 1987, Hou and Zheng, 1988).
Glucocorticoids have been shown to inhibit NKC activity of human peripheral blood cells

(Gatti et. al. 1987, Nair and Schwartz, 1988), as well as murine splenic NKC activity (Cox

et. al. 1983).
This paper describes the effects of subchronic dexamethasone (DEX) treatment in

vivo upon mallard NKC cytotoxicity as well as on the antibody response to sheep
erythrocytes. Plasma clinical biochemistry, hematological parameters, and body and organ
weights were also measured in relation to DEX treatment. Dexamethasone was selected as a
representative GC hormone due to its potency and relatively long biological half life

(Haynes and Murad 1985).
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Materials and Methods
Experimental Design
Two separate studies were conducted to examine the effects of DEX on the mallard

immune system. Adult male mallards (1 to 1.5 years old) were purchased for the first study

from Whistling Wings game farm (Hanover, IL) and from Abendroth's Hatchery

(Waterloo, WI) for the second study. Birds from both sources were observed to be of
comparable body weight and condition. In addition, baseline clinical parameters from birds

from both sources were within normal ranges. Birds were allowed to acclimate to
individual cages, Purina gamebird maintenance diet (Purina Co., St. Louis, MO), and the
12 hour light cycle for at least 3 weeks. For the first study, three groups of 10-12
birds/group with equal body weight distributions were randomly assigned to cages in a test

room. Birds were dosed once daily intramuscularly with dexamethasone sodium
phosphate (Burns Vet. Supply, Oakland, CA) (4 mg/ml at 0, 1, and 4 mg/kg/d).

Phosphate buffered saline (pH = 7.2 -7.6) was used as a vehicle control. Blood samples
(8-10 ml) were collected in heparinized tubes from the right jugular vein on day -7, 0, 4, 9,

16, 23, and 30 of DEX treatment. Body weights, NKC cytotoxic activity, hematological
parameters, and clinical plasma biochemical parameters were measured at each time point.

White blood cells were counted using a phloxine-B stain for granulocytes, coupled with a
differential count using blood smears stained with Diff-Quick (Sigma Chemical Co., St

Louis, MO). Cells were classified according to Dein (1984). Birds were euthanized at the
end of each study and spleen and liver weights were recorded.
Antibody titers to sheep erythrocytes (SRBC) were measured in a second similar

study in order to examine the effect of DEX on antibody production. Six birds per group
were treated with 0, 0.2, or 1.0 mg/kg/d DEX; blood samples for NKC activity and
physiologic measurements were also taken as in the first study.
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Data from all experiments are expressed as means ± SEM. Data were analyzed
using a one-way analysis of variance to detect treatment differences at the p < 0.05 level.

Where appropriate, means were separated using Dunnett's t-test.

Th Vitro Studies
In vitro experiments were conducted using mononuclear cells isolated from blood

samples obtained from untreated birds of similar age. In some experiments, adherent cells
were removed by adherence to tissue-culture-treated polystyrene plates for 18-24 hours

prior to assay. To examine the effects of DEX on NKC activity and viability, DEX was
added directly to the nonadherent NKC assay wells. For examining the effects of
prostaglandin production by adherent cells on nonadherent NKC activity, supernatants
from PBMNC incubated at 41°C with varying concentrations of DEX or indomethacin

(Sigma Chemical Co.) for 2 hours were added to the non-adherent cell suspensions

immediately prior to conducting the NKC assay. Additionally, PGE-2 (Sigma) was added
directly to nonadherent NKC assay wells.

Macrophage Phagocytosis
The effect of DEX on the ability of macrophages to engulf opsonized yeast cells

was examined using adhered blood monocytes. Leukocytes were separated from whole
blood and adhered to tissue-culture-treated polystyrene plates. Adherent cells were
incubated an additional 24 hours at 41° C in 5% CO2 to increase their phagocytic capacity.

Yeast cells (S. cerviseae) were opsonized with FBS during a 30 min. incubation at 37° C
after conjugation with fluorescein isothiocyanate (FITC). The conjugation of FTTC to the

yeast, and the times of incubation followed the fluorometric assay of Ragsdale and Grasso

(1989). The yeast/macrophage ratio was 20:1, with 100 macrophages counted visually
using a fluorescence microscope. The effects of DEX on phagocytic ability were
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determined following 24 hour incubation of macrophages with DEX, at concentrations

ranging from 10-8 M to 10-4 M, prior to addition of yeast cells.

Natural Killer Cell Cytotoxicity Assay
The assay used was based on the model developed by Sharma and Coulson (1979)
using the virally induced LSCC-RP9 (RP-9) chicken B-Cell lymphosarcoma cell line as a
target cell. This cell line has been effectively used by our laboratory as a target cell for

chicken NKCs (Baecher-Steppan et. al. 1989). Growth media for these cells consisted of
RPMI-1640 (with sodium bicarbonate, w/o HEPES buffer) (Gibco, Grand Island, NY)
containing: 15% Fetal Bovine Serum (FBS) (Hyclone Labs, Logan, UT), 5% tryptose
phosphate broth (Gibco), and 50 ug/ml gentamicin (Gibco). Cells were passaged every 23 days and grew 50 fold over 2 days in either a 37° C or 41° C humidified incubator with

5% CO2. For chromium (51Cr) labelling, 200 uCi 51Cr as Na2CrO4 (1 mCi/ml, DuPont
NEN) was added to 200 ul media containing 5 X 106 RP-9 cells and these were incubated
in a waterbath at 37° C for 1 hr. Labelled cells were then centrifuged at 200 X g for 10

min. and washed once in RPMI + 10% FBS. Cells were resuspended in 10 ml media and
allowed to sit for 1 hr at 37°C. Cells were then washed once in media and resuspended to
yield 1.0 X 105/ml. Viability was always greater than 80% as evaluated by trypan blue
exclusion. Effector cells were prepared by centrifuging heparinized whole blood diluted
1:1 with PBS on Hypaque/Ficoll (Histopaque 1077, Sigma) and collecting the

mononuclear cells (PBMNCs) at the interface. The cells were then washed twice in PBS,
resuspended in 1-2 mls media, and counted using a Coulter Counter (model ZM). The
cells were diluted to a concentration of 2.0 X 107/m1 prior to plating. The NKC assays
were performed using several effector to target cell ratios, comparisons among groups were

made at the highest linear response ratio (200:1). Spontaneous release (SR) of chromium
was determined in wells with labelled target cells and media only. Maximal release (MR)

was attained with the addition of 100 ul 0.5% sodium dodecyl sulfate to 100 ul of labelled
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target cells. Plates were incubated at 41° C for 4 hours after addition of the RP-9 target

cells. After incubation, plates were centrifuged (100 X g) for 5 min and 100 ul
supernatant was harvested into a 13 X 75 mm glass tube for counting on a gamma counter.
Tubes were counted for 5 minutes. Percent specific lysis was determined as: % Lysis =

(test - SR)/(MR - SR).

Humoral Antibody Titers
Birds were injected (i.v.) with 3 X 108 SRBC (Colorado Serum, Denver, CO) in 1

ml PBS. Blood was collected 6 and 9 days later. An identical injection of SRBC was
given 14 days following the first injection (day 18 of DEX treatment) to induce a secondary

response, with blood samples taken 3 and 10 days later. Total and 2-mercaptoethanol
resistant (i.e. IgG + IgY) titers were measured by hemagglutination (Fairbrother and

Fowles 1990).

Plasma Biochemistry
Plasma samples collected from the mallards on the days of the NKC assays were
analyzed using a Gilford SBA 300 autoanalyzer for the following: alanine aminotransferase

(ALT), total and low-density lipoprotein cholesterol, calcium, phosphorous, glucose,
albumin, and total protein following methods described in Fairbrother et al. (1990).

Prostaglandin-E2 Production
PBMNC were tested for their ability to secrete prostaglandin-E2 (PGE-2). Three
mallards were injected as previously described with DEX at 1.0 mg/kg/d for 4 days. Blood
samples were drawn one day before DEX treatment and after 4 days DEX treatment. NKC
assays were set up at both time points using PBMNC without removal of adherent cells.
After 2 hours incubation of effectors without targets and an additional 4 hours with targets,
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PGE-2 concentrations in the supernatants were measured by a radioimmunoassay kit

(Amersham, Arlington Heights, IL).
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Results
Body weights of treated birds were dose-dependently depressed as early as day 4 of
DEX treatment and continued to decline throughout the experiment (Fig. II.1). At
necropsy on day 30, livers were significantly enlarged with the 4 mg/kg/d treatment (23.3

± 2.1 g vs. 17.7 ± 1.2 g for controls), but not with the 1 mg/kg/d treatment. Spleen
weights were unchanged with DEX treatment (data not shown).
As shown in Table II. 1, the total white blood cell count was dose-dependently
increased with statistical significance in the 4 mg/kg/d treatment group on day 30 only.

Heterophil numbers were dose-dependently increased on days 23 and 30 in the blood with
both DEX treatments. Monocyte numbers were significantly decreased on days 9 and 16 in
the 4 mg/kg/d treatment; lymphocyte numbers remained unchanged except for a decrease on

day 16 in the 1 mg/kg/d group. Analysis of the data as heterophil:lymphocyte ratios

showed significant increases in DEX treated birds on days 23 and 30. Hematocrits
significantly decreased with both DEX treatments (Table H.1). In addition, DEX
treatments resulted in significant, dose-dependent elevation of plasma ALT and total
cholesterol (Table II. 1 ). Elevation of in vivo NKC activity was observed following

treatment with both 1 and 4 mg/kg/day DEX (Fig. 11.2). The 4 mg/kg/d treatment
produced elevated NKC activity on days 4 and 16 only.

A second experiment was conducted using mallards treated with 0, 0.2, or 1.0
mg/kg/d DEX for 28 days. 2-ME resistant (IgG + IgY) antibody titers were significantly
lower in animals treated with 0.2 mg/kg/d DEX on day 6 of the primary response to

SRBC, and on all days with 1.0 mg/kg/d DEX treatment (Fig II.3a). IgM antibody titers

were depressed with the 1.0 mg/kg/d treatment on days 6 and 24 (Fig. II.3b). Concurrent
with the suppression of the antibody response was a significant elevation in NKC activity
on day 21 which was only apparent when adherent cells were inlcuded in the effector
population (Fig. 11.4).
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Weight changes in DEX-treated mallards

pre-treatment

4

9

16

Day

23

30

Figure II.1. Body weight loss in DEX-treated mallards. *
indicates significant differences from control, p < 0.05.
Treatments significantly differed from each other only on
day 4.
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Table ILL Differential Leukocyte Counts, Plasma ALT, Cholesterol, and
Hematocrit Values From Mallards Treated With 0, 1.0, or 4.0 mg/kg/day DEX.
DEX
Treatment
(mg/kg/day) Pre-treatment

Total WBC
(cells/mL X

0

1.0

Heterophils

4.0
0

Lymphocytes

4.0
0

Monocytes

4.0
0

Eosinophils

4.0
0

105)

Hematocrits
(% PCV)

Plasma ALT
(IU/mL)
Total plasma
cholesterol
(mg/d1-)

1.0

1.0

1.0

1.0

4.0
0
1.0

4.0
0
1.0

4.0
0
1.0

4.0

51.9 (6.5)a
42.3 (6.1)a
58.3 (8.0)a
22.0 (3.4)a
19.9 (2.9)a
24.2 (2.2)a
22.0 (2.8)a
16.4 (3.6)a
25.9 (5.6)a
5.0 (0.8)a
3.3 (0.6)a
4.8 (1.1)a
2.5 (0.4)a
2.4 (0.4)a
2.6 (0.4)a
53.4 (1.1)a
50.4 (1.4)a
51.1 (0.9)a
25.6 (4.2)a
24.4 (4.2)a
33.2 (2.3)a
402.1 (31.1)a
379.4 (43.1)a
418.4 (29.3)a

Day
9

46.3 (5.2)a
55.2 (15.3)a
57.1 (8.2)a
22.8 (3.7)a
35.4 (10.3)a
34.1 (4.5)a
17.0 (3.5)a
11.9 (2.5)a
19.7 (6.1)a
4.0 (0.7)a
3.0 (1.0)a
1.3 (0.4)b
1.9 (0.4)a
4.6 (2.4)a
1.6 (0.6)a
45.5 (0.9)a
39.4 (0.7)b
34.3 (1.3)b
16.3 (3.5)a
39.4 (8.8)b
64.4 (10.2)c
351.0 (21.6)a
462.9 (28.2)b
559.2 (55.8)c

16

65.4 (7.2)a
58.6 (9.5)a
69.3 (8.0)a
34.2 (4.0)a
42.8 (7.0)a
48.2 (7.8)a
23.5 (3.1)a
12.2 (3.3)b
18.0 (3.8)a
5.3 (1.5)a
1.8 (0.6)b
1.7 (0.4)b
2.3 (0.3)a
1.8 (0.3)a
1.4 (0.3)a
44.4 (1.0)a
36.6 (1.4)b
30.0 (2.0)b
24.3 (2.3)a
30.8 (3.0)b
68.2 (9.0)c
339.6 (16.7)a
486.4 (48.8)b
604.7 (40.9)c

a,b, and c represent distinct statistical groupings, p < 0.05.

23

53.3 (11.9)a
84.9 (8.8)b
75.8 (10.2)a
24.3 (6.1)a
57.8 (4.7)b
56.1 (6.9)b
21.3 (5.4)a
18.9 (3.9)a
16.9 (3.7)a
3.1 (0.9)a
5.3 (0.9)a
1.6 (0.7)a
3.6 (1.3)a
2.8 (0.9)a
1.1 (0.3)a
45.3 (0.5)a
37.9 (1.2)b
28.0 (1.8)b
19.3 (1.6)a
27.7 (3.2)b
51.5 (7.5)c
320.6 (10.4)a
467.8 (31.8)b
593.5 (37.1)c

30

43.0 (7.0)a
66.7 (9.0)a
77.7 (15.0)b
20.0 (4.5)a
42.4 (5.8)b
45.7 (8.2)b
16.4 (3.1)a
19.4 (3.1)a
24.5 (6.0)a
3.6 (1.0)a
2.3 (0.4)a
2.1 (0.6)a
2.6 (0.6)a
3.3 (1.0)a
2.9 (1.5)a
46.6 (1.1)a
37.3 (2.6)b
36.9 (2.9)b
14.8 (3.2)a
33.3 (2.8)b
69.1 (7.1)c
408.6 (20.6)a
591.6 (33.0)b
779.5 (72.0)c
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Natural Killer Cell Activity
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Figure 11.2. Natural killer cell activity in mallard peripheral blood
mononuclear cells following in vivo DEX treatment. * Significant
difference from controls, p < 0.05.
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IgG Titers
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Figure II.3a. Antibody response to sheep red blood cells in mallards treated with
0, 0.2, or 1.0 mg/kg/day DEX. IgG titers to SRBC are from injection on day 4 of
DEX treatment, with blood sampled 6 and 9 days later for measurement of the
primary response. A secondary injection of SRBC was made on day 14 after the
initial injection, with blood sampled 3 and 10 days later for measurement of the
secondary response. Asterisk denotes a significant difference from controls,
p < 0.05.
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Antibody Titers
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Figure II.3b. Total IgM antibody titers to SRBC in mallards treated with
0, 0.2, or 1.0 mg/kg/day DEX. Antigen exposure was identical to that in
Fig. II.3a. Asterisk denotes significant difference from controls, p < 0.05.
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20
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0
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21

Day

21

Adherent cells
removed after 24 hours

Figure 11.4.

NKC activity in mallards injected with DEX at 0, 0.2, or 1.0
mg/kg/day. As in Fig. 2, significant enhancement was seen with DEX treatment.
No enhancement was seen when adherent cells were removed by overnight

adherence. Asterisk denotes significant difference from control, p < 0.05.
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From these data, we hypothesized that the observed elevation in NKC activity in
DEX-treated mallards was due to DEX effects on monocytes present in the PBMNC.
Therefore, in vitro studies were carried out to examine the impact of DEX on macrophage
phagocytosis and monocyte/macrophage PGE-2 production.
As shown in Figure 11.5, in the presence of adherent cells, NKC activity was

elevated in cultures treated with 10-5 M DEX for 2 hours prior to incubation with target

cells. A similar effect was noted at much lower concentrations (10-7 M) of indomethacin
(Fig. 11.5). The effects of DEX exposure for 48 hours on NKC activity of non-adherent
PBMNC's (i.e. adhered overnight at 41°C to tissue culture-treated plastic) is seen in
Figure 11.6. Suppression of NKC activity is only evident at high DEX concentrations
(10-4 M).

As shown in Figure 11.7, macrophage phagocytic activity of opsonized yeast was

dose-dependently suppressed by DEX with significant effects seen at 10-6M DEX.
PGE-2 concentrations in the culture supernatants of the NKC assay wells was

measured using cells from mallards treated with DEX at 1 mg/kg/d for 4 days. The PGE2 concentrations were significantly lower after DEX treatment (Fig. 11.8). No change in

PGE-2 concentrations in the plasma were seen in these birds (data not shown). The direct
suppressive effect of PGE-2 on mallard NKC activity in vitro is shown in Figure 11.9.
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I

Control

10(-7)

I

I

10(-6)

10(-5)

Concentration (M)
Figure 11.5.

Response of NKC activity to DEX or indomethacin (IM) in

vitro. DEX or IM were added to freshly collected peripheral blood
mononuclear cells for 2 hours at 41°C. Supernatants from this incubation were
added to nonadherent lymphocytes at the start of the 4 hour chromium-release
assay. * Denotes a significant difference from control, p < 0.05.
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Figure II.6a.

Effects of DEX on effector cell viability prior

to NKC assay. Dexamethasone was added to nonadherent
lymphocytes for 48 hours prior to harvesting the cells for
viability tests. * Denotes a significant difference from control,
p < 0.05.
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10(-4)
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Figure II.6b.

Effects of DEX on NKC activity in vitro.

Culture conditions were idnetical to those described in Fig.
II.6a. Effector cells were normalized for viability prior to the
NKC assay. * Denotes a significant difference from control,
p < 0.05.
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control

10( -6)

10( -5)

10( -4)

Dexamethasone (M)

Figure 11.7.

Phagocytosis of opsonized FITC-labelled yeast by
adhered peripheral blood macrophages. Macrophages were exposed to
concentrations of DEX for 24 hours post adherence. * Denotes a
significant difference from control, p <0.05.
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Suppression of PGE-2 production in NKC assay wells in mallards
Figure 11.8.
treated with 1 mg/kg/day DEX for 4 days. Effector cells (E:T = 100 or 50) were

incubated for 2 hours prior to addition of target cells. * Denotes a significant
difference from control, p < 0.05. Lowest detectable limit for the assay is shown
as a horizontal line at 1.25 pg/mL.
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Control

10 (-8)

10 (-7)

10 (-6)

PGE2 (M)
Figure 11.9.

Suppression of nonadherent NKC activity by addition of
prostaglandin-E2. PGE-2 was added 2 hours prior to NKC assay at 41°C.
Asterisk denotes a significant difference from control, p < 0.05.
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Discussion

Dexamethasone treatment of mallards at doses ranging from 0.2 to 4.0 mg/kg/d

induced several physiologic and immunologic effects. As in murine and human models,
the mallard antibody response to SRBC was suppressed by GC treatment (Dracott et. al.,
1979; Galanaud et. al., 1983). Glucocorticoids have also been shown to inhibit this

response in chickens to a similar extent (Van Niekerk et. al., 1989). Natural killer cell
activity was significantly enhanced at the 1 mg/kg/d dose, with a significant, but less

consistent enhancement at the 4 mg/kg/d treatment. The lack of a dose response for the
NKC activity may be due to the overt toxicity of DEX (e.g. high ALT, liver enlargement,
lowered hematocrit, etc.) at the 4 mg/kg/d dose, thus partially counteracting the
mechanism by which the enhancement at lower concentrations occurs.
The increase in NKC activity may be a result of suppression of regulatory aspects
of immunity, such as prostaglandin production by monocytes and activated macrophages

(Okumura et al., 1987). A large body of literature supports the concept of prostaglandinmediated regulation of NKC activity in murine and human models through macrophages
and tumor cells (Nelson et al., 1990; Nakajima and Chu, 1990; Talcott et al., 1990;

Ohnishii et al., 1991). That the presence of adherent cells was required for the observed
enhancement due to DEX suggests an effect of DEX on monocytes. The suppression of
macrophage phagocytosis in vitro by exposure to DEX suggested that other macrophage

functions (e.g. PGE-2 production) might also be impaired. This possibility is supported
in part by the apparent release from down-regulation which DEX and indomethacin (both
inhibitors of prostaglandin formation) have upon NKC activity in the presence of

monocytes in vitro. This differs from observations on the effects of GC on human NKC
activity which has been shown to be irreversibly suppressed in vitro maximally in 2 hours

using similar concentrations of GC (Fabris et al., 1989). When monocytes had been
thoroughly removed (i.e., by overnight adherence), and the media replaced, NKC activity
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was not "enhanced" by addition of DEX and was suppressed at high concentrations (i.e.
10-4 M) over a 48 hour exposure period. This suppression is consistent with that
observed in cortisol or prednisolone-treated human NKCs but occurs at somewhat higher

concentrations (Gatti et al., 1987; Nair and Schwartz, 1988). The hypothesis of the
interrelationship between DEX, PGE2, and NKC activity was further supported by the
fact that cells from DEX-treated birds produced significantly less PGE-2 during the NKC
assay as compared to cells from control birds.

Another possible reason for the observed enhancement in NKC activity is that of a
shift in the peripheral blood lymphocyte subpopulations, effectively enriching for NKCs.
This possibility, however, is not supported by the white blood cell count data, nor by the
spleen weights which indicate that the overall number of lymphocytes in the blood were

not consistently affected by DEX. This contrasts with the dose-dependent lymphopenia
seen in corticosterone-treated chickens (Davison et al., 1988). The enhanced heterophil
counts in the DEX-treated birds on days 23 and 30 were also seen in corticosterone-

treated chickens (Van Niekerk 1989). Plasma ALT and cholesterol were both
significantly increased in DEX-treated mallards. A similar ALT elevation has been
reported in DEX treated chickens and was related to enhanced gluconeogenesis

(Kobayashi et al., 1989). The cholesterol elevation is consistent with enhanced
mobilization of lipids.

In summary, the enhancement in NKC activity seen in mallards is in contrast to
reports of the effects of GCs on human NKC activity (Gatti et al., 1987; Nair and
Schwartz 1988), while the changes in antibody response, body weight and plasma
chemistries closely parallel other published reports of the physiological effects of GC

(Sato and Glick, 1970; Kobayashi et. al. 1989). It has been shown that the duck immune
system does not necessarily parallel that of mammalian or chicken systems in terms of
lymphocyte morphology, possibly indicating a difference in cellular function and the
need for unique approaches for studying and interpreting the mallard immune system
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(Higgins and Chung 1986; Matsuda et al., 1991). From this study, the mallard appears to
have NKCs that, while sharing some common mechanisms of regulation with
conventional animal models, such as through PGE-2 mediated suppression, are relatively

resistant to the direct suppressive effects of GCs. These studies demonstrate the utility of
the mallard as a model for studying the mechanisms of immunosuppression from
chemical exposures.
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CHAPTER III
EFFECTS OF HYPO- AND HYPERTHYROIDISM ON IMMUNE
FUNCTION IN MALLARDS
Abstract
Hypo- or hyperthyroid states were induced in adult male mallards (Anas platyrhyncos) by
subchronic exposure to daily injections of methimazole (10 mg/kg/day) or a 9:1 ratio of
thyroxine (T4):triiodothyronine (T3), which is the normal physiologic proportion. The

levels of thyroxine given were 0, 125, 250, or 500 i.tg/kg/day T4 for three weeks. The
influence of these hormonal perturbations on humoral and cellular immune function was
measured. Humoral immunity was measured by antibody formation to sheep red blood
cells (SRBC). Natural immunity was measured in terms of cellular cytotoxic activity to
RP-9 tumor cells and peripheral blood macrophage phagocytosis of killed, opsonized
Saccaromyces cereviseae. Lectin-induced cellular cytotoxic activity to RP-9 tumor cells
and total and differential leukocyte counts were measured in addition to clinical plasma

biochemistry and thyroid hormone concentrations. Body weights were not significantly
affected by thryoid modulation. Despite the attempt to elevate T3 proportionally to the
elevation in T4, the concentration of plasma T3 was lowered in the T4:T3-treated mallards,

and did not return to normal values one week after termination of treatment. Both hypoand hyperthyroid conditions altered plasma total protein, albumin, alanine aminotransferase

(ALT), and cholesterol levels. Although a significant decrease in anti-SRBC titers was
noted in birds treated with 125 i.tg/kg/d T4, no consistent, dose-related influence of thyroid

modulation upon humoral immune function or phagocytosis was noted. A decrease in
lectin-stimulated cytotoxicity to RP-9 cells was noted after 21 days of exposure to
methimazole, suggesting that hypothyroidism may have a modest influence on cellmediated immunity in the mallard.
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Introduction
Thyroid hormones are known to be potent mediators of many aspects of avian
physiology, particularly growth and oxidative metabolism (Wentworth and Ringer, 1986).
In addition, a number of recent studies suggest that thyroid hormones may have important

effects on immune function in some species (Gupta et al., 1983; Paulernik and Rozman,

1985; Papic et al., 1987; Williamson et al., 1990; Kinoshita et al., 1991). Reports on the
influence of thyroid hormones on avian immune function have varied previously for

chickens and several other birds (Keast and Ayre, 1980; Scott et al., 1985; Kai et al.,
1988). In chickens, there is a positive correlation between thyroid hormone level, growth
hormone level, and immune function (Marsh et al., 1992). Since several environmental
chemicals, such as the polychlorinated biphenyls (PCBs) can affect thyroid hormone levels

(Bastomsky, 1974; Collins et al., 1977; Collins and Capen 1980; Pazdernik and Rozman,
1985; Yadav and Singh, 1987), potential exists for thyroid hormone-mediated immune

dysfunction induced by exposure to such chemicals.
Environmental risk management can be more efficiently and accurately performed

through the understanding of mechanisms of toxicant effects upon biological systems. The
mallard (Anas platyrhyncos) has been developed as a model for immunotoxicity in

waterfowl (Fairbrother and Fowles, 1990; Fowles et al., 1993). The sensitivity of this
model to various chemically-induced physiological changes, including hormonal

disturbances, is important when considering the immune system as a target for toxicity.
Previous research has characterized some effects of glucocorticoids on mallard immunity

(Fowles et al., 1993). Other endocrine responses have not been investigated with respect
to influence on immunological status in this model. It was the goal of this project to
examine the influence of thyroid hormones on humoral and cellular immunity in the
mallard.
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Materials and Methods

Experimental Design
Adult (1-2 yr old) male mallards in breeding plumage were purchased from

Whistling Wings game farm (Hanover, IL) in the spring and housed indoors in individual

cages on a 12-hour light cycle in a room maintained at 20 22°C. Birds were fed ad libitum
and allowed to acclimate for three weeks. Birds were treated for 23 days with a mixture of
thyroid hormones (Sigma Chemical Co., St. Louis, MO) at a 9:1 T4:T3 ratio at doses of
125, 250, or 5001.1g/kg/d T4. Thyroxine was dissolved (1 mg/ml) in alkaline (pH 11.5)
saline. The inoculum was changed to 5% ethanol in saline (pH 9.5) on day 15 after
observing local inflammation at the injection site. For induction of hypothyroidism, birds
were injected s.c. at the base of the neck with 10 mg/kg/d of the goiterogen, methimazole

(Sigma), in sterile phosphate buffered saline (PBS, pH 7.4). Blood samples were drawn
between 7:00 and 8:00 AM via jugular venipuncture for various immune function tests on

days 0, 4, 8, 12, 15, and 22 for T3/T4 treatments, and on days 0, 7, 14, and 21 for
methimazole treatment. Birds treated with T4/T3 were also tested one week after the last

dose when they had returned to normal thyroid status. Total and differential white blood
cells were determined on blood smears stained with Diff-Quik stain (Baxter Scientific

Products, Redmond, WA), and on blood stained for granulocytes using the eosinophil
Unopette system (Baxter). Leukocytes were classified according to Dein (1984).

Natural Killer Cell (NKC) Cytotoxicity Assay
Previously reported methods were used to measure mallard NKC activity, using the

virally induced LSCC-RP9 (RP-9) chicken B-Cell lymphosarcoma cell line as a target cell

(Fowles et al. 1993). For chromium (51Cr) labelling, 200 uCi 51Cr as Na2CrO4 (1
mCi/ml, DuPont New England Nuclear) was added to 200 IA media containing 5 X 106
RP-9 cells and these were incubated in a waterbath at 37° C for 1 hr. Labelled cells were
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then centrifuged at 200 X g for 10 min. and washed once in RPMI media + 10% fetal
bovine serum (FBS; Hyclone Labs, Logan, UT). Cells were resuspended in 10 ml media
and allowed to sit for 1 hr at 37°C. Cells were then washed once in media and resuspended

to yield 1.0 X 105/ml. Viability was always greater than 80% as evaluated by trypan blue

exclusion. Effector cells were prepared by centrifuging heparinized whole blood diluted

1:1 with PBS on Hypaque/Ficoll (Histopaque 1077, Sigma) and collecting the
mononuclear cells at the interface. The cells were then washed twice in PBS, and
resuspended in 1-2 ml media. The cells were diluted to a concentration of 2.0 X 107 /ml

prior to plating. The NKC assays were performed using several effector to target cell
ratios. Comparisons among groups were made at the highest linear response ratio (200:1).

Spontaneous release (SR) of chromium was determined in wells with labelled target cells

and media only. Maximal release (MR) was attained with the addition of 100 Ill 0.5%
sodium dodecyl sulfate to 100 j.1.1 of labelled target cells. Plates were incubated at 41° C for

4 hours after addition of the RP-9 target cells. After incubation, plates were centrifuged
(100 X g) for 5 min and 100 ill supernatant was harvested into a 13 X 75 mm glass tube

for counting on a gamma counter. Tubes were counted for 5 minutes. Percent specific
lysis was determined as: % Lysis = (test - SR)/(MR - SR).

Lectin-Induced Natural Cytotoxicity
A 4-hour assay was developed to measure major histocompatibility complex
(MHC)-independent cytotoxic capacity of lymphoid cells (i.e., NKCs and cytotoxic Tlymphocytes [CTLs]) through addition of lectins to peripheral lymphocytes. The assay
followed the methods described for the NKC assay with the exception that concanavalin-A

(Con-A, 10 p.g/m1) was added to all wells at the start of the 4 hour incubation of effector
cells and 51Cr-labelled target cells.
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Macrophage Phagocytosis
The effect of T3/T4 status on the ability of macrophages to engulf opsonized yeast

cells was examined using adhered blood monocytes. Leukocytes were separated from
whole blood and incubated in tissue-culture-treated polystyrene plates for 2 hours at 41°C

in 5% CO2. Nonadherent cells were removed and adherent cells were incubated an
additional 24 hours at 41° C in 5% CO2 to increase their phagocytic capacity. Yeast cells

(Saccaromyces cerevisiae), conjugated with Fluorescein isothiocyanate (FITC), were
opsonized with FBS during a 30 min. incubation at 37° C. The conjugation of FITC to the
yeast, and the times of incubation followed the fluorometric assay of Ragsdale and Grasso

(1989). The yeast/macrophage ratio was 20:1. One hundred macrophages were counted
visually using a fluorescence microscope at 400X.

Humoral Antibody Titers
Birds were injected i.v. on day 4 of T3/T4 or methimazole treatment with 3 X 108

sheep red blood cells (SRBC) (Colorado Serum, Denver, CO) in 1 ml PBS. Blood was

collected 6 days later. An identical injection of SRBC was given 14 days following the
first injection to induce a secondary response. Blood samples were taken again 3 days later.

Total and 2-mercaptoethanol resistant (i.e. IgG-like) titers were measured by

a

hemagglutination method (Tsiagbe et al., 1984).

Plasma Biochemistry
Plasma samples were analyzed using a Gilford SBA 300 autoanalyzer for the
following: alanine aminotransferase (ALT), total and low-density lipoprotein cholesterol,
albumin, and total protein following methods described in Fairbrother et al. (1990).
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Thyroid Hormone Measurements
Total T4 and T3 in plasma were measured in duplicate samples by

radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA). The lowest detectable
limits were 1.5 ng/mL for total T4 and 0.2 ng/mL for T3. Samples from all groups on each
experimental day were analyzed in single assays from the same lot of reagents.

Statistics
Overall significance (p < 0.05) between treatment groups was tested using one-way

ANOVA. Where significant, means were separated by Dunnett's t-test using Statview
512+ software (Abacus Concepts Inc., Calabasas, CA ) for the Macintosh computer.
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Results
Body weights were not affected by hypo- or hyperthyroidism compared to controls

during the course of these studies. Several plasma chemistry endpoints were altered by
thyroid modulation in the birds. As shown in Table 111.1 total cholesterol, but not LDL,

was decreased in a non-dose-dependent manner beginning on day 4 of T3/T4 treatment.
On day 12 and through the remainder of the study, the decrease in cholesterol in birds
treated with T3/T4 became dose-dependent, with return to control values 8 days following
the last treatment (day 30). Albumin and total plasma protein were decreased with T3/T4
treatment in a dose-dependent manner beginning on day 4, with a recovery to control
values similar to that observed with cholesterol following 8 days without treatment.

Glucose levels were unchanged from controls (data not shown). Birds treated with
methimazole exhibited the reverse trends observed with T3/T4 treatment, with elevations in
total protein, albumin, and cholesterol compared to controls (Table 111.2). Methimazole

treatment also caused elevation in LDL cholesterol on day 22. Plasma ALT was
significantly higher with methimazole treatment, but this increase was not out of the normal
range for adult male mallards and was therefore not considered indicative of pathologic

changes to liver or kidney (Fairbrother et al., 1990).
As shown in Figure III. la, plasma T4 levels were dose-dependently elevated
with T4 treatment, and significantly suppressed with methimazole treatment. Plasma
T3 decreased with both methimazole and T3/T4 treatments (Fig. III.1b).
Replacement of T3 at 1/9 the dose of T4 did not elevate circulating levels of T3 to

pretreatment values. After eight days following the final T3/T4 treatment, T3 levels
still had not returned to normal, while plasma T4 had returned to pretreatment values.

As shown in Figure 111.2, the antibody response to SRBC was not consistently
affected by thyroid status except for a decrease in birds treated with 1251.1g/kg T4. Natural
killer cell activity was not affected by thyroid status during the course of either study (Fig.

Table

Blood clinical chemistry in mallards treated with thyroxine/triiodothyronine in a 9:1 ratio (dose shown is
for the T4). Treatments lasted up to 22 days. Day 30 values are shown to illustrate the transient nature of the effects from

T4 treatment. "n.d." indicates "not done". Asterisk indicates significant difference from control (p < 0.05).

Study Day
0

ALT

4

8

12

15

22

30

Control
125 ug/kg
250 ug/kg
500 ug/kg

48.9 (5.0)
44.2 (3.9)
52.3 (4.7)
54.0 (5.5)

40.3 (2.8)
36.3 (2.1)
41.6 (4.6)
57.0 (8.3)*

46.8 (3.3)
46.3 (5.7)
47.3 (5.4)
66.2 (10.5)

33.9 (4.2)
26.7 (3.9)
44.3 (6.6)
33.1 (4.0)

30.4 (3.9)
28.0 (3.5)
27.2 (3.9)
27.8 (7.1)

35.0 (2.7)
34.6 (5.2)
34.9 (2.0)
30.8 (1.6)

46.1 (4.8)
39.8 (4.9)
52.2 (7.9)
53.0 (8.3)

Control
125 ug/kg
250 ug/kg
500 ug/kg

3.8 (0.06)
4.0 (0.07)
3.7 (0.12)
3.5 (0.14)

3.7 (0.08)
3.9 (0.27 )
3.1 (0.13)*
2.9 (0.17)*

3.7 (0.10)
3.4 (0.20)
3.0 (0.11)*
2.8 (0.19)*

3.8 (0.05)
3.4 (0.21)
3.1 (0.06)*
3.0 (0.05)*

3.6 (0.07)
3.3 (0.05)*
3.1 (0.10)*
3.0 (0.18)*

4.0 (0.2)
3.2 (0.3)*
3.1 (0.1)*
3.1 (0.2)*

4.0 (0.1)
4.1 (0.1)
4.0 (0.1)
3.9 (0.1)

Control
125 ug/kg
250 ug/kg
500 ug/kg

2.0 (0.08)
2.0 (0.05)
1.9 (0.05)
1.8 (0.04)*

1.9 (0.05)
2.0 (0.17)
1.6 (0.07)
1.5 (0.08)*

1.8 (0.05)
1.8 (0.08)
1.6 (0.05)*
1.4 (0.07)*

1.9 (0.05)
2.0 (0.17)
1.6 (0.07)
1.5 (0.11)*

1.8 (0.02)
1.6 (0.07)
1.5 (0.07)*
1.4 (0.12)*

1.9 (0.05)
1.6 (0.12)*
1.5 (0.06)*
1.4 (0.10)*

1.9 (0.03)
2.0 (0.05)
2.0 (0.04)
2.0 (0.04)

Control
125 ug/kg
250 ug/kg
500 ug/kg

260 (10)
238 (16)
229 (19)
243 (6)

263 (10)
225 (15)*
201 (12)*
226 (10)*

240 (13)
197 (13)
179 (10)*
200 (23)

255 (10)
207 (15)*
194 (6)*
191 (12)*

221 (15)
182 (13)*
180 (10)*
161 (11)*

240 (9)
182 (14)*
178 (8)*
171 (17)*

275 (10)
262 (15)
288 (13)
294 (9)

Control
125 ug/kg
250 ug/kg
500 ug/kg

115 (4)
91 (19)
114 (14)
100 (10)

116 (10)
110 (12)
118 (22)
134 (33)

102 (15)
100 (5)
104 (7)
140 (39)

97 (16)
80 (5)
82 (5)
103 (13)

138 (32)
122 (19)
115 (7)
120 (13)

98 (5)
89 (11)
103 (7)
105 (11)

106 (6)
99 (10)
110 (4)
115 (8)

Protein

Albumin

Cholesterol

LL
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Table 111.2. Blood clinical chemistry in mallards treated with methimazole
(5 mg/kg/day) for 21 days. Asterisk indicates significant difference from
control (p < 0.05).

Test

ALT

0

Study Day
7

14

21

control
methimazole

30.1 (2.1)
34.7 (2.3)

30.7 (1.9)
36.6 (2.1)*

34.6 (2.3)
43.6 (3.0)*

34.6 (2.3)
45.2 (2.9)*

control
methimazole

3.7 (0.1)
3.5 (0.1)

3.5 (0.4)
3.0 (0.4)

4.2 (0.2)
4.2 (0.1)

4.0 (0.2)
4.1 (0.1)

control
methimazole

1.9 (0.07)
1.8 (0.06)

2.2 (0.05)
2.0 (0.09)

2.4 (0.09)
2.4 (0.1)

2.2 (0.1)
2.4 (0.1)

control
methimazole

250 (9)
248 (12)

234 (7)
258 (12)*

237 (12)
311 (23)*

230 (11)
324 (29)*

control
methimazole

154 (12)
155 (15)

136 (14)
148 (19)

138 (32)
175 (28)

107 (7)
171 (26)*

Protein

Albumin

Cholesterol
LDL
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1000
Control
125 µg/kg

250 µg/kg

500 µg/kg

100

Methimazole

10

I

I

0

20

10

1

30

Day

Fig. III.la. Plasma thyroxine levels in mallards treated with T3/T4 or
methimazole for 22 days. All treatments significantly differed from controls on
all days except for days 0 and 30.
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o 250 ttg/kg
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le Methimazole
.
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Fig. III.lb. Plasma triiodothyronine in mallards treated for 22 days with T3/T4
or methimazole. All treatement groups differed from controls after day 0, and did
not return to pretreatment levels after 8 days recovery time.
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T311'4
18
E3

Control

1251.tg/kg

250 µg/kg
500 pg/kg

Methimazole
El Control

0 Methimazole

L

N

I0

Cr)

Primary Total

Primary IgG

Secondary IgG

Response
Fig.

111.2.

Antibody titers to sheep red blood cells in mallards treated for 22 days

with T3/T4 or methimazole. Asterisk indicates significant difference from control
values (p < 0.05).
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(Fig. III.3a). However, methimazole treatment suppressed lectin-induced cytotoxicity on
day 22 (Fig. III.3b). Macrophage phagocytosis was not affected by T3/T4, or
methimazole treatment (data not shown). Tables 111.3 and 111.4 summarize the influence

of thyroid hormone status on peripheral leukocyte counts. No consistent deviations from
control values with either hypo- or hyperthyoid treatment were noted except on day 15 in
birds treated with 250 µg/kg T3/T4. Hematocrit values were lower with 5001.1g/kg T4
treatment on days 8 and 12, but recovered by day 15 (Fig. 111.4).
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Fig. III.3a. Natural killer cell activity in mallards treated with T3/T4
(dose shown is for T4) for 22 days.
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Fig. III.3b. Natural killer cell and lectin-induced killer activity in
mallards treated for 22 days with methimazole. Asterisk indicates a
significant difference from controls (p < 0.05).

Table 111.3. Peripheral leukocyte counts in mallards treated with thyroxine/triiodothyronine in a 9:1 ratio.
Values are expressed as cells/mL blood X 10(5). Asterisk indicates significant difference from control value

(p < 0.05).

Study Day
0

Total WBC
Control
125 µg/kg

4

8

12

15

22

30

554 (91)
632 (150)
492 (85)
779 (205)

406 (39)
416 (54)
323 (13)
333 (48)

771 (91)
879 (139)
677 (119)

823 (218)
943 (179)
407 (48)

402 (68)
354 (37)

302 (90)
292 (25)

1130 (210) 758 (236)

453 (93)

1036 (307)* 303 (57)

315 (56)

409 (121)
505 (103)
519 (59)
394 (82)

171 (21)
203 (42)
206 (43)
250 (64)

169 (16)
198 (34)
142 (24)
126 (34)

375 (53)
354 (69)
289 (37)
386 (56)

425 (90)
489 (90)
210 (35)
398 (136)

221 (64)
161 (36)
511 (166)*
203 (51)

154 (51)
108 (14)
142 (34)
126 (18)

217 (84)
232 (46)
268 (60)
173 (41)

Control
125 gg/kg
250 gg/kg

321 (91)
344 (94)
230 (40)
429 (144)

190 (21)
179 (33)
159 (20)
128 (18)

319 (35)
339 (134)
440 (90)
390 (95)
312 (77)
172 (25)
657 (198)* 305

147 (30)
160 (17)
412 (109)*
191 (43)

131 (41)
148 (17)
127 (19)
151 (35)

167 (42)
216 (52)
201 (31)
178 (34)

Control

32 (7)
52 (15)
32 (9)
52 (15)

18 (7)
30 (12)

22 (13)

23 (12)

16 (4)
34 (18)
23 (11)
46 (19)

11 (3)
5 (1)
20 (8)

12 (3)
8 (2)
23 (9)
19 (5)

3 (1)
14 (5)
9 (2)
10 (4)

4 (1)
13 (3)
9 (4)
15 (6)

27 (9)
32 (10)
23 (4)
48 (11)

23 (7)
22 (5)
18 (4)
21 (6)

57 (13)
55 (20)
45 (14)
36 (11)

37 (7)
30 (9)
19 (4)
36 (13)

20 (6)
22 (4)
*87 (41)
40 (11)

13 (2)
26 (5)
24 (6)
26 (7)

20 (6)
41 (10)
39 (8)
27 (7)

250 µg/kg

50014/kg

Peter()
Control

12514/kg
250 µg/kg
5001.4/kg

Lymph

50014/kg
Mono

12514/kg
250 gg/kg
500 µg/kg

Loa

Control

12514/kg
250 µg/kg
500 µg/kg

13 (4)
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Table 111.4. Peripheral leukocyte counts in mallards treated with methimazole
(5 mg/kg/day) for 21 days. Asterisk indicates significant difference from control
(p <0.05).

Test
Total WBC

0

Study Day
7

14

21

Control
methimazole

486 (127)
435 (113)

737 (99)
586 (140)

466 (50)
435 (48)

509 (82)
627 (101)

Control
methimazole

166 (97)
93 (13)

404 (68)
323 (63)

189 (16)
201 (13)

202 (40)
328 (56)*

Control
methimazole

269 (50)
238 (75)

274 (55)
224 (78)

182 (34)
160 (45)

212 (47)
187 (42)

Control
methimazole

15 (4)
12 (4)

81 (21)
43 (19)

15 (4)
11 (3)

10 (4)
14 (4)

Control
methimazole

35 (12)
92 (30)

49 (6)
36 (10)

81 (19)
58 (6)

75 (18)
98 (19)

Peter°

Lymph
Mono

Eosino
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Fig. 111.4. Hematocrit values from mallards treated with T3/T4 or

methimazole for 22 days. Asterisk indicates significant difference from
controls (p < 0.05).
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Discussion
Methimazole treatment successfully induced a hypothyroid condition in adult

male mallards as reflected in plasma T4 and T3. Plasma T3 values were notably low in
the methimazole group even on day 0, reflecting either large variation between groups, or

a difference in sample storage time. The latter is likely since approximately 8 weeks
elapsed between blood draw and T3 assay for the methimazole study, compared to the 1

week delay in assaying for plasma T3 in the T4/T3 study. Body weight loss has been
reported in experimentally-induced hypothyroidism using propylthiouracil (PTU) in

young chickens (Mashaly, et al. 1983; Bachman and Mashaly, 1987). Our results
indicate that thyroid status is not correlated with body weight changes in adult mallards.
Other differences between the mallard and chicken models include the lack of effect on
plasma glucose concentrations in mallards treated with T4/T3 in contrast to the decreased

glucose seen in chickens treated with T4fF3 (Klandorf, 1988). In unfasted mammals, T4
status has been shown to inversely correlate with cholesterol levels in the blood
(Pilarska et al., 1991). Our data substantiate this relationship in unfasted mallards.
Effects of thyroid hormones on protein catabolism and circulating protein levels have
been shown to be a direct function of starvation status in penguins (Groscolas, 1989).
Birds in our study were not in a fasting state, yet protein levels were lowered with T4/1'3

treatment , implying that an anabolic hormonal effect was created. Circulating
cholesterol and protein levels returned to normal values one week after T3/T4 treatment,
paralleling the changes in circulating T4 concentrations.
An attempt was made to replace the feedback-inhibited suppression of T3 by
administering T3 in a physiologic ratio (1:9) with T4. However, despite these efforts, T3
levels were suppressed throughout the study, implying a faster utilization or elimination
rate for T3 than T4. Although the T4 levels in the T31T4-treated birds returned to
pretreatment values after eight days following the final treatments, T3 levels did not.

Suppressed conversion of T4 to T3, via inhibited hepatic monodeiodinase activity has
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been shown to occur in immature chickens treated with T4 (Harvey et al., 1990) and

likely accounts for the persistent reduction in circulating T3. Biological half-lives for T3
and T4 are known to be similar in birds (Tata and Shellabarger, 1959) and are

approximately 4 hours for ducks (Assenmacher et al., 1968). The relative importance of
T3 and T4 in avian physiology is unclear. Early studies have shown that T4 is more
potent than T3 in the prevention of goiter in thiouracil-treated chickens (Newcomer,

1957). Our data suggest that in mallards, T4 concentrations are more directly correlated
with circulating total and LDL cholesterol and protein than is T3.
Thyroid hormones have profound effects on general growth and development

(Suthama et al. 1989), including the developing immune system. Bachman and Mashaly
(1987) have shown that hyperthyroid chicks have increased numbers of lymphocytes in

the peripheral blood. Williamson et al. (1990) reported an increased proliferative
response of peripheral blood lymphocytes to Con-A in young chickens treated with

methimazole. However, Erf and Marsh (1989) showed that T3 supplementation
decreases mixed lymphocyte responses in young chickens. Other research has shown an
enhancement of NKC activity in immature male chickens towards murine P815 target
cells when treated in vivo with thyrotropin releasing hormone (TRH) (Haddad and

Mashaly, 1991). Our data do not support these findings in the adult male mallard model,
as NKC activity was not altered by T3/T4 throughout treatment.
In the murine system, hypo- and hyperthyroid states have been shown to impair
immune competence including non-specific, cell-mediated functions, leading to increased

tumor susceptibility (Kinoshita et al., 1991). Using Con-A, we observed a decrease in
lectin-induced cytotoxicity to RP-9 cells after 21 days treatment with methimazole. This
activity is assumed to measure a broad spectrum of non-MHC mediated cytotoxicity
through action as a bridge between effector lymphocytes and target cells and may

represent total cytotoxic killing capacity against the target cells (Hersey, 1989). The cells
involved in this activity in the mallard could be both NKC's and CTL's (Sharma, 1991).
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The elevation in NKC activity in all groups on day 15 was reflective of the high pH of the
inoculum which was changed to a 1% ethanol solution at pH 9.5 thereafter.
Inflammation at the site of injection was evident by day 15, and became resolved within 3
days after changing the inoculum to 5% ethanol and lower pH.
In summary, exogenously administered thyroxine decreased plasma protein and
cholesterol concentrations, but did not correlate with defective immunological function in
adult mallards, whereas decreased thyroxine concentrations from methimazole exposure
resulted in elevated protein and cholesterol and a decrease in non-specific immunity as

measured by Con-A mediated NKC activity after 21 days. These results could have
significance when considering the immune competence of adult mallards that are
chronically exposed to hypothyroid-inducing environmental chemicals.
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CHAPTER IV

EFFECTS OF SUBCHRONIC EXPOSURE TO AROCHLOR-1254 ON
IMMUNE FUNCTION, THYROID HORMONES, AND CYTOCHROME
P450 INDUCTION IN MALLARDS (ANAS PLATYRHYNCOS).

Abstract
Adult male mallards were orally exposed by gavage twice per week to Aroclor-1254 (AR)

over 5 weeks. Cumulative doses were 0, 40, 200, 1000, 2500, and 5000 mg AR/kg.
Blood samples were taken once per week for the monitoring of immune function status and
clinical plasma biochemistry in addition to thyroid and corticosteroid hormones. Immune
function parameters examined included antibody titers to sheep erythrocytes (SRBC),
natural killer cell (NKC) activity, macrophage phagocytosis, and lymphocyte mitogenesis
to phytohemagglutinin (PHA). Hepatic cytochrome P450 (P450) content and activity was
examined at the end of the study by measuring the microsomal enzymatic dealkylations of
ethoxyresorufin (EROD) and pentoxyresorufin (PROD). Significant elevations in P450
content, EROD, and PROD activities were noted at a dose of 200 mg AR/kg, and peaked in
birds treated with 2500 mg/kg AR. Thyroid weights were increased in a non-dose-

dependent manner, but exhibited no pronounced histological abnormalities. Plasma total
T3 was dose-dependently decreased, with significant difference from controls beginning at

200 mg/kg AR. The mitogenic response to PHA was not significantly altered in birds
treated with AR. Other immunologic effects were not detected as a consequence of AR
exposure. Plasma glucose levels were decreased in mallards treated with 5000 mg AR/kg
on days 28 and 35, while other clinical plasma biochemistry parameters were unaltered by
AR treatment. Similarly, spleen and body weights were not affected by AR treatment. A
slight increase in vacuolization was observed histologically in livers from birds treated with
5000 mg AR/kg. It is concluded that mallards are resistant to gross toxic effects of PCB
and that immunotoxicity in mallards does not segregate with EROD induction mediated
through the Ah-locus.
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Introduction
Many chemicals introduced into the environment through anthropogenic means are
capable of disrupting normal endocrine and immune system function in animals, including

wildlife and humans. The endocrine and immune systems play integral roles in physiology
and survival, and are intrinsically linked in complex interactions between the two systems.

Waterfowl are, by nature, exposed to a wide variety of habitats and environments.
In addition, they are migratory, and are thus exposed to many different biomes, often in
proximity to industrial areas in the United States. Mallards are ubiquitous waterfowl
throughout most of North America, and have been studied as models for evaluating the
toxic effects of environmental contaminants upon immunity (Fairbrother and Fowles, 1990;

Trust et al., 1990) as well as behavior and reproduction (Holmes and Cavanaugh, 1990).
Endocrine and immune systems in rodent models are known to be influenced by
exposure to various environmentally occurring halogenated aromatic hydrocarbons

(HAHs). In their capacity to bind the aryl hydrocarbon (Ah) receptor, many HAHs are

immunotoxic in rat and mouse models (Luster et al., 1978; Silkworth et al., 1984). In rats,
decreased thyroxine (T4) and altered iodine uptake in the thyroid were observed following

subchronic exposure to polybrominated biphenyls (PBBs) (Allen-Rowlands et al., 1981).
Triiodothyronine (T3) degradation rates were altered by exposure to polychlorinated

biphenyls (PCBs) in rats (Sepkovic and Byrne 1984). 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) interferes with normal testicular steroidogenesis in rats (Moore et al., 1991), and
also alters plasma corticosterone levels (Gorski et al., 1988).
Polychlorinated biphenyls (PCBs) are also known to influence a variety of avian
endocrine responses through alterations in metabolism and clearance through the liver as
well as through direct effects at the level of the endocrine glands themselves (Peakall, 1970;

Jeffries et al., 1975; Heinz et al., 1980). Mallards are among the more resistant avian
species to the acute toxicity of PCBs, comparing well with Japanese quail for the acute
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LD50 value of Arochlor-1254 (AR) (2699 mg/kg vs. 2898 mg/kg for quail) (U.S.F.W.S.,
1986). Among the signs of acute toxicity in birds are morbidity, tremors, and muscular
incoordination. In sublethal toxicity studies, PCBs have been observed to disrupt normal

patterns of growth, reproduction, metabolism, and behavior in birds (U.S.F.W.S. 1986).
However, young chicks exhibited induced EROD activity following exposure to less than
1 ppm AR in the diet, whereas no gross toxicologic changes were apparent (Hansen et al.,

1980). Sublethal biomonitoring endpoints, such as immune function, endocrine
responses, and P450 induction, have not been well studied or compared as biomarkers in

birds exposed to PCBs. Mallards, although resistant to the acute effects of PCBs, may be
sensitive to subchronic effects on these systems.
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Materials and Methods:

Experimental Design
Adult (1-2 yr old) male mallards were obtained from Whistling Wings game farm

(Hanover, IL), and were maintained indoors in individual cages with controlled light (11 hr

on, 13 hr off) and temperature (22°C). Birds were dosed with Aroclor-1254 (AR) in
peanut oil on Monday and Friday each week for five weeks. The ten individual doses

yielded total doses of 0, 40, 200, 1000, 2500, or 5000 mg PCB/kg body weight over the
five week period. Blood samples for plasma clinical biochemistry, functional
immunology, and hormonal measurements were taken by jugular venipuncture once each

week. Spleen, liver, and thyroid weights and histology, in addition to hepatic microsomal
cytochrome-P450 content and activity, were examined at the end of the studies.

Natural Killer Cell Cytotoxicity Assay
Previously reported methods were

NKC activity (Fowles

et al. 1993a). In brief, the viral-induced LSCC-RP9 (RP-9) chicken B-cell lymphosarcoma
cell line was used as a target cell. These cells were grown in RPMI-1640 (with sodium
bicarbonate, w/o HEPES buffer) (Gibco, Grand Island, NY) containing 15% Fetal Bovine

Serum (FBS) (Hyclone Labs, Logan, UT), 5% tryptose phosphate broth (Gibco), and 50
ug/ml gentamicin (Gibco). For chromium (51Cr) labelling, 200 uCi 51Cr as Na2CrO4
(1 mCi/ml, DuPont NEN) were added to 200 Ill media containing 5 X 106 RP-9 cells and
these were incubated in a waterbath at 37° C for 1 hr. Labelled cells were then centrifuged

at 200 X g for 10 min. and washed once in RPMI + 10% FBS. Cells were resuspended in
10 ml media and allowed to sit for 1 hr at 37°C. Cells were then washed once in media and

resuspended to yield 1.0 X 105/ml. Viability was always greater than 80% as evaluated by
trypan blue exclusion. Effector cells were prepared by centrifuging heparinized whole
blood diluted 1:1 with PBS on Hypaque/Ficoll (Histopaque 1077, Sigma) and collecting
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the mononuclear cells (PBMNCs) at the interface. The cells were then washed twice in
PBS, resuspended in 1-2 ml media, and counted using a Coulter Counter (model ZM).

The cells were diluted to a concentration of 2.0 X 107/ml prior to plating. The NKC
assays were performed using several effector to target cell ratios. Comparisons among
groups were made at the highest effector to target cell ratio (200:1). Spontaneous release
(SR) of chromium was determined in wells with labelled target cells and media only.
Maximal release (MR) was attained with the addition of 100 ill 0.5% sodium dodecyl
sulfate to 100111 of labelled target cells. Plates were incubated at 41° C for 4 hours after

addition of the RP-9 target cells. After incubation, plates were centrifuged (100 X g) for 5
min and 100 ;.1.1 supernatant was harvested into a 13 X 75 mm glass tube for counting on a

gamma counter. Tubes were counted for 5 minutes. Percent specific lysis was determined
as: % Lysis = (test SR)/(MR SR).

Lectin-Induced Natural Cytotoxicity
A 4-hour assay was used to measure the lectin-induced cytotoxicity of peripheral

blood lymphocytes. The assay followed the methods described above for the NKC assay
with the addition of concanavalin-A (Con-A) to all reaction wells at a concentration of 10

jig/ml at the initiation of culture. Measurement of this activity is taken to be indicative of
total cytotoxic capacity of lymphocytes (CTLs and NKCs) in a non-MHC restricted
manner, through enhancement of effector and target cell conjugate formation.

Lymphocyte Mitogenesis to PHA
A method for measuring 3H-thymidine incorporation using whole blood diluted

with RPMI-1640 + 10% FBS (10% RPMI) was used (Redig et al., 1991). Briefly, whole
blood was collected in heparin and diluted 1:20 in 10% RPMI. The diluted blood was then
added to 96-well plates to give triplicates at each of 4 concentrations of PHA (0, 2.5, 5.0,

and 10.014/mL). The plates were lightly vortexed and allowed to incubate for 36 hours
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prior to addition of 3H-thymidine. Twelve hours after addition of the 3H-thymidine, wells
were harvested onto Whatman GF/B filter paper using a cell harvester, allowed to sit in
scintillation cocktail overnight, and counted using liquid scintillation counting for 10 min.
Stimulation indices (SI) were calculated by SI = CPM (PHA)/ CPM (zero PHA) for each

bird, at each level of PHA. Peak SI generally occurred at 5 pig/mL PHA, and statistical
comparisons were made at this concentration.

Hepatic Microsomal Cytochrome P-450 Analysis
Microsomes were prepared from livers that had been flash frozen in liquid nitrogen.

Microsomes were prepared in phosphate buffer (0.1 M KH2PO4, 0.15 M KC1, 1 mM

EDTA, 1 mM dithiothreitol, pH = 7.4), and stored at -70°C until assayed. Total protein
was determined using a bicinconic acid kit (Pierce, Rockford, IL). Cytochrome P-450
content was determined on a scanning spectrophotometer using the methods of Estabrook

et al. (1972). Substrates and standards for the EROD and PROD enzyme assays were
obtained from Molecular Probes (Eugene, OR). Enzyme activities of EROD and PROD
were analyzed in a 96-well microplate fluorometer system (Cytofluor-2300, Millipore,

Inc.) using adapted methods from Prough et al. (1978).

Thyroxine, Triiodothyronine, and Corticosterone Measurements
Plasma T3, T4, and corticosterone (CS) were quantitated in duplicate samples by

radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA). Lowest detectible
limits were 1.5 ng/mL for total T4, 0.2 ng/mL for T3, and 10 ng/mL CS.
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Results

As shown in Table IV.1, body and spleen weights of birds treated with AR did not

change by the end of these studies. A dose-dependent increase in liver weight was
observed with AR treatment. Thyroid weights from birds treated with AR were

significantly increased 26 42% over controls.
Plasma T3 was dose-dependently reduced with AR treatment (Fig. IV.1).
Interestingly, plasma T4 was not reduced compared to controls (data not shown), nor

were significant lesions seen in the thyroid gland by histological inspection. Thyroidal
colloid was somewhat enlarged histologically with 5000 mg AR/kg treatment.
Corticosterone concentrations in the plasma were not consistently affected by AR
treatment (Fig. IV.2).

No significant effects of AR treatment on humoral antibody titers to SRBC were
detected (mean of log2 titers± se of 9.5 ± 0.4, 9.7 ± 0.6, 10.3 + 0.5, and 10.3 + 0.8 for

controls, 1000, 2500, and 5000 mg AR/kg treatments respectively). Cellular immune
function status as measured by lymphocyte proliferation to PHA was increased over
pretreatment stimulation indices (SI) at the 2500 mg/kg and 5000 mg/kg dose levels
(Table IV.2). The SI were increased to a lesser extent at the 5000 mg/kg dose, and not at

all at the 1000 mg/kg dose. Changes in SI were normalized to that of the control
responses over time. Maximal increase in SI was noted at the 2500 mg/kg dose .
Natural killer cell activity to both the RP-9 and P815 cell lines was unaffected by
AR treatment, as was Con-A induced cytotoxicity and macrophage phagocytosis (Table

IV.3). As shown in Fig.IV.3, plasma glucose was significantly reduced in the birds
treated with AR on day 35. Glucose levels were lower in all groups on day 21,
coinciding with the peak day of the anti-SRBC response.
As illustrated in Figure IV.4, liver microsomal EROD and PROD activities were
dose-dependently induced with AR treatments beginning with the 200 mg AR/kg dose.
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Table IV.1. Organ and Body Weights at Time of Necropsy
Treatmenta
(mg PCB/kg)
Control
1000

2500
5000

Thyroid/BW
(mg/kg)

54.0 (2.0)
68.0 (9.0)*
77.0 (15.0)*
70.0 (12.0)*

Spleen/BW
(g/kg)

0.52 (0.03)
0.62 (0.07)
0.48 (0.08)
0.49 (0.05)

Liver/BW
(g/kg)
16.6 (0.8)
19.5 (0.8)*

19.9 (1.8)*
20.4 (1.4)*

aBirds were treated by gavage twice/week for 5 weeks,
cumulative dose is shown.
* Asterisk indicates significant difference from control value
as determined by the Kruskal-Wallis test (p < 0.05).

BW

(g)
1172
1185
1119
1224
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Figure IV.1. Change in total triiodothyronine concentrations in plasma of
mallards treated subchronically with Aroclor-1254. Data represents two
separate experiments. * indicates significant (p < 0.05) difference from control
value.
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Figure IV.2. Plasma corticosterone concentrations in mallards treated
subchronically with Aroclor-1254. * denotes significant difference (p < 0.05)
from controls.
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Table IV.2 Change in PHA Stimulation Indices from
Pretreatment Values Relative to Control
Treatmenta

(mg PCB/kg)
Control
1000
2500
5000

Day
7

0
+142.5
+277.3*
+197.7

21

0
-22.3
+273.5*

+128.6

35

0
-55.5
+234.2*
+176.5

aBirds were treated by gavage twice/week for 5 weeks
cumulative dose is shown.
* Asterisk indicates significant difference
from control value as determined by ANOVA
and Dunnett's t-test (p < 0.05).
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Table IV.3

Natural killer cell activities to RP-9 (with and without Con-A) and P815

target cells in mallards treated with Aroclor-1254 for 5 weeks. * indicates significant

difference from control (p < 0.05).
Day

Treatmenta
(mg PCB/kg)

0

7

14

21

28

35

1000
2500
5000

4.1 (1.3)
5.0 (1.0)
4.2 (1.2)
4.0 (1.0)

19.7 (3.9)
14.4 (3.6)
16.3 (4.7)
13.3 (2.1)

4.9 (3.3)
10.4 (2.7)
15.0 (8.0)
10.3 (3.4)

9.0 (3.2)
10.1 (4.2)
9.1 (2.9)
8.0 (1.5)

12.0 (3.2)
18.5 (6.2)
12.5 (1.9)
12.9 (0.9)

9.8 (2.6)
10.1 (3.3)
8.5 (2.5)
9.0 (1.9)

6.6 (1.0)
4.8 (1.6)
4.1 (1.0)
4.0 (1.0)

3.9 (1.8)
5.4 (1.8)
3.8 (1.8)
4.3 (1.2)

1.5 (0.9)
7.6 (3.1)*
3.4 (1.2)
4.6 (1.4)

0.8 (0.4)
1.4 (0.5)
1.1 (0.7)
3.0 (1.7)

3.8 (0.8)
4.0 (1.2)
8.0 (2.4)
4.2 (0.8)

4.1 (0.9)
3.0 (1.3)
5.1 (1.2)
4.4 (2.0)

57.8 (3.9)
64.8 (2.1)
58.4 (2.3)
52.2 (3.4)

38.3 (2.6)
33.0 (3.2)
33.9 (3.0)
35.0 (1.9)

62.9 (12.3)
50.7 (7.8)
59.6 (6.3)
65.0 (4.3)

51.8 (3.0)
50.1 (4.7)
51.1 (3.6)
45.3 (4.2)

58.3 (2.2)
60.8 (3.7)
62.3 (2.5)
57.5 (2.0)

60.4 (3.1)
61.2 (4.0)
55.6 (2.7)
57.0 (3.4)

NK (RP-9)
Control

NK (P815)
Control
1000

2500
5000
RP-9 (Con-A)
Control
1000
2500
5000

aBirds were treated by gavage twice/week for 5 weeks, cumulative dose is shown.
*Asterisk indicates significant difference from control value as determined by ANOVA and
Dunnett's t-test (p < 0.05).
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Figure IV.3.
Plasma glucose concentrations in mallards treated by gavage
with 0, 1000, 2500, or 5000 mg/kg over a 5 week period with Aroclor-1254.
* Indicates significant difference from control p < 0.05.
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EROD Activity in Mallards Treated Chronically with Aroclor-1254
2.

1st study

E 2nd study
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Figure IV.4.
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Hepatic microsomal ethoxyresorufin-o-deethylase activity in
mallards treated subchronically with Arochlor-1254. Results from two separate
experiments are shown.
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Total microsomal P450 content was similarly induced. Total P450, EROD and PROD
activities reached maximum induction at doses of 2500 mg PCB/kg. Histologically,
slight vacuolar fatty changes were seen in livers from birds treated with 2500 or 5000 mg
PCB/kg body weight.
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Discussion

Induction of liver mixed-function oxygenases was expected in these experiments.

The lowest cumulative dose given that resulted in EROD induction was 200 mg/kg. This
same dose also produced significant decreases in circulating plasma T3, making these
two endpoints the most sensitive biologic endpoints of those tested for AR exposure in

the adult mallard. Other avian species exhibit parallel induction profiles of EROD and
PROD upon exposure to AR (Li and Bandeira, 1993). The marked induction of EROD
activity seen in this study did not correlate with immunotoxicity, as is the case with

laboratory rodents. Induction of AHH activity has been shown to correlate with mild
fatty changes in the livers of Ah-responsive (C57) mice, while Ah-non-responsive DBA
mice showed lesser induction and fatty change, but exhibited a distinct hepatic necrosis

(Shen et. al., 1991). Thus, based on the hepatic changes observed, the mallard appears to
behave similarly to Ah-responsive species, but is refractory to the ensuing
immunotoxicity.

Suppression of thyroid hormones is known to occur in birds following AR

exposure. Spear and Moon (1985) showed that T4 and T3 were significantly depressed in
Ring Doves with large colloid goiters evident histologically in the thyroid glands
following treatment with a single dose of 60 mg/kg 3,4,3',4'-tetrachlorobiphenyl.

Surprisingly, we observed reduction in plasma T3 but not T4. Previous studies have
shown that the assay used for detection of T4 in mallards detects changes in circulating

T4 in both hypo- and hyperthyroid conditions (Fowles et al., 1993). One possible
explanation for the reduction in T3 is that AR treatment induces hepatic glucuronidation

and excretion of thyroid hormones as was shown in rats by Bastomsky (1974). Plasma
T3 degradation kinetics have been shown to be altered with chronic AR treatment in rats

(Sepkovic and Byrne, 1984). However, it should be noted that, unlike the mallard,
significant hepatic lesions occur in rats that affect the clearance rates of the hormones. In
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the mallards, however, peripheral monodeiodinase activity, converting T4 to T3, may be

unable to replenish the rapidly excreted T3. The thyroid gland, although enlarged, did
not appear hyperplastic histologically, as would be seen in the case of induced clearance
of the hormone.

Relationships between the endocrine and immune systems in the mallard have
been previously studied in order to better understand the physiological mechanisms for

environmental impacts upon the immune system. Dexamethasone has been shown to
have influence upon natural killer cell activity through suppression of prostaglandin-E2
production, and has also been shown to inhibit macrophage phagocytosis and antibody

responses to sheep erythrocytes (Fowles et. al., 1993a). Thyroid hormone excess appears
to have less dramatic influence over the mallard immune system than does elevated GC,
but depression in cell-mediated immunity under conditions of suppressed thyroxine (T4)

concentrations has been shown (Fowles et. al. 1993b). Suppression of triiodothyronine
(T3), however, was not correlated with impaired immunity.

An observed decrease in plasma glucose in birds treated with 5000 mg AR/kg did

not correlate with altered corticosterone (CS) in the plasma. This decrease was also not
to an extent that would be considered pathologic. Due to the repeated nature of the blood
sampling, birds were not fasted overnight prior to drawing blood. This contributed to
slightly higher glucose levels for each treatment than those reported as normal values for

male mallards. The unchanged CS concentrations observed in the mallard are in contrast
to the rat, which exhibits a decrease in plasma CS following chronic AR treatment for 60
days of 1 ppm AR in the diet (Byrne et al., 1988).

In conclusion, although PCBs have a variety of toxicological effects upon various
animals, it appears that the adult mallard is highly resistant to the Ah-receptor-mediated

sublethal effects of PCB exposure. Since mallards are ubiquitously occuring in many
environments and are a relatively hardy species, this is not surprising. Their resistance to
PCB toxicity may imply however, that mallards are able to bioaccumulate more PCB
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before toxicity occurs, making them potential reservoirs of PCB of predatory species at
higher trophic levels.

APPENDIX
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SUBCHRONIC EFFECTS OF SODIUM SELENITE AND
SELENOMETHIONINE ON SEVERAL IMMUNE FUNCTIONS IN
MALLARDS
A. Fairbrother and J. Fowles
Arch. Environ. Contam. Toxicol. 19, 836-844 (1990).

Abstract
The subchronic effects of selenomethionine (SeM) and sodium selenite (SeL) on several

immunologic, hematologic, and serologic parameters in mallards were measured, using
concentrations in drinking water of 0, 0.5, and 3.5 mg/L selenium (Se) as SeL and 2.2

mg/L (Se) as SeM. Cyclophosphamide (CP) was used as an immunosuppressive control at
20 mg/L. A battery of in vivo and in vitro immunologic assays was performed on each
bird throughout the 12 week study. The SeM-treated birds displayed a significantly
impaired delayed -type hypersensitivity (DTH) response to tuberculin (M. bovis), as
measured by the number of positive reactions present 24 hours post PPD challenge
(p < 0.05). The SeM-treated group also exhibited a significantly increased serum alanine
aminotransferase (ALT) activity and an increased plasma glutathione peroxidase (GPX)

activity (p < 0.05). Selenium concentration in the liver and breast muscle of SeM-treated
birds was significantly elevated 4- and 14-fold, respectively, over controls (p < 0.05).

Body weight and water consumption of treated birds did not differ from controls. Organ
weights were not significantly affected by any Se treatment. Sodium selenite-treated birds
displayed no detectable differences in immune function or Se accumulation in tissues as
compared to controls. Serum ALT activity was significantly increased in the 3.5 mg/L

group, although to a lesser extent than in SeM-treated birds. Cyclophosphamide
significantly depressed white blood cell number, testes weights, and also suppressed the
DTH reaction. Concentrations of Se as SeL did not affect the immune system, whereas
low concentrations of SeM (2.2 mg/L Se) appeared to suppress certain aspects of the
mallard immune response.
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Introduction
Several chemical forms of selenium (Se) have been shown in laboratory settings to
be toxic to birds at concentrations comparable to those measured in natural environments.
Embryotoxicity and/or teratogenicity occurred in mallard (Anas platyrhynchos) ducklings

when hens were exposed during egg-laying to dietary concentrations as low as 10 ug/g

feed (Heinz et al., 1987). In these studies, selenomethionine showed more severe effects
than sodium selenite. This dietary concentration of Se did not, however, cause increased
mortality, alterations in body weight gain, or decreased food intake when administered to
mallard ducklings (Heinz et al., 1988), indicating that embryotoxicity and/or teratogenicity

may be the primary mode of toxicity to waterfowl. Studies at Kesterson Reservoir located
in the Kesterson National Wildlife Refuge, Merced County, California, have demonstrated
an alarming incidence of teratogenesis in populations of other aquatic birds (Ohlendorf et

al. 1986; Hoffman and Heinz, 1988). Concentrations of Se in biota taken from the
reservoir have been reported to be as high as 440 ug/g dry weight (Saiki and Lowe, 1987).
Selenium adequate diets positively affect the immune system (Koller, 1980) and
specifically play an integral role in proper primary and secondary humoral immune-

responses in several species (Spallholz et al., 1975; Reffett, 1987; Sheffy and Schultz,
1979). Host disease resistance to coccidiosis in chickens has also been shown to be
enhanced by dietary supplementation with Se and/or vitamin E (Colnago et al., 1984).
Increased intracellular killing of Staphylococcus aureus by human granulocytes has been
demonstrated in vitro following treatment with supplemental concentrations (200 ug/day) of

organic Se, although antibody titers were not increased (Arvilommi et al., 1983). There
has also been recent interest in the potential anticancer properties of Se (Hocman, 1988).
The usefulness of organic and inorganic Se compounds as anti-carcinogenic agents

however, is still under investigation (Ip and White, 1987).
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The influence of excessive Se intake upon immune-function has been less
extensively studied. Selenium has protective qualities when given simultaneously with

certain other heavy metals, such as cadmium and mercury, that disturb immune function.

For example, Se exposure results in slightly increased antibody synthesis when given to
mice in conjunction with methylmercury (Koller et al., 1979). Also, delayed
hypersensitivity, prostaglandin-E2 concentrations, and antibody production were
suppressed in rats fed 5.0 ug/g dietary Se as sodium selenite while natural killer cell activity

was actually enhanced at lower exposures (Koller et al., 1986). Therefore, although
dietary Se is necessary for an overall unimpaired immune-response, excesses of Se may
also lead to undesirable immunological effects.
Adverse effects of toxicants upon the immune system occur at concentrations well

below that required for overt signs of toxicity, and can also persist long after other

measures of toxicity are no present (Kerkvliet et al., 1988). There is, therefore, potential
for immune-function tests to be useful as sensitive, early-warning and long-lasting
indicators of toxicity. It is widely agreed that in order to adequately assess the overall
immune response, one needs to employ a battery of assays that, taken together, give a
meaningful diagnostic profile of immune-function (Exon et al., 1986; Luster et al., 1988).
This paper describes the development of a battery of immune function tests for the mallard,
covering multiple aspects of cell-mediated and humoral immunity, and the results of using
the tests to investigate the immunotoxicity of environmentally realistic concentrations of Se.
In order to investigate the possibility of sublethal adverse effects upon mallards from

exposure to Se at concentrations below those previously recognized as toxic, the mallards
were treated with Se at concentrations ranging from typical Se-adequate diets, up to

concentrations demonstrated to result in other physiological changes (Heinz et al., 1988).
Drinking water was chosen as the vehicle for Se exposure to simulate the oral uptake of Se
from natural waters contaminated with Se at concentrations similar to and exceeding those
occurring in agricultural drainage water.
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Methods
Adult, 9-month old mallard drakes were purchased from Whistling Wings
(Hanover, IL) game farm and were housed in individual above-ground cages in a plastic
greenhouse at ambient outdoor temperature and photoperiod. Birds were randomly
assigned to one of four treatment groups of eight birds each, and one untreated control

group of twenty-four. The four treatment groups consisted of two groups receiving sodium
selenite (SeL) (Sigma Chemical Company, St. Louis, MO)-treated water at 0.5, and 5.0
mg Se/L (N = 8 and 7, respectively); one group receiving selenomethionine (SeM)
(Sigma)- treated water at 2.2 mg Se/L (N = 8), and one receiving the immunosuppressant

drug, Cyclophosphamide (CP), at 20 mg/L in their water (N = 8). The control group (N =
24) received untreated reverse-osmotically purified water. The 5.0 mg/L SeL dosage was
subsequently modified on day 9 to 3.5 mg/L to avoid complications due to dehydration.
Water for each treatment was prepared in a 20 liter quantity. Birds were divided into four
blocks of fourteen: each block contained equal numbers of birds for each treatment group

plus 6 control birds. Blocks were started on each of four consecutive days. The study
lasted 12 weeks. Birds were given Purina Maintenance Duck Chow (Se = 0.2-0.45

mg/kg, Zn > 45 mg/kg, Vit E > 32.4 U/kg, and protein = 12.5%) ad libitum. Treated or
control water was provided in 1-liter polyethylene water bottles with 45° angle stainless

steel sipper tubes (Valentine Animal Supplies, Hinsdale, IL). Birds were acclimatized and

adjusted to the water system for two weeks prior to the start of the experiment. All birds
were observed to be drinking from the bottles regularly after three days. Small plastic cups
containing untreated water were provided to the animals for approximately 1 hour each

week to allow clearance of nasal blockages. Daily water consumption was measured as the

average loss from water bottles over two or three day intervals. Food consumption was
not measured. All birds were weighed once each week. Se concentrations in the drinking
water were verified once before and once during the experiment.
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At selected time intervals during the twelve week study, immune-function tests

(described below in detail) were performed. Tests were selected such that most aspects of
the immune system were monitored. The order in which the tests were conducted was
designed to proceed from the least invasive procedures to the most invasive and, ultimately,

lethal test. This necessitated that the plaque-forming cell assay be done last and the carbon
clearance test be done just prior to that. Two weeks were allowed to elapse between these
two tests to reduce the interference from carbon present in the spleen. Clinical serum
biochemistry tests were determined at the end of the experiment as described at the end of

this section using published methods (Fairbrother et al., 1989). Selenium concentrations in
liver and muscle tissue were determined at the end of the experiment.
The results of all tests except the percentage of reactors in the delayed type
hypersensitivity (DTH) reaction, were analyzed by analysis of variance after block effects

were determined to be non-significant. Where significant, means were separated and

compared to that of the control group by Dunnett's t-test. The DTH data were compared
using Chi-Square analysis. All statistical analyses were performed using SAS statistics
software for personal computers (SAS Institute, 1986). Values with p < 0.05 were
considered significantly different.

Peripheral White Blood Cell Counts
Total and differential white blood cell counts were performed on day 27 and day 78

of the study. Blood samples (3 ml) were taken from the right jugular vein and collected in
glass tubes containing disodium-EDTA. Total white cell counts were performed using
Natt-Herrick's stain with a hemocytometer. Differential white cell counts were performed

on blood smears stained with a Wright-Giemsa stain. Cells were stained and classified
according to Dein (1984).
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Cell Mediated Immunity
The phytohemagglutinin (PHA) cutaneous reaction has been previously described

elsewhere for the chicken (Lamont and Smyth, 1984). Animals were inoculated
intradermally (day 41) in the wing-web with either 0.1 ml (1.0 mg/ml) PHA in phosphate

buffered saline (PBS) (right side), or 0.1 mls PBS only (left side). The amount of
swelling in the wing-web 24 hours after inoculation was measured by digital calipers to the

nearest 0.1 mm. The PHA index was computed as the width of the PHA-inoculated wingweb minus the width of the opposite wing web. Data were recorded as the average of two
readings for each wing web. All measurements were done by one person to increase
consistency of measurements.

Delayed Type Hypersensitivity Test
Animals were sensitized to the tuberculin antigens on day 21 with an intradermal

inoculation of 0.1 ml of 2-8 X 108 CFU/ml BCG (Bacille Calmette-Guerin),

Mycobacterium bovis, TB Research Inst., Chicago,IL.) in sterile PBS into the right
pectoral area under the wing. The purified protein derivative (PPD) (M. bovis
concentrated stock, Cooper's Animal Health, Billings, MT.) was similarly inoculated into

the same area two weeks later (day 35). The reaction was measured at 24 hrs post PPD
inoculation. Preliminary work by our lab has shown that the response to PPD maximizes

between 24 and 36 hours in these animals, and begins to dissipate by 48 hours. The
response was quantified as percent positive reactors and also as the area (mm2) of reaction

in those animals exhibiting a positive reaction. The area of reaction was measured with
calipers as described above, measuring the longest and shortest diameters for the
calculation of an ellipse.

For the leukocyte migration inhibition assay, whole blood samples (5 ml) were
collected in heparinized glass tubes five weeks following BCG inoculation as described

above. The lymphocyte/monocyte fraction was separated by single density centrifugation
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(Histopaque-1077, Sigma Chemical Co.) at 400 X g for 30 min., washed three times with

PBS, and resuspended in serum-free RPMI-1640 (Gibco). The cell suspensions were then
placed into 10 uL microhematocrit tubes and centrifuged for 3 min. The microhematocrit
tubes were broken at the media/cell interface and the portion of the tubes containing the

packed cells were placed into migration chambers. Chambers consisted of two microscope
slides held together at longitudinal ends with double-sided tape; the top slide contained two
symmetrically placed 1 X 0.5 cm notches where the cut microhematocrit tube was placed.
The slide chambers were placed immediately into petri-plates containing serum-free RPMI-

1640 media with or without PPD (8 mg/ml). Each plate contained two tubes, and each bird

was represented by four plates; two with PPD and two without. The plates were incubated
at 37 C in 5% CO2 for 18 hours. The area of migration of the pelleted cells was measured
using a planimeter from photomicrographs taken of the plates at 20X using an inverted

microscope. Percent migration was calculated as: ((average area of migration in the
presence of PPD)/(average migration in the absence of PPD)) X 100.

Carbon Clearance (Macrophage Function)
Intravenous catheters were used in the jugular vein to administer India Ink Carbon

(Pelikan, water-based). The carbon was centrifuged in 5 ml polypropylene culture tubes at

2500 X g for 10 minutes. Each tube contained 4 ml and the top 3 mls were taken and
subjected to ultraviolet sterilization. Sodium citrate (1% w/v in PBS) was used as the
anticoagulant for the catheters and also for the collection of blood samples. The catheters
were always flushed with citrate immediately following any injection or sampling.
Immediately preceding the injection of the ink into the catheter, a 0.1 ml sample of blood
was taken for a time-zero value for the optical density of the blood. The carbon particle

suspension was then injected (1.0 ml/kg) through the catheter. A 0.1 ml sample of blood
was taken from the catheter every three minutes for 18 minutes. Immediately prior to
sampling, a 0.1 ml sample was taken and discarded to exclude any residual sample or
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citrate remaining in the catheter. The blood samples were placed immediately into 2.0 mis

of sodium citrate, with gentle mixing, and placed on ice. Optical density of the samples

was measured at 675 nm on a Perkin-Elmer spectrophotometer. The absorbance value of
the pre-inoculation blood sample was subtracted from the values of all subsequent samples.
Logl 0 of absorbance was plotted against time and the slope of the least-squares regression

line was used as the phagocytic index (Lamont 1986).

Humoral Immunity
The plaque-forming cell (PFC) assay procedure used is a modification of the assay,
developed by Jerne and Nordin (1963), that had been used previously for the mallard

(Rocke et al. 1984). Complement was prepared by twice absorbing 10 ml pooled, clot-free
mallard serum with 1 ml of packed, washed, SRBC on ice for 60 min, and was frozen at
-70° C until used. Complement activity was verified by titration with 10% SRBC in PBS,
and mallard heat-inactivated (56° C, 30 min.) immune sera. Complement was found to be

most active in the undiluted serum, and was therefore used as such. Birds were inoculated

intravenously (day 78) with 1.0 ml/kg of 20% sheep erythrocytes (SRBC)in PBS. Five
days later, birds were exsanguinated and euthanized with CO2. The spleens were removed
and immediately processed into single-cell suspensions in RPMI-1640 media by pressing

through a clean nylon mesh with a plastic syringe plunger. Numbers of cells in the clumpfree suspensions were counted with a hemocytometer, and cell viability was determined

with trypan blue exclusion. Spleen cells were added in several dilutions to a mixture of

SRBC (2 X 109 cells/rill), RPMI-1640, and mallard complement. The mixtures were
loaded into chambers made from two microscope slides, joined and partitioned into two

sections by thin double-sided tape. The chambers were then sealed with melted
paraffin/vaseline (1:1), and incubated at 37° C for 1 hour. The thin chambers facilitated the

desired formation of a monolayer of cells upon loading. Holes in the SRBC monolayer
(plaques, representing antibody-forming cells) were observed and counted using an
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inverted microscope at 16X. One slide chamber (both sections) was used per dilution of
spleen cells per bird. Spleen cell dilutions of 1:10, 1:20, 1:40, and 1:80 were used for each
bird. A dilution containing the most plaques without losing distinction of individual

plaques was chosen for counting. The PFC response was measured as the number of
plaques per spleen, number of plaques per gram of spleen, and number of plaques per 106
viable spleen cells.

Antibodies (IgG and IgM) to SRBC antigens in sera collected from exsanguinated
birds at the end of the experiment (day 83), were titrated for hemagglutination as adapted

from a similar procedure (Tsiagbe et al. 1987). Serum was collected from whole blood
allowed to clot in a 37° C waterbath for 30 min. Serum samples were frozen and stored at
-70° C until assayed for antibody titer, at which time they were heat-inactivated (as above).
Samples (50 uL of serum) were serially-diluted two-fold in 96-well microtiter U-bottomed

plates (Gibco, Grand Island, NY). For each sample, duplicate dilutions received 50 uL of
0.2 M 2-mercaptoethanol (2-ME)in PBS or 50 uL PBS, to determine the relative proportion
of 2-ME sensitive antibodies (IgM) to the total antibody titer. Plates were incubated at 37° C

for 1 hr after which a 0.5% suspension of SRBC (50 uL) was added to all wells and the
plates were left at room temperature overnight. The antibody titer was determined as the
inverse of the highest dilution showing hemagglutination (i.e. absence of a "button" of

SRBC in the bottom of the well.).

Serum Chemistries
A series of serological diagnostic tests was performed at the end of the study using
a Gilford (SBA-300) automated spectrophotometer(Ciba-Corning Diagnostics), with the

exception of the whole blood glutathione peroxidase assay which was performed on a
Beckman DU-8. Assays included were: Calcium, uric acid, gamma-glutamyl
transpeptidase (G-GT), alkaline phosphatase, alanine aminotransferase (ALT), and

glutathione peroxidase (GPX). All assays were conducted as previously described for the
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mallard [Fairbrother et al., 1990]. GPX activity was determined using cumene
hydroperoxide as the substrate from a previously described procedure (Whanger et al.,

1977). Total protein was quantitated using the method of Lowry (1951).

Selenium Analysis
Se analyses of drinking water, feed and tissue (liver and muscle) residues were
done by an automated flourimetric procedure (Brown, 1977) by the laboratory of Dr. P.
Whanger, Oregon State University, Dept. of Agricultural Chemistry.

101

Results
Ducks in the high selenite group initially drank only 25-30% of the volume of water

consumed per day as ducks in the other treatment or control groups (Fig V.1). On day

nine, the concentration of Se in this group's water was lowered from 5.0 ppm to 3.5 ppm
to avoid significant dehydration. The feces of the animals in this group, throughout the
experiment, were distinctly white compared to other groups, although serum from these
ducks did not exhibit significantly altered uric acid levels. The ducks in this group started
to drink much more regularly and to gain weight immediately following the change. One

animal in this group was removed from the study on day 15 due to a foot infection. Body
weight data indicated that the remainder of the Se-dosed birds maintained normal weight.

The CP group lost weight gradually during the study, despite the relatively low exposure of
3 mg/kg/day (Fig V.2). Chemical consumption (mg/kg) was relatively constant for all
treatment groups for the duration of the experiment.

Peripheral White Cell (WBC) counts
There were no significantly depressed WBC counts in any of the Se-treated

groups as compared with controls (Table V.1). On day 27, there was a significant
decrease in lymphocytes and total WBC's in the CP group compared to controls, and a

decrease in heterophils and total WBC's in the CP group as compared with the high
selenite group. The CP group also exhibited significantly decreased lymphocytes

compared with the low selenite group. On day 83, the CP-treated group displayed
significantly decreased lymphocytes, monocytes, and heterophils from controls, while
exhibiting decreased total WBC's from the low selenite group. The absolute difference in
WBC numbers with time may be indicative of the cumulative effects of the various assays

(e.g. ppd, India Ink and PHA inoculations) upon the immune systems of the animals, or
may be a result of acclimatization of the animals to the stress of handling since the latter
WBC counts are closer to normal than the early counts.
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Fig. V.1

Average daily consumption of drinking water containing

selenium as sodium selenite at 0.5 ppm (Low SeL) or 3.5 ppm (High SeL),
selenomethionine at 2.2 ppm (SeM), cyclophosphamide at 20 ppm (CP), or
no additive (Control).
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Fig. V.2.

Body weight of adult male mallards given drinking water

containing 0.5 or 3.5 ppm selenium as sodium selenite, 2.2 ppm selenium
as selenomethionine, 20 ppm cyclophosphamide, or untreated water
(* Denotes significant difference from controls, p < 0.05, Dunnett's Ttest).
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Table V.1. Total and differential white blood cell counts*
(Day 27)
TREATMENT GROUP**
Cell Type

Control

CP

0.5 SeL

3.5 SeL

2.2 SeM

Lympho

3.46a

2.02bc

3.72a

3.60ab

2.50ab

Hetero
Mono
Eosino
Baso
TOTAL

1.54ab

0.66bc

1.36ab

1.86a

0.84ab

1.25a

0.79a

1.28a

1.24a

0.83a

0.17a

O.11a

0.14a

0.23a

0.13a

0.18a

0.10a

0.19a

0.16a

O.11a

6.62a

3.66bc

6.69 ab

7.10a

4.41ab

(Day 81)

TREATMENT GROUP
Cell Type

Control

CP

0.5 SeL

3.5 SeL

2.2 SeM

Lympho

8.25a

4.02bc

6.59ab

6.19ab

Hetero

2.25a

0.76bc

2.31ab

6.21ab
1.35ab

Mono

2.67a

1.5013c

1.60bc

1.25bc

1.32bc

Eosino

0.68a

0.24a

0.61a

0.44a

0.44a

Baso

0.29a

0.05a

0.10a

0.15a

0.36a

TOTAL

14.97ab

8.55bc

17.86a

10.88ab

11.39ab

l.37ab

* Expressed as (cells X 10-3)/uL.
** Different superscripts indicate significant differences (p < 0.05, Dunnett's).
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Cell-Mediated Immunity
Se treatment did not significantly affect the degree of swelling caused by

subcutaneous inoculation of PHA as compared to control birds. CP also did not affect the
amount of swelling as compared to either control or Se-treated birds.

Delayed-Type Hypersensitivity
The number of birds exhibiting a DTH response was markedly depressed in both

the CP and SeM-treated groups as compared to controls. (Fig.V.3). There was no
statistically significant difference among treatment groups in the size of the hyperemic

area of birds exhibiting a positive response. However, the lack of statistical significance
may have been due to small sample size, particularly in the groups receiving higher doses

of Se or CP as there were only a few positive reactors in these groups. Fig. V.3 indicates
there was a trend towards decreasing size of the reactive area with increasing Se dose,
and that CP also caused a decrease in the percent positive responses nearly to the same
degree as SeM treatment.

Leucocyte Migration Inhibition Assay
There was no significant difference in the migration inhibition index among

treatments or between treated and control groups. This may have been due to the large
amount of variability as there is a trend towards decreasing migration inhibition with

increasing sodium selenite treatment (Fig. V.4). Additionally, SeM appears to have
increased the inhibition, although the variation was great enough so that this was not
statistically significant.
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Fig. V.3. DTH reactivity of mallards to M. bovis PPD two weeks
following sensitization with BCG. Results are expressed as percent
positive reactions and also as mean area (± SEM) of the skin reaction
(* Denotes significant difference from controls p < 0.05, ChiSquared analysis).
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five weeks prior; mean ± SEM.
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Carbon Clearance
The rate of removal of suspended carbon particles form the circulatory system as
measured by the carbon clearance index was not significantly altered by Se or CP
treatment.

PFC Assay
No significant differences were observed among treatment groups in the number
of plaques per spleen, plaques per gram of spleen, or plaques per 106 viable splenic
lymphocytes.

HA Titers
Circulating antibody titers to SRBC were measured by hemagluttination titration.
No differences in total, 2-mercaptoethanol (2-ME)resistant, or 2-ME sensitive antibody

titers were observed from control serum. The CP group had significantly lower total and
2-ME sensitive antibody titers than the SeM group which had the highest titers (Fig V.5).

Serum Chemistries
Alkaline phosphatase, uric acid, and gamma glutamyl transpeptidase (G-GT) were

all unchanged across treatments as compared to controls (Table V.2). There was a
significant increase in serum calcium in the CP-treated group, but this difference may not
be of physiologic significance since it is still within the normal range for the nonreproductive male mallard of 5.6 13.2 mg/dl (Fairbrother et al., 1989). Alanine
aminotransferase (ALT) activity was significantly increased to abnormal levels in birds
receiving the high dose of selenite, and was significantly increased by nearly two-fold in
SeM-treated birds.
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GPX Activity

Liver GPX activity was not significantly elevated in any of the Se treatments as

compared to controls. Plasma GPX activity was significantly increased in the SeM
group, while whole blood GPX activity did not show any significant differences from
controls (Fig.V.6).

Organ Weights
Se treatment had no significant effect on weights of testes, spleens,liver, lungs,

heart, kidney, or pancreas. CP significantly decreased testicular weight and had no effect
on weights of the other organs.

Body Weights

Body weights were significantly altered in the high selenite group on day 9, but
returned to normal after lowering the concentration of selenium from 5 to 3.5 ppm Se.

CP-treated birds lost weight gradually during the course of the study. The low selenite
and SeM treated groups were not different from control birds in body weight throughout
the study.

Tissue Se Residues
Concentrations of Se in livers and pectoral muscles of the birds increased slightly
with increasing exposure to sodium selenite, with the liver having higher concentrations

than muscle (Fig. V.7). The SeM group showed a dramatic (12-fold) increase in tissue Se
concentration over that seen in controls, far above even the high selenite group which was

exposed to higher concentrations of Se. In addition, SeM concentrated to a greater extent
in the pectoral muscle than in the liver.
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Fig. V.6.
of mallards following 83 days of treatment. Liver and plasma activities are
expressed per gram of protein, and whole blood activity is expressed per gram
of hemoglobin; mean ± SEM. * Significantly different from controls (p <
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Discussion

Consumption of SeM-treated water affected at least one part of the immune

system of adult mallards. The test for delayed-type hypersensitivity to tuberculin showed
a marked suppression in SeM treated birds as compared to controls, as well as in birds
exposed to CP, a known immunosuppressant. CP is known to suppress the DTH reaction

in rats at higher acute doses (Koller, 1983). The timing of CP challenge with respect to
administration of antigen seems to be critical in determining the effect upon the response.
For instance, acute CP pretreatment of guinea pigs 3 days prior to antigen challenge
actually enhances other types of DTH responses (e.g. Jones-Mote type hypersensitivity)
through early depletion of B lymphocytes which possess suppressor activity (Turk and

Parker, 1987). The chronic intake of low levels of CP may have had a more generally
depletive effect upon the leukocyte population since the WBC counts were obviously

affected for the duration of the study (Table V.1). Thus, the heterophils and helper Tcells required for the DTH reaction may not have been present in high enough numbers to

show a visible response at 24 hours. The suppression by SeM may also be a reflection of
the lowered heterophil and/or lymphocyte count, although these numbers were not

statistically different from controls in the differential WBC count. The DTH suppression
by SeM does not seem to be due to a lack of ability to inhibit migration of recruited cells
from the area, as indicated by the results of the migration inhibition assay, but may be
due to an inability to recruit available cells to the area (i.e. impaired chemotaxis), or to an

impaired heterophila-lymphocyte function. It is also possible that a secretory product(s)
necessary for the DTH reaction (e.g. a lymphokine or monokine) or a receptor for such a
product is made non-functional by incorporation of SeM into a key functional site in the

protein. Impaired PPD antigen presentation by macrophages may also be responsible for
the lack of reaction, but this is unlikely due to the observed unimpaired PFC response,
which also requires antigen processing and presentation by macrophages.
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There were no significant differences from the control group in the ability of
circulatory leukocytes to inhibit their migration in the presence of PPD. This indicates
that there was not a reduction in production or response to migration inhibition factor

(MIF) at the site of PPD challenge. Impaired migration inhibition does not, therefore,
appear to be responsible for the absence of a DTH reaction in the SeM or CP-treated
birds.

Reticuloendothelial function was not impaired as measured by carbon clearance in

any group. Macrophage phagocytosis is typically more resistant to chemical suppression
than many other immune-functions, thus it is not surprising that the relatively low
concentrations of Se in this study did not produce significant differences from controls.
Similarly, CP, although a proven positive control for many immunological reactions
involving both B and T cell functions (Dean, 1979; Douvas et al., 1981; Mansour et al.,
1979; Renoux et al., 1980), has not been shown to be an effective control for suppression

of phagocytosis. SeM treatment induced plasma GPX activity without a corresponding
induction in the whole blood, indicating that the non-plasma fraction of the blood (i.e.

RBC's) contained less GPX activity than in control birds. We expected to see a more
pronounced, dose-dependent increase in liver and whole blood GPX, since this enzyme is

inducible through Se supplementation in most species. The enzyme induction reaches a
plateau at some concentration of Se before toxicity occurs, and it may be that GPX
activity had already achieved a maximum with the relatively high Se content of the feed
(0.2-0.45 ppm). Correlations between GPX activities and erythrocyte or whole-blood Se
concentrations have been shown to be ineffective when Se ppb in these tissues (Combs,
G.F. Jr., 1986).

Activity of serum ALT was increased in the SeM-treated mallards. This enzyme
is indicative of renal or, to a lesser degree, hepatic dysfunction in birds (Lewandowski,
1986). However, no overt signs of toxicity (weight loss, lowered activity, or altered
organ weights) were apparent in these birds, indicating that there may be significant
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adverse physiological changes occurring in adult mallards exposed to concentrations of

SeM below that previously thought to be toxic. The low dose of sodium selenite caused
no adverse effects throughout the study. This was not surprising since the actual
difference in Se exposure of this group and the control group was small due to the

relatively high Se content of the feed. The high dose of selenite, despite having the
greatest Se concentration, did not affect immune function significantly, but did increase

serum ALT activity similar to that seen in the SeM-treated birds. At slightly higher
selenite concentrations, the birds stopped drinking and eating. Therefore, it does not
seem likely that the primary route of toxicity of sodium selenite, if any at these
concentrations, is directed at the immune system.

As expected, CP provided a useful positive control for several of the immune-

function tests. We had hoped that the CP group would display a decreased PFC response
to SRBC, but the dose used was probably too low. CP is typically used in much higher
acute doses (i.e. 25-100 mg/kg) at specific times in the response rather than the chronic,

low-level exposure used in this experiment. CP is an alkylating agent, which is most
potent against mitotic cells. It was not surprising therefore, to find that CP caused
decreased WBC counts and significantly lowered testes weights.

It is apparent from this study that the chemical form of Se to which an animal is
exposed must be considered when assessing the potential toxicity of the element at
environmentally realistic concentrations. Terrestrial plants accumulate Se in the form of
SeM (Mason et al., 1988), therefore, herbivorous animals may be exposed to relatively

high concentrations of Se as SeM, particularly in seleniferous areas. SeM is incorporated
directly and non-specifically into proteins as methionine, or can be metabolically

converted to selenocysteine and incorporated into the active site of GPX. The latter
pathway is favored under conditions of methionine supplementation (Beilstein and

Whanger, 1987). In addition, other specific selenoproteins of unknown function are now
also being discovered (Behne, 1988). Non-specific incorporation of SeM, and the
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resulting deviation in conformation of the protein may be inconsequential, especially if
the substitution occurs in a large non-enzymatic protein (i.e. a structural or transport

protein). However, a high incidence of altered protein conformation and subsequent loss
of function in the developing embryo could be responsible for the specificity of SeM in

causing teratogenesis and/or embryotoxicity (Hoffman et al., 1988). If so, it would be of
interest to study the effects of methionine supplementation upon SeM-induced

teratogenesis. Additionally, tissue accumulation of Se and induction of glutathione
peroxidase activity in rats has been shown to vary according to the form of Se given, with
the magnitude of variation dependent upon the amount fed and the type of tissue analyzed

(Whanger and Butler, 1988). Typically, SeM exposure results in the preferential
deposition of excess Se in muscle tissue with liver accumulations present in lesser

amounts. Exposure to sodium selenite result sequestered in these tissues, and this
accumulation saturable at a relatively lower exposure of Se. This pattern of tissue
accumulation of Se was seen in the present experiment (Fig. V.6) and is consistent with
experiments done on rats, where the Se content in muscle tissue from SeM-treated rats

was increased 26-fold over selenite-treated rats (Whanger and Butler, 1988). These
researchers also found that GPX activity was not a reliable indicator of Se bioavailability,
and that the proportion of Se associated with GPX activity was generally greater in rats
fed selenite than in rats fed SeM.

The present experiment with mallards has shown several effects of Se exposure:
1.) certain aspects of the immune system were suppressed, as measured by the delayed

hypersensitivity reaction to tuberculin; 2.) renal and/or hepatic function were altered,

resulting in increased serum ALT activity; 3.) GPX activity was induced; and 4.) excess
Se was deposited in muscle and liver. Collectively, the above results indicate that there
may be adverse effects from exposure to Se (especially as SeM) at concentrations

previously thought to be insignificant. The fact that most plants accumulate Se as SeM,
makes this compound easily incorporated into the higher levels of the food chain.
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Selenium-induced immunosuppression could be a contributing factor in the continuing
epidemics of avian cholera and other diseases affecting free-ranging waterfowl and
shorebird populations.
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CONCLUSIONS
The mallard is now a functional immunological model that can be used to monitor the
effects of environmental chemicals or stressors on the immune system. The relative resistance of
the mallard to immunological changes via thyroid modulation or PCB exposure excludes it as a
model to detect immunotoxic effects from exposures to xenobiotics that modulate thyroid

hormones. However, there are sensitivities that, although not unique to this model, show some
mechanisms by which the immune system in these birds can be adversely affected. Alteration of

NKC activity due to short term exposures to prostaglandin-E2 was demonstrated to occur rapidly
at very low levels (10-9 M) in vitro. It can be theorized that compounds that affect arachidonic
acid metabolism may alter the local production of prostanoids, resulting in altered immune

function. Additionally, compounds that stimulate the production of intracellular cyclicadenosine monophosphate (cAMP) may also exert effects similar to those of PGE2 on NKC

activity. The suppression of antibody production and macrophage phagocytosis by DEX
indicates that (as in all vertebrates so far examined) elevation of glucocorticoid hormones
through exposure to acute or chronic stress, or from exposure to steroid metabolism-altering
compounds, can significantly influence the immune response of the mallard.

The P450 enzyme induction profiles for EROD and PROD were parallel and differed
only in scale in mallards exposed to PCB, with EROD activity consistently and significantly

higher than PROD. Recent evidence from a variety of sources supports these findings (Trust et.
al. 1993, Li and Bandiera 1993). Li and Bandiera (1993) have shown that PROD activity does
not indicate the presence of a classic phenobarbital-type P450 isozyme, but may rather be sharing
substrate specificity with EROD. The degree of EROD induction from PCB exposure was
similar to that seen in chickens exposed to Aroclor-1254 (29-fold, Li and Bandiera, 1993).
The lack of response of adult mallard immune function to PCBs in these studies

illustrates that comparative models are valuable when elucidating mechanisms of action of
toxicants, and that the applicability of such mechanisms to environmental risk assessments must

be tempered by use of multi-species models. Clearly, the extrapolation of data collected in
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classical murine or rat models to potential effects on mallards is invalid in the case of dioxin-like

compounds. The mallard still may however, be an appropriate model for the study of direct
immunotoxic effects mediated through mechanisms independent of the Ah-receptor. Similarly,
due to their apparant resistance to thyroid hormone-mediated humoral immune dysfunction, adult
mallards may also be useful for studying thyroid hormone-independent mechanisms of

environmental chemical-induced immune dysfunction. In the case of chemicals capable of
elevating glucocorticoids however, suppression of humoral and macrophage activity would be
anticipated, together with suppression of PGE2 production by macrophages and subsequent

elevation of NKC activity. These attributes of the mallard immune and endocrine systems allow
for data collected in this species in the field to be better interpreted with respect to likely

endpoints to be affected, and will help in the understanding of cause and effect when making
environmental chemical risk assessments.
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