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Monocrotaline (MCT) is a member of a class of naturally occurring

phytotoxins known as pyrrolizidine alkaloids (PAs). Exposure to PAs can result

in liver and cardiopulmonary lesions as well as lymphoid organ atrophy. In the

present study C57BI/6 (B6) mice received MCT (0-150 mg/kg/day, po) for 14

days. Overt toxicity was minimal and observed only at highly immunosuppres-

sive doses. Following MCT exposure, significant dose-dependent suppressions

were observed in the following immune responses: numbers of antibody

producing cells, cytotoxic T- lymphocyte activity, and NK cell cytotoxicity. The

antibody responses to the T cell-dependent antigen, SRBC, and the T cell-

independent (TI) antigens, DNP-Ficoll and TNP-LPS, were decreased with

identical dose response curves. This, along with data showing MCT decreased

blastogenesis of B cells more than T cells at the lowest dose level, and that high

doses induced significant decreases in the total number of B cells only, suggest

that the B cell may be more sensitive than T cells, NK cells , or macrophages.

The liver and lung toxicity of MCT is believed to be mediated through its



metabolism by mixed function oxidase (MFO) enzymes to reactive pyrroles

(monocrotaline pyrrole, MCTP; and dihydropyrrolizine, DHP). Accordingly, it

was our hypothesis that the immunotoxicity could be modulated by altering MFO

activity. To test this, mice were given a single dose of MCT (100 or 200 mg/kg,

po) after MFO induction with phenobarbital; in other experiments mice received

the MFO inhibitor chloramphenicol immediately before and 3 hrs after a single

exposure to MCT (300 mg/kg, po). However, neither MFO induction nor

inhibition significantly altered the immunosuppressive potency of MCT. The

antibody and blastogenic responses of splenic lymphocytes directly exposed to

MCT (1-3 mM) or MCTP (1-8 I.LM) in culture were inhibited in a concentration-

dependent manner, indicating that both parent and metabolite were immuno-

toxic. However, the inability to alter the in vivo immunotoxicity by altering MFO

activity questions the role this metabolite may play in vivo. In conclusion, the

immune system in B6 mice is a sensitive target of MCT toxicity. Inhibition of

blastogenesis appears to be one mechanism of MCT-induced immunosuppres-

sion. In contrast to other toxic effects of MCT, our results suggest that the parent

compound itself plays a significant role in the immunotoxicity.
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IMMUNOTOXICITY OF THE PYRROLIZIDINE ALKALOID
MONOCROTALINE IN C57BI/6 MICE

CHAPTER I.

INTRODUCTION

Immune System

The immune system consists of many cell types performing many unique

functions vital to the long term health of humans and other animals. The major

cell types responsible for the various types of immune responses include

macrophages, B-cells, T-cells, and natural killer cells. The following is a brief

introduction to the basic functions performed by these cells, providing insight

into possible areas were xenobiotics may intervene and disrupt an immune

response (Abbas et al., 1991).

Macrophages are mononuclear phagocytes (MPs) that originate in the

bone marrow and disseminate throughout the body. They provide a "front line"

defense against pathogens, tumor cells and mechanical injury to tissues. This

is achieved through their ability to nonspecifically phagocytize foreign material

and cellular debris. In addition, MPs provide more specific help by processing

engulfed material and interacting with T and B cells to initiate antigen specific

responses.

B cells originate in the bone marrow and ultimately become responsible

for the production of antigen specific antibodies. Maturation into antibody

producing cells (plasma cells) requires the progression of the cell through three



2

stages. These are activation, proliferation, and differentiation. This is

accomplished by the direct interaction of B cells with antigen, MPs, and T cells.

In addition, B cell progression is highly regulated by lymphokines (interleukins)

produced by MPs and T cells.

T cells originate in the bone marrow and mature in the thymus into

differrent subsets referred to as T helper, suppressor, and cytotoxic cells. The

first two types are involved in the regulation of antibody mediated responses, as

well as immune reactions known as cell-mediated immunity (CMI). CMI

responses occur during the rejection of tissue grafts and in the elimination of

cells infected with viruses, and are primarily mediated by cytotoxic T cells. T

cells are also involved in the development of delayed-type hypersensitivity

responses. Like B cells, activated T cell proliferation and maturation are highly

regulated by interleukins.

Natural killer cells (NK) are a class of cells that are involved in the

surveillance and elimination of tumor cells and cells infected with viruses. They

are "natural killers" and as such do not require antigen sensitization,

proliferation, or differentiation to obtain the capacity to be cytotoxic.

Immunotoxicology

Immunotoxicology is the study of adverse effects on the immune system

resulting from exposures to xenobiotics. The result of adverse alterations in the

immune system may lead to deterioration in an organism's health as the

inability of the immune system to rapidly mount and amplify an antigen specific
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immune response may make normally innocuous pathogens virulent.

The consequences of exposure to an immunotoxicant vary based on the

type(s) of immune cells affected. Not all immune cells and cellular functions are

equally affected by immunosuppressive agents, such that some cells may be

functionally inhibited, while others may show functional enhancement

(Spreafico et al., 1983). Stimulation of a cell type which functions as a sup-

pressor cell may result in a net inhibition of a normal immune response. In

addition, some immunotoxicants such as metals may be either immunosuppres-

sive or immunostimulatory depending on the dose, route and duration of

exposure, as well as species exposed (Koller, 1980).

The sensitivity of the immune system to xenobiotics may be a result of the

general properties of the xenobiotic (ie. direct cytotoxicity) or a result of the

complex interactions required to mount an immune response such as: antigen

processing, cellular cooperations, cellular activation, proliferation, maturation,

regulation, or lymphokine production. The eventual outcome from exposure to

an immunotoxicant may range from complete immunosuppression and an

increased susceptibility to disease and tumor formation or to immune system

"over stimulation" or dysregulation and possible formation of autoimmune or

hypersensitivity diseases.

Immunotoxicants are known to induce chemical hypersensitivity,

autoimmunity, and generalized immunosuppression (antigen specific and

nonspecific immune reactions) in rodents and humans (see reviews by

Gleichmann et al.,1989; Kimbrough 1987; Luster et al., 1987; Dean et al., 1982a
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and 1985; Kerkvliet, 1984; Mullen et al., 1984; Gibson et al., 1983). Some

classes of chemicals and a few specific examples of xenobiotics that have been

shown to alter immune responses in laboratory animals include: polycyclic

aromatic hydrocarbons (benzo(a)pyrene, 3-methycholanthrene),

polyhalogenated aromatic hydrocarbons (dioxins, biphenyls, and

dibenzofurans), heavy metals (lead, mercury, cadmium), organotins (di -n-

octyltindichioride), aromatic amines (benzidine), estrogenic xenobiotics (DDT,

chlordecone, and mycotoxins), pesticides (chlordane, DDT), and benzene.

Cases of altered immune responses have been documented in humans

following exposure to polybrominated-biphenyls in Michigan (Bekesi of al.,

1978; Kimbrough 1987), polychlorinated-biphenyls and dibenzofurans in rice

oil in Japan (Chang et al., 1982; Kimbrough, 1987), benzene in factories

(Lange et al., 1973), and dioxin in Missouri (Hoffman et al., 1986). The fact that

several environmentally relevant compounds negatively impact the immune

system provides a major impetus for the testing of other xenobiotics for potential

immunotoxicity.

As stated above, the immune system consists of numerous cell types

differing in both origin and function. Consequently, there is no single assay to

adequately assess the overall integrity of the immune system in response to a

chemical insult. Therefore, various batteries and tiers of immunoassays

designed to monitor separate segments of the immune system have been

developed (Speirs et al., 1978; Vos, 1980; Dean et al. 1982b; Luster et al,

1982; Koller and Exon, 1985). The National Toxicology Program also
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recommends a battery of assays separated into tiers for use in the assessment

of potentially immunotoxic compounds (Luster et al., 1988). In general, Tier-1

assays are designed as an initial screen to detect potential immunotoxicants.

They include basic immunopathological examinations, and assays to detect

alterations in antigen specific (cell-mediated immunity and humoral-mediated

immunity) and antigen nonspecific responses (natural killer cell activity and

macrophage phagocytosis). Tier-2 tests are conducted for a more in-depth

understanding of the effects of immunotoxicants, and to provide insight into

possible cellular mechanisms of action. Studies evaluating the host resistance

to lethal pathogens or tumor rejection are often included in Tier-2 assays. One

important objective of Tier-two assays is that of identifying potential sensitive

immune cell types. To eventually determine a biochemical mechanism of

action, it is important to determine which cell type(s) is most sensitive following

immunotoxicant exposure.

Pyrrolizidine Alkaloids

Pyrrolizidine alkaloids (PAs) are toxins found in many plant families

having a world-wide distribution. Many PAs are cytotoxic and are responsible

for poisonings of both man and livestock (McLean 1970; Dickinson et al., 1976;

Snyder, 1972; Culvenor et al., 1980). Most PAs are di or mono esters of

hydroxylated 1-methylpyrrolizidines; the amino alcohols are called "necines",

and the acid moieties "necic acids" (Figure 1). The diester linkage may form a

closed loop as in monocrotaline or it may be open. The necine base may be
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saturated or unsaturated, with hepatotoxic bases usually being unsaturated

(Mattocks, 1972a).

PM are rapidly absorbed following oral administration with total bound

liver pyrrole levels similar to that of an ip injection within two hours (Mattocks,

1972a). The toxicity from oral PA exposure is usually qualitatively equivalent to

that of other routes of administration. However, quail and rabbits are more

resistant to the overt toxic effects of PAs in the plant Senecio jacobaea when

exposed orally verse an intraperitoneal injection (Pierson et aL, 1977;

Buckmaster et al., 1977). In addition, sheep are more resistant to many PAs

due to detoxication by the rumen microflora (Lanigan, 1970). Nevertheless,

once in the bloodstream PAs are rapidly metabolized and excreted (90% within

7 hrs) into both the urine and bile (Estep et al., 1991). The profile of metabolites

formed is dependent on the species of animal exposed, as well as the specific

type of PA ingested (Shull et al., 1976). Most of the alkaloid is excreted

unchanged as parent alkaloid (Estep et al., 1991). However, it may undergo

ester hydrolysis to the necine and necic acid moieties, neither of which is

hepatotoxic (Bull et aL, 1968)(Figure 1). Another route of PA metabolism is by

cytochrome P450 mediated mixed-function oxidase (MFO) enzymes to an N-

oxide form (Figure 1). This metabolite is less hydrophilic than the parent and is

readily excreted in the urine and bile (Estep et al., 1991). N-oxides excreted

into the bile may be reduced in the gut and undergo enterohepatic circulation

(Mattocks, 1972b).

The most important metabolic route with toxicological implications is
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dehydrogenation by cytochrome P450 containing MFO enzymes to form

cytotoxic PA-pyrrole moieties (Figure 1)(Mattocks and White, 1971). Miranda et

al. (1991) have shown that this is mediated through cytochrome P45011IA4

isozyme in human microsomes. Williams et aL (1989) have also demonstrated

in rats that sexual differences in the toxicity of the PA senecionine are due to the

steroid-inducible cytochrome P450 isozyme. Regardless of their source,

pyrrolic esters are very reactive in aqueous environments and undergo

hydrolysis to form dihydropyrrolizine alcohols (DHPs)(Kedzierski and Buhier,

1985). The PA-pyrroles and DHPs are both electrophiles capable of alkylating

cellular nucleo-philes including DNA (White and Mattocks, 1972; Hsu et al.

1975; Robertson, 1982), with DHPs preferentially binding to proteins (Hsu and

Allen, 1975; Hsu et al., 1976). Wiedner et al. (1990) showed that some PA-

pyrroles preferentially cross-link DNA duplexes containing the duplex sequence

5'-CG.

The development of pathological effects in the rat following exposure to

PAs has been shown to correlate with their formation to reactive pyrrole

metabolites (Mattocks, 1968). Murine species (CD-1, Balb/c) have also

demonstrated the ability to metabolize PAs into biologically reactive pyrroles

(Segall et al., 1984; Miranda et aL, 1981). Many lesions can be reproduced by

exposure to these PA metabolites, and preexposure to the cytochrome P450

MFO inducer phenobarbital (PB), or inhibitors SKF525A or chloramphenicol

(CP) can increase or decrease, respectively, PA toxicity (Allen et al., 1972;

Tuchweber et al., 1974). In addition, toxicity can be enhanced by exposure to
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an esterase inhibitor as pyrrole formation is increased by decreasing the

amount of parent that undergoes hydrolysis (Mattocks, 1982).

Toxicity following PA exposure is most often manifested in the liver due to

the presence of cytochrome P450 MFO enzymes that metabolize the PAs.

Lesions observed include various degrees of hepatocellular necrosis,

megalocytosis, fibrosis, and bile duct proliferation (McLean, 1970). Other

organs that may be affected by PAs include lung, heart, kidney, pancreas, brain,

and stomach (Mattocks, 1986). In addition, lesions in lymphoid organs have

been reported from rats fed the PA-containing plant tansy ragwort and in rats

exposed to DHP (ip injection)(Miranda et al., 1980; Allen and Hsu 1974). A

specific histological alteration noted in the lymphoid tissue after administration

of tansy ragwort or DHP is thymic atrophy. While Miranda et al. (1980) also

reported splenic hyperplasia, Allen and Hsu (1974) observed a contrasting

splenic atrophy. If PA-induced toxicosis is due to metabolic activation, then the

presence of lesions in tissues containing minimal cytochrome P450 MFO

metabolic activity indicates that some toxic product(s) is able to leave the liver to

affect other organs.

Recent experiments have shown that toxic pyrroles can form glutathione

(GSH) conjugates (Lame et al., 1990). Reversible GSH-pyrrole conjugates

could be a mechanism of transport of toxic pyrroles to peripheral tissues away

from the liver. Pathology studies in pigs show areas of tubular necrosis and

megalocytosis in kidney medullary tissue; this may be postulated to be due to a

kidney derived beta-lyase enzyme mediated release of the GSH-pyrrole
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conjugate. Studies by Pan et al. (1991) have shown that pyrroles may also be

systemically transported by red blood cells. Transport of pyrroles on red blood

cells might help in targeting toxic metabolites to the spleen because the spleen

is involved in the removal of injured red cells. Moghaddam and Cheeke

(unpublished data) observed increases in in vitro red blood cell fragility in rats

fed the PAs in tansy ragwort (Senecio jacobaea).

Formation of megalocytes has been observed in many different tissues

and species following exposure to PAs (Jago, 1969; McLean, 1970; Hendricks

et al., 1981; Hooper, 1974; Hooper and Scanlon, 1977). The etiology of this

lesion has been shown to be a result of potent antimitotic effects; this is made

evident when cells are stimulated to divide (Jago, 1969). Wiedner et al. (1990)

showed that PAs alkylate DNA in a manner similar to mitomycin C, a well

known inhibitor of cell division. Allen et al. (1970) described enlarged

hepatocytes containing about twice as much DNA material in rats exposed to

PAs. Samuel and Jago (1975) have shown that inhibition of mitosis occurs in

the late S or early G2 phase of cell division. Thus, these cells are still able to

synthesize DNA yet are unable to divide. Peterson et al. (1972) showed that

DHP given to young rats particularly affects tissues with high turnover of cells.

Findings of this study include atrophy of hair follicles, gut mucosa, spleen,

thymus, kidneys, and bone marrow. Bone marrow chromosomal damage was

also reported in C57BI/6 mice following exposure to the PA integerrimine

(Gimmler-Luz et al., 1990).
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Monocrotaline

Monocrotaline (MCT) is an example of a macrocyclic diester PA

containing an unsaturated necine base (Figure 1). In general, all the toxic

lesions discussed above following PA exposure can be induced by MCT. Much

of the literature detailing the toxicity of PAs deals with MCT or its pyrrolic

metabolites monocrotaline pyrrole (MCTP) and DHP, and a significant amount

of knowledge is known about its metabolism and toxic effects. In particular, MCT

is known for its extrahepatic lesions, especially to the lung. The pathology of

MCT-induced pneumotoxicity has been well studied, yet its exact cause is still

very unclear. Involvement of the immune system in the development of the lung

pathology has been theorized by Bruner et al. (1983), as the time frame for lung

lesions to develop coincides with the time frame for an immune response to

develop. In addition, many of the histological changes seen in the lung

following the administration of MCT or MCTP are similar to that observed

following an allograft rejection (Carpenter et al., 1976). Other evidence for a

role of the immune system in the induction of the pneumotoxicity includes an

accumulation of lgG in alveolar walls following MCT exposure (Bruner et al.,

1983). Gillespie et al. (1988a) reported that a substance with interleukin-1

(IL-1) -like bioactivity accumulated in the lungs of rats exposed to MCT.

Gillespie et al. (1988b) subsequently showed that an intravenous

administration of IL-1 was capable of mimicking some aspects of the

MCT-induced pneumotoxicity. An etiological role of the immune system in the

formation of MCTP-induced lung injury was subsequently investigated by
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Bruner et aL (1987). However, they were unable to modulate the development

of MCTP-induced pulmonary lesions using immunosuppressants, or by

adoptive transfer of lymphocytes from MCTP-exposed rats. They concluded that

the immune system did not have an etiological role in the development of MCT-

induced pneumotoxicity.

Even though MCT appears to have no role in the induction of the

pneumotoxicity it does not preclude the possibility that immune function per se

is negatively affected by exposure to MCT. Direct evidence of a PA-induced

immunosuppression has been reported by Percy and Pierce (1971). These

researchers showed that exposure to five separate, or a single, ip dose of the

PA metabolite dehydroheliotridine (DHH) could inhibit antibody formation to

SRBC as well as cause a decrease in viral antibody titers. DHH is the

enantiomeric form of the MCT metabolite dehydroretronecine (DHR). Indirect

evidence (discussed above) that MCT may adversely affect immune function is

suggested by alterations in lymphoid tissue cellularity in rats exposed to the

MCT metabolite DHR. In addition, the ability of PAs, including MCT, to inhibit

cellular mitosis and damage the DNA in bone marrow cells may represent a

mechanism by which MCT exposure could alter immune function.

Specific Aims

Our hypothesis was that exposure to the MCT would alter the ability of an

animal to mount effective antigen specific and nonspecific immune responses.

An additional hypothesis was that MCT-induced immunotoxicity, like other MCT-
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induced toxicities, was due to its metabolism to pyrrolic moieties. Although most

of the information regarding the toxicity of MCT is from rat studies, we utilized

the C57BI/6 mouse as our test species. The murine species is known to be

more resistant to MCT-induced pneumotoxic effects and might therefore exhibit

some other toxicities at nonpneumotoxic dose levels (Molteni et al., 1989). In

addition, the majority of immunological tests to be performed have been

standardized and optimized in our laboratory using this strain. Therefore, the

purpose of this thesis was to investigate the potential immunotoxicity of MCT in

C57BI/6 mice. Experiments were undertaken to:

1.) Characterize the effects of subchronic exposure to MCT on immune

function by:

a. Determining the effect of MCT exposure on basic immuno-

pathological parameters.

b. Determining the effect of MCT exposure on the ability to mount

an antibody response.

c. Determining the effect of MCT exposure on the development of

cytotoxic T lymphocytes to an alloantigen.

d. Determining the effect of MCT exposure on the cytotoxic

response of natural killer cells.

e. Determining the effect of MCT exposure on the phagocytic

ability of peritoneal macrophages.
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2.) Determine specific cellular targets in the antibody response and

possible MCT-induced functional deficits by:

a. Assessing the effects of MCT on the antibody response

utilizing antigens differing in their cellular requirements.

b. Testing the effect of MCT exposure on the ability of

lymphocytes to undergo blastogenesis in response to

various mitogens.

3.) Determine the role of metabolic activation in the induction of

acute MCT-induced immunotoxicity by:

a. Establishing an acute dose of MCT that is immunosuppressive.

b. Assessing the effect of acute MCT exposure on an antibody

response following MFO enzyme induction and inhibition.

c. Assessing whether isolated lymphocytes metabolize

MCT in vitro.

d. Testing whether direct exposure to MCT in vitro can inhibit an

antibody response and blastogenesis.

e. Testing whether direct exposure to chemically synthesized

MCTP in vitro can inhibit an antibody response and

blastogenesis.

The results of these objectives have been published (chapters 1 and 2)

or are in preparation for publication (chapter 3).
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ABSTRACT

Monocrotaline (MCT) is a member of a class of compounds known as

pyrrolizidine alkaloids (PAs). PAs are found in the leaves and seeds of a variety

of plant species. The potential intoxication of livestock and man through the

ingestion of contaminated grains and other foods makes PAs a significant

toxicological concern. MCT exposure in rats results in lesions to hepatic and

cardiopulmonary tissues as well as alterations in lymphoid organ cellularity.

However, no previous studies have investigated MCT-induced functional

alterations in the immune system. In the present study, MCT was administered

by gavage for 14 days at 0, 10, 25, 50, 75, and 150 mg/kg/day to female C57BI/6

mice. The antibody-mediated immune response to sheep red blood cells

(SRBC) was assessed using the plaque-forming cell (PFC) assay and the

hemolytic antibody isotope release assay (HAIR). Additionally, the cytotoxic

T- lymphocyte (CTL) response to allogeneic P815 tumor cells was determined

after MCT exposure. Although hepatic and pulmonary lesions are common

sequelae to MCT exposure in rats, the C57BI/6 mouse appeared to be more

resistant to these effects based on histopathological examination. Furthermore,

the overt toxicity of MCT was minimal with respect to organ weight changes in

liver, kidney, and lung. In contrast, a dose-dependent suppression in the

antibody response to SRBC was observed with a minimum significant dose of

25 mg/kg/day. At this dose the number of anti-SRBC PFC per 106 spleen cells

and the amount of anti-SRBC antibody measured in the HAIR assay were 57%
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and 59% of control, respectively. The CU response was significantly

decreased (38% of control, 30:1 E:T), and the total number of CTL lytic units per

spleen was 12% of control at 75 mg/kg/day. Antibody titers to P815 were also

dose-dependently suppressed. Therefore, we conclude that the immune system

in C57BI/6 mice is a sensitive target of MCT toxicity.
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INTRODUCTION

Monocrotaline (MCT) is a member of a class of phytotoxins known as

pyrrolizidine alkaloids (PAs). It is found in the leaves and seeds of the plant

Crotalaria spectabilis (Mattocks, 1968; Kay and Heath, 1969). Exposure to PAs

through contaminated grains (McLean, 1970; Snyder, 1972), bread (McLean,

1970), milk (Dickinson et al., 1976), honey (Deinzer et aL, 1977), and herbal

teas (Culvenor et aL, 1980) make PM a toxicological concern to both humans

and domestic livestock. Their toxicity, following either acute or chronic

exposure, varies with the type of PA and the susceptibility of the exposed

species (Mattocks, 1986). In general, gross lesions commonly observed after

PA exposure include necrosis, hepatomegaly and fibrosis as well as

cardiopulmonary vascular disease (Mattocks, 1968; McLean, 1970). PM have

also been shown to be teratogenic (Peterson and Jago, 1980), genotoxic (Petty

et aL, 1984) and carcinogenic (Mattocks and Cabral, 1982; Robertson et

a1.,1977). The cellular and biochemical mechanisms involved in the toxicity of

PAs are still not fully understood.

In rats, the toxic responses most often associated with MCT, or its

metabolite monocrotaline pyrrole (MCTP), consist of pulmonary vascular

lesions, pulmonary hypertension, and right ventricular hypertrophy. Lung

histopathology following MCT exposure shows an inflammatory response

characterized by vasculitis with fibrinoid necrosis, infiltration and perivascular

cuffing of leukocytes, and a thickening of alveolar septae (Lalich and Ehrhart,
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1962; Valdivia et al., 1967). An accumulation of IgG in alveolar walls has also

been reported (Bruner et aL, 1983). Gillespie et al. (1988a) reported that a

substance with interieukin-1 (IL-1) -like bioactivity accumulated in the lungs of

rats exposed to MCT. Gillespie et aL (1988b) subsequently showed that an

intravenous administration of IL-1 was capable of mimicking some aspects of

the MCT-induced pneumotoxicity. An etiological role of the immune system in

the formation of MCTP-induced lung injury was investigated by Bruner et al.

(1987). However, they were unable to modulate the development of MCTP-

induced pulmonary lesions using immunosuppressants, or by adoptive transfer

of lymphocytes from MCTP-exposed rats.

While the immune system may or may not be directly involved in the

pathogenesis of the MCT-induced pneumotoxicity, no studies have yet explored

the possibility that MCT can directly influence immune function. Evidence of

MCT-induced immunotoxicity is suggested by studies showing that a MCT

metabolite (Allen and Hsu, 1974), and another PA, Senecio jacobaea, (Miranda

et al., 1980) were capable of significantly altering thymic and splenic organ

cellularity. Therefore, the primary objective of this study was to investigate the

effect of MCT on the immunocompetence in the C57BL/6 mouse. Some

pneumotoxic and hepatic indices were also evaluated to assess whether any

observed immune dysfunctions occurred independent of, or concomitantly with,

other classical MCT-induced lesions.
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MATERIALS AND METHODS

Animals

Female C57BI/6 (B6) mice, 7-8 weeks old, obtained from Jackson

Laboratory (Bar Harbor, ME), were randomized and housed (4-6 per cage) in

polycarbonate shoe box cages with corn cob bedding. They were given food

and water ad libitum and maintained on a 12 hr light/dark cycle at 22 ± 20C.

MCT exposure

Monocrotaline (Aldrich Chemical Co., Milwaukee, WI) was dissolved in a

1% phosphoric acid solution and adjusted to pH 7 with NaOH. Animals

received, by daily gavage, 0.1 ml MCT/10 g body weight for 14 consecutive

days. Doses evaluated in this study ranged from 10 - 150 mg/kg/day; controls

received MCT vehicle. A total of four independent experiments were performed,

three studies to assess the humoral immune response to sheep red blood cells

(SRBC) and a fourth experiment to assess alloimmunity against P815

mastocytoma cells (see immunization section). Due to the increase in body

weight from P815 tumor-induced ascites, the amount of MCT given was based

on an average body weight of the four days prior to P815 injection.

Organ handling

Following CO2 euthanasia, mice were weighed and splenectomized.

Splenic lymphocytes were isolated from each spleen using Hank's balanced
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salt solution (HBSS, Gibco Lab., Grand Island, NY) supplemented with 2.5%

fetal bovine serum (FBS, Hyclone Labs, Logan, Utah) and 0.1 M HEPES.

Forceps were used to tease apart the splenic capsule and parenchyma; the

resulting cell suspension was transferred to a 15 ml polypropylene conical tube.

Splenocytes were washed with 5 ml HBSS, centrifuged for 10 min at 200 x g

using a Beckman centrifuge (model TJ-6), then resuspended in 5 ml of HBSS.

After allowing cellular debris to settle out, cells were transferred to a 12 x 75 mm

glass culture tube for quantitation on a Coulter Counter (model ZBI). They were

then diluted with HBSS to the appropriate assay-dependent concentration.

Spleen cells from SRBC-treated mice were kept on ice during all steps. Spleen

cell preparations from P815-treated mice were kept at room temperature (250 C)

and were subjected to a 10 sec hypotonic lysis with deionized water to remove

red blood cells.

In some experiments the liver, kidney, and lungs were removed,

weighed, and placed in 10% buffered formalin for histopathology. In other

experiments lungs were removed, weighed, and dried to a constant weight for

calculating wet lung to dry lung weight ratios. Wet and dry lung weights were

used as gross indices of lung damage.

Immunization

Mice were sensitized to SRBC (Colorado Serum Co., Denver, CO)

antigens by ip injection of 2.5 x 108 cells in endotoxin-free phosphate buffered

saline (0.2 ml) on day 9 of MCT administration (5 days prior to being killed).
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Alloimmunization with P815 mastocytoma cells was achieved by ip

injection of 1 x 107 viable cells in 0.5 ml HBSS on day 5 of MCT administration

(10 days prior to being killed). These sensitization intervals have been

previously shown to be optimum in our laboratory (data not shown). P815 cells

used for alloimunizations were harvested from the ascites fluid of DBA/2 mice.

PFC Assay

The plaque-forming cell (PFC) assay was a modification of the assay

described by Cunningham and Szenberg (1968). Spleen cells were diluted in

HBSS to 4 x 105 cells/ml, and 175 gl of this dilution were placed in a 12 x 75 mm

glass culture tube. Added to this were 50 gl of SRBC ( 1 x 108 cells ) and 25 gl

of SRBC-absorbed guinea pig complement (GPC, Colorado Serum Co.). A 75

gl portion of this mixture was placed in a microscope slide chamber, sealed with

a wax and vaseline mixture, and incubated at 370 C for 45 min. Plaques were

then enumerated using a Bellco plaque viewer (Bellco Glass Co., Vineland, NJ).

HAIR Assay

The hemolytic antibody isotope release (HAIR) assay was used to assess

the relative amount of anti-SRBC antibody produced by the PFCs. The assay

was first described by Baecher-Steppan and Kerkvliet (1980) as a way to detect

antibodies. In brief, a 175 gl aliquot from two different concentrations of spleen

cells (4 x 107 and 2 x 107 cells/ml) were plated in duplicate in 96-well round

bottom microtiter plates. Added to this were 50 gl of 51Cr-labeled SRBC (2.25 x
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108) and 25 gl of GPC . The plates were incubated for 45 min at 370 C, cooled

on ice for 10 min, then centrifuged at 500 x g and 40C for 10 min. Supernatant

(150 gl) from each well was placed into a 12 x 75 mm glass tube and counted

for 1 min in a gamma counter (model # A5005, Packard Instruments, Downers

Grove, IL). Maximum lysis (ML) was determined by incubating labeled SRBC

with 200 gl 0.5% sodium dodecyl sulfate (SDS). For spontaneous lysis due to

complement (SLC), spleen cells were replaced with media. Data were

calculated and expressed as % net lysis using the following formula: m(CP--sample

- CPMsLc) (CPMML - CRAst.c) X 100.

CTL Assay

The ability of cytotoxic T- lymphocytes (CTL) to lyse allogeneic tumor cells

was assessed using a method previously described by Kerkvliet et al., (1982)

and Kerkvliet and Baecher-Steppan (1988). Three-fold serial dilutions of spleen

cells were plated in triplicate with 1 x 104 51Cr-labeled P815 target cells in a final

volume of 200 gl per well in 96-well round bottom microtiter plates. Final

effector to target (E:T) cell ratios achieved were 100:1, 30:1, 10:1, and 3:1. The

plates were centrifuged for 4 min at 50 x g and incubated for 4 hr at 370 C in a

humidified 5% CO2 incubator. A 100 gl aliquot from each well was transferred to

a 12 x 75 mm glass tube and counted for 1 min in a gamma counter. The

percentage of cytotoxicity was calculated for each E:T ratio as described by

Kerkvliet and Baecher-Steppan (1988). Lytic unit values (LU25, E:T

requirement to achieve 25% lysis) were derived by regression analysis of the
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lytic response of each animal (Table 2). Only E:T ratios in the linear portion of

the response were used in the calculation. The number of LU25/spleen was

determined by dividing the total number of spleen cells by the corresponding

LU25 value.

P815 Antibody Titration

Plasma from blood removed at the time of sacrifice was heat-inactivated

at 560C for 30 min and stored at -200C until assayed. Samples were thawed

and centrifuged at 1300 x g for 10 min to remove precipitates. They were then

serially diluted from 1:10 to 1:5120 using RPMI-1640 containing 1% FBS and 1

mM HEPES. A 100 IA aliquot of each dilution was plated in a 96-well round

bottom microtiter plate, followed by the addition of 100 pi of 51Cr-labeled P815

tumor cells (1 x 104). Plates were incubated for 20 min at 370C in humidified

incubator containing 5% CO2. They were then centrifuged at 200 x g for 3 min,

resuspended in 100 IA of media and centrifuged at 200 x g for 3 min again. The

supernatant was aspirated off, and 100 gl of Low-Tox-M rabbit complement

(Cedar lane Laboratories Limited; Hornby, Ontario, Canada), diluted 1:10, was

added to each well. The plates were incubated for 45 min, cooled on ice for 10

min, and centrifuged for 10 min. A 50 gl aliquot of supernatant from each well

was harvested into 12 x 75 mm glass tubes and counted for 1 min in a gamma

counter. Wells containing only labeled tumor cells and complement or tumor

cells and 100 IA 0.5% SDS assessed spontaneous complement-mediated lysis

(SCL) and maximum lysis (ML), respectively. Percent lysis was determined by
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the following formula: (cpmsample cpmsd) / (cpmrd - cpmsd). Base two log-

arithmic mean titers were converted to geometric mean titers for statistical

analysis using the method of Brugh (1978).

Hematology

Following CO2 euthanasia, blood was collected by cardiac puncture

using a 1 ml syringe and heparin anticoagulant. Total WBC counts were

determined using a Coulter Counter, and differentials were performed using a

Wright-Giemsa stain of cytospin smears.

Statistics

Statistical analyses were performed using the statistical software base

SAS (SAS Institute Inc., Cary, NC) for personal computers. Data were assessed

for homogeneity of variance using Bartlett's F-test at p < 0.05; nonhomogeneous

data were log transformed. Significant treatment effects were determined by

standard one-way analysis of variance using the General Linear Models

Procedure (GLM) from SAS. Comparison between means were based on Least

Significant Difference (LSD) with p < 0.05 a criterion of significance.
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RESULTS

Body and specific organ weight effects

Body weight at sacrifice and net weight change over the entire 14 day

experiment were significantly decreased from control only at the highest MCT

dose of 150 mg/kg/day (data not shown). The largest net loss observed at this

dose was 1.1 g (5.9 %). There were no significant differences in initial body

weights in any experiment (data not shown).

Significant increases in liver weight to body weight ratios were seen at

MCT doses 50 mg/kg/day (Table 1). Histopathological liver examinations

noted various degrees of fatty change at all dose levels. No weight or gross

pathological changes were observed in the kidney at any dose (data not shown).

In one experiment, the wet lung weight to body weight ratio showed a significant

increase over the control ratio at 75 mg/kg/day MCT (Table 1). However, in a

second experiment, no significant increases in wet lung weights were observed,

even at the highest dose of 150 mg/kg/day. Dry lung weight to body weight

ratios were not significantly altered at any dose (data not shown).

Consequently, no significant changes occurred in the wet lung to dry lung

weight ratios. Histopathological examination of the lungs following exposure to

10, 25, and 50 mg/kg/day MCT showed no obvious evidence of MCT

intoxication. However, a very subtle type II pneumatocyte hypertrophy was

noted in one animal at the 25 mg/kg dose and in three at the 50 mg/kg/day dose.

The significance of these lesions is questioned by the fact that these lungs were
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not preinflated prior to fixation.

Immune organ and functional effects

A significant decrease in the number of circulating WBC was seen at 75

mg/kg/day MCT (Table 1). This decrease was not specific for any cell type as no

alterations were observed in the WBC differential (data not shown). Thymic

atrophy in MCT/SRBC-treated mice was significant from controls only at the 150

mg/kg/day MCT dose (Table 1). Thymic atrophy following MCT/P815

administration was significant from controls at both 25 and 75 mg/kg/day (Table

2). Significant splenic atrophy in MCT/SRBC treated mice was observed at

doses 50 mg/kg/day (Table 1). Splenomegaly, an expected reaction following

P815 immunization, was significantly suppressed at the 75 mg/kg/day dose

(Table 2). The effects of MCT on total spleen cellularity paralleled the effect on

spleen weights in all experiments (Tables 1 and 2).

The number of splenic PFC responding to the SRBC immunization was

significantly decreased (57% of control) at 25 mg/kg/day MCT and virtually

nonexistent at higher doses (Fig. 1A). In parallel, the amount of lysis produced

by anti-SRBC antibody in the HAIR assay showed a dose response identical to

the PFC response (Fig. 1B). CTL activity at all E:T ratios (Fig. 2) and

LU25/spleen (Table 2) were significantly suppressed at the 75 mg/kg/day MCT

dose. Serum antibody titers in P815 sensitized mice were also significantly

decreased after 75 mg/kg/day MCT (Table 2).
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DISCUSSION

The results of this study indicate that the toxicological manifestations of

MCT in the B6 mouse were minimal with respect to alterations in body and

organ weights. When present, significant weight changes were generally

observed at doses equal to or greater than 75 mg/kg/day. Furthermore, there

was minimal histological evidence of intoxication in the liver or lung of MCT-

treated animals. Hypertrophy of type II pneumatocytes is a commonly observed

MCT-induced lesion in rats (Valdivia et al., 1967). In the present study type II

pneumatocyte enlargement was only noted as subtle. Nevertheless, it may

represent early evidence of MCT-induced pneumotoxicity. However, other

indicators of pneumotoxicity such as lung weight alterations were not observed

in mice exposed to 150 mg/kg/day MCT. The absence of lung weight changes

and minimal histopathological evidence of pneumotoxicity in our study is

interesting in light of studies with rats that showed significant elevations in lung

weights by five days and significant histological alterations by two weeks

following exposure to a single sc injection of 60 mg/kg/day MCT (Hilliker et al.,

1982; Valdivia et al., 1967). Thus, these results suggest a major difference

between rats and mice in regard to their toxic response to MCT.

Monocrotaline may be metabolized into N-oxides and pyrrole moieties

(monocrotaline pyrrole, MCTP; dehydroretronecine, DRT) (Mattocks, 1986). The

profile of metabolites produced is species variable in both the amount and

specific types of metabolites formed (Shull et al., 1976). The development of the
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pathological effects of MCT in the rat has been shown to correlate with its

biological transformation into reactive pyrrole metabolites (Mattocks, 1968). A

dissimilarity between MCT metabolism in the B6 mouse and the rat could help

explain the absence of histological lesions in the mouse liver and lung and

alterations in lung weight ratios seen in our experiments. At present it is

unknown what role MCT metabolism plays in the observed immunotoxicity. The

proficiency of MCT metabolism in the B6 mouse is unknown at present.

However, other murine species, Balb/c and CD-1, have been shown to

metabolize PA into the biologically active pyrroles (Segall et al., 1984; Miranda

et al., 1981). Further studies are clearly indicated to delineate the role of MCT

metabolic transformations in the immunosuppressive response in B6 mice.

In SRBC-challenged mice, significant decreases in spleen weight

occurred concomitantly with significant decreases in splenic cellularity following

75 and 150 mg/kg/day MCT, whereas thymic atrophy was present only at 150

mg/kg/day. These findings of splenic and thymic atrophy at high MCT doses are

also in agreement with data by Allen and Hsu (1974) who showed histological

evidence in rats of hypocellularity in spleen and thymus at 72 hrs following a

single exposure to a MCT metabolite, dehydroretronecine (DRT). It is possible

that their dose of DRT resulted in acute splenic and thymic cytotoxicity as it

resulted in the death of some animals by 60 hrs and the hypocellularity was

diminished by 7 days. A possible explanation for the atrophy of the spleen and

thymus at high MCT dose levels in our study may also have been an acute

cytotoxic effect related to the amount of metabolite formed at these doses.
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The most important finding of this study was the dose-dependent

suppression of both the antibody-mediated and CTL responses following MCT

exposure. The minimum effective dose for suppressing antibody production

was 25 mg/kg/day, which is well below the dose levels that resulted in organ

weight or histological changes. The pathogenesis of the observed

immunosuppression is currently unknown. The design of our experiments was

such that animals were exposed to MCT throughout the entire initiation and

maturation sequences of the developing immune response. This was

advantageous for preliminary investigative studies, but is restrictive for

ascertaining where and when MCT may have been acting to alter these

developmental events. Future experiments are needed to better characterize

the development of MCT-induced immunosuppression.

The fact that both humoral and cell-mediated immune responses were

suppressed by MCT may indicate the presence of a lesion altering a common

cellular process, thus enabling it to affect both responses. One of many such

common processes is the ability of lymphocytes to proliferate following antigen

exposure. It has been shown that the etiology of MCT/DRT-induced hepatic

megalocytosis lies in its ability to inhibit mitosis. This effect was observed in rats

following a single insult with MCT/DRT, and was present for at least 12 weeks

(Hsu, et al., 1973a; Hsu et al., 1973b; Chesney et al., 1973). However, there

was minimal direct evidence in our experiments to validate this hypothesis. The

fact that PAs can inhibit mitosis may have been able to influence the growth of

the P815 tumor and its antigenic challenge. Although not quantitated, all
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animals receiving MCT were noted at sacrifice as having a tumor burden

present in the abdomen.

In summary, we have shown that the immune system of the C57BI/6

mouse is a sensitive target of MCT toxicity. Immune suppression was evident at

doses that failed to elicit weight or histological changes in the organs examined.

These findings are important as they characterize an effect of MCT that has not

been previously described. Studies are in progress to elucidate the cellular

mechanisms involved in MCT-induced immunosuppression.



TABLE 11-1

SELECTED ORGAN WEIGHT DATA IN SRBC-CHALLENGED MICE FOLLOWING ADMINISTRATION
ab

OF SRBC AND 14 DAYS ORAL DOSING WITH MONOCROTALINE

Dose
(mg/kg/day)

Liver wt

(mg/g body wt)

Thymus wt

(mg/g body wt)

Spleen wt

(mg/g body wt)

Total spleen cell

recovery (x10 7)

Lung wt

(mg/g body wt)

WBCs

(x10 6/ml)

0 5.12 ± 0.09 2.60 ± 0.39 4.83 ± 0.29 17.19 ± 1.58 6.47 ± 0.21 5.96 ± 0.56

10 5.34 ± 0.07 3.40 ± 0.46 4.71 ± 0.13 16.54 ± 0.93 6.81 ± 0.20 6.74 ± 0.51

25 5.19 ± 0.19 2.02 ± 0.38 4.52 ± 0.23 14.80 ± 0.72 6.56 ± 0.08 4.66 ± 0.41

d e50 5.45 ± 0.05* 2.38 ± 0.18 3.61 ± 0.10 12.80 ± 0.73 7.81 ± 0.69 N.D.

d
75 5.64 ± 0.08* 1.69 ± 0.28 3.12 ± 0.17* 11.35 ± 0.67 * 7.58 ± 0.53 3.55 ± 0.35 *

e
150 7.63 ± 0.06* 1.13 ± 0.06* 2.79 ± 0.07* 10.42 ± 0.47 * 7.81 ± 0.45 N.D.

a.) Data are a combination of two experiments (n=6-8) expressed as normalized means ± SE. Statistical
analyses were made within the same experiment and were performed prior to normalization.

b.) Animals were given 2.5 x 10 8 SRBC ip 5 days prior to being killed.

c.) MCT was given once daily for 14 days by gavage.

d.) Data were significant from control at this dose in one of two experiments
e.) Not determined.
* Significant from control at p < 0.05.



TABLE 11-2

SELECTED ORGAN WEIGHTS AND CYTOTOXIC T-LYMPHOCYTE (CTL) RESPONSE TO P815 TIMOR CELLS

FOLLOWING 14-DAYS OF ORALLY ADMINISTERED MONOCROTALINE

Dose C Thymus wt Spleen wt Total spleen cell
CTL response
d

(mg/kg/day) (mg/g body wt) (mg/g body wt) recovery (x1g ) LU
25

P815-antibody
e

LU25 /spleen titer

0 0.92 ± 0.12 7.79 ± 0.44 9.94 ± 0.41 7.4 ± 0.9 1460 ± 430

25 0.65 ± 0.05 6.78 ± 0.30 8.75 ± 0.49 8.2 ± 0.6 1112 ± 326

75 0.48 ± 0.05 4.13 ± 0.70 4.51 ± 0.70 100.5 ± 35.5 170 ± 252 *

7.12 ± 0.30 (1:686)

6.12 ± 0.40 (1:343)

3.37 ± 0.56 11:49)

a.) Data are expressed as means ± SEM, n=8/dose.

b.) Animals were given an ip injection of 1 x 107 P815 tumor cells 10 days prior to being killed.

c.) MCT was given once daily for 14 days by gavage.

d.) Axerage E:T ratio calculated from a regression line of each animal at which 25% lysis
of 10 target cell occurs.

e.) Numbers in parentheses are base 2 logarithmic titers.

* Significant from control at p < 0.05.
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Fig. 11-1. Effect of MCT exposure on the antibody response to SRBC. The data

represent a composite of two experiments in which mice were gavaged once

daily with MCT (10, 25, 50, 75, or 150 mg/kg/day). There were 6- 8 mice per

dose. Data were normalized and expressed as percent of control. Mice were

immunized with 2 x 108 SRBC 5 days prior to sacrifice. Statistical analysis was

performed prior to normalization, only means within the same experiment were

compared. Means with asterisks are significant from control at p < 0.05. Figure

symbols may obscure some error bars. Figure A represents the dose response

effect of MCT on the ability to form anti-SRBC PFC. Control PFC values per 106

spleen cells for experiment 1 and 2 were 4,964 ± 112 and 2,398 ± 197

respectively. Figure B represents the dose response effect of MCT on the

amount of antibody produced by PFC as quantified by lysis of 51Cr labeled

SRBC in the HAIR assay. Control values for percent lysis in the two experiments

were 44.1 ± 4.8 and 35.8 ± 2.5.
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Fig. 11-2. Effect of MCT (25 and 75 mg/kg/day BW) exposure on the the

generation of cytotoxic T-Iymphocytes. Mice (n=8 per treatment) were gavaged

once daily for 14 days with MCT or its vehicle, and immunized 10 days prior to

sacrifice with 107 allogeneic P815 tumor cells. Values are reported as percent

lysis of 51Cr labeled P815 target cells. Four serial dilution ratios of effector to

target cells (100, 30, 10, and 3 : 1) were used. Asterisks denote significance

from control at p < 0.05. Figure symbols obscure some error bars.
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ABSTRACT

Monocrotaline (MCT) is a member of a class of naturally occurring

phytotoxins known as pyrrolizidine alkaloids, and is a toxicological concern to

both man and livestock. The purpose of these studies was to evaluate the effect

of a 14-day oral MCT (0-100 mg/kg/day) exposure on the functional integrity of

various immunocyte effector systems in C57BI/6 mice, as well as to investigate

potential mechanisms for its immunotoxicity. Decreases in lymphoid organ

weights and cellularity, and resident peritoneal exudate cell (PEC) number were

only observed after exposure to the highest dose of 100 mg/kg MCT. This dose

also inhibited NK cell cytotoxicity, while the total number of NK lytic units per

spleen was decreased (-53%) after exposure to 50 mg/kg MCT. Following ip

injection of SRBC, the percentage of PEC macrophages containing engulfed

SRBC was significantly increased in MCT-exposed mice, while the percentage

of large vacuolated (activated) macrophages was decreased in a dose-

dependent manner. Exposure to MCT significantly decreased the total number

of Ig+ cells without altering the number of CD4+ and CD8+ cells. The antibody

responses (PFC/106 spleen cells) to two T cell-independent antigens, TNP-LPS

and DNP-Ficoll, were significantly decreased at all MCT doses, and the degree

of suppression of both responses was identical at coincident doses. MCT

exposure (25 mg/kg) significantly suppressed the blastogenic response to the T

cell mitogen concanavalin A (-38%), and to the B cell mitogen

lipopolysaccharide (-58%). These results indicate that exposure to MCT can
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alter the functional integrity of various immune effector responses in a dose-

dependent manner, and suggest that the B cell may be a relatively more

sensitive target of MCT immunotoxicity compared to T cells, macrophages and

NK cells.
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INTRODUCTION

Monocrotaline (MCT) is found in the leaves and seeds of the plant genus

Crotalaria (Mattocks, 1968; Kay, and Heath, 1969). It is a member of a class of

naturally occurring phytotoxins known as pyrrolizidine alkaloids (PAs). PAs are

a toxicological concern to both humans and domestic livestock. Exposure to

PAs occurs through ingestion of contaminated foods, such as bread, milk,

honey, and herbal teas (Snyder, 1972; Dickinson, 1976; Deinzer, 1977; and,

Culvenor,1980).

Recent studies in our laboratory demonstrated that MCT exposure

induces significant immune suppression in C57BI/6 (B6) mice following a

14-day oral dosing regimen (Deyo and Kerkvliet, 1990). Both the humoral

immune response to sheep red blood cell (SRBC) antigen and the cytotoxic T

cell response against an alloantigen were dose-dependently suppressed. The

observed immunosuppression occurred following doses of MCT which failed to

elicit any histopathological lesions to the liver and lung which are commonly

associated with MCT exposure in rats and other species.

The immune system consists of many cell types whose individual and

concerted responses to a foreign antigen can not be fully assessed by a single

assay. Thus, a two-tiered battery of immune function assays have been

proposed by the National Toxicology Program for use in the assessment of

potentially immunotoxic compounds (Luster et a1.,1988). In order to more

thoroughly investigate additional immunocyte effector systems that may be
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altered by MCT exposure, as well as to evaluate potential cellular targets and

mechanisms of action, the following studies were performed following a 14 day

exposure to MCT: natural killer cell (NK) function, peritoneal macrophage

number and function, antibody response to T cell independent (TI) antigens,

lymphocyte subset typing, and mitogen-induced blastogenesis. The results of

these studies will lead to a more thorough knowledge of other potential MCT

sensitive immune effector cell targets, and provide a better understanding of

how MCT exposure in B6 mice results in a state of immune suppression.
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MATERIALS AND METHODS

Animals

Female B6 mice, 8-12 weeks old, obtained from Jackson Laboratory (Bar

Harbor, ME), were randomly housed (4-6 per cage) in polycarbonate shoe box

cages with corn cob bedding. They were given food and water ad libitum and

maintained on a 12 hr light/dark cycle.

MCT exposure

Monocrotaline (Aldrich Chemical Co., Milwaukee, WI) was dissolved in a

1% phosphoric acid solution and adjusted to pH 7 with NaOH. Animals

received 0.1 ml MCT/10 g body weight by gavage for 14 consecutive days prior

to termination. Doses evaluated in this study ranged from 25 100 mg/kg/day;

controls received vehicle (1% phosphoric acid solution).

Antigens and Immunization Protocol

The T cell-independent (TI) antigens trinitrophenyl-lipopolysaccharide

(TNP-LPS) and dinitrophenyl (DNP)-Ficoll were purchased from Biosearch

Research Products, San Rafael, CA. Mice were sensitized by ip injection of 25

ug TNP-LPS or 10 ug DNP-Ficoll in 0.2 ml endotoxin-free phosphate buffered

saline (PBS). Antigen was given on day 9 (DNP-Ficoll) or 10 (TNP-LPS) of the

14 day MCT exposure period, with antibody responses measured 5 or 4 days

later respectively (day 15). TI antigen sensitization doses and intervals were
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previously optimized in our laboratory.

Spleen Cell Isolation

Splenic lymphocytes were isolated as described by Deyo and Kerkvliet,

(1990). Briefly, following CO2 euthanasia, body weight was recorded and the

spleen and thymus were removed, weighed, and disassociated into isotonic

media. An ice cold Hank's balanced salt solution (HBSS) supplemented with

2.5 % fetal bovine serum (FBS, Hyclone Labs, Logan, Utah) was used for

splenocytes from immunized animals, and a room temperature 10% FBS

RPMI-1640 media was used for NK cell cytotoxicity and blastogenesis assays.

Red blood cells were eliminated from spleen cells used in the latter two assays

by a 10 sec lysis with deionized water. The resulting cell suspensions were

washed, resuspended, counted, then diluted to the appropriate

assay-dependent concentration.

Peritoneal Exudate Cells

Resident peritoneal exudate cells (PEC) were harvested from

nonimmunized mice by injecting 10 ml of cold PBS supplemented with 5 U /mI of

heparin into the peritoneal cavity. The abdomen was gently massaged, and an

equal volume (9 ml) of lavage fluid was removed from each animal. The PEC

were washed and resuspended for counting. The percentage of macrophages

and lymphocytes were determined by their forward angle and 90° light scatter

patterns on a flow cytometer (EPICS V, Coulter Electronics, Hialeah, FA). To
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assess PEC phagocytic function, mice were given an ip injection of 2.5 x 108

SRBC 16 hrs prior to harvesting PEC. Smears were made using a

cytocentrifuge and stained with a Wright-Giemsa stain. PEC differentials and

SRBC engulfment were then enumerated using a light microscope with an oil

immersion lens.

PFC Assay

The plaque-forming cell (PFC) assay, a modification of the assay by

Cunningham and Szenberg (1968), was performed as described previously by

Deyo and Kerkvliet, (1990) using TNP-labeled SRBC [Rittenberg and Pratt,

1969). Guinea pig complement was absorbed against the haptenated SRBCs

for 20 min on ice prior to its use.

NK-cell Cytotoxicity Assay

NK-cell cytotoxicity was determined by an in vitro 81Cr release assay in

which radio-labeled YAC-1 tumor cells were used as NK-sensitive targets

(Reynolds and Herberman, 1981). Isolated splenocyte effector (E) cells were

plated in multiple dilutions with YAC-1 target (T) cells (1 x 104) in a 96 well

round-bottom microtiter plate. Final E:T ratios ranged from 200 - 50 : 1.

Following a 4 hr incubation (370 C, 5% CO2), plates were centrifuged, and an

aliquot of supernatant was removed and counted on a gamma counter (Packard

Instruments, Downers Grove, IL). Maximum lysis (ML) was determined by

incubating labeled YAC cells with 0.5% sodium dodecyl-sulfate. For
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spontaneous lysis (SL), YAC cells were incubated with media alone.

Thymocytes isolated from control animals were utilized as a negative response

control. Data were expressed as % net lysis using the following formula:

(CPMsample CPMthymus) (CPMML CPMsL) X 100. NK cell cytotoxicity was also

expressed in lytic units (LU). LU-10 values (E requirement to achieve 10% lysis

of 1 x104 T) were derived by regression analysis of the lytic response of each

animal. The number of LU-10/spleen was then determined by dividing the total

number of spleen cells by its LU-10 value.

Blastogenesis Assay

Lymphocytes were harvested under aseptic conditions and plated into a

96 well flat bottom plate in triplicate (4 x 105 cells/well) with three different

concentrations of concanavalin A (10, 2.5 and 0.625 ug/ml, Con A, Calbiochem

#234567) or LPS (100, 25 and 6.25 ug/ml, S. typhosa 1901, Difco) mitogens.

Plates were incubated at 370 C with 5% CO2 in a humidified chamber for 48

hours, after which 0.5 uCi of tritiated thymidine (ICN #24070) was added.

Cultures were harvested 24 hrs later using a cell harvester (Skatron Inc,

Sterling, VA). Incorporated radioactive label was counted in a Packard Tri-Carb

1600TR liquid scintillation counter with background proliferation subtracted from

each sample prior to statistical analysis.

Lymphocyte Subset Analysis

Splenic lymphocytes were stained using monoclonal antibodies specific
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for L3T4 (CD4), Lyt-2 (CD8), and Kappa light chain antigens (Becton-Dickinson,

Mt. View, CA) for determination of T cell subsets (CD4+ or CD8+) and B cells

(Kappa+) by flow cytometry. A detailed description of the methodology for these

procedures was previously reported by Kerkvliet and Brauner (1990).

Statistics

Statistical analyses were performed using the statistical software base

SAS (SAS Institute Inc., Cary, NC). Data were assessed for homogeneity of

variance by Bartlett's test (p < 0.05). Significant treatment effects were

determined by standard one-way analysis of variance using the General Linear

Models Procedure (GLM) from SAS. Depending on the experiment, comparison

between means were based on Least Significant Difference or Student's T-test

with p < 0.05 a criterion of significance. Nonparametric data were analyzed

using a pooled variance Student's T-test.
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RESULTS

Effect of MCT on Lymphoid Organ Weights and Cellularity

In nonimmunized mice significant MCT-induced effects on lymphoid

organ and body weights were only present following exposure to 100 mg/kg

MCT (Table 1). However, a significant loss in body weight was observed in all

TI antigen exposed mice beginning at 50 mg/kg MCT (Table 1).

The TI antigen TNP-LPS in itself was able to increase the weight and

cellularity of the spleen, and lower the weight of the thymus compared to age

matched DNP-Ficoll exposed controls. Exposure to all doses of MCT

potentiated the thymic atrophy, while the TNP-LPS-induced increases in the

spleen were significantly inhibited after exposure to 50 mg/kg MCT (Table 1).

Effects of MCT on PEC

A significant dose-dependent decrease in the number of resident PEC

was observed in nonimmunized mice following exposure MCT (Table 1). This

decrease was not specific for either macrophages or lymphocytes as no

alterations were observed in the percentage of either population (data not

shown). When mice were given SRBC 16 hrs prior to harvesting PEC, no

significant differences were observed in total number or cellular differentials at

any dose (Table 2). However, the percentage of macrophages containing

engulfed SRBC was increased in a dose-related manner becoming significant

after exposure to 100 mg/kg MCT (Table 2). Paralleling this increase in
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macrophages with engulfed SRBC was a nonsignificant (p<0.08) dose-related

decrease in the percentage and total number of activated (highly vacuolated)

macrophages.

Effect of MCT on Splenic Lymphocytes

The antibody responses (PFC/106 spleen cells) to both TI antigens were

significantly decreased at all MCT doses (Figure 1). The inhibitory dose

response curves for both PFC responses were identical in degree of

suppression at coincident doses.

MCT exposure induced a significant dose-dependent suppression of the

blastogenic response to both T and B cell mitogens at all MCT doses examined

(Figure 2). The percent inhibition of the response with optimal mitogen

concentrations at 25 mg/kg MCT was 38% for the T cell mitogen Con A, and

58% for B cell mitogen LPS. There was no shift in the optimal stimulatory dose

of mitogen (data not shown).

Although a significant decrease in total splenic cellularity was not

observed in nonimmunized mice given 100 mg/kg MCT, a dose-dependent

trend was present (Table 1). A significant decrease in the percentage of Ig+

cells was observed after exposure to 50 mg/kg MCT, but not at 100 mg/kg (Table

3). The percentage of CD8+ cells was significantly increased at both the 50 and

100 mg/kg dose. There was no significant change in the percentage of CD4+

cells. The total number of Ig+ cells was significantly decreased at both 50 and

100 mg/kg MCT, while the total number of CD4+ and CD8+ cells were identical
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to control values at all doses.

Effects of MCT on Natural Killer Cell Cytotoxicity

The effect of MCT on the ability of splenic NK cells to lyse YAC-1 tumor

cell targets is shown in Figure 3. A significant decrease in cytotoxicity was

evident at all E:T ratios following exposure to 100 mg/kg MCT. Converting NK

cell cytotoxicity to a LU-10 value allowed for the assessment of the total number

of LU per spleen. When assessed in this manner, the number of LU-10/spleen

was significantly decreased (47% of control) at the 50 mg/kg dose (Figure 3).
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DISCUSSION

The overt toxicological manifestations of MCT in this study were minimal

with respect to alterations in body and lymphoid organ weights. Significant

organ weight changes were observed at doses of MCT greater than that

required to induce immunosuppression. However, a significant dose-

dependent decrease in thymus weight was seen in mice challenged with

TNP-LPS beginning at the 25 mg/kg dose. This thymic atrophy appeared to be

a result of a synergistic effect of MCT and TNP-LPS antigen, as a decrease in

thymic weight was not seen in other experiments unless the animals received at

least 100 mg/kg MCT.

The antibody responses to TI antigens were utilized to provide insight

into the cellular targets mediating the previously observed MCT-induced

antibody suppression of the T cell- dependent antigen SRBC (Deyo and

Kerkvliet, 1990). The antibody response to SRBC antigens requires the

presence of both accessory cells (i.e. macrophages) and T-helper (Th) cells,

and can be further modulated through T-amplifier (Ta) cells (Dutton, 1973). Any

of these cells could be potential targets of MCT leading to a suppressed anti-

SRBC response. However, antibody responses to TNP-LPS and DNP-Ficoll

can proceed in the absence of T cells and vary in their requirement for

accessory cells. DNP-Ficoll requires the presence of accessory cells (Mosier et

al., 1974; Boswell et al., 1980), and the response can be further enhanced by Ta

cells (Braley-Mullen, 1982). While the antibody response to TNP-LPS is not
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influenced by Ta cells (Braley-Mullen, 1982), the prerequisite for accessory cells

is unclear. Studies by Nariuchi and Kakiuchi (1982) showed macrophage

independence, while more recent results show a macrophage dependence

(Sinha et al., 1987).

MCT-induced inhibition of the antibody response to TNP-LPS exhibited a

dose response curve identical to that of DNP-Ficoll, suggesting a similar

mechanism of action. Furthermore, the dose response curves for suppression of

the TI responses were identical to the T cell-dependent response to SRBC

(Deyo and Kerkvliet, 1990). Regression analysis showed the average dose of

MCT that caused a 50% inhibition of either the TI or SRBC antigen antibody

responses was 27.2 ± 0.3 mg/kg. These findings suggest that the B cell is a

target for MCT.

One possible mechanism for MCT immunotoxicity could be inhibition of

the proliferation of antigen-stimulated B cells. The ability of MCT and a MCT

metabolite, dehydroretronecine (DHR), to inhibit mitosis in hepatocytes has

been previously demonstrated (Hsu et al., 1973a; Hsu et al., 1973b; Chesney et

al., 1973; Allen and Hsu, 1974). The mechanism of this is unknown but is

probably related to ability of MCT metabolites to cross link and damage DNA

(White and Mattocks, 1972; Hsu and Allen, 1975; Robertson, 1982; Wiedner et

aL , 1990). The results of our experiments assessing the ability of MCT-treated

lymphocytes to proliferate in response to the B and T cell specific mitogens, LPS

and Con A respectively, clearly demonstrated that a MCT-induced inhibition of

cell division may also be a potential mechanism of action for suppression of the
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antibody response. These results also indicate that MCT is capable of targeting

both B and T cells, although the B cell appears to be somewhat more sensitive

to inhibition as demonstrated by a 20% more inhibition to LPS-induced

proliferation as compared to Con A at the lowest (25 mg/kg/day) dose. In

addition, MCT suppressed the TNP-LPS-induced increases in splenic weight

and cellularity in a dose-dependent manner. Since TNP-LPS preferentially

activates B cells, this is further evidence of an inhibitory effect on B cell

proliferation.

Analysis of splenocyte subsets following MCT exposure also suggest that

the B cell may be relatively more sensitive to its effects. Although there were no

significant MCT-induced alterations in total splenic cellularity, significant

decreases were observed in the total number of B cells, without an alteration in

the total number of T cells. This phenomenon also increased the ratio of CD8+

cells (e.g. suppressor) to B cells which also could have negatively influenced

the antibody response. However, the relatively small degree of alterations seen

in some lymphocyte subsets were probably biologically insignificant and were

absent at the immunosuppressive MCT dose of 25 mg/kg.

In nonimmunized mice, a dose-dependent decrease in the total number

of resident PEC was observed following exposure to 100 mg/kg MCT without an

alteration in the percentages of either macrophages or lymphocytes. This was

analogous to a significant, subset-nonspecific decrease in total number of

peripheral blood leukocytes observed in previous studies by Deyo and Kerkvliet

(1990) following a 14-day administration of MCT at 75 mg/kg. Thus, the present
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finding may be reflective of an alteration in PEC population dynamics in relation

to the concentration of monocytes and lymphocytes in peripheral blood.

Differential analysis of PEC harvested from mice given SRBC 16 hrs prior to

harvest showed no subset specific changes in percentage or total cell numbers.

However, a significant dose-related increase in the percentage of macrophages

containing SRBC was observed, while the percentage of activated (highly

vacuolated) macrophages were nonsignificantly decreased in a dose-

dependent manner. This was an interesting finding and may reflect a decrease

in the ability of MCT exposed macrophages to degrade engulfed SRBC. This

could lead to a decrease in the number of functional antigen presenting cells

which could deleteriously alter the ability of an animal to mount a normal

antibody response.

NK cells are a non-phagocytic lymphoid cell subpopulation important in

anti-tumor and viral infection surveillance. The MCT-induced inhibition of NK

cytotoxicity is interesting in light of the fact that these cells are not dependent on

cellular proliferation for an optimal reaction. This fact might also tend to

preclude an inhibition of mitosis as the sole basis of the observed

immunotoxicity of MCT. However, inhibition of NK cell cytotoxicity was not

evident until 100 mg/kg dose, which also reduced spleen weight. Thus, the

potential source of the observed MCT-induced inhibition of NK cell activity may

have been a direct cytotoxic effect of MCT on the NK cell population. The

possibility that NK cells might be sensitive to the direct cytotoxic effects of MCT is

suggested by the data showing a significant decrease in the number of
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LU-10/spleen at 50 mg/kg without a significant decrease in total cellularity.

In summary, these studies represent assays recommended by the

National Toxicology Program to assess immunotoxicants in a two-tiered

approach. The results from our studies have shown that subchronic

administration of MCT can deleteriously alter the functional responses of

immunocytes in B6 mice. Experimental evidence suggests that MCT may inhibit

the antibody response through an inhibition of blastogenesis, and although

indirectly it appears that the B cell may be the most sensitive cell type, it does

not appear to be an exclusive one. Future work is needed to validate the B cell

as most sensitive and explore the mechanistic basis of MCT-induced

immunotoxicity.



TABLE III-1
abSELECTED ORGAN WEIGHT DATA FOLLOWING A 14-DAY ADMINISTRATION OF MONOCROTALINE

Antigen MCT Dose Original BW Body Wt.
Challenge (mg/kg/day) (g) Change (g)

None

DNP -FicoHd

0

50
100

0

25
50
100

TNP-LPS e 0
25

50
100

17.7 ± 0.5

17.4 ± 0.5
17.7 ± 0.4

20.7 ± 0.5
19.6 ± 0.4
19.4 ± 0.4

19.5 ± 0.4

19.8 ± 0.8
19.9 ± 0.6

20.5 ± 0.5
19.5 ± 0.8

Thymus Wt.
(mg/g BW)

0.25 ± 0.38 3.27 ± 0.31

0.11 ± 0.17 2.49 ± 0.22
-0.88 ± 0.25 * 1.89 ± 0.27 *

-0.25 ± 0.34 2.57 ± 0.09
-0.42 ± 0.25 2.41 ± 0.14
-1 .33 ± 0.33 * 2.47± 0.11
-2.05 ± 0.24 * 1.35 ± 0.14 "

-0.03 ± 0.29 1.82 ± 0.11
-1.00 ± 0.23 1.17 ± 0.17 *

-1.33 ± 0.17* 1.08 ± 0.05 *
-2.78 ± 0.60 * 0.76 ± 0.10 *

Spleen Wt.
(mg/g BW)

3.93 ± 0.23

3.49 ± 0.22
2.70 ± 0.12 *

3.40 ± 0.15
3.46 ± 0.16
3.50 ± 0.19
2.56 ± 0.07 *

5.76 ± 0.33
5.29 ± 0.49
3.67 ± 0.14 *
3.26 ± 0.32 *

Total Spleen gel! PECc
Recovery (x107 ) (x106)

7.64 ± 0.59 4.80 ± 0.30
6.14 ± 0.80 3.50 ± 0.57
4.66 ± 0.12 * 2.55 ± 0.40 *

15.08 ± 0.73 N.D.
f

14.14 ± 0.60
13.43 ± 0.81

10.23 ± 0.35 *

20.39 ± 1.66
17.41 ± 1.52

12.51 ± 0.52 *
10:30 ± 0.84 *

N.D.

a.) Data is expressed as means ± SEM, n=8/dose

b.) MCT was given once daily for 14 days by gavage at 0.1 m1/10g BW

c.) PEC's were pooled from two naive mice per treatment, n=4/dose

d.) Animals were given an ip injection of 10 ug DNP-Ficoll 5 days prior to being killed.

e.) Animals were given an ip injection of 25 ug TNP-LPS 4 days prior to being killed.
f.) Not determined
* significant from control at p<0.05

0.1
0)



TABLE III-2

ANALYSIS OF PERITONEAL EXUDATE CELLS FROM MONOCROTALINE-EXPOSED MICE AFTER RECEIVING AN
INTRAPERITONEAL INJECTION OF SHEEP RED BLOOD CELLS abc

MCT Dose PEc Lymphocytes Neutroghils Macrophages
(mg/kg/day) (x10) (x10 ) (x10 ) (x10 )

Macrophage Differential

% with SRBCs % Activated
d

0 4.2 ± 0.6 1.4 ± 0.4 1.4 ± 0.2 2.2 ± 0.3 42.1 ± 5.2 35.4 ±6.9

25 3.6 ± 0.8 1.0 ± 0.1 1.5 ± 0.4 1.8 ± 0.4 54.1 ± 6.3 29.0 ± 4.7

50 4.0 ± 1.0 1.2 ± 0.5 1.8 ± 0.5 1.9 ± 0.5 65.4 ± 3.2 * 18.6 ± 2.6

a.) Data is expressed as means ± SEM, n = 7-8/dose

b.) MCT was given once daily for 14 days by gavage.

c.) SRBC were given ip 16 hr prior to experimental termination.

d.) Activation based on size and vacuolization
* significant from control at p<0.05



TABLE III-3

PHENOTYPIC ANALYSIS OF LYMPHOCYTE SUBSETS FROM THE SPLEENS OF NAIVE MICE

FOLLOWING A 14-DAY ADMINISTRATION OF MONOCROTALINE
a'

Dose Total
(mg/kg/day) No. (x10 7) Ig+

Percent Positive

Ig+

Total Number (x10 7)

CD4-1- CD8+ CD4+ CD8+

0 6.06 ± 0.68 56.3 ± 2.3 18.7 ± 1.1 13.6 ± 1.1 3.4 ± 0.4 1.1 ± 0.2 0.8 ± 0.1

25 6.25 ± 0.91 52.6 ± 1.3 17.3 ± 1.6 15.1 ± 0.7 3.5 ± 0.4 1.1 ± 0.2 1.0 ± 0.2

50 5.07 ± 0.71 46.5 ± 2.8 *19.7 ± 1.1 16.9 ± 1.1* 2.4 ± 0.4 * 1.0 ± 0.2 0.8 ± 0.1

100 4.16 ± 0.60 52.2 ± 2.1 21.7 ± 2.0 18.4 ± 0.8 * 2.1 ± 0.3 1.0 ± 0.2 0.8 ± 0.1

a.) Data were expressed as means ± SE, n=6/dose.

b.) MCT was given once daily for 14 days by gavage.

* Significant from control at p<0.05
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Fig. III-1. Effect of MCT exposure on the antibody response to TNP-LPS and

DNP-Ficoll. The data represents the results from 2 experiments in which MCT

(0, 25, 50, or 100 mg/kg/day) was administered to B6 mice (5-6/dose) by gavage

for 14 days. Mice then received an ip injection of either TNP-LPS (25 ug) or

DNP-Ficoll (10 ug) 4 or 5 days respectively before experimental termination.

The number of PFC/106 spleen cells were determined for each antigen, and

expressed as meant SEM percentage of control. Control PFC responses were

2177 t 96 with TNP-LPS, and 1089 t 307 with DNP-Ficoll. Data with an

asterisk were significant from its own control at p <0.05.
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Fig. III-2. Effect of MCT exposure on the ability of splenic lymphocytes to

proliferate in response to various mitogens. The data represents the results

from a single experiment in which MCT (0, 50, or 100 mg/kg/day) was

administered to B6 mice (6/dose) by gavage for 14 days. Lymphocytes were

isolated and placed in culture with either Con A (0.625 ug/well) or LPS (25

ug/well) for 72 hours, with 3H-thymidine added after 48 hrs. Data is presented

as mean ± SEM counts per minute (CPM) with asterisk noting a significant

difference from control at p <0.05.
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Fig. III-3. Effect of MCT exposure on the cytotoxic response of NK cells to YAC-1

tumor target cells. The data represents the results from a single experiment in

which MCT (0, 50, or 100 mg/kg/day) was administered to B6 mice (8/dose) by

gavage for 14 days. Data is presented as mean percent lysis ± SEM of 51Cr-

labeled tumor cells at various effector cell (E) to target cell (T) ratios. LU-10

values were derived by regression analysis of the lytic response from each

individual animal. The number of LU-10/spleen was then determined by

dividing the total number of spleen cells by its LU-10 value. Data with an

asterisk were significant from control at p <0.05.
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CHAPTER IV.
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ABSTRACT

A single exposure to monocrotaline (MCT) in C57BI/6 (B6) mice inhibits

the antibody response to sheep red blood cells (SRBC) in a dose-dependent

manner. The toxicity of MCT in other species has been shown to be mediated

through its metabolism by mixed-function oxidase (MFO) enzymes to reactive

pyrroles (MCTP). Consequently, induction and inhibition of MFO activity can

increase and decrease, respectively, the toxicity of acute MCT exposure.

Accordingly, it was our hypothesis that the immunotoxicity of MCT could be

modulated by altering MFO activity. B6 mice were given a single oral dose of

either 100 or 200 mg/kg MCT 24 hrs following MFO induction with phenobarbital

(PB; 80 mg/kg/day for 4 days); or they received the MFO inhibitor chloram-

phenicol (CP; 250 mg/kg, ip) immediately before and 3 hrs after MCT (300

mg/kg, po). All mice were sensitized with SRBC 24 hrs after MCT exposure, and

assessed for their antibody response after 5 days. However, neither enzyme

induction or inhibition altered the immunosuppressive potency of MCT. In vitro

incubation of MCT with hepatic microsomes isolated from PB- or CP-pretreated

mice validated their enhancive and inhibitory effects on pyrrole formation. The

antibody response of splenic lymphocytes directly exposed to MCT (1-3 mM) in

culture was inhibited (IC50 of 2.2 mM); HPLC analysis of the supernatant

showed no evidence of pyrrole formation. However, MCTP inhibited the in vitro

antibody response to SRBC at a 400 fold less concentration (IC50 of 5.1 p.M).

Both MCT and MCTP inhibited the in vitro blastogenic response of splenic
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lymphocytes to B and T cell specific mitogens. The inability to alter the in vivo

immunotoxicity by altering MFO activity, along with direct in vitro inhibitory

effects of MCT, questions the role pyrrole formation may play in vivo, and

suggest that the parent compound itself is capable of inducing immunotoxicity.
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INTRODUCTION

Pyrrolizidine alkaloids (PA) are a large class of naturally occurring plant

toxins of which monocrotaline (MCT) is a member. These phytotoxins have

worldwide distributions, and are a significant toxicological concern to both man

and livestock (Mattocks, 1986; Kay and Heath 1969).

Lesions observed in PA-exposed animals vary with the length of

exposure (acute or chronic), the type of PA ingested, and the susceptibility of the

exposed species (Mattocks, 1986). Lesions commonly observed in rats after

MCT exposure include necrosis, fibrosis, and hepatomegaly as well as

cardiopulmonary vascular disease (Mattocks, 1968; McLean, 1970). Hepatic

and lung lesions observed after MCT exposure have been shown to result from

metabolism by mixed-function oxidase enzymes (MFO) to reactive pyrrole

moieties (dehydromonocrotaline, MCTP and dihydropyrrolizine, DHP). Many

of the lesions observed following MCT exposure can be reproduced by

administration of these pyrrolic metabolites (Chesney et aL, 1974; Hsu et aL,

1973b; Mattocks, 1968). The formation rate of pyrrole metabolites is species-

dependent and can be enhanced through MFO enzyme induction with

phenobarbital (PB) (Shull et al., 1976; White et al., 1973). As a result, the in vivo

toxicity of MCT can be significantly enhanced following PB pretreatment (Allen

et al., 1972; Tuchweber et al., 1974). Likewise, pretreatment with MFO inhibitors

SKF525-A and chloramphenicol (CP) inhibit pyrrole formation and decrease the

in vivo toxicity of MCT (Allen et al., 1972; Mattocks, 1972; Tuchweber et al.,
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1974).

A recently described toxicity of MCT is that of immunotoxicity (Deyo and

Kerkvliet, 1990 and 199X). Following subchronic exposure to MCT in mice,

antigen specific immune responses are suppressed independent of gross

lesions in lymphoid organs. Studies in our laboratory have demonstrated that

subchronic oral exposure to MCT in C57BI/6 (B6) mice significantly inhibited the

antibody response to sheep red blood cells (SRBC; Deyo and Kerkvliet, 1990).

Since MCT metabolites are responsible for the toxic lesions observed in other

species, pyrrole formation may also play an important role in the observed

immunotoxicity. Accordingly, an alteration in MCT metabolism following MFO

induction or inhibition should result in enhancement and attenuation of the

immunotoxicity, respectively. To test this, PB and CP exposed animals were

given a single immunotoxic dose of MCT and evaluated for the effect of enzyme

induction and inhibition, respectively, on the antibody response to SRBC.

To further evaluate the role of metabolism in the observed

immunotoxicity, lymphocytes were exposed directly to various concentrations of

MCT in vitro. We hypothesized that if the parent compound requires metabolic

activation to become immunotoxic, then inhibition of the in vitro antibody

response to SRBC antigen should not be observed following direct addition of

MCT to lymphocyte cultures. Although lymphocytes have been shown to

possess some MFO activity, it is minimal (Thurmond et al., 1989; McManus et al.,

1987; Whitlock et al., 1972). Since the pathological lesions observed in rats

following MCT exposure can be reproduced by the administration of the
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metabolite MCTP, we also assessed the ability of MCTP to inhibit the antibody

response in vitro. In addition, the ability of MCT and MCTP to suppress mitogen-

induced blastogenesis of lymphocytes was also evaluated.
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MATERIALS AND METHODS

Animals

Female B6 mice obtained from Jackson Laboratory (Bar Harbor, ME), 7-8

weeks old, were randomly housed (4-6 per cage) in polycarbonate shoe box

cages with corn cob bedding. They were given food and water ad libitum and

maintained on a 12 hr light/dark cycle at 22 ± 20C. Mice were killed by CO2

inhalation. In some experiments the liver, lungs, and thymus were removed and

placed in 10% buffered formalin for histopathology.

Microsomal enzyme induction, inhibition and evaluation

MFO activity was induced by four consecutive single daily ip injections of

PB (80 mg/kg/day, 0.05 m1/10 g) (Merck, Rahway, NJ) dissolved in phosphate-

buffered saline (PBS). Mice were orally exposed to MCT 24 hours after the last

PB injection. Inhibition of MFO enzymes was achieved by 2 ip injections of CP

sodium-succinate (250 mg/kg, LyphoMed, Melrose Park, IL), one given

immediately before MCT administration and one three hours post MCT

exposure.

Analysis of microsomal enzyme activity was performed to verify induction

and inhibition by PB and CP, respectively. Hepatic microsomes were isolated

as described by Williams et al. (1989) 24 hrs after the last PB injection, and 0.5-

6 hrs after a single exposure to CP. Cytochrome-P450 content was determined

by comparing the light absorption spectra of oxidized and reduced microsomal
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enzymes as described by Estabrook of al. (1972). Protein concentrations were

determined by the method of Lowry et al. (1951) with bovine albumin as

standard. In vitro microsomal incubations with MCT were performed as

described by Williams of al. (1989).

MCT and. MCTP exposure and analysis

Monocrotaline (MCT, Aldrich Chemical Co., Milwaukee, WI) was

dissolved in a 1% phosphoric acid solution, adjusted to pH 7 with NaOH, and

stored at 40 C. MCT was administered by gavage at 0.1 ml MCT/10 g body

weight with doses ranging from 25-400 mg/kg, while controls received vehicle

(1% phosphoric acid buffered with NaOH). Concentrations of MCT tested in vitro

ranged from 1-3 mM.

MCTP was synthesized according to the methods of Mattocks of al.

(1989), and stored at -70 C in N,N-dimethylformamide (DMF). The structure of

MCTP was confirmed using fast atom bombardment (FAB) mass spectrometry

(Kratos MS-50) and nuclear magnetic resonance (Bruker 400). MCTP was

diluted with DMF and added directly to lymphocyte cultures to form final

concentrations ranging from 1-8 11M.

The presence of MCT metabolites in the supernatant from in vitro

lymphocyte and hepatic microsomal incubations were analyzed using reverse

phase HPLC as described by Kedzierski and Buhler (1986). All data of

metabolite analysis were reported as amount of DHP formed as MCTP is rapidly

degraded in an aqueous environment to DHP (Kedzierski and Buhler, 1985).
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Preparation of spleen cells

Splenic lymphocytes were isolated as described in detail by Deyo and

Kerkvliet (1990). The resulting cell suspensions were washed, resuspended,

counted, then diluted to appropriate assay-dependent concentrations.

In vitro sensitization experiments utilized a culture media that was filter

sterilized (0.22 p) and consisted of the following added to RPMI-1640 media:

Na-pyruvate (1 mM), penicillin (1000 U/ml), streptomycin (1000 pg /ml),

L-glutamine (2 mM), 2-mercaptoethanol (5 x 10-5 M, Sigma Chem. Co., St.

Louis, MO ), FCS (10%), essential amino acids (1 mM), nonessential amino

acids (1 mM), NaHCO3 (0.075%), and HEPES (20 mM). Spleen cell cultures

were placed in an air-tight chamber filled with a mixture of 10% CO2, 7% 02, and

83% N2 and slowly rocked (6-7 cylcles/min) in a 37 °C incubator.

Sensitization and evaluation of antibody responses

In vivo sensitization of mice was achieved by ip injection of 2.5 x 108

SRBC (Colorado Serum Co., Denver, CO) in 0.2 ml endotoxin-free PBS 24

hours after receiving MCT. In vitro sensitization was achieved by placing 5 x

106 SRBC into 1 ml cultures with 1 x 107 spleen cells. The antibody response to

SRBC given in vivo or in vitro was assessed five days later using the

plaque-forming cell (PFC) assay as described by Deyo and Kerkvliet (1990).

Culture viability was assessed by the pronase digestion (Johnson et al., 1987)



74

Blastogenesis Assay

Spleen cells utilized for blastogenesis were harvested under aseptic

conditions and subjected to a hypotonic lysis to remove RBCs. They were

plated into a 96 well flat bottom plate in triplicate (4 x 105 cells/well) with three

different concentrations of concanavalin A (2.0, 1.0, and 0.5 µg /ml, Con A,

Calbiochem #234567) or LPS (100, 25 and 6.25 µg/ml, S. typhosa 1901, Difco)

mitogens. Either MCT (1-3 mM) and its vehicle (pH balanced PBS), or MCTP (1-

8 gM) and its vehicle (DMF) were then added to each well prior to incubation.

Plates were incubated at 370 C with 5% CO2 in a humidified chamber for 48

hours, after which 0.5 gCi of tritiated thymidine (ICN #24070) was added.

Cultures were harvested 24 hrs later using a cell harvester (Skatron Inc,

Sterling, VA). Incorporated radioactive label was counted in a Packard Tri-Carb

1600TR liquid scintillation counter with background proliferation subtracted from

each sample prior to statistical analysis.

Statistics

Statistical analyses were performed using the statistical software base

SAS (SAS Institute Inc., Cary, NC), or StatView 512+ (Brain Power Inc.,

Calabasas, CA). Data were assessed for homogeneity of variance by Bartlett's

test (p < 0.05). Significant treatment effects were determined by either standard

one-way or 2 x 2 factorial analysis of variance. Comparison between means

were based on Least Significant Difference or Dunnett's T-test with p < 0.05 a

criterion of significance.
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RESULTS

Overt toxicity and antibody response following acute MCT exposure

A single dose of MCT ranging from 25-400 mg/kg did not significantly

alter body or lymphoid organ weights, or histological architecture of the liver,

lung, or thymus (data not shown). Two mice died four days after being treated

with both MCT (300 mg/kg) and CP. However, surviving mice had no alterations

in body or spleen weights, or splenic cellularity (data not shown).

Acute MCT exposure inhibited the antibody response to SRBC in a dose-

dependent manner (Figure 1).

Confirmation of MFO induction by PB or inhibition by CP

Hepatic microsomal protein and cytochrome P450 concentrations were

significantly increased 24 hours after the last PB injection (Table 1). In addition,

the formation rate (nmol/min/mg protein) of the pyrrolic metabolite DHP during in

vitro incubations with PB-induced microsomes was significantly increased 2.5

times over control microsomes.

Exposure to the MFO inhibitor CP resulted in a significant reduction in the

microsomal transformation rate of MCT to DHP (nmol/min/mg protein) from

microsomes harvested 0.5 3 hours after CP exposure, with maximal inhibition

occurring after 1 hour (Figure 2).
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Effects of enzyme induction and inhibition on MCT immunotoxicity

Following PB induction of MFO enzymes, mice were exposed to two

different doses of MCT (100 and 200 mg/kg). The antibody response to 100

mg/kg was not significantly different from control, whereas the 200 mg/kg dose

was significantly reduced by 29.5%. In both experiments PB pretreatment did

not significantly enhance the MCT-induced immunosuppression (Figure 3a and

b).

In experiments evaluating the effects of CP-induced inhibition of MCT

metabolism on immunosuppression, MCT (300 mg/kg) significantly decreased

the antibody response (34% of control)(Figure 4). However, CP pretreatment

did not significantly attenuate the suppression induced by 300 mg/kg MCT

alone.

Effects of MCT and MCTP exposure on in vitro antibody responses

A decrease in the number of PFC/106 viable cells was observed in vitro

at MCT concentrations between 1 and 3 mM with a 50% inhibitory concentration

(IC50) of 2.2 mM (Figure 5). A MCT-induced concentration-dependent decrease

in the total number of viable cells recovered was also observed (Figure 5).

Exposure to MCTP in vitro also inhibited the antibody response to SRBC

in a concentration-dependent manner with an IC50 of 5.1 p.M (Figure 6).

Interestingly, MCTP had no effect on the total number of viable cells recovered

(Figure 6).

High performance liquid chromatography (HPLC) analysis of lymphocyte
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culture supernatant failed to detect the pyrrolic metabolite DHP when examined

at various times of incubation (0, 4, 12 hrs, and after 4 and 5 days) with an

immunosuppressive concentration of MCT (2 mM; data not shown).

Effects of MCT and MCTP exposure on in vitro blastogenesis.

Both MCT and MCTP inhibited in a concentration-dependent manner the

blastogenic response to the optimal stimulatory dose of B and T cell specific

mitogens (Figure 6 and 7). The 1050 of MCT for suppression of the response to

LPS and ConA was 1.4 mM and 1.1 mM respectively. The 1050 of MCTP for

suppression of the response to LPS and ConA was 4.4 liM and 5.1gM

respectively.
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DISCUSSION

Previous studies have shown that MCT can suppress various immune

responses in B6 mice following a 14-day exposure (Deyo and Kerkvliet 1990

and 199X). The results of studies described herein extend our previous findings

by demonstrating that exposure to an acute dose of MCT can also suppress the

antibody response to SRBC. As with subchronic studies, immunosuppression

induced by a single dose of MCT occurred in the absence of effects on lymphoid

organ weights or histopathological lesions in the liver and lung.

An interesting observation in this study was that the calculated dose of

MCT from figure 1 to induce a 50% inhibition (ID50) of the acute antibody

response would be 316 mg/kg. This amount of MCT is similar to the total amount

of MCT received over a 14 day period (378 mg/kg) administered at its ID50 rate

of 27 mg/kg (Deyo and Kerkv liet, 1990). This might suggest that inhibition of the

antibody response is more dependent on the total amount of MCT received

rather than on a specific dose rate. MCI has been shown to be rapidly

metabolized and excreted (Estep et al., 1991). However, its metabolic

conversion to pyrrole moieties, which are strong alkylating agents, would have

the potential to produce cumulative and long lasting lesions. This is evidenced

in a study by Hsu et al. (1973) whiCh showed that a single dose of MCTP was

able to inhibit hepatic mitosis in rats 30 days after its administration.

Mattocks (1972) first noted the direct relationship between PA-induced

hepatic toxicity and hepatic pyrrole levels in rats. Studies by Tuchweber et al.
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(1974) showed that mortality rate and hepatic lesions induced by MCT were

significantly enhanced in rats pretreated with PB. Additionally, induction of

mixed function oxidase (MFO) enzymes in mice with PB was shown to result in a

four-fold increase in the in vitro production of pyrrole (White et al., 1973).

Therefore, we hypothesized that if the observed MCT-induced immunotoxicity is

the result of its bioactivation to a pyrrole moiety, then induction of MFO enzymes

with PB and a subsequent increase in pyrrole formation should enhance the

immunotoxicity of a single exposure to MCT. Likewise, by inhibiting the

biotransformation of MCT to reactive pyrroles through inhibition of MFO, we

hypothesized that the immunotoxicity could be attenuated.

The results from PB induction experiments confirmed a PB-induced

increase in hepatic microsomal protein concentration and P450 levels in B6

mice. In addition, in vitro incubation with MCT showed a significant increase in

the rate of DHP formation with microsomes from PB-treated mice as compared

to control animals. In contrast, the results of in vivo experiments in which PB-

induced animals were sensitized to SRBC showed that pretreatment with PB did

not significantly decrease the acute immunotoxic potency of MCT alone.

Assuming that pyrrole formation was enhanced in vivo as it was in vitro , then

the data suggest that an elevated production of pyrrole does not result in

enhanced immunotoxicity. This questions the obligatory role of pyrrole

formation in the dose-dependent induction of acute in vivo MCT-induced

immunotoxicity.

Experiments to further examine the role of pyrrolic metabolites in MCT-
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induced immunotoxicity were performed using the MFO enzyme inhibitor CP.

Preliminary experiments in our laboratory determined that the efficacy of

metabolic inhibition of CP was more than that of SKF-525A, and was less toxic.

CP significantly inhibited the microsomal transformation of MCT to DHP in vitro

for up to three hours after administration. Animals received a second injection of

CP three hours after MCT to ensure MFO inhibition through out the

gastrointestinal (GI) absorption period of the MCT. Although the GI absorption

period was not measured in our studies, MCT is believed to be rapidly

absorbed. A study by Mattocks (1972) showed that oral administration of a

similar PA, retrorsine, produced levels of pyrrolic metabolites comparable to

that of iv administration within 1-2 hours. Interestingly, pretreatment with CP did

not, as hypothesized, provide significant protection from an acute

immunosuppressive dose of MCT.

The results from studies involving modulation of MFO enzymes provide

indirect evidence that the parent compound itself may play a significant role in

the observed acute immunotoxicity. Thus, experiments were performed to

determine if direct in vitro exposure to MCT in culture could inhibit the antibody

response to SRBC and the blastogenic response to T and B cell mitogens.

Although isolated lymphocytes have the ability to metabolize some xenobiotics

(Thurmond et aL, 1989; McManus et aL, 1987; Whitlock et al., 1972), HPLC

analysis of the supernatant from lymphocytes incubated with MCT in culture did

not detect the presence of the pyrrolic metabolite DHP. Even though no DHP

was detected in vitro, the SRBC-induced antibody response was suppressed by
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MCT in a concentration-dependent manner.

Data were expressed as PFCs per million viable cells to compensate for

differences in total viable cells harvested. This reduction in total viable cells

may have been due to direct cytotoxic effects, and/or a reduction in

blastogenesis. Interestingly, the relatively high concentration of MCT required

for immunotoxicity in vitro (2-3 mM) is similar to that which causes acute

immunosuppression in vivo (200-300 mg/kg), assuming a whole-body water

distribution. Accordingly, our data suggest that nonmetabolized MCT is capable

of interfering with the cellular processes of the normal antibody response to

SRBC in vitro and in vivo resulting in suppression of the antibody response.

On the other hand, these results do not exclude the possibility that

pyrrolic moieties of MCT may also be immuriotoxic. Pyrrolic metabolites have

been shown by numerous investigators to possess strong alkylating properties

(White and Mattocks, 1972; Hsu and Allen 1975; Robertson, 1982), with DHPs

preferentially binding to proteins over DNA (Hsu and Allen 1975; Hsu et al.

1976). Thus, they may be capable of disrupting many normal cellular functions.

The results of experiments assessing the in vitro immunotoxicity of MCTP

demonstrated that it was also immunotoxic in a concentration-dependent

manner. In addition, the IC50 of MCTP was 5.1 p.M, over 400-fold more potent

than the parent compound which had an IC50 of 2.2 mM.

The direct effects of MCT and MCTP on lymphocytes was also evidenced

by a concentration-dependent inhibition of the blastogenic response to B and T

cell specific mitogens. These results demonstrate that both B and T cells can be
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affected by direct exposure to these toxicants. Similar to inhibition of the in vitro

antibody response, MCTP was much more potent (200-300 fold) at inhibiting

blastogenesis than MCT. Inhibition of blastogenesis in vitro also correlates to a

suppression of blastogenesis seen in vivo in other studies and may represent a

mechanism of suppression for the in vitro antibody response.

The inability of PB-enhanced MFO enzyme activity to alter the

immunotoxicity of MCT in the face of such potent in vitro effects with MCTP is

intriguing. A possible explanation is that although the production of pyrrole was

increased in the liver following PB pretreatment, the specific metabolite MCTP

may not have reached the spleen in higher concentrations before its hydrolytic

conversion to DHP. The DHP metabolite of MCT has a much lower alkylating

potential and may be incapable of inducing immunotoxicity. Alternatively, the

mechanisms of in vivo and in vitro immunotoxicity may be different. Clearly,

additional experiments need to be performed to address these possibilities.

In summary, the immune system of B6 mice appears to be a vulnerable

target to acute MCT exposure, inducing significant antibody suppression

following acute in vivo and in vitro exposure. This extends the findings from our

previous subchronic studies. In addition, even though direct exposure to MCTP

inhibited the antibody response in vitro, our results suggest that unmetabolized

MCT may play a significant role in the acute in vivo immunotoxicity. This is in

contrast to other aspects of MCT toxicity seen in other species, wherein

metabolic activation is required for toxicity.



TABLE IV-1

INDUCTION OF HEPATIC MICROSOMES BY PHENOBARBITAL PRETREATMENT a

Protein P-450 Pyrrole (DHP) b

(mg/g liver) (nmol/mg prot.) (nmol /min /mg prot.)

Control 12.16 ± 0.06 0.99 ± 0.06 1.26 ± 0.07

Phenobarbital 18.57 ± 0.55 * 1.83 ± 0.10 * 3.09 ± 0.05 *

a.) The data represent the mean ± SE, (n=6) from animals receiving either saline or phenobarbital
(80 mg/kg/day, ip) for 4 days, then killed 24 hrs later to isolate hepatic microsomes.

b.) Metabolism of MCT to pyrroles was based on HPLC analysis of dihydropyrrolizine (DHP) formation.

* denotes significance from control p < 0.05.
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Fig. IV-1. The effect of a single oral exposure to monocrotaline (MCT) on the

antibody response to sheep red blood cells (SRBC). Thee data represent the

results from a single experiment in which mice (n=6) were given a single oral

dose of MCT (25-400 mg/kg). Twenty-four hours later they received an ip

injection of SRBC (2.5 x108 cells). Mice were killed 5 days later and the number

of SRBC antibody producing cells were determined by plaque assay. Data is

mean ± SEM number of PFC/106 spleen cells and is presented as percent of

control. Control value was 1,894 ± 366. Means with an asterisk were significant

from control at p < 0.05.
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Fig. IV-2. The effect of a single ip dose of 250 mg/kg chloramphenicol (CP) on

the ability of hepatic microsomes, harvested at various times after CP, to

metabolize MCT in vitro to dihydropyrrolizine (DHP). The data represent the

results of 1 hr incubations with 2 mg of microsomal protein and MCT (2 mM).

DHP production was measured by reverse-phase HPLC and evaluated against

a known standard. Means with an asterisk were significant from control at p <

0.05. Data were presented as percent of control and represent the average from

two separate experiments (n=2/time point) . Metabolism rates for control

microsomes in the two experiments were 0.398 ± 0.008 and 0.264 ± 0.036 nmol

DHP/mg/min.
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Fig. IV-3. The effect of the mixed-function oxidase inducer phenobarbital (PB)

on the acute immunotoxicity of monocrotaline (MCT). Mice (n=6/treatment)

received either PB (80 mg/kg/day) or saline for 4 days prior to exposure to a

single oral dose of either MCT (A, 100 mg/kg or B, 200 mg/kg) or its vehicle.

One day later all mice were sensitized with SRBC (1 x 108) then assessed five

days later for an antibody response. Data represent mean number of PFC/108

cells ± SEM. Bars with different letters are significant from each other with p <

0.05.
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Fig. IV-4. The effect of the mixed-function oxidase inhibitor chloramphenicol

(CP) on the acute immunotoxicity of monocrotaline (MCT). Mice (n=8/treatment)

received an ip injection of either CP (250 mg/kg) or PBS immediately prior to

exposure to a single oral dose of either MCT (300 mg/kg) or its vehicle. Three

hours later mice received a second injection of either CP or PBS One day later

all mice were sensitized with SRBC (1 x 108), then assessed five days later for

an antibody response. Data represent mean number of PFC/108 cells ± SEM.

Bars with different letters are significant from each other with p < 0.05.
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Fig. IV-5. The effect of monocrotaline (MCT) exposure on the in vitro antibody

response to SRBC. The data is a composite of three experiments in which

spleen cells were pooled from 3 mice and placed in 24 well culture plates (1

x107/m1) with MCT (1-3 mM) and SRBC (5 x 106). Each pool was allocated to

contain a control (MCT vehicle) and all MCT concentration levels in triplicate.

Five days later the number of PFC/106 viable cells was determined in each well

and the triplicate mean was calculated. Data were transformed to percent of

control for statistical analysis and presented as such. Means with an asterisk

were significant from control at p < 0.05. The control response from each

experiment was 10,143 ± 1,243, 14,579 ± 824 and 15,005 ± 960 PFC/106 cells.

Cell viability was determined by dividing the total number of viable cells

recovered by the total number of cells recovered from each well.
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Fig. IV-6. The effect of monocrotaline pyrrole (MCTP) exposure on the in vitro

antibody response to SRBC. The data is a composite of three experiments in

which spleen cells were pooled from 3 mice and placed in 24 well culture plates

(1 x 107/ml) with MCTP (1-8 uM) and SRBC (5 x 106). Each pool was allocated

to contain a control (MCTP vehicle, DMF) and all MCTP concentration levels in

quadruplicate. Five days later the number of PFC/106 viable cells was

determined in each well and the quadruplicate mean was calculated. Data

were transformed to percent of control for statistical analysis and presented as

such. Means with an asterisk were significant from control at p < 0.05. The

control response from each experiment was 7,101 ± 881, 14,632 ± 958 and

5,528 ± 169 PFC/106 cells. Cellular viability was determined by dividing the

total number of viable cells recovered by the total number of cells recovered

from each well.
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Fig. IV-7. The effect of in vitro monocrotaline (MCT) exposure on the ability of

splenic lymphocytes to proliferate in response to various mitogens. The data

represents the results from a single experiment (n =6) in which MCT (PBS

vehicle, 1, 2, and 3 mM) was placed in culture with lymphocytes (4 x 105

cells/well) and either Con A (1.0 ug/well) or LPS (25 ug/well) for 72 hours, with

3H-thymidine added after the first 48 hrs. Data were presented as mean ± SEM

counts per minute (CPM) with asterisk noting significant difference from control

at p <0.05.
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Fig. IV-8. The effect of in vitro monocrotaline pyrrole (MCTP) exposure on the

ability of splenic lymphocytes to proliferate in response to various mitogens.

The data represents the results from a single experiment (n=6) in which MCTP

(DMF vehicle, 1, 2, 4, and 8 gM) were placed in culture with lymphocytes (4 x

105 cells/well) and either Con A (0.5 ug/well) or LPS (25 ug/well) for 72 hours,

with 3H-thymidine added after the first 48 hrs. Data were presented as mean ±

SEM counts per minute (CPM) with asterisk noting significant difference from

control at p <0.05.
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CONCLUSION

Previous studies by other researchers have demonstrated both gross and

histopathological alterations in lymphoid tissues of animals exposed to PAs.

These findings prOmpted us to investigate if exposure to the specific PA, MCT,

inhibited various functional immune responses in mice. Utilizing various

immunoassays, we assessed the effect of a subchronic (14 day) oral exposure

of MCT on various antigen-specific and nonspecific immune responses in B6

mice. Subsequent to determining the potency of MCT to induce

immunosuppression, we identified more specific cellular targets and

investigated the role of bioactivation of MCT to pyrroles in MCT-induced

immunotoxicity.

Monocrotaline inhibited the immune response to many different types of

antigens in a dose-dependent manner. Immune responses were inhibited at

MCT dose levels that did not significantly alter lymphoid organ cellularity or

produce remarkable histopathological lesions in the liver and lung. These latter

two organs are commonly targeted by MCT in other species. These findings of

immuno-suppression are important as they characterize an effect of MCT that

has not been described before. In addition, the fact that MCT exposure was

able to negatively impact immune function without gross pathological changes

demonstrates the need to evaluate the functionality of the immune system

following toxicant exposure despite an absence of direct cytotoxic effects.

Although we utilized the mouse as a test species, it would be interesting

to test for evidence of immunotoxicity in other species following exposure to
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MCT or other different PAs. This would help define whether or not this is a

unique toxicity in the mouse . These studies would also provide more

information necessary for risk assessment purposes to livestock and man.

Although MCT inhibited the immune response to a variety of different

antigens, the antibody response to SRBC was very sensitive. As discussed in

chapter 2, the antibody response to SRBC requires a multicellular coordination

between antigen-processing cells (APCs), T cells, and B cells in order to

develop. Utilizing antigens that differ in their requirement for APCs and T cells,

we determined that MCT administered over a 14 day period can suppress the

antibody response to T cell independent antigens, showing that the B cell on

minimum is targeted. However, data showing significant decreases in cytotoxic

T-cell activity and NK cell cytotoxicity also indicate that the B cell is not an

exclusive target. Whether or not the B cell is the most sensitive target is unclear

at this time. Evidence suggesting that it may be is indicated by results from

experiments assessing the effect of MCT on the blastogenic response of

mitogen stimulated cells. At the lowest dose level examined, suppression of

blastogenesis to the B cell specific mitogen was 20% greater than that of the T

cell specific mitogen. Additional data showed that exposure to a highly

immunosuppressive dose of MCT significantly decreased the total number of

splenic B cells, but not T cells. Contrary to the above results, data from in vitro

studies on blastogenesis showed that suppression of the blastogenic response

to the T cell mitogen was suppressed 18% more than the B cell mitogenic

response at the lowest concentration tested. It is possible that the mechanism
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of in vivo MCT-induced suppression of blastogenesis may be different than that

observed in vitro, thus negating any direct comparisons. Nevertheless, results

of experiments in chapter 2 and 3 showing significant decreases in the ability of

T and B lymphocytes exposed to MCT in vivo and in vitro to undergo mitogen-

induced blastogenesis may represent a possible mechanism of

immunosuppression. Further experimentation would be necessary to positively

delineate whether the B cell is more sensitive than the T cell to MCT. In

addition, the determination of where and how MCT disrupts the cell cycle of

lymphocytes would be an important area to address in the future.

An unexpected result of our experiments was that there was no

remarkable histological evidence of liver or lung lesions at any of the dosage

levels examined following either an acute or subchronic exposure. Previous

studies have implicated the pyrrolic metabolites, MCTP/DHP, in the induction of

the pneumo- and hepatotoxic response in other species. The reason for the

lack of these lesions in our studies is unknown. Nevertheless, it made us

question the ability of B6 mice to dehydrogenate MCT to its pyrrole form, and

question the role these metabolites may have played in the immunotoxicity. In

experiments described in chapter 3 we investigated the ability of hepatic

microsomes from B6 mice to metabolize MCT to its pyrrole form, as well as the

role of this metabolite in the induction of immunotoxicity. Results from these

studies confirmed that MFO induction with PB, and inhibition with CP, elevated

and reduced, respectively, the rate of pyrrole formation in isolated hepatic

microsomes incubated in vitro with MCT. However, alterations in the rate of
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MCT metabolism did not appear to influence the potency of MCT to induce

immunotoxicity in vivo. These results, along with studies showing that direct

addition of MCT to lymphocyte cultures could also induce immunotoxicty,

provide evidence that the parent compound itself may have a significant role in

the induction of immunotoxicity. However, experiments with a chemically

synthesized MCTP metabolite showed that it also could significantly suppress

the in vitro antibody response to SRBC at a 400-fold lower concentration than

that of MCT. These results are intriguing in light of the fact that MFO induction

and inhibition did not significantly increase or decrease acute MCT-induced

immunotoxicity. Although the metabolite MCTP is produced in the liver, it is

rapidly transformed to DHP, and thus, may not reach the spleen to inhibit

lymphocyte function. Pyrrolic metabolites are potent electrophiles that may

covalently bond to many cellular nucleophiles to disrupt normal cellular

functions. However, MCTP is a much more potent alkylating agent than its

hydrolytic product, DHP, which would have a better chance of reaching the

spleen. The ability of DHP to inhibit the antibody response to SRBC is unknown

at present; and valuable knowledge could be gained by experiments assessing

its role in the immunotoxicity.

In conclusion, these studies describe a type of toxicity induced by MCT

that has not been previously reported. Although lymphoid atrophy has been

observed following PA exposure, this research provides evidence that exposure

to MCT can result in functional suppression of the immune system without overt

cytotoxic effects.
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