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CHAPTER I 

INTRODUCTION 

For 10 y the Environmental Effects Research Group (EERG) at the University of 

North Texas has used earthworms, Lumbricus terrestris and Eiseniafetida, to assess 

immunotoxic potential of chemicals, their mixtures and complex environmental matrices 

(e.g. hazardous waste site soils)[l-8]. The EERG uses earthworms for the following 

reasons [5]: 

1. There is extensive literature on the biology, ecology and immunology of 

earthworms. 

2. Earthworms have been used in laboratory and field acute toxicity and 

bioaccumulation studies. 

3. Standardized laboratory exposure protocols have been developed for 

earthworms. 

4. Earthworms are important components of terrestrial ecosystems, functioning in 

processing organic material, "conditioning" the soil and comprising important links in 

grazing and detritus food chains. 

5. Earthworms are cost-effective and socially non-controversial research 

organisms. 



6. Earthworms morphology and behavior allow for laboratory or in situ direct 

contact methods to complex mixtures of contaminants and matrices at hazardous waste 

sites. 

7. They are easy to maintain, to use for laboratory and field experiments, and to 

transport from field to laboratory. 

8. Their high surface area/volume and feeding behavior facilitate uptake of 

contaminants, and subsequent in vivo exposure of their easily harvested coelomocytes. 

9. Tissues are easily analyzed by conventional analytical techniques, to determine 

actual tissue-level dose and biological response. 

10. They are sufficiently complex organisms to use as surrogates in toxicity-based 

research to assess the toxic potential of hazardous waste site contaminants in higher 

animals. 

11. Immunoactive coelomocytes in earthworms exhibit functions sufficiently 

analogous or homologous to those in vertebrates to assess immunotoxic risk to higher 

wildlife [3,7,8]. 

Lumbricus terrestris was chosen because of its large size, which allows for 

harvesting large numbers of coelomocytes, its sensitivity to toxicants, the large volume of 

literature on its biology, its ecological relevance, and the previous work performed at the 

EERG Laboratories that demonstrates sensitivity and repeatability in response to toxicants 

[5]. Toxic measurement endpoints or biomarkers [9] used, include coelomocyte-based 

assays such as total cell counts, cell viability, cell activation (spreading), cell attachment 

(eiythrocyte and secretory rosette formation), phagocytosis and several enzymatic 



pathways that are designed to assess sublethal immunotoxicity. Of these immunoassays, 

phagocytosis, a non-specific immunological response to invading microorganisms that is 

conserved throughout the animal kingdom, has the greatest potential as a homologous or 

analogous biomarker for assessing risk of chemicals to higher wildlife [10]. Phagocytosis, 

engulfing foreign particles, is actually the third stage in a four stage sequence leading to 

the destruction of potential pathogens: 

1. activation 

2. attachment 

3. phagocytosis 

4. killing via enzymatic pathways 

Each stage is required for the entire process, the preceding one necessary for the 

following. Failure for coelomocytes to phagocytize may result from a chemical's action 

directly on that process, or on one or both of the preceding stages, activation and 

attachment. Activation usually is determined by observing coelomocytes spreading on 

glass slides and their production of pseudopodia in solution after stimulation (e.g. with 

yeast cells). Attachment is determined by observing coelomocytes physically attaching to 

foreign material (e.g. yeast cells) in one of two ways. Coelomocytes binding two or more 

layers of at least four rabbit red blood cells are analogous to S-rosettes [4], and result 

from coelomocytes actively secreting a synthesized humoral agglutination factor in 

response to incubation with antigenic foreign cells (e.g. yeast)[7], Coelomocytes that 

have a single layer of at least four rabbit red blood cells bound to their surfaces via surface 

receptor attachment are analogous to E-rosettes [7]. 



The purpose of my research was to determine if coelomocyte activation and 

attachment have potential for use as sequential companions of the phagocytosis 

biomarker. My specific objectives were to determine: 

1. Normal ranges for viability, activation, attachment and phagocytosis in 

coelomocytes, taken from healthy non-chemically exposed earthworms, using yeast cells 

as antigens. 

2. Sensitivity of coelomocyte activation or attachment (by and to yeast cells) to 

sublethal concentrations of reference/standard toxicants used by the EERG in developing 

earthworm immunoassays [1,3,5]: Cu++ (as CuS04) and Arochlor 1254®, a 

polychlorinated biphenyl (PCB). 

3. Optimal time and incubation temperature for the activation to phagocytosis 

sequence assay by comparing the relative percentages of the four stages in the immune 

response sequence (unstimulated, activated, attached and phagocytic) over 24h using 

coelomocytes from unexposed (control), CiT+ and PCB-exposed earthworms. 



CHAPTER II 

MATERIALS AND METHODS 

Source and maintenance of earthworms 

Coelomocytes were obtained from 2-4 g adult (clitellate) earthworms, Lumbricus 

terrestris, purchased from Ward's Natural Science Establishment, Inc. (Rochester, NY). 

Earthworms (N = 60-70) were maintained in a 4:1 (w/w) 4 kg mixture of organic potting 

soil (Perma-Gro) and sphagnum peat moss (Nirom Peat Moss, Inc.), moistened with 

distilled water within plastic containers (35 x 50 x 15 cm), and maintained in an 

environmental chamber without light at 10°C for at least 14 d before experimentation. 

Earthworms were fed dry High-Protein Multigrain Baby Cereal (Gerber, Fremont, MI) 

which was layered just under the surface to reduce fungal growth. 

Collection of coelomocytes 

Coelomocytes were harvested by a noninvasive electric shock stimulated extrusion 

method (modified from Valembois [12]). Earthworms were placed on saline (0.85% w/v) 

moistened paper towels over crushed ice and covered to reduce activity prior to 

experimentation. I then rinsed the earthworms gently in ice-cold saline solution twice and 

then massaged one-half of the posterior end of the earthworm on a saline moistened paper 

towel. This procedure removes most feces and reduces fecal contamination of the 

extruded coelomocytes. Earthworms were then rinsed in ice-cold saline and placed in an 



inclined 100 x 15 mm Petri dish containing 4.0 ml Hank's Balanced Salt Solution 

(HBSS) to which (ethylenedinitrilo)-tetraacetic acid (EDTA, a chelating agent) and 

guaiacol glyceryl ether (GGE, a mucolytic agent) were added (modified from Eyambe et 

al. [4]). The solution (HBSS/EDTA/GGE) was prepared by placing 4.9 g of tissue culture 

grade Hank's Balanced Salts (Sigma Chemical Co., St. Louis, MO) in 1 L double distilled 

water on a magnetic stirrer-hot plate at low heat and continuous agitation. EDTA (99% 

purity, MCB Manufacturing Chemists Inc., Cincinnati, OH) was added at 2.5 g/L, adding 

2N NaOH to dissolve. Finally, GGE was added at 10 g/L and dissolved with 2N NaOH. 

This solution was allowed to cool to room temperature and then the final pH was adjusted 

to 7.3 to 7.4 units using 2N NaOH. 

The earthworms, in the inclined Petri dish with HBSS/EDTA/GGE, were induced 

to extrude using 7.5 V DC shocks by placing electrodes at each end of the worm for 1 s 

intervals for a period of 1-2 min. Electric shock was terminated when the coelomocytes 

became visibly turbid in the Petri dish, or when 2 min had elapsed. The earthworm was 

removed from the extrusion media and the mucus produced by the worm was removed 

using a Pasteur pipette to prevent clumping of cells during incubation. The extrusion 

media was placed in a 13 x 100 mm test tube on crushed ice containing 4 ml HBSS/EDTA 

(the same as the above described solution minus the GGE) to immediately dilute the GGE 

and prevent potential toxic effects. I kept the coelomocyte suspension on crushed ice for 

the remainder of the experimental procedures before incubation. The coelomocyte 

suspension was centrifuged at 150 x g for 10 min. The supernatant was gently removed 

by vacuum pipette and immediately 4.0 ml HBSS/EDTA was added to resuspend the 



coelomocytes. The test tubes were gently vortexed and tota] cell counts were estimated 

using a Improved Neubauer haemocytometer. The total number of coelomocytes counted 

in four squares of the haemocytometer was divided by 4 to obtain the mean, multiplied by 

1 x 104 to account for chamber volume (each square counted was 1 x 1 x 0.1 mm deep for 

a total volume of 0.1 mm3; there are 10,000 such volumes in 1 ml) multiplied by 2 to 

account for the 1:1 dilution with Trypan Blue (described below), and multiplied by 4 to 

account for the 4.0 ml that the coelomocytes were resuspended in. The coelomocyte 

suspensions were gently vortexed and recentrifiiged at 150 g for 10 min. The supernatant 

was removed by vacuum pipette and the coelomocyte density was adjusted to a 

suspension of 1 x 106 cells/ml. For example if 150 cells were counted: 

150 cells x % x (1 x 104) x 2 x 4 x 1/106 cells/ml = 3 ml 

For this example the cells were resuspended in 3 ml HBSS without EDTA (EDTA 

chelates calcium which is required for membrane functions). For each earthworm, I 

counted the total number of cells/ml as described and cell viability (see below). 

Coelomocyte assays: establishing baseline data for non-chemically exposed earthworms 

The coelomocyte suspension, 100 |il with a concentration of 1 x 106 cells/ml, was 

combined in a small test tube (12 x 75 mm) with 100 id of yeast cells at a concentration of 

2.7 x 107 cells/ml, and incubated at 10°C on a rocker shaker. Aliquots of each sample 

were gently resuspended and loaded on a haemocytometer as described above every 3 h 



for 24 h. Viability (see below) was also measured at 3-h intervals between the times that 

the other assays were carried out (i.e. 1.5 h, 4.5 h, 7.5 h...). All coelomocyte assays were 

carried out by counting the first 100 clearly defined coelomocytes using a light microscope 

at 400x and categorizing than as unstimulated, activated, attached or phagocytic (see 

below). Three experiments performed under the same conditions were pooled for 

statistical analysis. Significance level for all tests was 0.05 %. 

Viability of coelomocytes 

Quantification of the viability, or percent of living cells versus dead cells, was 

determined using a dye exclusion assay. Dye exclusion assays are based on the principle 

that an intact cell membrane is necessary for the exclusion of certain dyes. Trypan Blue 

(0.4%, Sigma) was used because it is taken up only by dead cells [7], Coelomocytes were 

assayed by mixing 100 |il cell suspension, at 1 x 106 cell density, with 100 J J . 1 0.4% Trypan 

Blue. Coelomocytes were counted using a light microscope and a haemocytometer as 

described above. Viability was tested over 24 h at three different temperatures: room 

temperature (X =23°), 15 and 10°C. Coelomocytes incubated at 10°C had the least 

variation in viability and since there were no significant differences in viability among the 

three temperatures, I used 10°C incubation for all of the following assays. 

Activation assay 

I determined percent activation of coelomocytes by observing their spreading on 

glass slides and production of pseudopodia in solution after stimulation by yeast cells. 



Coelomocytes were observed at 400x to determine if activation had occurred. One 

hundred coelomocytes were observed for each sample by placing the sample on a 

haemocytometer and counting, after waiting 2 min for spreading to occur. 

Attachment assay 

I determined the percentage of coelomocytes attached to yeast cells in the same 

incubation samples used for the activation assay. Coelomocytes binding two or more 

layers of at least four yeast cells are called S-rosettes [4] and result from coelomocytes 

actively secreting a synthesized humoral agglutination factor in response to incubation 

with antigenic rabbit red blood cells [7]. E-rosettes are coelomocytes that have a single 

layer of at least four yeast cells bound to their surfaces via surface receptor attachment 

[7], I included both E- and S-rosettes in the coelomocyte attachment counts. 

Phagocytosis assay 

Phagocytosis also was determined in the same incubation sample used for counting 

activation and attachment. I determined the percent of phagocytic coelomocytes by 

counting those having at least two ingested yeast cells. 

Yeast suspension with red congo dye 

Yeast, stained with red congo dye (v/v)(93% purity, Fisher, Fairlawn, NJ), was 

used as an antigen to elicit an immune response in coelomocytes. In a 20 x ISO mm test 

tube, 0.01 g yeast {Saccharomyces cerevisiae, Bakers yeast, Type n, Sigma, St. Louis, 

MO) was mixed with 1.0 ml HBSS and 1.0 ml 0.5% red congo dye in HBSS. This 
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mixture was heated to boiling using a Bunsen burner, and then 1.0 ml was transferred to a 

new test tube containing 9.0 ml HBSS to wash the yeast. The suspension was then 

centrifiiged at 150 x g for 10 mm. The supernatant was removed and the yeast was 

resuspended in 4.0 ml HBSS. The suspension was then counted on a haemocytometer, as 

above, using 100 til yeast suspension and 900 |il HBSS. Yeast was adjusted to a 2.7 x 107 

concentration to allow for sufficient yeast to be available to the coelomocytes without 

excess to obscure assay results. 

Experimental design: exposure to Cu*+ andPCB 

Once baseline data of activation, attachment and phagocytosis for non-exposed 

worms were obtained, I ran PCB and Cu++ exposure experiments in the following manner. 

Each of three experiments consisted of five replicates of coelomocytes from individual 

earthworms which were assayed every 3 h over a 24 h period (i.e. initial time, 3 h, 6 h...). 

The coelomocytes were counted and percentages of unstimulated, activated, attached, and 

phagocytic coelomocytes were determined, as described above. Cell viability was also 

measured for each replicate between the times that the other assays were being counted 

(i.e. 1.5 h, 4.5 h, 7.5 h...). Each experiment was repeated three times for each of the four 

exposure groups; Cu++ exposure, Cu++ control, PCB exposure and PCB control. 

Earthworms were exposed to sublethal Cu++ concentrations [2,10,13, 14] using the 

filter paper contact method [15], A solution of copper sulfate was prepared at the 

concentration required to deliver 1 |ig Cu~ cm'2 on a 90 cm2 filter paper (Whatman, 

Clifton, NJ) when delivered in 1.0 ml solution. This solution was prepared by dissolving 
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115.4 g of CuSO* (98% pure, Sigma) in 500ml double distilled water. Filter papers, 7.2 

xl2.5 cm, were placed in zip-lock bags which were of the same size so that their entire 

surface was available to the earthworm. 1 ml of the CUSO4 solution was pipetted evenly 

over the filter paper surface. Earthworms were rinsed twice in ice-cold saline and placed 

in bags containing the solution immediately and incubated for 5 d at 10°C. Controls were 

incubated under the same conditions except that 1.0 ml double distilled water instead of 

G1SO4 solution was applied to the filter paper. 

Earthworms were exposed to sublethal concentrations of Arochlor® 1254 (Chem 

Service)[14], using the same filter paper contact method. PCB was prepared to the 

concentration required to give 10 jig PCB cm"2 on a 90 cm2 filter paper when delivered in 

1.0 ml solution. The original concentration of 1000 (ag/ml was diluted with acetone to 

900 |ig/ml. 1 ml of solution was then applied evenly to the filter paper under a fume hood. 

The paper was allowed to dry completely and was then carefully placed in a zip-lock bag 

(90 cm2). One ml of double distilled water was added to the filter paper immediately prior 

to introducing the earthworms. Earthworms were rinsed twice in ice-cold saline before 

being placed in zip-lock bags. Earthworms were incubated for 5 d at 10°C. Controls 

were incubated under the same conditions on filter paper that had been saturated in 1.0 ml 

acetone, dried in a solvent hood to evaporate the acetone, and then placed in a zip-lock 

bag with 1.0 ml of double distilled water. 

Statistical analyses 
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Statistical analyses described in Zar [16] were conducted on viability, cell density, 

activation, attachment and phagocytosis via Excel 7.0 Statistical Analysis Tool Pack 

software (Microsoft 1997). Initial viability studies were analyzed by ANOVA (two-factor 

with replication) to compare the three temperatures over time. Within each replicate 

group, assay groups (unstimulated, activated, attached and phagocytic) for each exposure 

group (Cu++ control, PCB control, Cu++ exposure and PCB exposure) were independently 

tested by single-factor ANOVA to see if each replicate group represented an independent 

population. PCB and Cu" control groups were statistically compared for each assay 

group by ANOVA (two-factor with replication) to see if experimental conditions were 

affecting results. PCB and Cu++ exposure groups were compared with control group, and 

with each other, for each assay group by ANOVA (two-factor with replication). The level 

of significance for all tests was 0.05%. 



CHAPTER in 

RESULTS 

Relation of viability to incubation temperature and time 

There were significant differences in the decrease in viability of coelomocytes over 

time at the three temperatures (two-factor ANOVA, p<0.05). However, there were no 

obvious marked differences in viability among the three temperatures. Coelomocytes 

incubated at 10°C were the most consistent over time (Figure 1) and had the least 

variability (Table 1). Samples incubated at 10°C had an initial viability of 95.6% which 

dropped in the first 3 h to 90.3%. Viability then dropped slowly over the 24 h period to 

83.2%. Since viability was most consistent at 10°C, subsequent experiments were 

conducted at 10°C. Although viability showed the greatest decrease by 9 h, subsequent 

experiments were carried out for 24 h to allow more time for phagocytosis to reach a 

maximum percentage. All subsequent figures show trends represented by the mean of 

three replicates, while all of the tables give detailed statistical information about the related 

figure or figures. 

Cu++ and PCB controls were found to be statistically similar over time for all four 

cell stages (two-factor ANOVA, p<0.05) showing that filter paper that was treated with 

acetone, which was evaporated, did not affect coelomocyte responses (Figures 2-5 and 

Tables 2 and 3). Figures 2 and 4 track the actual changes in cell stage percentage of each 



group and indicate by the intersection of lines when a particular cell stage was becoming 

predominant. Between the initial time point and 3h the trend lines for unstimulated, 

activated and attached coelomocytes all intersected, with attached becoming the 

predominant cell state for both Cu** and PCB control (50.1% and 58.7%, respectively). 

At both 6 and 12 h, the trend lines for activated, attached and phagocytic Cu++ and PCB 

control coelomocytes all intersected, between which percent phagocytosis peaked at 9 h 

(24.1 and 25.0%, respectively). Figures 3 and 5 show the relative percentages of the four 

Mil stages based on 100% and indicate by the relative area when a particular cell state is 

increasing in proportion. Between the initial time point and 3 h in both control groups 

percentage of attached coelomocytes increased (43.2 and 55.1%, respectively) with a 

corresponding decrease (43.3 and 33.1%, respectively) in the percentage inactive 

coelomocytes. From 3-9 h phagocytosis increased to 24.1% in Cu++ control and 25% in 

PCB control, and attached remained constant. After 9 h this trend was reversed and 

phagocytosis decreased somewhat, remaining above half the maximum relative 

percentage. 

Copper exposure 

Results for each of the four cell stages assayed found Cu++ exposure groups 

(Figure 6, Table 4) were significantly different from control groups (Figure 5, Table 2). 

Two-factor ANOVA demonstrated that exposure to sublethal concentrations of Cu" 

affected the coelomocytes response sequence significantly (/K0.05). 



Percent unstimulated coelomocytes (Figure 7) was significantly higher in control 

groups (53.3%) at the initial time point than in Cu** exposure groups (41.6%). This trend 

reversed by 6 h incubation when control groups were 9.6% and exposure groups were 

14.1% unstimulated, intersecting at 4 h. At 12 and IS h, Cu" exposure and control 

groups were very similar, but then the percentage of unstimulated coelomocytes increased 

in exposure groups. 

The initial percentage of activated coelomocytes (Figure 8) was significantly higher 

in Cu** exposure groups (50.1%) than in control groups (41.8%). At 6 h incubation the 

number of coelomocytes activated was very similar in exposure and control, but after 6 h 

incubation the exposure groups remained in an activated state at approximately 20-22% 

while the control groups decreased to 12.0% activated, indicating that more cells were 

going on to the next cell stage in unexposed worms. 

Figure 9 shows that coelomocyte attachment was enhanced in Cu++ exposure 

groups over the 24 h time course, the greatest difference being 12.1% at 12 h incubation 

indicating that the Cu++ exposed cells did not become phagocytic. Exposure and control 

groups were very close at 9 h (0.3% difference) and at 21-24 h (0.8 and 3.9% difference, 

respectively). 

Phagocytosis was significantly suppressed in Cu++ exposure groups (Figure 10) 

from 3 h on (17% suppressed), with a control phagocytosis peak at 9 h. Phagocytosis in 

control groups increased to 24.1% in the first 9 h and then decreased to 12.1% at 15 h 

where it leveled off for the remainder of the time course. 



Figure 11 shows the actual percentages of all four cell stages together, allowing 

analysis of how the coelomocytes were progressing from one stage to the next by the 

intersection of lines. Between the initial time and 3 h Cu++ exposure incubation, the trend 

lines for attached coelomocytes intersected unstimulated and activated coelomocytes, and 

attached coelomocytes became the predominant cell stage. The percentage phagocytic 

coelomocytes did not intersect the unstimulated or activated percentages as control did. 

The percentage of activated cells remained high indicating that in Cu++ exposure groups 

activated ceils were not able to go on to phagocytosis. 

Cu++ exposure groups were also expressed as a percent of control (Table 6). 

Unstimulated coelomocytes were 78.1% of control at the initial count and increased to 

168.5% at 9 h. At 12 h the percent control wasl02.8% and it went up gradually to 

128.6% at 24 h. Activated exposure groups were higher than control throughout the 

experiment with a peak at 9 h (197.8%). Attached exposure groups were 174.6% of 

control at the initial time point. This decreased to 100.6 at 9 h and remained at 

approximately 100% through 24 h. Phagocytic groups were expressed as 100.0% of 

control at the initial count and at 3 h because both control and exposure had no 

phagocytosis. At 6h exposure groups were 28.3% and at 9 h 29.6% of control. Then 

phagocytosis in exposure groups dropped, the lowest point being 13.4% control at 24 h 

incubation. 

PCB exposure 



PCB exposed coelomocytes were statistically compared to PCB control 

coelomocytes for each of the four cell stages to see if exposure to sublethal 

concentrations of PCB affected the coelomocytes. Exposure groups (Figure 12, Table 5) 

wore found to be significantly different over time (two-factor ANOVA, p<0.05) from 

control groups (Figure S, Table 3). The relative proportion of phagocytic coelomocytes in 

exposure groups remained noticeably lower than controls throughout the experiment. The 

percentage of activated coelomocytes in PCB exposure groups remained fairly uniform 

after 3 h, while in control groups the percentage of activated coelomocytes decreased at 

6 h, indicating that more unexposed coelomocytes were able to go on to attachment. 

Figure 13 shows that initially PCB exposure samples had a 7.5% lower percentage 

of unstimulated coelomocytes when compared to control samples (37.8% and 45.3%, 

respectively). Between 6 and 12 h this trend reversed with PCB exposure samples having 

a higher percentage of unstimulated coelomocytes. 

Activated coelomocytes were found to be in higher percentage in PCB exposure 

groups than in controls all throughout the time course (Figure 14). Initially, exposure 

groups were at 57.6% activated and control groups were 51.1% activated. Both exposure 

and control groups had decreased by 6 h to 20.6% activated and 11.8%, activated 

respectively. Both exposure and control groups remained fairly constant at these levels of 

activation for the remainder of the time course. 

Attachment in PCB exposure groups was very similar to control groups during the 

first 3 h of the time course (Figure 15). At 6 h exposure groups were 66.9% attached 



compared to control groups at 59.8%. Both exposure groups had a 5%-10% increase in 

attachment throughout the remainder of the time course. 

Phagocytosis in PCB exposure groups was suppressed by 20.3% when controls 

peaked at 9 h (4.7% and 25.0% respectively, Figure 16). Control groups leveled out at 

approximately 15% by 12 h and remained there for the remainder of the time course, while 

exposure groups remained at below 5%. 

Figure 17 shows the actual percentages of all four cell stages together, allowing 

analysis of how the coelomocytes are progressing from one stage to the next by the 

intersection of lines. At 3 h incubation the percent of activated coelomocytes in PCB 

exposure groups was 8.3% higher than control groups. The percent of coelomocytes 

which were attached is very similar in exposure and control groups indicating that not all 

of the activated coelomocytes were becoming attached in PCB exposure. Phagocytosis 

increased to 9.9% in control groups and only to 3.0% in exposure groups indicating a 

diminished ability to continue on to the phagocytic stage. After further incubation to 6 h 

the percent of unstimulated coelomocytes had reached the lowest level in PCB exposure 

groups at 9.7%. PCB control groups were still dropping indicating a longer response 

period in control groups. In exposure groups attachment had increased related to a 

decrease in percent of activated coelomocytes, but phagocytosis remained almost the 

same. In control groups phagocytosis increased to 20.6% and activated groups decreased 

to 11.8%. Attachment remained similar indicating that the coelomocytes were continuing 

through that stage to become phagocytic. 



In PCB control groups 9 h incubation was an important time point, however 

exposure groups had leveled out by this time. Phagocytosis reached 25.0% in control 

groups at 4 h and 4.7% in exposure groups at 9 h, which was the highest percent for each 

group. Unstimulated coelomocytes in control groups began to increase at this point 

indicating that phagocytosis was completed. By 12 h incubation PCB exposure groups 

had also mostly leveled out. 

PCB exposure groups were also expressed as a percent of control (Table 6). 

Unstimulated exposure groups were initially 83 .4% of control and increased to 168.3% at 

9 h. This percentage decreased over the remainder of the experiment to 92.3% control at 

24 h. Activation in PCB exposure groups was 122.8% at the initial time point and 

increased to a maximum of 174.6% at 6 h. The percent control gradually dropped over 

the remainder of the experiment to 131.7% at 24 h. Attachment was 127.8% of control at 

the initial time point and then decreased slightly throughout the experiment to 98.6% of 

control at 24 h. Phagocytosis was 100.0% of control initially because both groups had no 

phagocytosis at that time. At 3 h phagocytosis in exposure groups was 30.4% of control 

and thai decreased over the remainder of the experiment to 13.4% control at 24 h. 

Comparison of exposure groups 

Results from Cu" and PCB exposure experiments were compared statistically for 

each cell stage, unstimulated, activated, attached and phagocytic. Cu"and PCB exposure 

groups were found to be from different populations (two-factor ANOVA, p<0.05) for 

each of the four cell stages assayed. 



Percentage of unstimulated coelomocytes (Figure 18) at the initial time point was 

higher in Cu" exposure groups (41.7%) than in PCB exposure groups (37.8%). Both 

groups decreased by 3 h, to 14.1 and 10.7% unstimulated, respectively. In Cu** exposure 

groups there was a gradual increase to 21.0% unstimulated at 24 h. Cu++ and PCB 

exposure groups remained between 10 and 13% unstimulated respectively through 21 h, 

and then increased to 15.3% at 24 h. 

Activation of coelomocytes (Figure 19) was higher in PCB exposure groups 

(57.6%) than in Cu~ exposure groups (51.0%) at the initial time point. The two trend 

lines intersected at 3 h and Cu++ exposure groups were higher throughout the 24 h 

incubation, increasing gradually to 27.0%. PCB exposure groups decreased slowly to 

19.1% at 24 h. 

The percentage of coelomocytes which became attached (Figure 20) in PCB 

exposure groups was markedly higher than Cu++ exposure groups. Although PCB showed 

less attachment at the initial time point (57.8%), by 3 h it was higher than Cu** exposure 

groups (52.7%). Attachment peaked in Cu++ exposure groups at 12 h at 61.6%, and 

decreased gradually to 52.5% at 24 h. Attachment in PCB exposure groups remained high 

from 3 to 24 h, aiding at 64.2% at 24 h. 

Phagocytosis (Figure 21) was reduced more in PCB exposure groups (4.7% at 9 

h) than in Cu"1"1" exposure groups (7.1% at 9 h) from their respective control groups. 

Percentage phagocytosis began to increase in both groups at 3 h and decreased again after 

9 h. After 12 h both exposure groups remained below 3.1% for the remainder of the 24 h. 



Coelomocyte density and number extruded 
* 

All of the experiments described above were also analyzed for the coelomocyte 

density, or survivorship, throughout the 24 h incubation. Density was measured at the 

time of extrusion and at 3 h intervals throughout the 24 h incubation. Due to experimental 

design the 10.5 h count was not performed. Figure 22 shows the coelomocyte density at 

three incubation temperatures over 24 h. All three temperatures showed a decrease in 

density to approximately 80% at 12 h. At 15 h the second half of the experiment 

commenced and due to some unknown reason the density of the samples did not decrease 

as they did over the first 15 h incubation. It appears that the cell density increased back to 

1 x 106 cells/ml, which is misrepresentative, and then decreased to approximately 0.8 x 106 

at 24 h. Note that after extrusion coelomocytes were adjusted to 1 x 106 cells/ml and then 

divided into aliquots for the three temperatures and all of the time points. Because of this 

coelomocyte density at the initial time point was always reported as 1 x 106cells/ml. 

Figure 23 shows the density for Cu++ control and exposure groups over 24 h. 

Control samples decreased fairly uniformly to 0.8 x 106 at 13.5 h and then increased 

slightly through 19.5 h to 0.84 x 106 cells/ml. At 24 h Cu" control groups had a density 

of 0.8 x 106 cells/ml. Cu++ exposed coelomocytes decreased to 0.7 x 106 cells/ml over the 

first 7.5 h. Throughout the remainder of the 24 h the density for Cu++ exposed 

coelomocytes was 0.9 x 10* cells/ml. 

PCB exposure had a less significant effect on coelomocytes than Cu++ exposure. 

PCB exposure groups had a higher density than control groups over the first half of the 

experiment. At 7.5 h exposure groups were at 0.9 x 106 cells/ml (Figure 24) and controls 



were at 0.78 x 106 cells/ml. From 7.5 h to 13.5 h both groups appeared to increase in 

density and remained close to 1 x 106 cells/ml at 19.5 and 23.5 x 106 cells/ml. 

The initial number of coelomocytes that were extruded (Table 7) by Cu++ exposed 

earthworms (2.23 x 106 cells/ml) was higher (163% of control) than those from control 

(1.37 x 106 cells/ml). PCB exposed earthworms (2.86 x 106) also had an increase in 

number of coelomocytes extruded over PCB control (1.8 x 106 cells/ml). 



CHAPTER IV 

DISCUSSION 

Relation of viability to time and three incubation temperatures 

Viability has been used by the Environmental Effects Research Group (EERG) as a 

cytological parameter for assessing acute and chronic toxicity [4, 7, 10]. Viability of 

immunoactive coelomocytes measured immediately after extrusion (95.6 ± 0.20%, Mean ± 

SE, Table 1) was slightly higher than reported by Goven et al. [7](92.3 ± 0.24) and 

Eyambe et al. [4](94.2 ± 0.40%) for non-chemically exposed earthworms. The slight 

increase in viability over previous studies may reflect minor modifications to the extrusion 

method, such as centrifuging the cells only twice instead of at least five times for purposes 

of washing the cells. There is no evidence that a small decrease in viability during 

experimentation would have any biological significance in the immunological response of 

earthworm coelomocytes. The statistical parameters of viability (Table 1) were stabilized 

over time in coelomocytes that were incubated at 10°C when compared with those 

incubated at 15 and 23°C, and so this temperature was chosen for all subsequent 

experiments. Also, other published work by the EERG Laboratories has used an 

incubation temperature of 10°C making some direct comparisons to my results possible 

for most of the assays that I used. 
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observed in PCB controls (51.1 ± 1.4%) than Cu** controls (41.8 ± 4.5%) may have 

resulted from incomplete evaporation of acetone on the filter papers in PCB control 

earthworms. This indicates that although experimental conditions did not affect results in 

two-factor ANOVA over time, initially PCB control had a higher percentage of activation 

than Cu** control. At 9 h incubation, both control groups had decreased to 12% 

activation, although PCB control groups decreased at a faster rate and remained at a lower 

level throughout the 24 h incubation than Cu++ control groups. This difference was 

reflected in the higher level of attachment and phagocytosis in PCB control groups from 

12 to 24 h, although this was not statistically significant. 

Rosette formation (E-rosette and S-rosette), or attachment, has been studied 

extensively in the EERG Laboratories [1, 2,4, 5, 7]. None of this previous work has 

tracked the immunological response over time, instead all counts were performed only at 

24 h or 3 h incubation. Direct comparisons with Goven et al. [7] and Eyambe et al. [4] 

can be made with rosette formation results from healthy non-exposed earthworms (22.7 ± 

0.53 and approx. 40.0%, respectively) at 24 h incubation with rabbit red blood cells. My 

results for attachment in Cu++ and PCB control groups at 24 h incubation was 53.3 ± 1.08 

and 55.5 ± 2.18%, respectively. In Cu^ control groups, attachment peaked at 9 h with 

56.7 ± 1.4% attachment. PCB control groups reached a maximum attachment at 6 h with 

59.8 ± 1.5% attachment. 

Phagocytosis has also been studied extensively in the EERG Laboratories [1, 2, 4, 

5, 7, 8, 14], None of these studies used yeast cells and exactly the same experimental 
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conditions as I did in my experiments, except Giggleman [8] who reported 27.37% 

phagocytosis in PCB controls. Goven et al. [14] reported 18% phagocytosis in PCB 

control and 18.5% phagocytosis in Cu" control for intra-coelomic incubation with latex 

beads for 3 h. Goven et id. [7] reported 13.3% phagocytosis in coelomocytes incubated 

with rabbit red blood cells (RRBC's) for 24 h. My results showed a peak in phagocytosis 

at 9 h incubation of 24.1 ± 1.4% in Cu++ control and 25.0 ± 1.6% in PCB control. My 

results for phagocytosis after 24 h incubation are 10.9 ± 0.7% for Cu" control groups and 

13.6 ± 1.7% for PCB control groups. 

Copper exposure 

The sublethal immunological effects on earthworm coelomocytes exposed to Cu++ 

have been shown to be detrimental to an effective immune response [2, 8, 10, 14]. I was 

not able to find published articles that were directly comparable for activation and 

attachment. My results indicated a 9% (119.9% control, Table 6) increase in activation 

and a 4% increase in attachment (174.6% control) at the initial time point which indicates 

that there was some response to the 5 d Cu++ exposure. At 9 h incubation, Cu" exposure 

groups had an increase of 12% (197.8% control) in activation, while attachment had 

become almost equal to control (100.6% control). This reflects the inability of 

coelomocytes to progress from unstimulated to the sequence leading to phagocytosis. 

Goven [14] reported results of phagocytosis after exposure to Cu** at 1.0 ng cm*2 for 

earthworms in comparable incubation conditions to my experiments, except with a 3 h 

incubation. Goven et al. [14] used a 3 h incubation to assess phagocytosis and reported 
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approximately 9.0 % of Cu ** exposed coelomocytes to be phagocytic compared to 5.0 ± 

0.7% (100.0% control) in my experiments at 3 h incubation. Giggleman [8] reported 

10.13% phagocytosis for 96 h incubation with 3 jig Cu++ cm'2 which is also considered to 

be a sublethal dose. Coelomocytes were clearly inhibited in the ability to phagocytose by 

9 h. My results showed 7.1% ± 0.6% (29.6% control) phagocytosis for exposure groups 

and 24.1 ± 1.4% for control groups at 3 h. 

PCB exposure 

I found much more published literature on the immunological effects of PCB on 

earthworm coelomocytes [1, 2, 3, 5, 7, 10, 14], However, I could not find literature that 

was directly comparable to my results on activation of coelomocytes after PCB exposure. 

I found exposed coelomocytes to have a slightly higher level of activation and attachment 

at the initial time point than unexposed coelomocytes. Goven et al. [7] reported an 8.4% 

E- and S-rosette formation with rabbit red blood cells at 24 h incubation and similar 

experimental conditions, compared to 64.2% (115.6% control) attachment in my results. 

This large difference in attachment could be attributed to slight differences in experimental 

procedures such as the number of times that cells were washed before incubation with 

antigen. Fewer washing steps could cause the coelomocytes to stick to the yeast cells. 

Goven et al. [7] reported 4.6 ± 0.22% phagocytosis compared with 4.73 ± 0.6% (18.9% 

control) phagocytosis under the same experimental conditions in my experiments. 

Because phagocytosis compares very closely with results reported elsewhere it is likely 

that attachment was the only activity affected by experimental conditions. Viability is 
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increased by reducing handling coelomocytes and this appears to be a "trade off' with 

preventing the sticking of cells during incubation with antigen. Phagocytosis has the most 

distinct effect on coelomocytes immune response to toxicants, with 25.0 ± 0.6% in 

unexposed coelomocytes compared to 4.7 ± 0.6% (18.9% control) in PCB exposed 

coelomocytes incubated at 9 h.. 

Comparison of exposure groups 

I could not find any literature that compares PCB toxicity and Cu** toxicity 

directly under the same conditions. Giggleman [8] found Cu++ to be more toxic to PCB 

for 96 h incubation with 3 jig Cu++ cm*2. Overall my results showed more of an effect by 

sublethal PCB exposure than by sublethal Cu++ exposure. PCB exposed coelomocytes 

were 6.6% more activated than Cu++ exposed coelomocytes (83.4% and 78.1% of control, 

respectively) at the initial time point. Although more activated coelomocytes were able to 

go on to attachment in PCB exposure groups, there was a lower level of phagocytosis 

throughout the time course. This indicates that PCB exposed coelomocytes were less able 

to phagocytose than Cu** exposed coelomocytes. Since PCB is lipid soluble and is found 

in the cell membrane it is likely that PCB interferes with the ability of the membrane to 

surround and ingest the yeast cells. Cu" is water soluble and is found in the cytoplasm 

where it would be more likely to interfere significantly with the last step in the primary 

immunological response, killing via enzymatic pathways. 

Coelomocyte density ami number extruded 
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Coeiomocyte density during the initial set of viability experiments was not an 

effective indicator of any significant differences in incubation temperature (Figure 22). 

The densities of all three temperatures varied throughout the experiment. It is possible 

that clumped cells could be responsible for inconclusive results. If cells are clumped at the 

initial time point and lata* during the incubation are released from the clumps the density 

would not decrease as would be expected. It is also possible that the portion of the 

sample that was placed in the hymocytometer was not representative of the sample even 

though care was taken to vortex the sample thoroughly before counting. 

Coeiomocyte density was effected more by Cu++ exposure than by PCB exposure 

during the first half of the incubation (Figure 23). Exposure groups decreased 

significantly more than control groups from the initial time to 7.5 h. As above, the second 

half of the experiment did not give the expected results. If the trend had continued the 

density of Cu++ exposed coelomocytes would have dropped to approximately 20 to 30%. 

The same possibilities exist as mentioned above as to why density was not measured 

accurately. 

PCB exposed coelomocytes did not decrease significantly over control groups 

during 24 h incubation. Controls were slightly lower during the first half of the 

experiment and higher during the second half. Again, there are several experimental errors 

that could occur to cause inconclusive density measurements (see above). Density does 

not appear to be an effective measurement of the immunotoxic affects of hazardous 

chemicals. 
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The density of coelomocytes at the time of extrusion was higher in Cu++ and PCB 

exposure groups than in controls (163 and 159% of controls, respectively). Giggleman 

[8] reported an increase in extrusion of PCB exposed coelomocytes of 131% of controls 

and a decrease of Cu++ exposed coelomocytes of 53.8% of controls. My results indicated 

that extrusion was stimulated by exposure to PCB and Cu++. 

Conclusions 

PCB and Cu++ both have an immunotoxic effect on earthworm coelomocytes at 

sublethal concentrations. Cell viability and density are the least effective assays to 

measure this effect and phagocytosis is the most effective. 

My remits suggest that it is necessary to optimize the time of incubation with each 

antigen and toxicant for each set of experimental conditions, such as incubation time and 

temperature, handling of coelomocytes prior to incubation and the particular antigen used. 

Once these parameters have established, my results show that phagocytosis is the most 

indicative and repeatable assay to assess the immunotoxic potential of hazardous 

chemicals. 

Activation and attachment of coelomocytes were stimulated by toxicant exposure 

and were not found to be effective as companion biomarkers to phagocytosis. 

Phagocytosis was the most easily identifiable coelomocyte biomarker and had the most 

significant difference between control and exposure groups. 



APPENDIX 

FIGURES AND TABLES 
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Figure 1. Relation of coelomocyte viability, expressed as a percentage, to time and 

incubation temperature in earthworms Lumbricus terrestris. Coelomocytes were 

incubated for 24 h at 10°C (solid line with triangle), 15°C (light gray line with square) and 

23°C (dark gray line with circle). Each symbol represents the mean of five replicates. 

Respective SD, SE, UCL, LCL and CV are listed in Table 1. 
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Figure 2. Actual changes in percentages of each of the four stages in the primary immune 

response of coelomocytes, after stimulation by yeast (Saccharomyces cerevisicte), from 

unexposed Lumbricus terrestris in the Cu++ exposure experiment. Coelomocytes were 

classified in actual percentage as unstimulated (solid line with diamond), activated (dotted 

line with triangle), attached (dashed line with square) or phagocytic (broken line with 

circle) stage. Each symbol is the mean of fifteen replicates. Respective SD, SE, and CV 

are listed in Table 2. 
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Figure 3. Relative percentages of the four cell stages of primary immune response for 

Cu++ control experiments in earthworms Lumbricus terrestris indicating by relative area 

when a particular cell state is increasing in proportion. Coelomocytes were classified as 

being unstimulated (dark gray), activated (white), attached (light gray), or phagocytic 

(medium gray) stage. Percent area is the mean of fifteen replicates. Respective SD, SE, 

and CV are listed in Table 2. 
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Figure 4. Actual changes in percentages of each of the four stages of coelomocyte 

primary immune response, after stimulation with yeast (Saccharomyces cerevisiae) from 

unexposed Lumbricus terrestris in PCB exposure experiments. Coelomocytes were 

classified in actual percentage as unstimulated (solid line with diamond), activated (dotted 

line with triangle), attached (dashed line with square) or phagocytic (broken line with 

circle) stage. Each symbol is the mean of fifteen replicates. Respective SD, SE, and C V 

are listed in Table 3. 
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Figure 5. Relative percentages of the four cell stages of primary immune response for PCB 

control experiments in earthworms Lumbricus terrestris indicating by relative area when a 

particular cell state is increasing in proportion. Coelomocytes were classified as being 

unstimulated (dark gray), activated (white), attached (light gray), or phagocytic (medium 

gray) stage. Percent area is the mean of fifteen replicates. Respective SD, SE, and CV 

are listed in Table 3. 
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Figure 6. Relative percentages of the four cell stages of primary immune response for 

Cu++ sublethal exposure coelomocytes over time in earthworms Lumbricus terrestris 

indicating by relative area when a particular cell stage is increasing in proportion. 

Coelomocytes were classified as being unstimulated (dark gray), activated (white), 

attached (light gray), or phagocytic (medium gray) stage. Percent area is the mean of 

fifteen replicates. Respective SD, SE, and CV are listed in Table 4. 
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Figure 7. Percentage of unstimulated coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal Cu++ concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 2 

and 4. 
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Figure 8. Percentage of activated coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal Cu++ concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and C V are listed in Tables 2 

and 4. 
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Figure 9. Percentage of attached coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal Cu++ concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 2 

and 4. 
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Figure 10. Percentage of phagocytic coelomocytes taken from earthworms Lumbricus 

terrestrts exposed to sublethal Cu + concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 2 

and 4. 
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Figure 11. Actual changes in percentages of each of the four stages in the primary 

immune response of coeiomocytes, after stimulation by yeast (Saccharomyces cerevisiae), 

from unexposed Lumbricus terrestris in the Cu++ exposure experiment. Coeiomocytes 

were classified in actual percentage as unstimulated (solid line with diamond), activated 

(dotted line with triangle), attached (dashed line with square) or phagocytic (broken line 

with circle) stage. Each symbol is the mean of fifteen replicates. Respective SD, SE, and 

CV are listed in Table 4. 
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Figure 12. Relative percentages of the four cell stages of primary immune response for 

PCB exposure experiments in earthworms Lumbricus terrestris indicating by relative area 

when a particular cell state is increasing in proportion. Coelomocytes were classified as 

being unstimulated (dark gray), activated (white), attached (light gray), or phagocytic 

(medium gray) stage. Percent area is the mean of fifteen replicates. Respective SD, SE, 

and CV are listed in Table 3. 



54 

3 
O 

i 

sajXootuopoo j o 

d S e t i m n d 



55 

Figure 13. Percentage of unstimulated coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal PCB concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 3 

and 5. 
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Figure 14. Percentage of activated coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal PCB concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 3 

and 5. 
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Figure 15. Percentage of attached coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal PCB concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 3 

and 5. 
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Figure 16. Percentage of phagocytic coelomocytes taken from earthworms Lumbricus 

terrestris exposed to sublethal PCB concentrations (solid line with diamond) compared to 

those from non-exposed controls (dotted line with triangle) during 24h incubation. Each 

symbol is the mean of fifteen replicates. Respective SD, SE, and CV are listed in Tables 3 

and S. 
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Figure 17. Actual changes in percentages of each of the four stages in the primary 

immune response of coelomocytes, after stimulation by yeast (Saccharomyces cerevisiae), 

from unexposed Lumbricus terrestris in the PCB exposure experiment. Coelomocytes 

were classified in actual percentage as unstimulated (solid line with diamond), activated 

(dotted line with triangle), attached (dashed line with square) or phagocytic (broken line 

with circle) stage. Each symbol is the mean of fifteen replicates. Respective SD, SE, and 

CV are listed in Table 5. 
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Figure 18. Comparison of percentage of unstimulated coelomocytes from earthworms 

Lumbricus terrestris exposed to sublethal Cu++ and PCB concentrations over 24h. 

exposure conditions to time in earthworm. Cu++ exposure (solid line with diamond) and 

PCB exposure (dotted line with triangle) designate percentage of coelomocytes which 

remain in an unstimulated stage. Each symbol is the mean of fifteen replicates. Respective 

SD, SE, and CV are listed in Table 4 and 5. 
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Figure 19. Comparison of percentage of activated coelomocytes from earthworms 

Lumbricus terrestris exposed to sublethal Cu++ and PCB concentrations over 24h. 

exposure conditions to time in earthworm. Cu++ exposure (solid line with diamond) and 

PCB exposure (dotted line with triangle) designate percentage of coelomocytes which 

remain in an unstimulated stage. Each symbol is the mean of fifteen replicates. Respective 

SD, SE, and CV are listed in Table 4 and 5. 
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Figure 20. Comparison of percentage of attached coelomocytes from earthworms 

Lumbricus terrestris exposed to sublethal Cu++ and PCB concentrations over 24h. 

exposure conditions to time in earthworm. Cu++ exposure (solid line with diamond) and 

PCB exposure (dotted line with triangle) designate percentage of coelomocytes which 

remain in an unstimulated stage. Each symbol is the mean of fifteen replicates. Respective 

SD, SE, and CV are listed in Table 4 and 5. 
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Figure 21. Comparison of percentage of phagocytic coelomocytes from earthworms 

Lumbricus terrestris exposed to sublethal Cu++ and PCB concentrations over 24h. 

exposure conditions to time in earthworm. Cu++ exposure (solid line with diamond) and 

PCB exposure (dotted line with triangle) designate percentage of coelomocytes which 

remain in an unstimulated stage. Each symbol is the mean of fifteen replicates. Respective 

SD, SE, and CV are listed in Table 4 and 5. 
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Figure 22. Comparison of density of coelomocytes from non-exposed earthworms 

Lumbricus terrestris at three temperatures over 24 h. Incubation temperatures are 10 

(solid line with diamond), 15 (dotted line with triangle) and 23°C (dashed line with 

square). 
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Figure 23. Density of coelomocytes taken from earthworms Lumbricus terrestris exposed 

to sublethal Cu++ concentrations compared (dotted line with triangle) to those from non-

exposed controls (solid line with diamond) over 24 h. 
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Figure 24. Density of coelomocytes taken from earthworms Lumbricus terrestris exposed 

to sublethal PCB concentrations compared (dotted line with triangle) to those from non-

exposed controls (solid line with diamond) over 24 h. 
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Table 1. Mean percent coelomocyte viability over 24 h at three incubation temperatures. 

N = 5 replicates at each temperature/time measurement. Initial counts were performed 

before aliquoting sample to the three temperatures, so the initial time point has the same 

data for each temperature. SD = standard deviation, SE - standard error, UCL - upper 

confidence limit, LCL = lower confidence limit, CV = coefficient of variation. 
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Table 2. Relative percentages of unstimulated, activated, attached and phagocytic cell 

stages in non-exposed copper controls. Each group represents three pooled experiments. 

N- 15 replicates at each time measurement. 
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Table 3. Relative percentages of unstimulated, activated, attached and phagocytic cell 

stages in non-exposed PCB controls. Each group represents three pooled experiments. 

N = 15 replicates at each time measurement. 
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Table 4. Relative percentages of unstimulated, activated, attached and phagocytic cell 

stages in Cu" exposed groups. Each group represents three pooled experiments. N= 15 

replicates at each time measurement. 
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Table 5. Relative percentages of unstimulated, activated, attached and phagocytic cell 

stages in PCB exposed groups. Each group represents three pooled experiments. N- 15 

replicates at each time measurement. 
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Table 6. Comparison of four cell stages in coelomocytes exposed to sublethal Cu" and 

PCB over 24 h incubation. Expressed as a percent control. 
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