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Copper exposures of 400 pig/L for 5,10 and 15 days resulted in no 

significant differences in antibody titers of largemouth bass, Micropterus 

salmoides injected with Aeromonas hydrophila compared to control-injected 

bass. Twenty days of exposure did significantly increase titers. The control 

group had significantly lower antibody titers than either control-injected or 

copper-exposed. 

Differences in leukocytes among the three groups and through the four 

time periods were either not detected or inconsistent. 

The ratio of dry weight of spleens to wet body weight was significantly 

decreased in all organisms exposed to copper while the ratio of dry liver weight 

to wet body weight was not significantly different among any of the groups. 

Copper either exerts biphasic effects by enhancing then suppressing the 

production of antibodies with compensatory mechanisms taking time to elicit or 

there is some hormetic effect which also requires time to be initiated. 

Regardless copper is definitely a limiting factor with specific requirements 

unique to organisms. 



TABLE OF CONTENTS 

Page 

LIST OF TABLES iv 

LIST OF FIGURES v 

Chapter 

1. INTRODUCTION 1 

2. METHODS AND MATERIALS 8 

3. RESULTS 19 

4. DISCUSSION 29 

APPENDIX 45 

BIBLIOGRAPHY 53 

ill 



LIST OF TABLES 

Page 

Table 

1. Water quality measurements 46 

2. Ratio of liver and spleen to whole body weights (mg/g) 21 

3. Copper concentrations (ng/g) 
found in spleen, gill, liver and muscle of largemouth bass 23 

4. Percentages of various leukocytes per 400 cells 
neutrophils, eosinophils and basophils 47 

5. Percentages of various leukocytes per 400 cells: 
thrombocytes, lymphocytes and monocytes 48 

6. Percentages of erythrocytes (hematocrit) 
in whole blood of largemouth bass 25 

7. Five number summary for well numbers 
of largemouth bass 49 

8. Five number summary of antibody titers 
for largemouth bass 50 

IV 



LIST OF FIGURES 

Page 

Figure 

1. Experimental protocol for exposing bass to copper 12 

2. Experimental protocol for analyzing serum 
and tissues of bass 17 

3. Ratio of spleen weights to body weights 22 

4. Ratio of liver weights to body weights 51 

5. Semiquartile representation of the well number 
for immune response 26 

6. Semiquartile representation of the antibody titers 
for immune response 27 

7. Antibody titers after 10 and 14 day 
exposure to 200 jug /L of copper 30 

8. Well numbers for serum from controls 
and control-injected over 15 days 52 

9. Antibody titers for serum from controls 
and control-injected over 15 days 32 

10. Copper content in spleen (nQ/g) 34 

11. Copper content in liver (j_ig/g) 35 

12. Percentage of neutrophils found in 400 
cells from blood smear 37 



CHAPTER 1 

INTRODUCTION 

The immune system of most vertebrate animals consists of cellular and 

humoral components that respond to foreign substances or antigens. It 

comprises a defensive system against invasion and colonization of foreign 

substances which are non-self (Sell, 1987). The ability to discriminate self from 

non-self is the central role of the immune system. As such, it is delicately 

balanced between positive and negative regulatory influences; agents which 

have the capacity to upset this delicate balance may affect the health of an 

individual by decreasing resistance to pathological agents or contribute to the 

generation of autoimmunity, i.e., Warner and Lawrence (1986) demonstrated 

that lead, nickel and zinc modify class II major histocompatibility molecules to 

alter the immunogenicity of self. For these reasons investigators, e.g., Brandon 

(1984) have stated that the immune system is one of the most sensitive 

physiological systems for studying the affects of exposure to excesses and 

deficits of nutritional requirements. 

Several environmental stressors are capable of suppressing immune 

responses thus making an organism more susceptible to disease or cancer 

(Zeeman and Brindley, 1981). Obvious questions involve defining the range of 

compounds in a diet and the general environment which are immunotoxic and 

quantifying associated health risks. For my Master's research, I monitored the 

innate and adaptive responses of the immune system of largemouth bass, 
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Micropterus salmoides, to Aeromonas hydrophila when exposed to water-borne 

copper. 

As a necessary trace element, copper is a classical limiting factor. Fish 

require certain levels to survive, grow and reproduce. It is required in specific 

amounts on a daily basis; however, the amount varies among organisms. 

Copper and copper complexes are necessary for the production of many 

enzymes for physiological processes, e.g., ceruloplasmin, superoxide 

dismutase, and cytochrome oxidase are but a few (Pocino et al., 1991). These 

are free radical scavengers which suggest that copper exerts anti-inflammatory, 

antiulcerogenic, and anticarcinogenic effects. Similarly, specific modes of toxic 

action of copper are numerous, e.g., hepatic and renal disorders resulting from 

changes in liver enzyme activity due to disruption of osmoregulatory function, 

the impairment of hematopoetic tissue resulting in the loss of oxidative activity, 

and reduction in plasma lactase dehydrogenase and plasma glutamic 

oxalacetic transaminase occur in many vertebrates (Jackim et al., 1970; Lauren 

and McDonald, 1986; Christensen, 1971). 

As a result of increased industrial and agricultural uses, copper is listed 

as an EPA priority pollutant. The average concentration of copper in natural 

waters of the United States is approximately 134 micrograms per liter ( E.P.A., 

1980). The only stable oxidation state of copper is the cupric form (Alabaster 

and Lloyd, 1980). Copper toxicity is related to the concentration of soluble 

copper [ Cu+2 and Cu + 1 ] and is increased by reductions in water hardness, 

temperature, and pH; and depends on the species exposed (Howarth and 

Sprague, 1978 ; Alabaster and Lloyd, 1980). Many of the toxic effects to the 

immune system are observed before more general pathological conditions; 

consequently, measuring cellular responses would allow stress assessment 
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prior to compromised growth, survival, and reproduction. 

Effects of copper on mammalian immune systems have been 

documented by several investigators (Bala et al., 1991; Brandon, 1984; 

Mulhem and Koller, 1988; Pocino et alM 1991 ). These studies suggest that 

deficits in copper increase the severity of infections in laboratory animals. In 

states of copper deficit, Koller et al. (1987) found that both the absolute number 

and relative percentage of T lymphocytes and antibody forming cells decrease. 

Similar studies have shown that deficiencies result in a hyporesponsive 

immune sytem with a subsequent increase in susceptibility to pathogens 

(Mulhern and Koller, 1988 ). This is thought to result from a decrease in 

antibody titers and activity of natural killer cells. Furthermore, histologically, 

Mulhern and Koller (1988) found that deficiencies produced splenomegaly, 

thymic atrophy, and cardiac hypertrophy. Bala et al. (1991) also reported that 

copper deficits result in decreased hematocrits, larger spleens, and smaller 

thymuses. 

Few immunological studies have been conducted using excesses of 

copper; and most have been conducted on mammals. Beisil (1982) 

demonstrated that both copper deficiencies and excesses increase the severity 

of salmonella infections in mice. Pocino et al. (1990) found that excesses of 

copper in mice result in a depressed lymphoproliferative response in both T and 

B cells as well as a depression in the antigen-specific antibody response. In a 

1991 study, Pocino et al. concluded that copper increases the susceptibility to 

infection by impairing both the cellular and humoral aspects of the immune 

system. 

Although both increases and decreases of copper increase disease 

incidence in fish, the immune system has not been implicated in the mode of 
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action (Zeeman and Brindley, 1981). Nevertheless, heavy metals frequently 

reduce the number of white blood cells in lymphoid organs and blood in fish. 

Copper has been shown to target the hematopoietic organs of fish (Baker, 

1969). Studies have indicated that immunocompetent as well as erythropoietic 

cells are compromised upon exposure; however, the effects on proliferation and 

variation of secretion of antibodies have not yet been addressed (O'Neill, 1981). 

I propose to look at immune cell numbers and function as an indicator of a 

stress response to copper. 

The cells involved in the immune response are partitioned into two 

categories: innate and adaptive; both are necessary to convey immunity to an 

organism. Innate (nonspecific) responses, consisting of the actions of 

neutrophils, basophils, eosinophils, and monocytes/macrophages, are always 

present and are modulated by the overall physiological state of an individual 

(Weinreb, 1958). Innate responses are considered the first line of defense. 

They are relatively non-specific cells with generalized cellular receptors; 

therefore, they phagocytize molecules that are detected as structurally different 

from self. 

The numbers as well as the types of cells elicited during stress in fish are 

analogous to those in mammals, e.g., fish have lymphocytes, neutrophils, 

eosinophils, basophils, and monocytes (Blaxhall, 1972). Consistent with 

mammals, fish possess epithelial cells of thymic rudiment which give rise to 

thymocytes, the stem cells for all immune cells. Furthermore, the thymocytes of 

mammals are formed from bone marrow which is evolutionarily derived from 

epithelial cells of fish (Ellis, 1977). Fish also have a thymus and spleen which 

produce cellular components of the immune response similar to the B and T 

lymphocytes of humans (Sell, 1987). 
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I hypothesize that the proportions of the innate cells will indicate the 

degree of stress from exposure to excessive copper. Neutrophils and 

monocytes are expected to decrease in numbers with increasing concentrations 

of copper similar to results demonstrated by Beisil (1982) in mice. 

Lymphocytes, thrombocytes, and blast cells are also expected to decrease 

when exposed to copper as has been shown by several investigators including, 

O'Neill (1981), Brandon (1984), Pocino et al. (1991) and Pocino et al. (1990). 

Overall the total numbers of leukocytes should decrease with increasing copper 

concentrations similar to the results shown by Murad and Houston (1988) to 

occur in goldfish, Carassius auratus, exposed to cadmium. 

Adaptive (specific) immune responses are normally quiescent until 

stimulated by an immunizing event. The components of this system consist of T 

and B lymphocytes. The B lymphocytes differentiate into plasma cells which 

produce immunoglobulin with specific cellular receptors for non-self 

cells/antigens (Barret, 1983). The adaptive response takes longer to initiate 

since it entails the production of specific proteins. Organisms are exposed to 

many antigens in their environments and it is the interaction of these which 

determines the extent of T and B cell response. My experiments will indicate, 

through quantification of antibody titers, how copper affects immunoglobulin 

production. I intend to look at the adaptive immune response of largemouth 

bass to the challenge of a bacterial pathogen, Aeromonas hydrophila. 

A. hydrophila is a gram-negative bacterium ubiquitous in freshwater. It 

usually has no impact on fish but is able to invade organisms which have been 

stressed by pollutants (Hanson and Grizzle, 1985). Several studies have 

documented lowered antibody responses in rainbow trout, Oncorhynchus 

mykiss, and carp,Cyprinus carpio, to bacterial or viral pathogens after 
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exposures to sublethal concentrations of metals (Snarski, 1982; Robohm, 

1986; and O'Neill, 1981). 

A. hydrophila should bind to specific receptors present on a few 

circulating B lymphocytes since its antigenic marker is normally encountered by 

a functioning immune system in fish. This will generate a signal for blastogenic 

transformation culminating in B lymphocyte proliferation and differentiation to 

immunoglobulin-producing plasma cells. These newly formed clonal B 

lymphocytes will recognize and respond to future encounters with A. hydrophila 

even more rapidly (secondary response). I hypothesize a decrease in numbers 

of B lymphocytes resulting in lowered antibody production will result from 

exposure to excess copper as was shown by Pocino et al. (1991) and Brandon 

(1984) in mice. 

Fish only have one class of immunoglobulin (IgM) which exists in several 

states; 7S monomer, 14S tetramer, or 19S pentamer (Sigel et al., 1978). IgM 

being a pentamer has five identical binding sites which will link cell receptors 

on five different bacteria making it an excellent agglutinator. This aggregation 

of cells, known as agglutination, enhances the phagocytic response since 

macrophages and neutrophils are able to ingest many bacteria at once as 

opposed to one at a time. The IgM is characteristic of a primary response and is 

the most efficient antibody causing agglutination (Burrel and Lewis, 1987) 

which is one way to quantify the amount of antibody produced. I hypothesized 

that the agglutination response will decrease in direct response to the length of 

copper exposure. 

In summary, my research will address the following alternate hypotheses 

in largemouth bass under controlled laboratory conditions. Adaptive immune 

responses are expected to decrease in direct relation to length of exposure to 
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copper. The innate immune response will both increase and decrease with 

time of exposure depending on the cell type. Overall exposure to 400 jxg L"1 of 

copper will result in a decreased immune response compared to control and 

control-Aeromonas hydrophila injected groups. 



CHAPTER 2 

MATERIALS AND METHODS 

Test Fish and Holding 

Largemouth bass, Micropterus salmoides, measuring approximately 16.8 

±1.75 (mean ± SD) cm total length and weighing 58.5 ± 15.3 g (n = 160) were 

obtained from Inslee's Fish Farm in Connerville, Oklahoma. Bass were held in 

the laboratory in reconstituted EPA moderate hard water ( 80 to 100 mg L - 1 as 

calcium carbonate) for two weeks prior to tests. Temperature and conductivity 

were monitored with a YSI meter (Model 33) with a sensitivity of 10 |imhos for 

conductivity and 0.5 °C for temperature. Water pH was measured with a 

Markson Digital pH meter (Model 88) with a sensitivity of 0.01 unit, hardness 

assessed by the standard EDTA titrant method and alkalinity was determined 

by titration with sulfuric acid. Both methods had a sensitivity of 1 mg CaC03 

L"1 and are outlined by Lind (1985). Water quality was measured initially, 

following all water renewal, and at the conclusion of the exposures. 

Photoperiod was LD 16 : 8. Dissolved oxygen was maintained by gentle 

aeration at 6.8 to 8.4 mg L~1 and monitored with a YSI meter (model 54) 

sensitive to 0.1 mg L~1. 

8 



Establishment of Test Copper Concentration 

Initially I experimentally determined the concentration of copper at which 

50% of a sample of largemouth bass would die in 96 hours (96-hr LC50). Four 

concentrations of copper 4.0, 2.0, 1.0, and 0.5 mg L*1 with seven bass per 

concentration (two replicates) were used to establish this endpoint. A stock 

solution of copper (10g L*1 of CUSO4 - 5H2O) was prepared by dissolving 

reagent grade copper sulfate in deionized water acidified with concentrated 

nitric acid analyzed for trace metals. The results from these experiments were 

used to determine the 96-hr LC50 to equal 2.9 mg of copper per liter with lower 

and upper fidicual limits of 1.7 and 19.0, respectively. Based on these findings 

and data generated by other investigators (Gill et al., 1992; Nor, 1987; and 

Hodson et al., 1979) further experiments estimated a "no effects level" of copper 

exposure for bass. No effects concentrations are frequently used to simulate 

more environmentally relevant concentrations. These allow one to determine at 

what point physiological and biochemical functions become compromised 

without adversely affecting survival, growth, or reproduction. I experimentally 

adjusted the exposure concentrations to account for size differences among the 

fish and water quality differences in particular, water hardness. In preliminary 

experiments twenty-two bass were exposed to 600 micrograms of copper (96-hr 

LC10) for ten days. This concentration resulted in a significant depression in 

antibody production compared to the control group (n=10). Unfortunately, 

approximately 30% of the copper-treated bass died, hence this concentration 

was too high for a "no effects" exposure. A second group of fourteen bass were 

exposed to 200 micrograms of copper which corresponded to the 96-hr LC2 
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for bass. Results indicate that this level of copper enhanced the antibody 

production compared to fourteen control bass. I hypothesized from these 

results that a concentration somewhere in between the LC2 and LC10 would 

constitute a "no effects level" which would effectively depress the antibody 

production without concurrent mortality of bass during the exposure. 

Copper Exposures 

A total of 104 juvenile largemouth bass were randomly allocated into 

three groups and placed into 500 liter test chambers with E.P.A. reconstituted 

moderate hard water with a pH of 8.0 and temperature of 23 to 24 °C. Nominal 

concentrations of 7 % of the 96-hr LC50 of copper were added to one tank. This 

concentration is higher than both reported "no effects" levels and the water 

quality criteria allowable concentrations for acute and chronic exposure to 

copper. These values are 15.05 ng L"1 and 10.20 ng L"1 of copper respectively, 

as calculated from water quality criteria accounting for water hardness (US 

EPA, 1986). However, it is lower than both E.P.A. standards for drinking water 

and allowable pesticide application rates for copper sulfate (Nor, 1987). The 

remaining tanks served as control and control-injected with A hydrophila. This 

concentration (7%) of copper corresponded to 400 p.g L"1 and remained 

constant in all experimental groups. Exposure time to copper was varied (five, 

ten, fifteen, and twenty days) to determine the effects of time as well as 

concentration on antibody production. Exposure time has been the object of 

several studies (Benoit, 1975; Snarski, 1982; and Viale, 1984). Biweekly 

renewal of solutions by the siphoning of one-half the volume and replacement 
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with the appropriate solution of copper was necessary due to the length of 

holding. Water samples were collected before and after water renewal from the 

exposure tank and acidified with AR select ultra purity grade nitric acid and 

analysed for copper on a Perkin-Elmer atomic absorption spectrophotometer 

(A.A.) with HGA-400 graphite furnace. The sensitivity of this method as well as 

the detection limit of the apparatus was 1 |ig L*1 of copper, which is equivalent 

to 1 ppb as determined by method 220.2 (Perkin-Elmer, 1982). 

Immune responses were measured after five, ten, fifteen and twenty days 

exposure to this concentration of copper. Following each exposure, fish were 

injected with 0.10 ml of a buffered saline solution containing approximately 1 to 

2 x 107 of heat inactivated Aeromonas hydrophila. They were then maintained 

for ten days in copper-free water prior to their termination. Determining the 

impact of copper on antibody production after a constant exposure period 

followed by a recovery period simulates exposures such as pulse releases 

occurring in mining effluents and spraying of algicides. See Figure 1 for a 

schematic summary of this protocol. 

Fish Body Burdens 

In general the amount of a chemical which an organism incorporates 

internally is a more valid measure than exposure concentrations when 

assessing the effects of a chemical. Therefore, copper body burdens were 

measured in test bass. After a recovery period of ten days and upon 

termination, each fish was weighed and measured. Gill, liver, spleen, and 

muscle tissue were weighed separately and retained for bioavailability 

assessment of copper. Several bass were also terminated following each 
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Figure 1. Experimental protocol for exposure of largemouth bass, Micropterus 
salmoides, to copper followed by injection with bacteria, Aeromonas 
hydrophila. 

DAY 

DAY 

Group #2 Group #1 

DAY 10 

Group #4 
Group #3 

DAY 15 

Group #6 
Group #5 

DAY 20 

Group #8 
Group #7 Place in copper-free 

water 

Place in copper-free 
water % 

Place in copper-free 
water 

Place in copper-free 
water 

Inject the remaining 
control-injected with 
0.01 ml of bacteria 

Inject 7 control-injected 
with 0.01 ml of bacteria 

Inject 7 control-injected 
with 0.01 ml of bacteria 

2 week acclimation 
period in ambient 
laboratory conditions 

Inject 7 control-injected 
with 0.01 ml bacteria, 
Aeromonas hydrophila 

Inject 12 bass with 0.01 
ml of bacteria, 
Aeromonas hydrophila 

Isolate 20 bass for 
controls and 28 bass for 
control-injected 

Remove the last 12 
bass from copper and 
inject with 0.01 ml of 
bacteria 

Remove12 more bass 
from copper and inject 
with 0.01 ml of same 
bacteria 

Expose 48 Micropterus 
salmoides to 400 jxg/L 
of copper 

Remove 12 more bass 
from copper and inject 
with 0.01 ml of bacteria 
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copper exposure and prior to transfer to copper-free water. This allowed an 

estimation of the maximum amount of copper largemouth bass assimilated and 

account for any depuration during the ten-day recovery. Analysis of tissue 

copper content was done with the aspiration and graphite furnace method of 

Atomic Absorption Spectroscopy (Perkin-Elmer, 1982). Tissue was dried for at 

least 1 day at 55° C, pulverized, reweighed and digested at 95° C for three 

hours using AR select ultra purity grade nitric acid. 

Immunoassays 

Fish were exposed to Aeromonas following copper exposure. The strain 

of Aeromonas was established by the American Type Culture Collection and 

was isolated from the intestine of pike. The freeze-dried specimen was 

rehydrated with approximately 0.5 ml of maintenance broth. Bacteria were then 

resuspended in 5 to 6 ml of broth. Bacteria were initiated at a 1 : 200 dilution in 

tryptic soy broth. They were incubated at 28°C and optical density was 

determined periodically until it reached an absorbance of 0.38. One hundred 

microliters of bacteria were plated onto agar and incubated at 30° C overnite to 

establish colony forming units. The rest of the Aeromonas were heated to 

approximately 80°C for two hours to inactivate the bacteria while preserving the 

protein surface markers. This prevented any complications in assessing 

immunological changes occurring from copper exposures to that which may 

occur from exposure to bacteria. Following this, bass were immunized by 

intramuscular injection of buffered saline solution with approximately 1 to 2 x 

107 organisms. According to Van Muiswinkel et al. (1985), Lamers and DeHaas 
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(1985), and Soliman et al. (1989) this dose of bacteria and route of injection is 

optimal in soliciting both primary and secondary immune responses. 

According to the literature which is based primarily on mammalian 

research, the amount of antibody produced when challenged will demonstrate 

detectable differences by day five and will continue to change until 

approximately day twenty. My preliminary work with largemouth bass 

supported the literature. Furthermore, it indicated that antibody production 

peaks at day ten and declines gradually over the next eight days. Therefore, 

bass were terminated on day ten and circulating antibodies were measured, 

specifically those directed against the Aeromonas. 

I withdrew approximately 1.0 ml of blood from the branchial afferent 

artery perfusing the first gill arch. From this volume 0.5 ml (500 microliters) of 

serum would be used to assess antibody function. Houston (1990) has shown 

this to be a reliable and stress minimizing technique. Blood was withdrawn 

after fish were dosed with approximately 200 mg L"1 Finquel (Tricaine 

Methanesulfonate) for approximately ten minutes. In spite of the mild acidic 

nature of the drug, this dosing concentration and technique insured a relaxed 

state for the organism allowing for the most realistic thrombocytic state during 

sampling (Strange and Shreck, 1978). Withdrawl was done with 25g 

hypodermic needles into sterile 1 ml plastic tuberculin syringes. After withdrawl, 

a blood smear and a microhematocrit were prepared which involved no more 

than 50 microliters of blood. The remaining blood was saved in 1.5 ml plastic 

centrifuge vials and centrifuged at 4000 rpm for ten minutes to separate serum 

from other blood components. The serum was placed in the freezer ( 0 to -4° C 

) for later analysis. 

The blood smear and hematocrit were analyzed immediately. Baxter's 
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Diff Quik staining kit was used to stain the leukocytes. Differential cellular 

counts were done on these stained slides. This aided the establishment of the 

nonspecific or innate response to copper (Peters et al., 1990). 

Since staining quality can vary slightly allowing for incorrect identification 

(Weinreb, 1963 and Doggett et al., 1987), I counted approximately 400 cells as 

opposed to the established protocol of 100 to 200 cells. Slides were viewed at 

1000 times magnification with an oil-immersion lens. The number and various 

types of leukocytes encountered in a 400 cell area were identified. 

The adaptive responses regarding function of B lymphocytes specific to 

A. hydrophila was also assayed. I quantified the circulating antibodies which 

are produced by B lymphocytes upon prolonged exposure to antigens, e.g., 

chemical stressors ( Katz,1978 ). Frozen serum was thawed and used for these 

assays since secreted immunoglobulins are in this fraction of the blood. 

The 19S pentamer was assayed via agglutination methodology. 

Agglutination is a standard serological assay to demonstrate ability of specific 

antibody to induce aggregation of large particles, e.g., bacteria (Bradshaw, 

1988). Since it only takes a few antibodies to bind these large particulate 

antigens together, agglutination is a sensitive technique. 

Agglutination reactions are ordinarily performed as a semi-quantitative 

procedure known as titering (Bradshaw, 1988). I used 50 microliters of serum 

from every bass which should have contained anti-Aeromonas hydrophila 

antibody since this is an ubiquitous pathogen that controls as well as copper 

and control-injected fish should have titers. This serum was serially diluted in a 

microtiter plate and combined with a constant amount of Aeromonas antigen. 

These were serially diluted from 1:2 through 1:2048. Twenty-five microliters of 

inactivated Aeromonas hydrophila was added to each well and incubated for 
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twenty-four hours at 20°C, the temperature at which bass were held in the 

laboratory. 

Results were collected from visualization of the reactions of antibody and 

antigen in round bottom wells after 24 hours. Analysis depended upon the 

appearance of control well, i.e., no agglutination, compared to the first well with 

the most serum and therefore greatest agglutination. Comparisons of all the 

wells with those of control and highest concentration of serum were made to 

find the well which had similar appearance to control, and therefore had no 

antibody-antigen response since dilution of serum is too high resulting in too 

few antibodies. The reciprocal of the dilution factor is the reported titer. Since 

the serum was serially diluted through the 12 wells in a row on a microtiter 

plate, each succeeding well was therefore exponentially decreased in its 

concentration of serum. This allowed for greater differences as well numbers 

increased therefore magnifying the differences and making variation greater. 

Therefore I analyzed the well number also, since well numbers were of a 

linearly increasing nature, which corresponded to the greatest dilution which 

still showed a response. I hypothesize that well numbers and titers of 

anti-Aeromonas antibodies from serum of fish exposed to copper for longer 

times will decrease correspondingly. See schematic for protocol (figure 2). 

Key Variables 

In this study I measured hematological as well as morphological factors 

to compare the three groups of organisms. The total lengths and total body 

weights were assessed when bass were terminated. Approximately 1 mL of 

blood was withdrawn for a blood smear and hematocrit. From the blood smear, 
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Figure 2. Experimental protocol for examining serum and tissues of largemouth 
bass. 

Weigh tissues 

Dry tissue at 55°C 
for 24 hours 

Remove gill, muscle, 
liver and spleen 

Remove 0.5 to 1.0 ml 
of blood 

Weigh and measure 
sass 

Do blood smear with 
one drop of blood 

Digest tissue at 95°C 
with concentrated nitric 
acid for 3 hours 

All bass remain in 
copper-free water for 10 
days 

Freeze serum (-20 °C) 
in 1 ml "bullet" tubes 
until the analysis 

Measure the metal 
content of tissue with 
atomic absorption 
spectrophotometry 

Centrifuge remaining 
blood and extract 
serum from top layer 

Weigh tissues for dry 
weight then pulverize 
tissue. Weigh again 

Terminate the control-
injected and controls 
corresponding in time to 
the copper-exposed 
group 

Terminate each copper-
exposed group (1,3, 5 
& 7) after 10 days in 
copper-free water at15, 
20, 25, & 30 days 
respectively 

Pipet .05 ml of serum 
onto microtiter plate. 
Serially dilute from 1:2 
through 1:12 add a 
constant volume of 
antigen to each well 
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differential leukocyte counts, counting the number of lymphocytes, neutrophils, 

basophils, eosinophils, monocytes and thrombocytes in a 400 cell area were 

done. The remaining blood was centrifuged and the serum was retained to 

approximate the amount of circulating antibody to A hydrophila. Bass were 

dissected and gills, spleen, liver and a portion of epaxial muscle were weighed. 

I also calculated the dry weights of the spleen and liver compared to the whole 

wet body weight of all the largemouth bass in the study (table 2 and figures 3 

and 4). These were then dried and copper content was assessed with atomic 

absorption. 

Water quality was also measured on a frequent basis during the 

exposure periods. Hardness, conductivity, pH, dissolved oxygen, temperature, 

and copper content seem to be constant within limits (see table 1 in 

appendices). 

Data Analyses 

Probit analyses was employed to estimate the 96-hour LC50 for these 

bass. I analyzed each group with SAS software (release 6.04, licensed to the 

University of North Texas) to determine descriptive statistics and the distribution 

of the data. One-way ANOVAs were used to compare the means of the innate 

and adaptive responses, among the four time periods and between the three 

experimental groups. Means were further assessed with Student-Newman-

Keuls (SNK) multiple range test (a level = 0.05) to determine the directionality 

of differences among means following significant ANOVAs. 



CHAPTER 3 

RESULTS 

Exposure to 400 |xg L'1 of copper for five, ten, fifteeen, or twenty days 

produced no detectable adverse effects on survival and growth of 104 

largemouth bass (one-way ANOVA p < 0.05). Except for two mortalities, all fish 

appeared healthy and behaved normally throughout exposures. 

I varied the exposure time to copper to determine 1) if there was some 

copper accumulation over time when largemouth bass are exposed to a 

constant level 2) if this accumulation was maintained over a 10-day recovery 

period in copper-free water and 3) if this concentration and length of time of 

exposure to copper had any affect on the innate and adaptive immune 

responses 10 days after injected with heat-inactivated Aeromonas. 

To address the first point, two fish were sacrificed from each of four time 

periods: 5,10, 15 and 20 days (n=8). Data collected from analyzing gill, liver, 

muscle and spleen by atomic absorption spectrophotometry indicated that the 

levels of copper in spleen and muscle were not significantly higher than 

controls; however, the levels found in gill tissue were somewhat higher than 

controls, and the liver had accumulated approximately 300 to 400 jig of copper 

per gram of tissue. 

Changes in individual organ weights were detected among the control, 

control-injected, and copper treated groups. As shown in table 2, the ratio of 
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the dry weight of spleen to whole body weight indicates an overall significant 

(ANOVA, SNK, p = 0.0016) decrease in mean spleen weights of the fish treated 

with copper compared to controls and control-injected. This decrease seems 

evident from day 5 and continues through day 20; therefore, this does not seem 

to be dependent on the length of exposure as is shown in figure 3. 

In contrast, no significant differences (ANOVA, p = 0.32) were detected in the 

mean dry liver weights to whole body weight ratios. 

To assess the second hypothesis, I looked at copper tissue content after 

bass were allowed a 10-day recovery in copper-free water. Also copper 

concentrations (jj,g/g of tissue) measured in the liver, gill, epaxial muscle, and 

spleen were different among the three groups. Mean levels of copper found in 

the spleen were significantly different among the groups but not in a consistent 

manner (table 3). The level of copper in the livers of copper-exposed bass were 

significantly higher than the other two groups as shown in table 3 (ANOVA , 

SNK, p = 0.04 and p = 0.0014, respectively). 

Differential leukocyte counts also varied with exposure to copper. As 

shown in tables 4 and 5, mean percentages of monocytes and neutrophils did 

show significant differences (ANOVA, SNK, p = 0.028 and p = 0.019 

respectively) among groups; however, the results were not consistent and 

simply suggested a tendency for more monocytes in the control group and more 

neutrophils in the control-injected group. The mean numbers of thrombocytes, 

lymphocytes, eosinophils, and basophils did not differ among the groups. 

Mean hematocrits were not significantly different (ANOVA, p = 0.27) 

among the three groups. However, there does appear to be a trend in higher 

values for both controls and control-injected relative to the copper-exposed 

group as shown in table 6. 
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Table 2. Ratios of dry organs weights: liver and spleen to whole wet body 
weights (mg/g ) of largemouth bass: controls, control-injected and copper-
treated (mean + S.D.). Following each group is the sample size in 
parentheses. 

Liver Spleen 

Group mean S.D. mean S.D. 

5-Day 
Control (5) 
Control-inject (7) 
Copper (13) 

7.0 
7.0 
5.0 

1.00 
3.00 
2.00 

2.1 
1.6 
1.3 

0.70 
0.40 
0.60 

10-Day 
Control (5) 
Control-inject (7) 
Copper (12) 

6.0 
7.0 
6.0 

1.00 
1.00 
2.00 

2.0 
1.6 
0.9 

0.12 
0.70 
0.60 

15-Day 
Control (5) 
Control-inject (7) 
Copper (11) 

6.0 
6.0 
5.0 

2.00 
2.00 
2.00 

1.7 
1.3 
1.0 

0.50 
0.60 
0.70 

20-Day 
Control (5) 
Control-inject (6) 
Copper (9) 

6.0 
5.0 
6.0 

2.00 
1.00 
2.00 

1.4 
1.3 
0.8 

0.40 
0.60 
0.40 
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Figure 3. The ratio of dry spleen to wet whole body weight (mean + S.D.) in 
largemouth bass: controls, control-injected and copper-exposed. Number 
above the bar indicates the sample size. 
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Copper exposure affected the production of an\\-Aeromonas antibodies 

in largemouth bass. The data were reported in two ways. In figure 5,1 reported 

the highest well number that demonstrated a reaction to the Aeromonas 

antigens while the results of the antibody titers are shown in figure 6. Both sets 

of data were analyzed with parametric and nonparametric statistics and indicate 

the same patterns and significance in differences among the groups. 

Nonparametric statistics were used since neither well number nor 

antibody titer data met assumptions necessary for parametric ANOVA. The 

hetereoscedasticity seen in antibody titers was the result of high variance in the 

copper-treated group and lower variance in the control groups (Hartley's Fmax, 

p « 0.01). In analyzing well number for the response, 50.8% of the groups (7 

out of 12) tested were not normally distributed ( Sharpiro-Wilkes, p<0.05). 

Descriptive statistics reported as five-number summaries for antibody titers and 

well number are given in tables 7 and 8 in appendices. 

The antibody titers of largemouth bass exposed to copper concentrations 

and the control-injected group were significantly different from the controls 

(SNK on ranked data a = 0.05 ). 

These data also demonstrated a significant difference within the three 

groups from the effects of the length of exposure to copper. The copper-

exposed group at twenty days had the highest antibody titer. The copper-

exposed for five days, and the control-injected for fifteen and ten days were 

higher than the rest of the groups (SNK on ranked data). While the copper-

exposed group at ten and fifteen days as well as the control-injected group for 

five and twenty days were not significantly different from any group but the 

twenty day copper-exposed; they were ranked considerably lower (SNK on 

ranked data). All of the controls were significantly lower than the other groups 
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Table 6. Percentage of erythrocytes (RBCs) in whole blood of largemouth 
bass: controls, control-injected and copper-treated (mean ± S.D.). Following 
each group is the sample size in parentheses. 

% of RBCs 

Group mean S.D. 

5-Day 
Control (5) 29.6 8.26 
Control-inject (7) 32.0 10.80 
Copper (12) 27.1 11.50 

10-Day 
Control (5) 19.5 3.22 
Control-inject (7) 33.8 19.00 
Copper (12) 32.6 10.70 

15-Day 
Control (5) 25.4 6.25 
Control-inject (6) 41.2 16.10 
Copper (9) 31.7 13.70 

20-Day 
Control (5) 27.7 8.27 
Control-inject (6) 34.7 13.10 
Copper (9) 34.8 7.85 
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Figure 5. Boxes indicate the response of largemouth bass antibodies to antigen 
from controls, control-injected and copper-exposed fish. Boxes represent 
median values with 25 and 75 percentiles. The numbers compared are the 
highest well number out of 12 in which the antibody responded to antigen. 
Number in parentheses is sample size. 
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Figure 6. Boxes represent the antibody titers from largemouth bass: controls, 
control-injected and copper exposed. Boxes are the median values and the 25 
and 75 percentiles. Number in parentheses is sample size. 
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as shown in figures 5 and 6 (SNK on ranked data a = 0.05). 

Well number analyses indicated the same results and the same 

probabilities as those for the antibody titers seen in table 8 and figure 6 (SNK 

on ranked data). 



CHAPTER 4 

DISCUSSION 

Warner and Lawrence (1986) investigating the effects of 

chemicals/micronutrients on mice concluded that the immune system is 

delicately balanced between positive and negative regulatory influences, and 

that agents which have the capacity to upset this balance may affect the health 

of the host by decreasing its resistance to pathological agents. This general 

conclusion seems to be supported by my research. Based upon preliminary 

results, I originally hypothesized that copper, either as a micronutrient or 

potential toxicant, would elicit changes in the concentration of antibody 

produced by largemouth bass when challenged by a known pathogen. In these 

earlier studies bass were exposed to 200 and 600 ng L*1 of copper. Tests at the 

lower concentration were conducted over 14 days with four groups of 

largemouth bass: control saline-injected, copper saline-injected, control 

Aeromonas- injected and copper Aeromonas- injected (n = 20). The results of 

this experiment (figure 7) indicate that copper at 200 fxg L*1, enhances the 

ability of largemouth bass to produce antibodies when the immune system is 

challenged by a pathogen. Experiments at 600 |ig copper L*1 were terminated 

since copper was lethal at this concentration. With the results of these pilot 

studies and previous published studies analyzing the effects of copper on 

bluegill, Lepomis macrochirus, and rainbow trout, Oncorhynchus mykiss, 

29 
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Figure 7. Antibody titers (mean + S.D.) of largemouth bass after 10 and 14 
days. Four groups: controls and copper exposed to 200 |ig L-1 injected with 
saline, controls and copper exposed injected with Aeromonas. Sample size 
was 5 in all groups. 
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(Benoit, 1975 and Snarski, 1982), I hypothesized that 400 jxg L_1 should 

adversely affect the ability of the immune system of largemouth bass to respond 

to a pathogen without compromising their survival or growth. This hypothesis 

was supported since neither survival (mortality < 3.5%) nor growth (increase in 

mean length of 6.6% and mean weight of 9%) were negatively affected at this 

exposure concentration. However, the hypothesis that this copper 

concentration adversely affects the immune system was not clearly supported or 

refuted. 

I not only wanted to determine the effect of copper, but also the effect of 

exposure time on the ability of largemouth bass to generate antibodies. The 

immune system requires time to produce antibodies when first exposed to a 

pathogen. The antibody titers do not begin to increase until approximately day 

5. For this reason, this response was studied over fifteen days (see figure 9) in 

largemouth bass injected with heat-inactivated Aeromonas (control-injected) 

and controls (n = 10). Neither group was exposed to copper. The data indicate 

that antibody production increases until approximately day 10 in fish challenged 

with Aeromonas, then without further challenge, declines slightly over the next 

five days, most likely to be maintained at some lower level of circulating 

antibodies as is the case with mammals (Sell, 1987). Control antibody titers did 

not increase or decrease over the 15-day period. This was the reason 10 days 

was chosen for assessing the response in these three groups. 

The spleen and the kidney are primary sites of lymphocyte production in 

fish (Ellis, 1977). Body burden data suggested that the spleen was an organ 

capable of nominal accumulation of copper since levels of copper were higher 

in spleens of copper-exposed fish. Furthermore the accumulation of copper in 

the livers and spleens was evident from the start of the experiment and did not 
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Figure 9. Antibody titers (mean + S.D.) over a 15 day period in 2 groups of 
largemouth bass: controls and controls injected with Aeromonas. Sample size 
was 5 in all groups. 
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seem to increase with exposure time. When I analyzed the gills, livers, spleens 

and muscles in controls, control-injected, and copper-exposed largemouth 

bass, after 10 days of recovery in copper-free water, there was virtually no 

difference in the gill and muscle levels of copper (see table 3) in any of the 

groups. The difference in the amount of copper accumulated in the spleen was 

neither consistent nor significantly different in any of the groups over the four 

test periods as shown in figure 10. While the liver contained significantly lower 

levels of copper relative to the livers of largemouth bass which were not allowed 

to recover in copper-free water, the levels of copper in the copper-exposed 

largemouth bass were still significantly higher than the controls or control-

injected after 10 days as seen in figure 11. Furthermore the level of copper in 

the liver was not significantly different among the four time periods of fish 

exposed to copper. Consequently copper-exposed fish did accumulate copper 

as determined by the liver analyses; however, there seemed to be some 

depuration over the 10-day recovery period when fish were transferred to 

copper-free water. Since data collection was terminated at 10 days for all fish, I 

can only suggest that with longer recovery times, copper levels in fish 

previously exposed to copper would approach those of controls. In toto these 

experiments indicated that largemouth bass were incorporating copper into 

their bodies particularly the hepatic system, and that some compensating 

response occurred to return tissue levels towards base levels when returned to 

copper-free water. 

In these experiments, immune function was quantified by the adaptive 

response via the agglutination reaction, which indicates how cell production 

changes following encounters with pathogens; while the measurement of 

numbers and volumes of major blood components in assessing the innate 
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Figure 10. Copper content (mean + S.D.) in the spleen ( îg/g) of largemouth 
bass: controls, control-injected and copper exposed. Number above bar 
indicates sample size. 
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Figure 11. Copper content (mean + S.D.) in the liver (jxg/g) of largemouth 
bass: controls, control-injected and copper exposed. Number above bar 
indicates sample size. 
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response only indicates if there could be a causal relationship. Both of these 

methods should be more sensitive indicators of health of the fish than the highly 

utilized 96-hour LC50 which only allows an assessment of lethality. 

The innate responses, measured as the mean percentage of different 

leukocytes per 400 cells, did not indicate significant differences in the 

percentages of thrombocytes, lymphocytes, eosinophils or basophils, however; 

(tables 4 and 5) there was some difference in the mean percentages of 

monocytes and neutrophils. I hypothesized that the number of these two types 

of leukocytes in particular, would increase in fish exposed to copper since these 

are primarily phagocytic cells produced within minutes to hours upon 

encountering an antigen, e.g., copper (Barrett, 1983). Furthermore, I speculated 

that a longer time of exposure to the copper may elicit an even greater number 

of neutrophils and monocytes. The mean percentage of neutrophils did not 

increase significantly in the copper-exposed groups nor did exposure time 

affect the production of neutrophils in the copper-exposed groups (figure 12). 

No obvious pattern of increase or decrease over time occurred and the 

numbers of neutrophils were statistically similar to the controls. However, the 

number of neutrophils in control-injected fish did increase after exposure to the 

pathogen which was similar to the antibody growth curve which peaked and 

then declined after fifteen days. If this pattern is genuine, it suggests, that 

perhaps copper suppressed rather than enhanced the production of 

neutrophils. This conclusion is supported by a study conducted by Beisil (1982) 

on mice with a zinc deficiency. Beisil noted a diminished neutrophil activity due 

to deficiencies in zinc. According to Brandon (1984) and Pocino et al. (1990), 

zinc deficiencies result when organisms are exposed to excess copper since 

there is competition for binding sites to metallothionen between them. 
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Figure 12. Percentage of neutrophils (mean + S.D.) found in 400 cells from 
blood smear of largemouth bass: controls, control-injected and copper exposed. 
Number above bar indicates sample size. 
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Antagonistic interaction between copper and zinc may occur principally 

within the intestinal lumen. Both zinc and copper induce the synthesis and 

binding to heavy metal-binding proteins, metallothioneins. Both are transported 

within the epithelial cells of the intestinal mucosa and are deposited in organs 

bound to the metallothioneins. However, copper has a higher affinity for this 

protein than zinc and therefore oral supplies of excess copper result in the 

diminished absorption of zinc (Pocino et al., 1990). Though bass were exposed 

to copper primarily through the gills, the possibility for zinc deficiencies due to 

excess copper may explain some of the observed depression in neutrophil 

production in the bass. 

Leukocyte numbers have been assessed traditionally to determine 

organismal health (Bradshaw, 1988) but the conclusions derived by 

investigators for fish exposed to metals are not consistent (Blaxhall, 1972; 

Doggett et al., 1987 and Murad and Houston, 1988). Further complicating this 

method of assessment, is the error in identifying the different cell types in fish, 

since there is not an accepted morphological or histological classification of 

these cell types as in mammals (Weinreb, 1958 and Weinreb, 1963). 

Misidentification may have contributed some unwanted variation in quantifying 

the types of leukocytes. 

Procedures for assessing the numbers and types of B and T 

lymphocytes, i.e., the adaptive immune response, seem to be more clear cut 

than those for identifying leukocytes. The function of B lymphocytes was 

quantified by measuring the production of antibody to a specific antigen. I 

hypothesized copper would interfere with some aspect of lymphocyte 

production and lead to a decrease in antibody numbers that would be inversely 

related to copper exposure time. The control-injected bass were expected to 



39 

produce antibodies in the manner of "normal" response curves (see figure 9). 

Since copper was not a factor, I expected higher numbers of antibodies and 

that this production would most likely peak somewhere around 10 or 15 days. 

The controls having not been vaccinated with the antigen, Aeromonas, were 

expected to have a very low number of antibodies since there would be no 

challenge to elicit this response. 

The results indicated several trends. The antibody production of control-

injected bass followed the expected trajectory with an increasing response that 

peaked on day 15 and then declined to a significantly lower amount of antibody 

by 20 days. There were no significant differences in the amounts of antibody 

produced among the 5,10 and 15 day control-injected bass but a definite 

increase through time occurred. Controls also responded as predicted. 

Neither the levels of antibody produced nor the well numbers indicated any 

differences in antibodies through time. The antibody response seemed to be 

maintained at a fairly constant number; however, both the number of antibodies 

and the well number were significantly lower than the control-injected and the 

copper-exposed fish as shown in figures 5 and 6. This was as expected since 

the controls were not challenged by Aeromonas. However, since Aeromonas 

is an ubiquitous aquatic pathogen (Soliman et al., 1989) some low level of 

circulating antibody titers to it are expected. The copper-exposed largemouth 

bass responded in a somewhat unexpected manner. Initially the numbers of 

antibodies produced in the face of the Aeromonas challenge were as 

hypothesized. The 5-day well numbers and level of antibody were similar to the 

control-injected though somewhat higher while the 10 and 15 day results 

indicated a decrease in the amount of antibody in the copper-exposed fish. 

Neither the well number nor the numbers of antibodies were statistically 
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significantly less than the control-injected group; however, a decreasing trend 

is seen in figures 5 and 6. Unexpectedly the antibody titers of fish exposed to 

copper for 20 days were significantly increased. This titer is significantly greater 

than all other groups of fish and indicates that copper may exhibit a hormesis 

effect. 

Hormesis is the enhancement of performance of an animal exposed to a 

low level of toxicant. In fishes, Beitinger (1990) reported that most examples of 

hormesis involve growth. There have been several researchers who have 

documented some physiological compensations occurring with exposure to 

copper (Beitinger, 1990). Swimming performance is considered to be a 

sensitive indicator of stress; it was shown in studies that after 5 days of 

exposure to 10 jug copper L"1 rainbow trout, Oncorhynchus mykiss, started to 

recover their swimming performance and that recovery was complete after 10 

days. Furthermore in Beitinger's review it was shown that the feeding rates of 

rainbow trout were also inhibited by sublethal doses of copper and recovered 

after 15 days suggesting some compensatory mechanism over time. 

The results of my study suggest that copper may stimulate some 

mechanism involved in B lymphocyte production or differentiation after a certain 

time, or that perhaps detoxification mechanisms do not interfere with the ability 

to produce antibodies after this time period. This result is not due to the 

excretion of copper since the level of copper in the liver of this group is 

statistically the same as the other copper exposed groups (figure 11 and table 

3). Similarly copper levels found in the spleen are not lower or higher than the 

other groups of fish. Therefore I hypothesized that this increase may be due to 

changing the way copper is used or incorporated. 

Many investigators have examined aspects of lymphocyte production in 
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animals experiencing both deficits and excesses of copper. Most of this 

research has focused on mammals, specifically mice; however, due to the 

similarities among the lymphoid systems of vertebrates these findings may be 

relevant to my study. Interestingly both Brandon (1984) and Pocino et al. (1991) 

suggest that immunotoxicants including copper, produce biphasic effects; first 

they stimulate then suppress the immune response; since their studies were 

conducted for 10 weeks perhaps my three-week exposure was not adequate to 

demonstrate the significantly suppressive effects. Also O'Neill (1981) reported 

that brown trout, Salmo trutta, and mirror carp, Cyprinus carpio, exposed to 

copper produced high antibody titers at first, then when exposed to a pathogen, 

MS2 bacteriophage, the immune functions were suppressed. He further 

commented on the enhanced immune response, i.e., hormesis effect, observed 

in mammals exposed to low concentrations of arsenic, cadmium and selenium. 

One of the widespread actions of heavy metals may be immune suppression; 

since metal ions bind to and readjust tertiary structures of a wide range of 

biologically active molecules. Warner and Lawrence (1986) remarked on the 

alteration of lymphocytes in such a way to stimulate in vivo lymphocyte 

production. They hypothesized that the metals interact and alter self 

constituents which then render self antigens immunogenic. 

Another hypothesis by both Pocino et al. (1990) and Cunningham-

Rundles et al. (1980) is that copper exposure results in diminished absorption of 

zinc since both copper and zinc compete for similar sites on enzymes. The 

resulting zinc deficiency is then responsible for inhibiting immune responses 

similar to neutrophil production. Zinc is a cofactor of many metalloenzymes 

involved in DNA transcription and translation, and hence is essential for cell 

division and differentiation. Therefore zinc deficiencies result in decreased 
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numbers of T and B lymphocytes, and have been shown to contribute to the 

atrophy of lymph organs and low levels of circulating thymic hormones. Pocino 

et al. (1990) has shown that deficiency of either copper or zinc increases 

susceptibility to infections and decreased both humoral and cellular immune 

responses. Bala et al. (1991) demonstrated that copper deficiencies decrease 

the number of T cells but the relative percentage of B cells and macrophages 

are increased. They also noted that copper deficiencies are independent of 

conditions such as anemia and alteration of lymphoid tissue but that thymulin 

levels are decreased and susceptibility to infection is increased in rats. Mulhern 

and Koller (1987) also reported no hematological changes but decreased 

antibody titers and natural killer cell activity with a decrease in thymic 

hormones. They like Bala et al. found that the responses in T lymphocytes were 

more adversely affected than B lymphocytes; however, they did report 

splenomegaly, cardiac hypertrophy, liver hypertrophy, and thymic atrophy which 

were dose-dependent in mice. Koller et al. (1987) reports that in copper 

deficient states antibody forming cells decrease, susceptibility to infection 

increases, and the absolute number as well as relative percentage of T 

lymphocytes decrease. They also remarked that anemia is not a condition 

though copper is required for erythropoesis and that mice had enlarged 

spleens, normal to small thymuses, and increased heart weights. These 

findings lead me to speculate that a certain amount of copper is necessary for a 

functional immune system and the amount is variable among organisms; too 

much or too little can produce much the same effects of suppressing immune 

function. This is the effect seen in classical limiting factors as defined by 

Shelford (1913). Concentrations of copper outside an optimal range limits the 

growth, survival, reproduction and immune functions of fish. 
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Many of these researchers also remarked on the variation in organ 

histology and weights in organisms experiencing deficits in copper. 

Largemouth bass spleen weights (see table 2) seem to correspond to those of 

several investigators (Bala et al., 1991; Koller et al., 1987; Mulhem and Koller, 

1987) who reported spleen enlargement in deficiencies but did not speculate 

on the mechanisms. Perhaps as was shown by Mulhem and Koller (1987) this 

enlargement was due to vacuoles formed in the tissue; however, the differences 

in weights resulting from deficiencies and excesses may indicate some 

shrinkage in the lymphoid follicles which could be investigated in future studies. 

The changes in liver weights were not as consistent as those of the spleen. 

Bala et al. (1991) and Mulhern and Koller (1987) demonstrate an increase in 

liver weights when animals experience copper deficiencies; however, Koller et 

al. (1987) in a separate study reported a decrease in liver weights. My analyses 

of the liver to body weight ratio does not indicate any changes among the 

groups or over time as is shown in figure 4. 

The immune system may be one of the most sensitive physiological 

systems for studying nutritional requirements. Chemicals may inhibit normal 

development of antibody producing cells and adversely affect the cellular 

immune response prior to more general pathological conditions. Defining the 

range of compounds in organisms' diets which are interpreted as immunotoxic 

or beneficial and the quantitation of the associated health risks is a necessary 

step as is evident from the results of my studies and those of other investigators 

who report that decreases in immune function are common in organisms 

experiencing either deficits or excesses of copper. My results do not indicate a 

statistical decrease in antibody production in largemouth bass exposed to 

copper; but there is a definite enhancement evident after 20 days of exposure. I 
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did not determine whether this is due to a stimulatory response prior to a 

significant suppression or if largemouth bass are somehow accomodating 

copper with a mechanism that is dependent on the length of exposure. My data 

suggest that the response of largemouth bass are similar to those of mammals 

in that they are extremely variable and dependent upon the concentration of 

exposure. 

From this research I can conclude that water-borne copper is 

incorporated into the bodies of largemouth bass and retained in the liver at 

similar concentrations to exposures. Bass are also capable of depurating 

copper at some rate over 10 days of recovery. Bass in unstressed situations 

generate antibody response curves similar to mammals. There is some 

depression in the innate immune response particularly the production of 

neutrophils in bass exposed to 400 jig L"1 a sublethal concentration of copper. 

The exposure to copper also has a somewhat depressing effect on the abilities 

of bass to produce antibodies to a specific antigen; however, after 20 days of 

exposure this response is no longer inhibited and in fact is enhanced. It is 

difficult to state without further research what the compensatory mechanisms 

are and when they are activated but it is clear that copper cannot be classified 

as detrimental to bass in this sublethal dose. 
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Table 1. Water quality measurements during the testing period. 

46 

Hardness Alkalinity PH Temp. Conductivity D.O 

(mg CaC03 L*1) (mg CaCC>3 L*1) (°C) (nmhos) (mgL 

68 56 8.05 23 255 7.9 
88 50 7.96 24 325 6.0 
88 70 7.83 24 285 75 
88 80 7.91 21 285 75 
84 65 8.03 23 290 7.3 
80 60 7.90 24 285 75 
80 55 7.89 25 300 7.5 
88 70 7.68 24 300 72 
92 50 7.37 22 315 7.7 
80 65 7.73 21 270 75 
84 50 7.57 22 330 75 
80 75 8.24 22 300 8.0 
88 75 7.81 21 280 8.0 
90 65 7.96 21 280 7.7 
94 70 8.16 20 265 7.5 
92 50 7.14 21 340 75 
78 75 7.94 22 275 8.0 
84 70 8.08 19 255 75 
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Table 4. Percentages of various leukocytes per 400 cells: neutrophils, 
eosinophils and basophils for largemouth bass : controls, control-injected and 
copper-treated (mean ± S.D.). Following each group is the sample size in 
parentheses. 

Neutrophils Eosinophils Basophils 

Group mean S.D. mean S.D. mean S.D. 

5-day 
Control (5) 15.8 8.30 0.9 0.96 4.8 1.71 
Control-inject (4) 10.4 8.30 2.2 4.21 0.8 1.63 
Copper (10) 8.0 5.02 0.1 0.18 4.1 4.83 

10-Day 
Control (5) 7.1 6.11 0.5 0.53 3.3 2.37 
Control-inject (7) 20.5 13.70 none 3.9 9.85 
Copper (10) 14.9 9.91 0.1 0.18 3.9 4.13 

15-Day 
Control (5) 8.3 5.45 0.7 0.74 3.1 2.58 
Control-inject (3) 27.6 13.90 none 5.3 8.50 
Copper (7) 9.9 6.10 0.2 0.41 3.9 4.50 

20-Day 
Control (5) 6.3 3.46 0.8 1.46 3.0 3.21 
Control-inject (5) 11.0 5.58 0.1 0.12 28.4 33.70 
Copper (8) 10.0 11.79 0.3 0.40 3.3 3.04 



48 

Table 5. Percentages of various leukocytes per 400 cells: thrombocytes, 
lymphocytes and monocytes for largemouth bass: controls, control-injected 
and copper-treated (mean ± S.D.). Following each group is the sample size in 
parentheses. 

Thrombocytes Lymphocytes Monocyte? 

Group mean S.D. mean S.D. mean S.D. 

5-Day 
Control (5) 
Control-inject (4) 
Copper (10) 

59.0 
68.9 
71.9 

19.30 
32.94 
11.70 

21.5 
17.5 
17.6 

11.09 
25.60 

6.53 

1.4 
2.9 
1.3 

0.68 
2.21 
1.33 

10-Day 
Control (5) 
Control-inject 
Copper (10) 

(6) 
75.2 
59.7 
79.9 

17.47 
27.70 
10.82 

16.5 
15.3 
11.5 

8.02 
12.12 

4.55 

0.9 
0.2 
0.4 

0.86 
0.30 
0.94 

15-day 
Control (5) 
Control-inject 
Copper (7) 

(3) 
77.0 
51.0 
70.8 

15.50 
31.80 
18.93 

15.4 
15.8 
14.5 

7.88 
11.50 
10.90 

16 
0.3 
0.8 

0.89 
0.58 
0.94 

20-Day 
Control (5) 
Control-inject (5) 
Copper (8) 

76.8 
54.8 
74.0 

13.30 
34.04 
16.63 

10.3 
5.7 

12.6 

6.08 
2.20 
8.57 

2.8 
0.2 
1.4 

3.50 
0.33 
1.75 
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Figure 4. The ratio of dry liver to wet whole body weight (mean + S.D.) in 
largemouth bass: controls, control-injected and copper-exposed. Number 
above the bar indicates the sample size. 
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Figure 8. Serum (mean + S.D.) from largemouth bass: controls and controls 
injected with Aeromonas. The number is the highest well number out of 12 
showing antibody response to antigen. Sample size was 5 in all groups. 
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