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Earthworm (Lumbricus terrestris) coelomic leukocytes, 

or coelomocytes, were shown to have sufficient ability to 

reduce nitroblue tetrazolium dye (NBT) for potential use as 

a surrogate biomarker to assess nonspecific immunotoxicity 

of environmental xenobiotics. NBT reduction is used 

clinically to evaluate the potential of human leukocytes to 

oxidatively kill phagocytosed microorganisms. Coelomocyte 

NBT reduction, which exhibited time-response patterns 

similar to those of human and murine leukocytes, was 

sensitive to Cu and/or Pb contaminants in refuse-derived 

fuel fly ash (RDFF). NBT reduction by coelomocytes from 

earthworms exposed for 5 d to 10, 30, 50 or 70% 

RDFF:commercial soil mixtures decreased significantly with 

increasing sublethal RDFF concentrations when compared to 

soil-exposed controls. Suppression occurred in all but the 

10% group at 40, 59 and 64% of controls, respectively. 

Tissue levels of Cu++ and Pb++ accorded with RDFF exposure 

concentrations in which suppression of NBT reduction 

occurred. NBT reduction was not significantly suppressed in 

coelomocytes from earthworms exposed to 70% RDFF that had 



been acid washed to remove metals. 

Lysozyme-like activity in earthworm coelomic fluid and 

coelomocytes was also shown to have potential use as a 

surrogate biomarker to assess innate immunotoxicity of 

terrestrial wastes. Lysozyme is a phylogenetically-conserved 

enzyme capable of bactericidal activity via action on 

peptidoglycan of Gram-positive bacterial cell walls. 

Earthworm lysozyme-like activity in both coelomic fluid and 

coelomocytes, similar to that in mammalian serum and 

leukocytes, was reduced significantly after exposure of 

earthworms for 5 d to CuS04 on filter paper (1.0 ug 

Cu++/cm2) . Tissue levels of Cu++ correlated with exposure 

concentration in which suppression of enzyme activity 

occurred. 

Results herein suggest that both NBT reduction and 

lysozyme activity assay systems are useful for determining 

the immunotoxicity of xenobiotics via their effects on 

antimicrobial defense mechanisms. 
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CHAPTER I 

INTRODUCTION 

Understanding the toxic potential, and mechanisms of 

action, of environmental xenobiotics is fundamental for 

assessing risks to public and environmental health. Numerous 

methods have been developed for screening chemicals and 

studying their modes of action on a variety of acute toxic 

endpoints, and subchronic-chronic processes such as 

carcinogenicity [5-9]. Improvement of established tests 

and development of new assays to more adequately assess 

risk are continuously being developed. Although many methods 

have shown toxicities to the immune system, only relatively 

recently have scientists become aware of the 

broad spectrum of xenobiotics that alter immune function 

[1-22,61] and, of immune system's potential as a target 

organ system for studying the toxicology of exposure to 

chemicals [59]. 

Since much is known about the molecular and cellular 

biology of the immune system, it is especially well-suited 

for studying mechanisms of toxicity. Immunocompetent cells 

are required for host resistance, thus, their exposure to 

toxicants could result in immunomodulation, thereby 

providing insight into the biological significance of 
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xenobiotic exposure [60]. Cells of the immune system have 

characteristics that make them suitable for studying 

chemical-induced immunotoxicity including: (1) capacity to 

proliferate rapidly following activation with antigen or 

non-specific stimuli; (2) potential to undergo terminal 

differentiation that results in production of measurable 

humoral mediators (e.g. antibodies in mammals and antisomes 

in earthworms) or providing effector functions (e.g. tumor 

cell killing) [60]; (3) gene products that can be used as 

markers of maturation; and (4) ability to ingest and digest 

or neutralize foreign materials via action of enzymes or 

products of enzymatic pathways. Since assessment of function 

and enumeration of immune cells following exposure to 

xenobiotics require small volumes of blood or lymphoid 

tissues, which are obtainable by minimally invasive methods, 

observations in experimental animals can be confirmed (i.e. 

validated) in humans using immune cells collected by such 

methods. 

The Environmental Effects Research Group at University 

of North Texas [17,19-22,103, 127] recently has targeted 

alteration of the innate, non-specific and specific immune 

responses by xenobiotics in earthworms for developing a 

suite of toxic endpoints or biomarkers [18] . Development of 

an earthworm immune-based system of biomarkers is based on a 

need for rapid sensitive, cost-effective and socially non-

controversial surrogate immunoassay protocols, that could be 
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used as an adjunct or complement to existing protocols with 

mammals. Such an assay system would be used to screen 

xenobiotics to determine if further mammalian tests should 

be performed (i.e. "red flagging" xenobiotics much in the 

way that the Ames test does for potential carcinogens). The 

earthworm Lumbricus terrestris was selected, as a non-

vertebrate for developing an in vivo model to assess 

immunotoxic potential of xenobiotics and understanding their 

modes of action [23-45,56,57]. 

Earthworms were selected for several reasons: (1) they 

serve as invertebrate surrogate for assessing immunotoxicity 

of environmental xenbiotics under both laboratory and field 

conditions; (2) their immune functions appear to be 

sufficiently analogous or homologous to those in vertebrates 

for use in screening xenobiotics. for immunotoxicity in 

higher wildlife, including mammals [25-42]; (3) being 

virtually ubiquitous and ecologically important soil 

organisms, they are valuable in situ sentinels for use in 

assessing risks to public and environmental health and; (4) 

earthworm behavior and morphology enable their direct 

exposure to complex environmental mixtures and matrices of 

pollutants [20]. 

Innate immune function, such as lysozyme activity 

[45,56,57], and non-specific immune function, such as 

phagocytosis [43], are thought to be homologous to those in 

mammals. Consequently, a suite of assays using innate and 
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non-specific immune functions in L. terrestris has potential 

to complement similar tests with mice developed by the 

National Toxicology Program for screening chemicals 

[58-60] and as measurement endpoints [18] for use in 

hazardous waste site assessment. 

The work presented herein concerns assay systems of 

innate immune function based on lysozyme-like activity of 

coelomic fluid and coelomic leukocytes (coelomocytes) and 

non-specific immune function based on nitroblue tetrazolium 

dye (NBT) reduction by coelomocytes, of L. terrestris. 

Lysozyme activity and NBT reduction assays would complement 

the use of coelomocytes and their products in identifying 

xenobiotics that interfere with immune functions of 

earthworms and identifying their potential immunotoxic 

effects in higher organisms, including mammals. 

Principal objectives of my research were to: (1) report 

for the first time that coelomocytes are able to reduce NBT 

dye and confirm the presence of lysozyme-like activity in 

earthworm; (2) develop a standard methodology for 

determination of NBT reduction and lysozyme-like activity in 

earthworms; (3) compare NBT reduction and lysozyme-like 

activity in earthworms with those of murine and human cells 

and fluids; and (4) demonstrate the sensitivity of earthworm 

NBT reduction and lysozyme-like activity as the assays using 

matrics in refuse-derived fuel fly ash (RDFF) and CuS04. 



CHAPTER II 

RELEVANT LITERATURE 

Review of earthworm immune system 

Members of the phylum Annelida, which includes 

earthworms, are segmented protostomes with a well-developed 

coelom. The earthworm immune system is housed in the coelom, 

which contains coelomic fluid and coelomocytes, or earthworm 

leukocytes [34,62]. Coelomocytes are, as mammalian 

leukocytes, sensitive to foreign materials (e.g. alio- or 

xeno-grafted tissue [25-28,32,37,42]). They are active in: 

(1) innate immune reactions such as lysozyme production 

[45,56,57]; (2) non-specific immune reactions such as 

phagocytosis [63-65] and inflammation [44]; (3) the more 

complex cellular immune responses responsible for such 

reactions as graft rejection [25-28,32,37] and; (4) humoral 

immune responses including synthesis of agglutinins and 

lytic factors [65]. 

Coelomocytes derive from the epithelial lining of the 

coelomic cavity or from specialized leukopoietic structures 

("lymphoid organs") [35]. Coelomocytes consist of two 

primary cell lines, ameobocytes and eleocytes. Ameobocytes 

are responsible for mediating non-specific and specific 

immune responses [34,66,67], whereas eleocytes (chloragogen 
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cells) are important in glycogen and lipid storage, and 

excretion. Immunoactive coelomocytes (ameobocytes) have been 

classified according to ultrastructure as basophils and 

neutrophils for the hyaline amoebocytes and acidophils for 

the granular amoebocytes [35,62], An additional cell type, 

transitionals, possess characteristics of both populations 

above. Small basophils exhibit characteristics common to 

mammalian lymphocytes in that they take part in graft 

rejection, and synthesize and release humoral immune 

factors. Neutrophils or large basophils possess basophilic 

granules and mediate the generalized inflammation reaction 

present in damaged tissues (wound-healing). Acidophils are 

responsible for phagocytosis of foreign materials and are 

common in inflammation tissue. All classifications and 

functions have been reviewed by -Cooper and Stein [35]. 

Earthworms possess an efficient, non-specific mechanism 

for disposing of foreign material, equivalent to the 

responses found in mammals. Phagocytosis is a defense 

reaction common to all animals. Earthworm acidophils and 

neutrophils are able to mount phagocytic and well-defined 

inflammatory responses against non-self material such as 

alio- or xeno-grafted tissue [27,28,37,42-44]. In addition, 

coelomocytes possess a lysozyme-like bacteriolytic factor 

[45,56,57] that is thought to be important in innate defense 

against pathogens. 

Earthworm small basophils synthesize and secrete an 
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array of humoral factors that participate in immune 

responses. These factors, although not structurally related 

to mammalian antibody, are proteins that exhibit analogous 

functional properties. The most important humoral factors 

are agglutinins and lysins. Agglutinins are proteins that 

are specifically induced by and specifically react with 

antigen [39,40,68,69]. Agglutinins function to aggregate 

foreign material and may serve as opsonins providing an 

efficient mechanism for phagocytosis [43]. Presence and 

strength of a specific agglutinin in coelomic fluid can be 

determined in the same manner as serum antibody level and is 

reported as a titer. Numbers of coelomocytes synthesizing 

and secreting agglutinins are assayed by determining the 

ability of cells to form secretory rosettes (SR) with 

erythrocytes (antigens). SR are formed by small basophils 

releasing agglutinins in response to specific erythrocyte 

stimulation which results in multiple layers of erythrocytes 

adhering to the coelomocyte [70]. Lytic factor inhibits the 

growth of bacteria and thus is important in earthworm 

defense against pathogens [71,72]. Bacteriostatic and 

bactericidal effects can be induced by inoculating 

earthworms with sublethal numbers of bacteria resulting in 

the immunization of animals and increased resistance to 

challenge [72]. Humoral factors are synthesized by small, 

non-adherent basophils that are ultrastructurally similar to 

mammalian lymphocytes [30,31,34,36]. Inhibition of humoral 
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response in earthworms from exposure to xenobiotics would 

lead to an immunosuppression and development of symptoms 

similar to mammals with hypogammaglobulinemia (i.e. reduced 

resistance to infection). 

Cell-mediated immune response has been demonstrated in 

earthworms by transplantation and mitogen stimulation 

studies. Transplantation experiments have shown that 

earthworms are capable of recognizing and rejecting 

foreign tissue grafts while accepting autografts. Xenografts 

are rejected more vigorously than allografts [25,28,32] . 

Rejection of a second transplated graft from the same donor 

is accelerated, suggesting a memory component [37]. The non-

adherent basophils responsible for graft rejection can be 

induced to undergo blast-transformation on exposure to 

the T-cell mitogens Phytohemagglutinin A (PHA) and 

Concanavalin A (Con-A) as determined by tritiated thymidine 

incorporation [73,74]. Besides to mitogens, coelomocytes 

have been stimulated by transplantation antigens [75]. 

Similarity between immune responses of earthworms and 

mammals suggests their use as surrogates to predict effects 

of xenobiotics on mammalian immune responses. 

The tier approach to assess immunotoxicity 

The complexity of the immune system and the fact that 

no single immunoassay is sufficient for screening or 

assessing mechanisms of toxic action by xenobiotics has led 
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to tiered approaches with multiple assays and endpoints 

[4,58-60]. A typical tier approach involves two panels of 

immunoassays: Tier-I, a panel of relatively simple 

parameters of innate immunity (II), non-specific immunity 

(NSI), humoral mediated immunity (HMI) and cell-mediated 

immunity (CMI), which with limited effort can be used to 

screen xenobiotics; and Tier-II, a comprehensive panel of 

additional II, NSI, HMI, CMI, and host-resistance challenge 

endpoints. The latter can be used to further test chemicals 

producing immune alteration in Tier-I, usually at lower dose 

levels, and to provide in-depth information on modes of 

action and specific nature of toxic effects [76]. The tier 

approach provides for efficient, time and cost-effective, 

gathering of pertinent information on modes of xenobiotic 

immunotoxicity. 

Recognizing the potential of the immune system for 

screening xenobiotics and their modes of action, the 

National Toxicology Program (NTP) developed a two-tiered 

immunoassay protocol with rodents [60]. The objective was to 

develop a panel of immunoassays with sufficient sensitivity 

and comprehensiveness to enable detection of subtle 

immunologic effects after exposure to chemicals, and relate 

them to alterations in host resistance to disease-producing 

organisms or tumor cells. The two-tiered immunoassay project 

with earthworm coelomocytes developed by the Environmental 

Effects Research Group at University of North Texas 
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parallels that developed with rodents by the NTP. 

Biochemical aspects of lysozyme activity in earthworm 

Lysozymal enzymes are present in tissues and secretions 

of vertebrates, invertebrates and plants [55,96]. The 

enzymes are defined as 1,4-S-N-acetylmuramidases, with the 

capacity to cleave the glycosidic bond between the C-l of N-

acetylmuramic acid (MurNAc) and the C-4 of N-

acetylglucosamine (GlcNAc) of bacterial cell wall 

peptidoglycan. Some lysozymes also display chitinase 

activity corresponding to a random hydrolysis of 1,4-S-N-

acetylglucosamine linkage in chitin [93,96]. Since Fleming's 

discovery of lysozyme in 1922, extensive studies have been 

conducted and reviews have been presented [55,92,94]. 

The important constituents of the bacterial cell wall, 

long-chain mucopolysaccharides, are composed of alternating 

N-acetylglucosamine and N-acetylmuramic acid residues joined 

by £-(1-4)-glycosidic linkages. Lysozyme, acting as a N-

acetylmuramidase, cleaves such compounds only at the 

glycosidic bond of the N-acetylmuramic acid residues 

[93,95]. The biochemical aspects of bacteriolytic cell wall 

hydrolysis by lysozyme [55,92-98,100] are illustrated in 

Figure 1. As an extracellular enzyme [97], and as an 

intracellular anti-microbial factor in neutrophils and 

monocytes [55,98,100,118], lysozyme is an important 

component of innate immunity. 
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Fig. 1. Bacterial cell wall structure and hydrolytic 

mechanism of lysozyme. 
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Lysozyme-like enzymes with bacteriolytic activity 

similar to avian and mammalian lysozyme activity have been 

reported in several annelids, most notably Eisenia fetida 

[45,56,57,99]. In E. fetida, a lysozyme-like substance with 

a molecular weight of 15,000, has been related to a lysozyme 

according to its lytic activity on Gram-positive bacteria 

cell walls. This lysozyme-like activity is temperature and 

pH dependent, and can be enhanced by intracoelomic injection 

of various bacteria (Gram-positive and Gram-negative). 

Lysozyme-like activity levels in coelomic fluid are normally 

low indicating that the enzyme may be released from 

coelomocytes as part of an internal defense mechanism of 

E. fetida against bacteria gaining access to the coelom 

[45]. Little work has been done on the lysozyme activity 

present in L. terrestris. 

Lysozyme activity in vertebrate may be influenced by 

heavy metals (Cu++, Co++, Mn++, Ni++) [104-106], and 

organic compounds (heparin) [107,108]. The study on 

lysozyme-like activity in E. fetida [56,57] has indicated 

that the enzyme protein structure is different from that of 

vertebrate's, but functionally analogous in that it is able 

to lyse bacterial cell walls. The lysozyme-like activity in 

L. terrestris is hypothezied to be functionally analogous to 

the lysozyme of vertebrate's. Thus, L. terrestris lysozyme-

like bacteriolytic activity could be significantly affected 

by exposure to known toxicants such as the heavy metal Cu++. 
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The method for testing lysozyme-like activity in E. fitida 

has been previously described [45,56,57]. Similar procedure 

can be utilized to assay for inhibitory effects of 

xenobiotics on the earthworm, L. terrestris, lysozyme-like 

activity allowing for the investigation of potential 

immunomodulatory risks analogous to those in mammals. 

Biochemical aspects of NBT dye reduction 

Biochemical aspects of superoxide anion production, NBT 

dye reduction, microbial killing, and their relation to the 

hexose monophosphate shunt (HMP) in phagocytes [46,47,49-

51,77-90] are schematically illustrated in Figure 2. The 

major roles of phagocytes are ingestion and killing of 

microorganisms [78,83,85-88], principally by the oxygen-

dependent "respiratory burst" involving superoxide anion 

(•0"2) and hydrogen peroxide (H202) production [97]. *0~2 and 

H202 take part in either myeloperoxidase (MPO)-mediated or 

MPO-independent antimicrobial activities [78,87,88]. 

Activation of oxygen metabolism of phagocytes is a useful 

marker of phagocytic ingestion and an important process 

related to killing of ingested microbes [91]. 

NBT is a yellow dye capable of capturing electrons in 

redox reactions resulting in its reduction to a formazan, 

which is purple. NBT dye reduction in phagocytes is mediated 

by '0\ generated as a product of reactions catalyzed by 

activated oxygen-dependent memberance-bound NAD(P)H oxidases 
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Fig. 2. Schematic oxidative pathway of phagocytosis--hexose 

monophosphate shunt (HMP) in association with NBT dye 

reduction, superoxide anion (*0"2) production, and microbial 

killing. 
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[81]. The magnitude of the "respiratory burst" during 

phagocytic bacteriocidal activity can be detected 

spectrophotometrically as optical density (OD) 

[47,77,81,88,89]. The NBT assay has been clinically useful 

in the diagnosis of chronic granulomatous disease (CGD), 

characterized by the failure of a patient's phagocytes to 

reduce NBT dye due to abnormalities in either NADH or NADPH 

oxidase activity [46,47,79,80,82]. 

To date, the NBT assay has not been used to test 

phagocytosis by earthworm coelomocytes or the influence of 

xenobiotics on this aspect of non-specific immunity. Since 

phagocytosis is an important, highly conserved nonspecific 

immune response present in all invertebrate and vertebrate 

animals, it is believed that earthworm coelomocytes possess 

homologous biochemical pathways -necessary to reduce NBT dye 

to that of vertebrate (e.g. mammal) leukocytes. It is 

hypothesized that NBT dye reduction by coelomocytes would be 

significantly affected by exposure of earthworms to 

environmental toxicants, such as heavy metals. Thus, it 

could be of significant importance to develop the NBT assay, 

using coelomocytes, as an indicator of phagocytic function 

to serve as a biomarker of nonspecific immunotoxicity. 

Effects of heavy metals on NBT reduction and lysozyme 

activity 

As common environmental pollutants, heavy metals [104-
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106] such as Cu++, Pb++, and Cd++ have been investigated 

extensively for harmful effects in a variety of organisms at 

the molecular, cellular and organismal levels [104,107-123]. 

General toxicity mechanisms for metal ions have been divided 

into three categories [52]: (1) blocking essential 

biological functional groups of proteins and enzymes; (2) 

displacing essential metal ion(s) in biomolecules; and (3) 

modifying the active conformation of biomolecules. Heavy 

metals produce similar patterns of toxicity among different 

organisms. For instances, the toxicity sequence for metal 

ions in a vertebrate, the stickleback, is Hg > Cu > Pb > Cd 

> Zn, while in an annelide, polychaetes, it is Hg > Cu > Zn 

> Pb > Cd [52]. 

Sublethal toxicity of metals have been studied mainly 

under laboratory conditions. Mos-t sublethal toxicity appears 

to be biochemical in origin and often related to metabolic 

processes such as enzyme activity [52] . Toxic mechanisms of 

ions such as Cu++ and Pb++ may involve: (1) inactivation of 

enzymes through conformational changes produced by Cu++ 

displacing endogenous ions from metallo-enzymes or by 

binding to the sulfhydryl (SH) group and/or nitrogen-

containing groups at catalytically active centers; (2) 

formation of lipid-soluble organometallic ions capable of 

accumulating within cells and organelles; or (3) exhibition 

of oxidation-reduction activity (e.g. Cu++-Cu+) resulting in 

alteration of the structural or functional integrity of 
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enzymes [52]. 

Cu++, Pb++, Cd++, and Zn++ directly affect mitochondria 

by inhibiting biochemical processes such as substrate 

transport, respiration, permeability to K+, and electron 

transport reactions [109,112]. It is possible that Cu++ acts 

on membrane-bound enzymes such as oxidases (e.g. NAD(P)H 

oxidase) and dehydrogenases (e.g. glucose-6-phosphate 

dehydrogenas) [111,123], resulting in an inhibition of *0"2 

production, a product associated with NBT reduction. 

Deficiency of glucose-6-phosphate, the substrate for 

glucose-6-phosphate dehydrogenase, has been linked to Pb++ 

in mammals [119]. Deficiency of the enzyme substrate in the 

HMP shunt could result in decrease of •0"2 production and NBT 

reduction. Both Cu++ and Pb++ affect glucose-6-phosphate 

dehydrogenase (G6PDH) [124,125],- the enzyme in the HMP shunt 

involved in conversion of NADP+ to NADPH, the reducing agent 

in *02 production [126]. It has been shown in vitro that 

Cu++ causes an irreversible inactivation of hen egg white 

lysozyme [104]. 



CHAPTER III 

MATERIALS AND METHODS 

Sources of humoral and cellular factors for enzyme assays 

Coelomocytes and coelomic fluid were harvested from 

adult (clittellate) earthworms, Lumbricus terrestris, 

obtained Carolina Biological Supply, Burlington, NC. Stock 

earthworms were maintained in peat moss reconstituted with 

water and supplemented with high protein baby cereal (Gerber 

Products, Fremont, MI) within an environmental chamber at 

10°C without light. Earthworms were housed for a minimum of 

14 d prior to experimentation. Worms were checked daily, and 

supplemented with food if needed. Fresh moistened peat moss 

was prepared upon arrival of each new batch of worms. 

Unhealthy individuals were removed from culture. 

Murine macrophages and neutrophils were obtained from 

10 wk old BALB/c mice originally purchased from Charles 

River (Wilmington, MD) and subsequently bred at the 

University of North Texas (UNT). Mice were fed Purina 

Laboratory Chow (Ralston Purina Co., St. Louis, MO), 

supplied water ad libitum, and maintained according to the 

National Institutes of Health Publication Guide for the Care 

and use of Laboratory Animals [121]. 

Human neutrophils, serum and saliva were collected from 

20 
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UNT student volunteers, Each subject signed an Informed 

Consent Form and completed a Health Questionnaire to screen 

for factors that could affect results of the assays. 

Collection of leukocytes for enzyme assays 

For use in NBT and lysozyme assays coelomocytes were 

collected from earthworms using a non-invasive extrusion 

method developed to obtain large numbers of immunoactive 

cells [127]. Briefly, individuals were rinsed in 4°C saline 

and placed on a moist paper towel. One-fourth of their 

posterior end was massaged to expel feces from the lower gut 

to reduce contamination of the extrusion fluid. Each worm 

was then placed in a 100 x 15 mm Petri dish containing 3 ml 

of extrusion medium composed of 5% ethanol and 95% saline 

(0.85 g NaCl in 100 ml H20) supplemented with 2.5 mg/ml EDTA 

(MCB Manufacturing Chemists, Inc., Cincinnati, OH) and 10 

mg/ml of the mucolytic agent guaiacol glycerol ether (Sigma 

Chemical Co., St. Louis, MO), and adjusted to pH 7.3 with IN 

NaOH. Ethanol acted as a mild irritant causing muscle 

contraction resulting in the extrusion of mucus containing 

large numbers of immunoactive coelomocytes, through body 

wall pores. The mucolytic agent dissolved the mucus, 

facilitating harvesting coelomocytes as single cell 

suspensions. Earthworms were incubated in the extrusion 

fluid for a maximum of 3 min at room temperature, removed, 

rinsed in saline, and returned to culture. Extruded cells 
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were transferred immediately into test tubes containing 

17 ml of calcium-free Lumbricus-balanced salt solution 

(LBSS) [101], adjusted to 300 mOsM, washed three times via 

centrifugation at 150 xg for 10 min, and resuspended in 1.0 

ml LBSS, at a final cell concentration of 1 x 106/ml. LBSS 

is composed of NaCl, 71.5; KC1, 4.8; CaCl2, 3.8; MgS04-7H20, 

1.1; KH2P04, 0.4; Na2HP04-7H20, 0.3; NaHC03, 4.2 (all in mM) in 

distilled water with the pH adjusted to 7.3 with NaOH. Cells 

were kept at 4°C during preparation and storage. 

Murine neutrophils and macrophages were obtained from 

mouse peritoneal exudates, using a modification of published 

techniques [128,129]. Exudates containing neutrophils were 

stimulated by 1.5 ml intraperitoneal (i.p.) injections of 

4% proteose peptone (Difco Laboratories, Detroit, MI) in 

phosphate buffered saline (PBS) -at 37°C. Second i.p. 

injections of 1.5 ml of 4% proteose peptone were given after 

15 h; 3 h later, the mice were killed and their peritoneal 

cavities opened. Cells in exudates were collected in 

heparinized Hanks Balanced Salt Solution (HBSS), washed 

three times in HBSS, and adjusted to a concentration of 1 x 

106/ml. Approximately 94% of the cells were neutrophils. For 

macrophages peritoneal exudates were obtained from mice 4 d 

after an i.p. injection of 1.5 ml of 10% proteose peptone, 

as described for neutrophils. Exudates contained 

approximately 85% macrophages with lymphocyte contamination. 

For human neutrophils, 7 ml of whole venous blood was 
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collected using a VacutainerR (Monoject, St. Louis, MO) 

containing EDTA (0.04 ml, 15% in H20) . Blood was incubated 

at room temperature for 30 min after which erythrocyte-free, 

neutrophil-rich plasma was transferred to a 5.0 ml glass 

culture tube using a Pasteur pipette. The cell suspension 

was diluted with HBSS and centrifuged at 500 xg for 10 min 

after which the supernatant was decanted and the cell button 

resuspended in RPMI 1640 (GIBCO, Grand Island, NY). 

Leukocyte concentration was adjusted to 1 x 106/ml by 

counting with hemocytometer. 

Collection of humoral factors for lysozyme assay 

Coelomic fluid was collected from individual earthworms 

by the puncture method [127]. Briefly, the coelomic fluid 

containing cells was collected by inserting a sharpened 

Pasteur pipette into the coelom posterior to the clitellum 

and allowing it to fill by intra-coelomic pressure. After 

collection the fluid was transferred to a microcentrifuge 

tube and centrifuged at 500 xg for 10 min to yield a cell-

free supernatant. Coelomic fluid was used after collection 

or was stored without loss of activity at 0°C until use. 

Human sera were collected by venous puncture using a 

VacutainerR system. Approximately 7 ml blood were taken into 

a 4test tube which yielded 3 ml of serum for assay. Human 

saliva was collected directly into a test tube from the oral 

cavity for immediately use or stored at 0°C. 
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Description of the NBT assay 

Modified procedures of Maderazo and Ward [130] were 

used for NBT assays of leukocytes from earthworms, mice and 

humans. The following were added to each of a series of 

siliconized 15 ml glass centrifuge tubes: 106 cells in a 

volume of 0.1 ml RPMI 1640 for human and mouse leukocytes, 

and 0.1 ml LBSS for earthworm coelomocytes; 0.05 ml of non-

viable bacterial extract (STIMULANT®, Sigma Chemical Co., 

St. Louis, MO); and 0.1 ml of 0.01 M KCN. This mixture was 

then incubated with gentle shaking for 15 min at 37°C for 

human and murine cells and 10°C for coelomocytes. After 

incubation, 0.1 ml of NBT (2 ug/ml in 0.85% saline) was 

added to all tubes. Experimental tubes were incubated at 10 

or 37°C for 15, 30, 45 or 60 min-, after which reactions were 

stopped by addition of 4.0 ml of 0.5 N HC1. This incubation 

time series enabled comparison of incubation-time response 

profiles among leukocytes from the three species and to 

assess the incubation time necessary for consistent and 

sufficient NBT reduction by coelomocytes. Contents of each 

tube were transferred into 30 ml glass centrifuge tubes 

using a Pasteur pipette and centrifuged for 10 min at 

1,000 xg at 4°C. The supernatant was discarded, and NBT 

extracted from the cell button through addition of 3.0 ml 

pyridine to the tube and incubation in a boiling water under 

a fume hood for 10 min. The optical density (OD) of the 
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extract in each tube was determined at 515 nm in a Perkin-

Elmer Lambda 3A spectrophotometer (Oak Brook Instrument, Oak 

Brook, IL) using pyridine as a blank. Reduction of NBT in 

experimental tubes was expressed as the difference in ODs of 

the experimental tube and a control tube that served as a 

reagent blank. 

Lysozyme activity assay 

The lysoplate method for determination of lysozyme 

activity in earthworm and human cells and fluids was based 

on the method described by Lassalle et al [57]. Briefly, 700 

ul of a 2.5 mg/ml suspension of Micrococcus lysodeikticus 

(Sigma Chemical Co., St. Louis, MO) were added to 7.0 ml of 

melted 1.0% agarose (AmrescoR , Solon, OH) in pH 6.4 PBS. 

The suspension was poured into 7- cm Petri dishes and allowed 

to solidify at room temperature. Plates were stored in a 

container at high humidity at 4°C for a minimum of 12 h 

prior to use. For experimentation, four 4 mm-diameter wells 

were made per plate and filled with either 25 ul of 

experimental samples or 25 ul of various concentrations of 

hen's egg white lysozyme (HEL) (Sigma Chemical Co., St. 

Louis, MO) that served to construct a standard curve. The 

bacterial lysis diameters were measured after 24 h 

incubation at 10, 20, or 37°C for earthworm, human and HEL 

samples. 

Experimental samples of coelomocyte and human leukocyte 
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cell extracts were prepared by Bonification (Sonifier Cell 

Disrupter, Plainview, NY) of collected cells until 

disruption, approximately 10 sec. Cell extracts were 

immediately applied to the assay plates. Experimental 

samples of earthworm (coelomic fluid) and human (saliva and 

serum) humoral factors were applied directly to lysoplates. 

An HEL standard curve was made for each series of 

lysoplates and served as a quantitative reference standard 

for earthworm and human lysozyme activity, expressed as 

"HEL-equivalent (ug/ml) activity". The standard curve was 

developed by applying 25 ul of a series of diluted HEL 

solutions (0.25, 0.125, 0.100, 0.50, 0.25, 0.01, 0.005, 

0.0025, 0.001, 0.0005, 0.00025, and 0.0001 mg/ml) to 

lysoplates. A regression line was made with HEL 

concentration (mg/ml) as the ordinate and lysis diameter 

(mm) as the abscissa on a semi-logarithmic graph paper. 

Statistical Rf and F values were determined for each 

standard regression model using an SAS program [132] . The 

unit of HEL-equivalent activity "mg/ml" was converted to 

"ug/ml". A formula of regression model was given as follows: 

HEL-eq. (ug/ml) == Anti-log10 [« + »* (diameter,mm)] x 1 0 0 0 

Exposure of earthworms to refuse-derived fuel fly ash (RDFF) 

and copper sulfate (CuS04) 

Earthworms were exposed to RDFF using a soil contact 

method. RDFF in this study was obtained from a test burn of 
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densified refuse-derived fuel produced by a resource 

recovery plant in Minnesota and previously described 

chemically [103]. I used RDFF because of previous work 

concerning its effects on phagocytosis by coelomocytes of 

L. terrestris [19,103] and to demonstrate the effectiveness 

of using earthworms to evaluate immunotoxic potential of 

complex xenobiotic mixtures. Earthworms were exposed to RDFF 

in 1-L glass jars with metal caps within an environmental 

chamber at 10°C without light for 5 d. Five worms were 

housed in each jar, which contained 150 g dry weight of 

RDFF:commercial soil (Nutra GroR; Bossier City, LA) mixture 

hydrated with deionized, distilled water (Table 1). 

TABLE l. Preparation of RDFF:commercial soil mixtures for 
use in earthworm (Lumbricus terrestris) exposure 

RDFF proportion 
in mixture (%) 

RDFF 
(dry,g) 

Wet 
(dry/wet= 

soil 
• 1/1.7, g) 

di H,0 
(ml) 

0 0 255 90 
10 15 230 100 
30 45 180 110 
50 75 128 120 
70 105 77 130 
90 135 26 140 

Controls were exposed similarly, but to 150 g of soil 

only. RDFF concentrations were determined as sublethal by 

range-finding experiments, with 70% being the highest 
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nonlethal mixture. 

For CuS04, earthworms were exposed individually for 5 d 

to each of five nominal Cu++ concentrations (8, 4, 2, 1, 0.5 

ug/cm2) on Whatman #1 filter paper (MFSR, Dublin, CA) disks 

(9 cm diameter) in 0.47-L glass jars. The CuS04 was applied 

evenly to the filter papers in 1 ml distilled, deionized 

water. After earthworms were introduced the jars were sealed 

with lids and placed in environmental chambers without light 

at 10°C. Jars were opened daily and earthworms examined for 

mortality. Control were prepared identically, except for 

exposure to CuS04. 

Tissue analysis for heavy metal (s) of RDFF and CuS04 

Tissue concentrations of principal RDFF heavy metals 

(Cd, Cu, Cr, Zn, Ni and Pb) were- determined for acid-

digested tissues by atomic absorption (AA) spectrophotometry 

[131]. For tissue digestion, randomly selected earthworms 

were placed in aluminum plates and oven-dried at 50°C, after 

which tissues were pulverized with mortar and pestle, 

weighed and transferred into a 25 ml beaker. Ten ml of H2N03 

were added to the beaker, which was covered with a glass 

plate, and placed on a hot plate under a fume hood for 

tissue digestion in boiling acid. Acid was added as 

necessary and boiling continued until the volume was reduced 

to 2 ml of a clear-yellow solution. The solution was 

filtered through filter paper and distilled, deionized water 
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added to produce a final volume of 10.0 ml. AA procedures 

followed US EPA guidelines [131] for analysis of heavy 

metal(s). Exposed and non-exposed earthworm tissues, along 

with a spike (an internal standard, normal worm tissue 

sample + a known-concentration of metal) and a reagent blank 

(H2N03) were assayed. Mean (X) and standard deviation (SD) of 

each metal's original concentration (ug/g dry mass) were 

obtained from duplicate samples. 

Statistical analyses 

Statistical analyses were performed with SAS program 

[132]. Data were tested for normality to determine whether 

parametric tests or otherwise nonparametric tests should be 

used. Two-way independent t-test for comparison of means for 

two data sets and two-way Analysis of Variance (ANOVA) for 

more than two data sets. After significance was found in 

ANOVA, Multiple Range Tests (MRT) were carried out with two-

way Student-Newman-Keuls test (SNK) for comparison of means 

and one-way Dunnett's test for comparison of means between 

experimentals and controls. The significant level ( a level) 

was 0.05 for all tests performed. 

Experimental design 

Four experiments were conducted on NBT dye reduction by 

earthworm coelomocytes: (1) NBT dye reduction by earthworm 

coelomocytes was compared with that of human neutrophils, 
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and murine neutrophils and macrophages at four incubation 

times (15, 30, 45 and 60 min); (2) consistency of NBT dye 

reduction was assayed using coelomocytes collected from 

unexposed control earthworms over a 9-months period; (3) 

influence of RDFF exposure on coelomocyte NBT dye reduction 

was determined; and (4) RDFF was either acid washed or 

washed with acid plus organic solvent before earthworm 

exposure to determine whether the toxic component was metal 

or organic. 

Six experiments were conducted on lysozyme activity of 

earthworm coelomocytes and coelomic fluid: (1) Lysoplate 

preparation and stability (storage time) was determined; (2) 

effect of incubation temperature on earthworm lysozyme 

activity was assayed; (3) stability of lysozyme enzymatic 

activity was determined during atorage (48 h) at 4°C; (4) 

earthworm lysozyme activity in coelomic fluid was compared 

to enzyme activity in human saliva and serum, while activity 

present in coelomocyte extracts was compared to that in 

human leukocyte extracts; (5) the relation between 

coelomocyte numbers and lysozyme activity was determined; 

and (6) effects of Cu++ on earthworm coelomic fluid and 

coelomocyte lysozyme activity was measured. 



CHAPTER IV 

RESULTS 

NBT assay results 

Comparison of NBT reduction by earthworm coelomocytes, 

murine leukocytes, and human leukocytes 

Coelomocytes from L. terrestris demonstrated ability to 

reduce NBT in a nearly linear fashion over incubation times 

(15, 30, 45, and 60 min), as expected for leukocytes from 

mice and humans (Fig. 3). However, there were differences in 

slopes (rates) and vertical displacement of the curves among 

earthworms and mammals. All subsequent NBT assays with 

ceolomocytes were conducted at 60 min incubation. 

Seasonal consistency of NBT dye reduction by earthworm 

coelomocytes 

Comparison of earthworm NBT assays made over a 9-

month period (Fig. 4) showed consistency in the technique 

and response. There were no significant differences 

(parametric ANOVA, F = 1.74, p = 0.172) among results, 

despite assaying coelomocytes from earthworms obtained at 

different times of the year. 

31 



32 

Fig. 3. NBT dye reduction by murine and human neutrophils, 

murine macrophages and earthworm (Lumbricus terrestris) 

coelomocytes measured after four incubation periods. 

Horizontal lines and vertical rectangles represent means and 

standard errors, respectively. The number of humans and 

individual mice used for each of four NBT assays is given 

under the cell type. The number for earthworms represents 

pooled coelomocyte samples taken from 26 different groups of 

five earthworms. 
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Fig. 4. Seasonal consistency of NBT dye reduction, measured 

as OD515nm, by earthworm (Lvmbricus terrestris) 

coelomocytes. Symbols same as those in Figure 3, with 

vertical lines representing 95% confidence limits. Numbers 

represent pooled coelomocyte samples taken from different 

groups of five earthworms. 
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Determination of sublethal RDFF exposure concentration 

Range-finding experiments demonstrated exposure to 70% 

RDFF for 5 d to be the highest nonlethal mixture (Table 2). 

Sublethal doses and exposure times were used in all the 

subsequent experiments. 

NBT dye reduction by coelomocytes after earthworm exposure 

to RDFF 

NBT dye reduction was influenced significantly by RDFF 

exposure concentration. Expressed as percent of controls 

(Mean OD515 = 0.048), NBT reduction was inversely related 

(parametric ANOVA: F = 24.6, p = 0.0001, r = -0.87, p = 

0.001) to RDFF concentrations (Fig. 5). Dye reduction by 

coelomocytes from 30, 50, and 70% RDFF exposure groups was 

significantly lower by 40, 58 and 69%, respectively, than 

that of controls (one-way Dunnett's test, a = 0.05). All 

exposure groups, except 50 and 70%, were significantly 

different from each other (Student-Newman-Keuls MRT, 

ex = 0.05) . 

Exposure time influenced the NBT dye reduction by 

coelomocytes collected from earthworm exposed to 70% RDFF 

(Fig. 6). Expressed as percent of controls, mean OD515nm was 

significantly different among 1, 3, and 5 d exposure groups 

(parametric ANOVA, F = 27.8, p = 0.001). 
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TABLE 2. Soil contact exposure of earthworms (Lumbricus 
terrestris) to refuse-derived fuel fly ash (RDFF) 
at varied percentages and respective mortalities 

Mortality (X+SD)a 

Days Percentage of RDFF:commercial soil (dry weight) 
exposed 

0 50 60 70 80 90 

1 0 0 0 0 0 0 
2 0 0 0 0 0 2.7+1.4 
3 0 0 0 0 0 6.0+1.0 
4 0 0 0 0 3 . 3+1.2 7.3+1.4 
5 0 0 0 1.0+1.0 4.7+1.2 9.7+0.3 
6 0 0.3+0.3 0 1.3+0.9 5.0±1.2 9.7+0.3 
7 0 0.7+0.7 0.3+0.3 1.7+0.9 5.0+1.2 9.7+0.3 

a: Calculated from results of three experiments each 
containing ten earthworms 
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Fig. 5. NBT dye reduction after 60 min incubation by 

coelomocytes from earthworms (Lumbricus terrestris) exposed 

for 5 d to commercial soil (controls) and refuse-derived 

fuel fly ash (RDFF):commercial soil mixtures of 10, 30, 

50 and 70%. Expressed as percentage of control Mean OD515nm. 

Symbols same as those in Figure 3 and 4. Data based on 

pooled coelomocyte samples from six different groups of five 

earthworms for each exposure concentration. Dashed line 

represents corresponding tissue levels of metals (Cu++ + 

Pb++) . 
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Fig. 6. NBT dye reduction after 60 min incubation by 

coelomocytes from earthworms (Lumbricus terrestris) exposed 

for l, 3, or 5 d to commercial soil (controls) and a 70% 

refuse derived fuel fly ash (RDFF) mixture. Expressed as 

percentage of control mean OD515nm. Symbols same as those in 

Figure 3 and 4. 
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NBT dye reduction by coelomocytes from earthworms exposed to 

70% RDFF for 1, 3, and 5 d was significantly lower by 26, 37 

and 66%, respectively, than controls (one-way Dunnett's 

test, a = 0.05) (Fig. 6). Exposure to 70% RDFF for 5 d was 

significantly distinct from controls and from 1 and 3 days 

(Student-Newman-Keuls MRT, a = 0.05). 

Atomic absorption (AA) spectrophotometry analysis of tissue 

heavy metals 

Concentrations of Zn++, Pb++, Cu++, Cr++, Ni++, and Cd++ 

were 2,342, 610, 470, 104, 49, and 20 mg/kg dry mass, 

respectively, in undiluted RDFF. Metals were analyzed in 

control earthworms and those exposed to 30 and 70% R D F F — 

extremes of the range, where there were significant effects 

on NBT reduction (Fig. 5). Tissue concentrations of Cu++ in 

both exposure groups and Pb++ in the 70% exposure group were 

significantly higher than those of controls (one-way 

Dunnett's test, a = 0.05) (Table 3). The other metals were 

not significantly different between controls and exposed 

earthworms. There was not a significant different in tissue 

concentrations of either metal at either exposure 

concentration (Student-Newman-Keuls MRT, a = 0.05). 

Effect of RDFF chemical-wash on earthworm coelomocytes NBT 

dye reduction 

To increase confidence that metals and not trace 
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TABLE 3. Tissue concentrations (X±SE ug/g dry mass) of 
Cu++, Pb++, and Cd++ in earthworms (Lumbricus 
terrestris) exposed for 5 d to commercial soil 
(controls) and 30 and 70% refuse-derived fuel fly-
ash (RDFF) mixtures with commercial soil 

5-d RDFF Exposure Groups4 

Metal Controls 30% 70% 

Cu 6.15+1.129 10 .22+0.802b 13. 10+1.448" 

Pb 8.92+2.022 14 .20+0.281 19 .30+3 .239b 

Cd 1.77+0.322 2 .20+0.345 4 .90±0.136 

a: Number (n) of individual earthworms per group was 4. 
b: Significantly different from controls, one-way Dunnett's 

test, a = 0.05. Metals were not significantly different 
between exposure groups, SNK test a. = 0.05. 
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amounts of high molecular weight organics (e.g. polyaromatic 

hydrocarbons and polychlorinated biphenyls, furans, and 

dioxins) [138] were responsible for suppressing NBT 

reduction by coelomocytes from earthworms exposed to RDFF, 

earthworms were exposed for 5 d to commercial soil (control) 

and three 70:30 RDFF mixtures with commercial soil: intact 

RDFF, acid washed RDFF [131], and RDFF washed with acid and 

hexane. NBT assays using coelomocytes from the four exposure 

groups demonstrated that removal of metals alone (acid-

washed) significantly reduced RDFF effects (parametric 

ANOVA: F = 18.8, p = 0.001) (Fig. 7). Removal of organics 

(hexane-washed) along with metals did not improve on those 

NBT assay results. Both groups exposed to washed RDFF were 

significantly different from the intact RDFF-exposed group, 

but not from each other (Student-Newman-Keuls MRT, a = 0.05) 

or the controls (one-way Dunnett's test, a = 0.05). 

Lysozyme assay results 

Optimization of lysoplate preparation 

Comparison of lysis diameters produced by HEL among 

lysoplates prepared with 0.5, 1.0 and 1.5% (g) agarose 

showed no observable variation (Table 4). A 1.0% agarose 

concentration was used for lysoplate preparation for use in 

subsequent experiments. 

Lysoplates stored over a 4-wk period at 4°C did not 
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Fig. 7. NBT dye reduction after 60 min incubation by 

coelomocytes from earthworms (Lumbricus terrestris) exposed 

for 5 d to commercial soil (controls) and three 70% refuse-

derived fuel fly ash (RDFF) mixtures with commercial 

soil: acid-washed RDFF, acid- and hexane-washed RDFF, and 

intact RDFF. Symbols are the same as those in Figures 3 and 

4. Data based on pooled coelomocyte samples from three 

different groups of five earthworms for each experimental 

condition. 
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show a significant difference in lysis diameters using 

HEL (parametric ANOVA, F = 0.08, p = 0.97) (Fig. 8). 

Stability allows preparation of large numbers of lysoplates 

of the same lot for long-term use in studies of chronic 

toxocity. 

Stability of earthworm lysozyme-like activity 

Assays performed over a 48 h period (0, 12, 24, and 

48 h) to measure stability of lysozyme-like activity present 

in coelomic fluid and coelomocyte extracts stored at 4°C 

demonstrated that storage had no significant effect on 

enzyme function (parametric ANOVA, F = 0.12, p = 0.80; F = 

0.08, p = 0.97, for coelomocyte extract and coelomic fluid 

samples, respectively) (Fig. 9). 

Comparison of earthworm coelomic fluid and coelomocyte 

extract lysozyme-like activities on earthworms collected 

over a 7-month period (Fig. 10) showed consistency in both 

technique and response. There were no significant 

differences among results obtained in January, April or July 

(parametric ANOVA, F =0.32, p = 0.73; F = 1.28, p = 0.29, 

for coelomocyte and coelomic fluid samples, respectively). 

Effect of incubation temperature on earthworm lysozyme-like 

activity 

Comparison of effects of 24 h incubation at 10, 20, or 

37°C on mean lysozyme-like activity of earthworm 



TABLE 4. Comparison of agarose concentrations in 
lysoplate preparation with lysis diameter 
produced by hen's egg lysozyme (HEL) 

48 

HEL 
Mean lysis diameter (mm)" 

concentration Agarose concentration (%,g) 

(ug/ml) 0.5 1.0 1.5 

2.5 10.0 10.0 10.0 

5.0 11.0 11.0 11.0 

10.0 12.5 12.5 12.5 

25.0 14.0 14.0 14.0 

a: Numbers represent means of results from four experiments 
(n=4). Assays were run at 37°C for 24 h. 
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Fig. 8. Effect of lysoplate storage time at 4°C and high 

humidity on lysis diameter produced by hen's egg lysozyme 

(HEL). Data based on four experiments. Symbols same as those 

in Figure 3 and 4. 
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Fxg. 9. Consistency of earthworm (Lumbricus terrestris) 

lysozyme-1ike activity, measured as hen's egg lysozyme 

equivalence (ug/ml), by coelomic fluid and coelomocyte 

extract after 0, 12, 24 and 48 h storage at 4°C. Symbols 

same as those in Figure 3 and 4. Numbers represent the 

sample size. 
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Fig. 10. Consistency of earthworm (Lumbricus terrestris) 

lysozyme-like activity, measured as hen's egg lysozyme 

equivalence (ug/ml), by coelomic fluid and coelomocyte 

extract. Symbols same as those in Figure 3 and 4. Numbers 

represent samples taken from different earthworms. 
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coelomocytes and cell-free coelomic fluid demonstrates 

activity to be dependent on temperature (parametric ANOVA, 

F = 18.8, p = 0.001, SNK: @ 37°C > @ 20°C > @ 10°C) 

(Fig. 11). The lysis diameter produced by coelomic fluid and 

coelomocyte extract increased as the incubation 

temperature increased. Incubation temperature of 20°C and 

incubation time of 24 h were chosen for subsequent 

experiments. 

Lysozyme activity in human and earthworm cells and fluids 

Lysozyme activity was highest in human saliva, followed 

by human leukocyte extract and serum, then coelomocyte 

extract and coelomic fluid. Temperature-dependent pattern 

for lysozyme or lysozyme-like activity occurred in all five 

types of samples, highest at 37°-C (Fig. 12) . 

Relation between coelomocyte number and lysozyme-like 

activity 

A linear relationship existed between coelomocyte 

number and lysozyme-like activity. Correlation analysis of 

the relationship showed a significant positive linear 

fashion (parametric Pearson Correlation, r = 0.98, p =0.002) 

(Fig. 13). 

Determination of sublethal Cu++ exposure 

The lethality of various Cu++ exposure concentrations 
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Fig. 11. Lysozyme-like activity, measured as hen's egg 

lysozyme equivalence (ug/ml), of earthworm (Lumbricus 

terrestris) coelomic fluid and coelomocyte extract at three 

incubation temperatures. The number of earthworms used is 

given under each incubation temperature. Symbols same as 

those in Figure 3 and 4. 
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Fig. 12. Lysozyme-like activity, measured as hen's egg 

lysozyme equivalence (ug/ml), in human saliva, leukocyte 

extract and serum, and earthworm (Lumbricus terrestris) 

coelomocyte extract and coelomic fluid at 20 and 37°C 

incubation temperature for 24 h. Symbols same as those in 

Figure 3 and 4. Numbers represent the sample size. 
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Fig. 13. Correlation between lysozyme-like activity, 

measured as hen's egg lysozyme equivalence (ug/ml), and 

earthworm (Lumbricus terrestris) coelomocyte number. Each 

data point represents cells collected from an individual 

earthworm. Parametric Pearson Correlation, r = 0.98, p = 

0 .002 . 
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by the filter paper contact method is given in Table 5. The 

LC50 of Cu
++, calculated by using a SAS probit analysis, was 

2.58 ug/cm2 via filter paper exposure method (Fig. 14). 

Copper ion concentrations below 1.0 ug/cm2 were used in 

subsequent experiments. 

Effect of Cu++ on earthworm lysozyme-like activity 

Filter paper exposure to sublethal concentrations of 

Cu++ at 10°C for 5 d resulted in a significant decrease in 

lysozyme-like activity in coelomic fluid and coelomocyte 

extract. Coelomic fluid enzyme activity decreased to 40 and 

58% of controls after exposure to 0.5 and 1.0 ug/cm2 Cu++, 

respectively (parametric ANOVA, F = 20.5, p = 0.01; one-way 

Dunnett's test, a = 0.05). Lysozyme-like activity of 

coelomocyte extracts decreased to 54% of controls after 

exposure to 1.0 ug/cm2 Cu++ (parametric ANOVA, F = 7.92, 

p = 0.002; one-way Dunnett's test, a = 0.05) (Fig. 15). 

Atomic absorption (AA) spectrophotometry analysis of tissue 

Cu++ 

AA analysis demonstrated that the tissue Cu++ 

concentration (ug/g dry mass) increased as the exposure Cu++ 

concentration (ug/cm2) increased (Fig. 16). Mean tissue Cu++ 

concentration was 28.5+2.67, and 73.1+5.68 ug/g dry mass in 

earthworms exposed to 0.5 and 1.0 ug/cm2 of Cu++, 

respectively, while control earthworms tissue contained 
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TABLE 5. Nominal filter paper exposure to Cu++ and 
respective mortalities in earthworms (Lumbricus 
terrestris) over a 5 d exposure period. 

Nominal 
filter Daily mortality (Dead/Live) (%) 

exposure 
ppm (ug / cm2) Day 1 Day 2 Day 3 Day 4 Day 5 

500 (8) 8/2 (80) 10/0 (100) -

250 (4) 2/8 (20) 4/6 (40) 6/4 (60) 8/2 (80) 9/1 (90) 

125 (2) 1/9 (10) 1/9 (10) 1/9 (10) 2/8 (20) 2/8 (20) 

62.5(1) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 

31.3(.5) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 

Control 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 
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Fig. 14. Probit analysis of Cu++ (CuS04) LC50 to earthworms 

(Lumbricus terrestris) exposed for 5 d via filter paper 

contact method. 
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Fig. 15. Suppression of lysozyme-like activity, measured as 

hen's egg lysozyme equivalence (ug/ml), of earthworm 

(Lumbricus terrestris) coelomic fluid and coelomocyte 

extract after a 5 d exposure by filter paper contact method 

to sublethal ionic concentrations (0.5 and 1.0 ug/cm2) of 

Cu++ (CuS04) . Expressed as percentage of control. Vertical 

lines represent standard errors.. Numbers represent sample 

size. 
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Fig. 16. Tissue concentration of Cu++ in earthworms 

(Lumbricus terrestris) after a 5 d filter paper exposure to 

nominal 0.5 and 1.0 ug/cm2 Cu++. Symbols same as in 

Figure 3. Sample size is given above symbols. 
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5.9+0.75 ug/g dry mass. Exposure resulted in significantly 

higher concentrations in tissues than that found in controls 

(parametric ANOVA, F = 439, p = 0.0001; one-way Dunnett's 

test, a = 0.05) . 



CHAPTER V 

DISCUSSION 

NBT dye reduction 

The ability of earthworm coelomocytes to reduce NBT 

dye agrees with the report that gastropods and tunicates 

exhibit NBT reduction patterns comparable to unstimulated 

mammalian monocytes [48]. Thus, it appears that the 

responsible cellular mechanisms are conserved 

phylogenetically. Differences in dye reduction between 

coelomocytes and neutrophils (Fig. 3), in particular, may be 

explained by the difference in incubation temperatures (10°C 

for earthworms versus 37°C for mammals) and enrichment of 

respective cell populations. Enrichment of mammalian cells 

produced a bias toward cell types involved in phagocytosis 

and catabolism of microorganisms, whereas collection of 

coelomocytes by the extrusion technique resulted in a 

mixture of cells having varied levels of involvement in 

phagocytosis. Flow cytometry and microscopy indicate that 

there are at least three or four types of coelomocytes based 

on size, granularity, and staining [66] . The major role of 

neutrophils is phagocytosis and killing of microorganisms, 

principally by the oxygen-dependent "respiratory burst" 

involving -0"2 and H202 [46,47,49-51,77-90] . Macrophages, 

71 
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although phagocytic, show decreased ability to produce *0"2 

and H202 as they mature [97]. Thus, because NBT reduction 

indicates the functional integrity of the production of *0"2 

[97], the mature murine macrophages exhibited lower dye 

reduction rates than neutrophils. We are currently 

developing effective separation techniques so that NBT 

reduction can be measured in enriched coelomocyte 

populations to determine variations among cell types as 

found in mammalian leukocytes. 

Consistency of results from NBT assays using 

coelomocytes collected from unexposed control earthworms 

obtained from Carolina Biological Supply over a 9-month 

period (Fig. 4) indicates there was no significant seasonal 

variation within the cells or in their populations that 

would affect the assays. Absence of seasonal effects accords 

with the observations that total and differential counts of 

coelomocytes, their viability, and ability to phagocytize 

and form rosettes are reasonably consistent throughout the 

year [127]. Response stability is essential for assays or 

biomarkers to be used as toxicity measurement end points, 

especially when working with organisms from natural 

populations. 

Suppression of NBT reduction in coelomocytes from 

exposed earthworms of 40, 59, and 64% of controls (Fig. 5) 

exceeded the 25% value used in clinical medicine to define 

immune suppression in humans [130]. Removal of the 

suppression by acid-washing the RDFF (Fig. 7), with no 
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improvement after extraction of organics with hexane, 

indicated that metals were responsible for the suppression. 

Organics were in trace amounts, and the most toxic isomers 

of the tetrachlorinated dioxins and furans were not 

detectable (< 1 ppb) [103]. We have shown that earthworms 

survive 14-d exposure to intact (100%) RDFF after it has 

been acid-washed (unpublished data). Because NBT reduction 

in phagocytic cells occurs by a chemical reaction between 

the dye and and '0"2 is produced by the one-electron 

reduction of 02 (a reaction catalyzed by NADPH oxidase) 

(Fig. 2.), suppression of dye reduction suggests that heavy 

metals (known enzyme inhibitors) interfered in the pathway 

leading to *0"2 formation. Both Cu++ and Pb++ are known to 

affect glucose-6-phosphate dehydrogenase (G-6-PD) [124,125], 

the enzyme in the hexose monophosphate shunt involved in 

conversion of NADP+ to NADPH, which is the reducing agent in 

•0~2 production [126] . Additionally, Pb has been linked to G-

6-PD deficiency in mammals [119] and suppresses resistance 

to bacterial infection in mice [115]. The latter accords 

with increased susceptibility to infection found in children 

poisoned by Pb [119]. 

Suppression of NBT reduction occurred at tissue 

concentrations of Cu++ and Pb++ (Table 8) similar to those 

in natural populations of earthworms. Concentrations in 

earthworms exposed to 30 and 70% RDFF were at the low end of 

ranges for roadside, mining, and smelter site populations of 
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L. terxestris and L. rubellus [114]. Roadside and mining 

site populations had tissue concentrations of 0.83 to 27 and 

13.1 to 24.7 ug Cu++/g dry mass, respectively. Levels of 

Pb++ were 0.96 to 274, 29 to 43, and 24.7 to 3,592 ug/g dry 

mass for roadside, smelter, and mining site populations. The 

assay also showed toxicity of Pb++ and/or Cu++ at exposure 

levels below those affecting growth and reproduction and 

causing mortality (LC50) in E. fetida [24, 118] and 

L. rubellus [45] . The latter had a six-week LC50 for Cu
++ of 

1,000 mg/kg dry soil but showed no mortality during a six-

week exposure to 3,000 mg Pb++/kg dry soil. Thus, the 

earthworm NBT assay appears to be sufficiently sensitive for 

measuring a sublethal effect of heavy metals on an important 

nonspecific immune function of cells (the ability to resist 

infection by killing microorganisms oxidatively) common to a 

wide diversity of animals, including important wildlife, at 

realistic environmental concentrations and below those 

reported to produce other forms of toxicity. 

Lysozyme activity 

Lysozyme-like activity observed in coelomic fluid and 

coelomocyte extracts was comparable to lysozyme activity 

found in the serum of various mammals [133], including 

humans [55] (Fig. 12) using similar assay methods. These 

results support NBT findings indicating that the cellular 

mechanisms responsible for anti-microbial activities are 
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broadly conserved phylogenetically. The lysoplate assay has 

been used in many research areas [45,57,102,118,133] and 

appears to be applicable for use in examination of 

xenobiotic toxicity with earthworms. Attributes of the assay 

system include: (1) low cost; (2) wide availability of 

required supplies and equipment; (3) simplicity; (4) an 

extended lysoplate shelf-life (Fig. 8) permitting 

preparation of large numbers of plates allowing for 

completion of long term chronic studies using plates of the 

same lot and standard curve; and (5) consistency of results 

using a range of agarose concentrations (Table 4) 

facilitating inter-laboratory validation. 

Stability of coelomic fluid and coelomocyte extract 

lysozyme-like activity at 4°C enables collection of samples 

in the field for later assay in -the laboratory 

(Fig. 9). Indeed, storage for up to 48 h allows for shipment 

of samples from field sites. Consistency of lysozyme assay 

results using coelomic fluid and coelomocyte extracts 

collected from unexposed earthworms obtained from Carolina 

Biological Supply over a 7-month period (Fig. 10) indicates 

there was no significant seasonal variation within the cells 

or fluid, or in earthworm populations influencing assay 

results. Absence of seasonal effects leads us to believe 

that lysozyme-like activity is reasonably consistent 

throughout the year. Low inherent natural variability is 

essential for assays or biomarkers to for use as toxic 
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measurement endpoints, especially when working with 

organisms from natural populations. 

As found by other researchers [118], and confirmed 

here, lysozyme activity is much greater in neutrophil 

extract than serum. This same pattern was present in 

earthworms with coelomocyte extracts possessing greater 

activity than coelomic fluid (Fig. 12). This suggests that 

the coelomocytes are the source of coelomic fluid lysozyme 

activity, as granulocytes (neutrophils) are the source of 

lysozyme activity in mammals [118]. The correlation between 

increasing level of lysozyme-like activity in coelomocyte 

extracts and increasing coelomocyte numbers (Fig. 13) 

supports the contention that the enzyme is a product of 

coelomocytes. Differences in lysozyme-like activity between 

coelomic fluid and human serum (.Fig. 12) probably results 

from one or a combination of factors including: (1) a slower 

turn-over of coelomocytes compared to human granulocytes; 

(2) a less favorable environment in the coelomic cavity 

resulting in a more rapid degradation of the enzyme in 

earthworms than humans; (3) a lower rate of synthesis and 

secretion of enzyme by coelomocytes; and/or (4) fewer cells 

capable of lysozyme production in the earthworm compared to 

mammals. It is suggested that the higher lysozyme-like 

activity present in earthworm coelomocytes is important in 

an intracellular bacteriocidal activity, while the lower 

enzyme activity present in the coelomic fluid may serve a 
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bacteriostatic role. 

The mechanism of suppression of lysozyme-like activity 

by Cu++ is not fully understood. It is likely that Cu++ 

interacts with or binds to the enzyme in a manner adversely 

affecting the functional conformation of the enzyme leading 

to attenuation or inactivation. Metal ions, including Cu++, 

tend to bind to basic proteins such as lysozyme [55] leading 

to chemical reactions that catalyze hydrolysis of peptide 

bonds or disulfide linkages, or breakage of hydrogen bonds 

[104] causing structural changes in enzymes. 

The lysozyme-like enzyme present in annelids is 

structurally different from that of vertebrates [56,57], 

however the biochemical similarities (i.e. solubility, 

substrate specificity, temperature-dependency, and pH 

requirements [99]) indicate that- the functional group(s) are 

similar, if not identical, in their action on the bonds 

between N-acetyl-muramic acid and N-acetyl-glucosamine of 

bacterial peptidoglycan. Cu++ has been shown to cause 

irreversible inactivation of hen's egg lysozyme in in vitro 

experiments [104]. Data suggest a similar in vivo effect of 

Cu++ on earthworm lysozyme-like activity resulting in an 

inhibition of cell wall lysis of M. lysodeikticus. 

Because lysozyme is phylogenetically conserved, it is 

considered to be a constituent of the primitive innate 

immune defense mechanism associated with the monocyte-

macrophage system of mammals, and with coelomocytes 



78 

(amoebocytes, or functional phagocytes) in earthworms and 

lower animals. Lysozyme-like activity has been further 

considered as a kind of humoral defense mechanism in 

earthworms by some authors [56] . Reduced lysozyme-like 

activity in earthworms indicates an immunosuppression 

resulting in a lowered resistance to bacterial challenge. 

In conclusion, the earthworm lysozyme-like activity 

and NBT dye reduction assays appear to be sufficiently 

sensitive for measuring sublethal effects of heavy metals on 

important innate and nonspecific immune functions common to 

a wide diversity of animals, including humans. Further 

research would then focus on validation of these 

immunoassays, using several different compounds for 

exposure, by comparing consequential immunotoxicities 

between earthworms and rodents. 
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