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ABSTRACT 

Several studies were conducted, and their results compiled into this thesis to explore 

the utility of incorporating immunotoxicological endpoints into field studies for 

ecotoxicological risk assessment. In the following chapters, the hazard of chemical 

mixture exposure to rainbow trout was assessed using a panel of recently developed 

immune assays. Chapter one contains a review the risk assessment process, and 

discusses the relevance and placement of immunological endpoints in the framework for 

ecotoxicological risk assessment. Fish immunotoxicological endpoints that show the 

greatest potential as biomarkers for ecoxoticological risk assessment are emphasized in 

the discussion. 

Chapter two contains results from an outdoor creosote microcosm field study. In this 

study, several immune parameters were evaluated in rainbow trout ( Oncorhynchus 

mykiss) after they had been exposed for 28 days in microcosms dosed initially with liquid 

creosote concentrations of 0, 5, 9, 17, 31, 56 and 100 ut/1. The most noticeable changes 

were concentration-dependent reductions in pronephros leukocyte oxidative burst and 

the number of slg• peripheral blood leukocytes. Plasma lysozyme levels were reduced, 

while pronephros leukocyte phagocytic activity was enhanced marginally across 

creosote concentrations. Blastogenesis in response to lipopolysaccharide (LPS) was 

slightly impaired in head kidney leukocyte cultures prepared from creosote-exposed fish, 

whereas blastogenesis in response to phytohaemagglutinin (PHA) and concanavalin A 

(ConA) was unaffected. Overall the results suggest that creosote has the potential to 

alter some innate immune functions in rainbow trout. Polycyclic aromatic hydrocarbons 

(PAHs), a major constituent of liquid creosote, are the suspected imm.N altering agents. 

The LOEC or the immLl'le responses measured in this study was 17 uUI using nominal 

creosote concentrations, representing a total PAH concentration of 611.63 ngn in the 

water. 
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Chapter three includes results from a second outdoor microcosm study, conducted in 

order to re-evaluate the immunotoxic effects of liquid creosote to rainbow trout 

(Oncorhynchus mykiss). During this study, two separate experiments were conducted. 

The first experiment was designed to monitor the kinetic effects of exposure to creosote; 

caged fish were sampled on days 7, 14, 21, and 28 from microcosms initially dosed with 

0, 3, and 10 ulJI creosote. A second experiment was designed to monitor immune 

parameters after 37 d of exposure in microcosms initially dosed with 0.3, 1, 3, 10, and 30 

ulJI creosote. Two replicate control microcosms were included in the 37 d exposure to 

evaluate variability across microcosms. Pronephros leukocytes were monitored in both 

experiments for phagocytic activity, oxidative burst, and surface immunoglobulin-positive 

(Sig•) B cell counts. Serum lysozyme activity was also measured for the 28 d kinetic 

experiment. During the kinetic study, oxidative burst was progressively inhibited in fish 

exposed to 3 and 1 O ulJI creosote, returning to control levels by day 28. Phagocytic 

activity was initially stimulated after seven days of exposure, returning to control levels 

by day 28. Although control Sig• B cell counts were quite variable across sampling days, 

Sig• B cell counts were also elevated after seven days of exposure in creosote exposed 

fish. These cell numbers decreased significantly during the remainder of the study. 

Lysozyme activity appeared to be unaffected by creosote exposure. After the 37 d of 

exposure, oxidative burst was suppressed in creosote exposed fish; phagocytic activity 

was enhanced. No detectable change was observed for Sig• B cell counts. The overall 

results confirm that creosote has the potential to alter certain measured imnuie 

parameters. Modulation of the measured imrTule parameters varied with the duration of 

exposure. Polycyclic aromatic hydrocarbons (PAHs), a major constituent of liquid 

creosote, are the suspected immune- altering agents. 

The final chapter contains results from a field study, used to assess whether or not 

exposure to sites within the Hamlon Harbour, which are known to be highly 

contaminated with polycyclic aromatic hydrocarbons (PAHs), heavy metals, and sewage 
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treatment plant (STP) effluent, could affect immune function in fish. Caged rainbow trout 

(Oncorhynchus mykiss) were sampled after 7, 14, and 21 days of exposure from five 
. 

sites within the Harbour, and a Lake Ontario reference site. The Harbour sites were 

selected for their proximity to either highly contaminated sediments or industrial and 

municipal discharges. Pronephros leukocytes from fish at the six sites were evaluated 

for phagocytic activity, oxidative burst, and the number of surface immunoglobulin­

positive B cells. Serum lysozyme activity was also measured. Fish from the Harbour 

sites showed a greater reduction in pronephros leukocyte phagocytic activity over the 

course of the study when compared to the Lake Ontario reference fish; pronephros 

leukocyte oxidative burst was also reduced at two of the Harbour sites. Although 8 cell 

counts did not change throughout the duration of the study, overall counts were lower at 

two of the Harbour sites when compared to the Lake Ontario site. Serum lysozyme 

activity increased at site 4 and at the Lake Ontario reference site over the 21 days of 

exposure. Lysozyme activity was elevated at sites 5 and 6, when compared to Lake 

Ontario fish lysozyme activity, and did not change throughout the course of the study. 

These results indicate that several immooe parameters were altered in fish during 

exposure at various sites within the Harbour. The role of chemical and physical 

stressors at these sites in the observed immunomodulation is discussed. 

vi 



ACKNOWLEDGEMENTS 

This document is, in part, a reflection of the past three years of my life. For me, it has 

been an exercise of diplomacy, good record keeping, perseverance, and sacrifice. I 

have many people to thank for their network of wisdom, support, and assistance along 

the way, for it is they who have made this work possible. 

I would first like to thank my immediate mentor, Dr. Kimber VVhite, for providing me with 

the time to make revisions, and my previous mentors Dr. George Dixon, Dr. Niels Bois, and 

Dr. Herman Boermans, for their financial support. Special thanks to George for 

facilitating, yet another, collaborative study (good work); Niels for showing me the way 

of perseverance; and Herman for providing me with the tools and background r, 

immunotoxicology. 

Secondly, a special thanks is also extended to Dr. Keith Solomon and to Dr. Jin Sherry 

for their financial support, and the opportunity to collaborate with them during the 

creosote microcosm studies and the Hamilton Harbour study. Dr. Michael Fournier and Dr. 

Isabelle Voccia must also be thanked for facilitating the transfer of immunotox. technology 

at the onset of the study. I would also like to thank the other members of my committee; 

Dr. Bill Taylor, for his valuable input over the years; and Dr. Jeanette O'Hara Hines, for 

her countless hours of statistical consultation. 

In the laboratory, I would like to thank Dana Bruce, Tanya McMillan, Gavin Park, Kris 

Saunders, Audrey Gamble, Samual Mirotta, Tina Hooey, Rosemarie Ganassin, and 

especially Ann Maslin for being the voluntary immunotox. militia when an extra pair of 

hands was needed. Dr. Jin Bestari, Dr. Don Bennie, and Sonia Majdic should also be 

accredited for their HLPC/ GC-MS analysis of water, tissue and sediment samples. Last 

but certainly not least, an acknowledgment of appreciation is extended south of the 

border to Dr. Jeff V\lhyte for clearing the path when I felt lost in the forest. You are a 

pleasure to work with, and a good friend. 

vii 



In these times of financial constraints, the Department of Biology should also be 

recognized for its generous financial assistance through the University of Water1oo 

Graduate Scholarship and teacher assistantship programs. I also greatly appreciated the 

financial support provided by the Canadian Network for Toxicology Centres (CNTC) and 

Natural Sciences and Engineering Research Council (NSERC) research grants awarded 

to Dr. D.G. Dixon and Dr. N.C. Bois, and funds donated by the NVVRI. 

My family deserves the most thanks of all, for they truly have made the greatest 

sacrifice. To my parents and parent-in-laws, I sincerely appreciate your moral and 

financial support over the years. To my wife Jodie, and wonderful daughter Jordan, 

thank you for keeping me in tune with the important things in life. I am sorry I was not 

able to help out more during the last few months. I dedicate this thesis and my love to the 

both of you. 

viii 



TABLE OF CONTENTS 

INT'RODUCTION ............................................................................................................................... 1 

1.1 GENERAL INTRODUCTION AND STATEMENT OF THE PROBLEM ............................................... 1 

12 THESIS OBJECTIVES AND OIJTLINE ........................................................................................... 4 

CHAPTER 1. IMMUNOTOXICITY AND ECOTOXJCOLOGICAL RISK ASSESSMENT ................... & 

1.1 ECOTOXICOLOGICAL RISK ASSESSMENT .............................................................................. 6 

1.2 IMMUNOTOXICOLOGICALASSESSMENT ENDPOINTS .............................................................. 8 

1.2.1 Host resistance studies ......................................................................................................... 8 

1.2.2 Immune assays ..................................................................................................................... 12 

A. Plaque-forming assay ......................................................................................................... 13 

B. Leukocyte phenotypic markers ........................................................................................... 14 

C. Macrophage function ........................................................................................................... 15 

D. Natural cytotoxic cell assay ................................................................................................ 16 

E. Lymphoproliferative assays ................................................................................................. 16 

1.2.3 Immune biomarkers and microcosm studies ......................................................................... 16 

1.3 CONCLUSIONS ........................................................................................................................ 19 

1.4 REFEREl'ICES ........................................................................................................................... 20 

CHAPTER 2. CHARACTERIZING THE IMMUNOTOXICITY OF CREOSOTE 
TO RAINBOW TROUT (Oncorhynchus myk/ss): A MICROCOSM STUDY .............................. 24 

2.1 ABSTRACT .............................................................................................................................. 24 

2.2 INTROOJCTION ........................................................................................................................ 25 

2.3 MATERIALS AND METHODS .................................................................................................... 27 

A. Microcosm ........................................................................................................................... 27 

B. Experiment .......................................................................................................................... 27 

C. Preparation of pronephros and peripheral blood leukocyte 
suspensions ....................................................................................................................... 28 

D. Pronephros leukocyte oxidative burst ................................................................................ 28 

E. Pronephros leukocyte phagocytosis ................................................................................... 29 

F. Pronephros lymphocyte proliferation .................................................................................. 30 

G. Peripheral blood surface immunoglobulin-positive (Sig•) leukocyte marking ................. 31 

H. Plasma lysozyme activity .................................................................................................... 31 

I. Plasma cortisol analysis ...................................................................................................... 32 

J PAH analysis ....................................................................................................................... 32 

ix 



K. Statistical analysis .............................................................................................................. 32 

2.4 RESULTS ................................................................................................................................. 34 

A. Water chemistry and physical profiles ............................................................................... 34 

B. Weight change and mortality ............................................................................................... 39 

C. Oxidative burst .................................................................................................................... 42 

D. Phagocytosis ....................................................................................................................... 44 

E. Lymphocyte proliferation ..................................................................................................... 46 

F. Sig• leukocyte marking ........................................................................................................ 48 

G. Plasma lysozyme activity ... ................................................................................................. 48 

H. Plasma cortisol levels ......................................................................................................... 48 

2.5 DISCUSSI~ ............................................................................................................................ 51 

2.6 CONCLUSION ........................................................................................................................... 57 

2.7 RE~S ........................................................................................................................... 58 

CHAPrER3. EFFe::r OFCRE<BOTE EXPOSI.RTIMEON RANIOWTROUr 
(Oncorhynchusmylclss) IIIMUN:PARAIIIIEl&cS:AMICROCOSM STLDY-----..,61 

3.1 ABSTRACT .............................................................................................................................. 61 

32 INlRCXllJCTI~ ........................................................................................................................ 63 

3.3 MATERIALS AND METHODS .................................................................................................... 65 

A. Microcosm .......................................................................................................................... 65 

B. Experiment ........................................................................................................................... 66 

C. Pronephros leukocyte CJ<idative b urst .................................................................. ·-·--·-·-·-·-·-·-·--·-·-·--·---·-68 

D. Pronephros leukocyte phagocytosis ................................................................................... 69 

E. Pronephros immunoglobulin-positive (slg•) leukocyte marking ........................................ 69 

F Serum l}Sozyme activity ............. ·---·-·--·--· .................................................................. -.... _ .......... -.................. ___ 70 

G. PN-1 analysis .... _. ............................................................................................................... - ......... ---···-·...................... .10 

H. Statistical analysis .............................................................................................................. 71 

3. 4 RESlJL "IS .................. - .............................................................................................................................................................................. 12 

A. Wtter chemistry and ptr,sical profiles ............. _. ..................................................... - ...... ·--·· .. -·--·-·---·-......... 12 

B. Wfight change 111d mortality. ............ _____ .... - .......... --.. --·----·-.. ---·--·-· ................. ___ 77 

C. Oxidati-.e bursL... ....... -----·-·-··------·---·--.. ·-·--·----·---·----·--.. --... -............. _19 
D. Phag,cytosis ........................................ - ... · .. ·------·-· .. ·--· ........................ _____ ...... - ...................... _____ 82 

E. Sig• let.l<ocyte markirrJ ........................... - ....................................... -................... -... ·-· .. --·-·-·----·--·---88 
F. Serum l}S0Zyme activifl/---·--- -·---·--·-·--·--·-·-·----... - ................ --.-· ... -91 

3.5 DISCUSS~ ............................................................................................................... ······ ·· ..... 93 

A. Pronephros leukocyte oxidative burst ................................................................................ 93 

X 



B. Pronephros leukocyte phagocytosis .................................................................................... 96 

C. Macrophage function and fish health ................................................................................... 97 

D. Pronephros Sig• leukocyte marking ................................................................................... 98 

E. Serum lysozyme activity ........ ............................................................................................. 99 

F. WatEr chemistry a1d physical profiles..--·--·-·--· .. ·-·-·--····--·· .. -·-·-.. ·····-·-····--·-·-----··--·-100 
3.6 CONCLUSION ......................................................................................................................... 102 

3.7 REFEREt-CES ......................................................................................................................... 103 

CHAPTER 4. EFFECT OF EXPOSURE TO VARIOUS srres WITHIN THE HAMILTON 
HARBOUR ON (Onchohynchus mylriss) IMMUNE PARAMETERS .......................................... 107 

4.1 ABSTRACT ............................................................................................................................ 107 

4.2 INTROOtJCTIClflil ...................................................................................................................... 108 

4.3 MATERIALS AND METHODS .................................................................................................. 112 

A. Experiment ......................................................................................................................... 112 

B. Pronephros leukocyte oxidative burst .............................................................................. 113 

C. Pronephros leukocyte phagocytosis ................................................................................. 113 

D. Pronephros immunoglobulin-positive (Sig•) leukocyte marking .................................... 114 

E. Serum lysozyme activity .................................................................................................... 114 

F. Analysis of PAHs in the water, tissue, and sediment ....................................................... 115 

G. Measurement of total ammonia in the water .................................................................... 116 

H Statistics ............................................................................................................................ 116 

4.4 RESULTS ............................................................................................................................... 118 

A. Water chemistry and physical profiles ............................................................................. 118 

B. Condition factor, mortality, liver/body weight ratio, and behaviour .................................. 123 

C. Oxidative Burst. ................................................................................................................. 126 

D. Phagocytosis ..................................................................................................................... 126 

E. Sig• leukocyte marking ...................................................................................................... 132 

F. Serum lysozyme activity .................................................................................................... 132 

4.5 DISCUSSIOO .......................................................................................................................... 135 

4.6 COCLUSION ......................................................................................................................... 144 

4.7 REFEREIICES ......................................................................................................................... 145 

SUMMARY AND GENERAL CONCLUSIONS ............................................................................... 150 

APPENDIX. 1 ................................................................................................................................. 153 

APPENDIX. 2 ................................................................................................................................. 180 

APPENDIX. 3 ......................................................................................................................•.......... 181 

xi 



UST OF TABLES 

Table 1.1 Current NTP testing panel for evaluating immunotoxicity in mice ................................... 1 O 

Table 1.2 Candidate pathogen models for evaluating altered host resistance in fish .................. 11 

Table 1.3 Advantages and limitations of simulated microcosm field studies ................................. 18 

Table 2.1 PAH concentrations for control and creosote-treated microcosms on day 15 of 
the rainbow trout study .................................................................................................................. 38 

Table 3.1 PAH extraction recoveries and water concentrations for control and creosote-
treated microcosms on days 84 and 80 of the 37 d study, and 28 d time study ........................... 76 

Table 4.1 Water PAH concentrations for the Lake Ontario reference and Hamilton 
Harbour sites ................................................................................................................................ 121 

Table 4.2 Sediment PAH concentrations for the Lake Ontario reference and Hamilton 
Harbour sites. . ............................................................................................................................. 124 

Table 4.3 Summary of immune parameters, from fish caged at various sites within the 
Hamilton Harbour, which were significantly different from the Lake Ontario reference 
fish ................................................................................................................................................ 137 

xii 



UST OF FIGURES 

Figure 1.1 Framework of an ecotoxicological risk assessment. ..................................................... 7 

Figure 1.2 Impact level at the organism, population and community levels in response to 
exposure to an immunotoxic compound ........................................................................................... 9 

Figure 2.1: Temperature (A), dissolved oxygen (8), and pH (C) profiles for the control 
and creosote-treated microcosms during the 28 d study .............................................................. 35 

Figure 2.2: Change in total PAH concentrations in the water (A), and sediment (8) with 
time after dosing microcosms with creosote ................................................................................. 36 

Figure 2.3: Relationship between PAH water concentration and nominal creosote 
concentration 114 dafter creosote dosing ................................................................................... 37 

Figure 2.4: Rainbow trout mean weight gain (with 95 % confidence intervals) with 
respect to nominal creosote concentrations (A), total PAH concentrations in the water 
(8), and sediment (C) during the 28 d microcosm study .............................................................. 40 

Figure 2.5: Liver to body weight ratio of individual fish exposed to creosote during the 28 
d microcosm study. . ...................................................................................................................... 41 

Figure 2.6: Oxidative burst of pronephros leukocytes from rainbow trout exposed in vivo 
to liquid creosote for 28 d .............................................................................................................. 43 

Figure 2.7: Phagocytic index of pronephros leukocytes from rainbow trout exposed in 
vivo to liquid creosote for 28 d. . .................................................................................................... 45 

Figure 2.8: 8Iastogenic response of pronephros lymphocytes to LPS from rainbow trout 
exposed to liquid creosote in vivo for 28 d ................................................................................... 47 

Figure 2.9: Percent of Sig+ peripheral blood lymphocytes from rainbow trout exposed in 
vivo to liquid creosote for 28 d. . .................................................................................................... 49 

Figure 2.10: Lysozyme in plasma of rainbow trout exposed to liquid creosote for 28 d. . .......... 50 

F"igLre 3.1. Teff1X)ral desgn of the two creosote irrmriotoxicity expa-iments ............. - ...... __ ............ '" ...... 68 

F"igLre 3.2: Da~ high and low teff1l9rature (A), and pH (8) profiles for contols and 
creosote treaed rTicrocosrrs durng the 37 d and 28 d kinetic expa-iments. _ ........... - .................................. -73 

F"igLre 3.3: Change in total PAH concentrations in the water (A), and sediment (8) during 
and after repeated dosing of microcosms with creosote for the 28 d kinetic experiment. ........... 7 4 

F"igLre 3.4: Change in total PAH concentrations in the water (A), and sediment (8) after , 
dosing microcosms with creosote for the 37 d experiment. .......................................................... 75 

Figure 3.5: Liverto bodyweight ratio offish from the control (A), 3 ut/1 (B), and 10 tA/1 (C) 
creosote treated microcosms during the 28 d exposure. . ............................................................ 78 

Figure 3.6: Oxidative burst of pronephros leukocytes from fish in the control (A), 3 fAn 
(B), and 1 0 ul/l (C) creosote treated microcosms during the 28 d exposure. . .............................. 80 

xiii 



Figure 3.7: Oxidative burst of pronephros leukocytes from rainbow trout exposed to 
liquid creosote for 37 d in outdoor microcosms. . .......................................................................... 81 

Figure 3.8: Phagocytic activity as measured by the total mean fluorescence of 
pronephros leukocytes from fish in the control {A), 3 ul/l (8), and 10 ut/1 {C) creosote 
treated microcosms during the 28 d exposure .............................................................................. 84 

Figure 3.9: Phagocytic activity as measured by the percent of pronephros leukocyte 
phagocytic cells from fish in the control {A), 3 ul/l (8), and 10 ut/1 (C) creosote treated 
microcosms during the 28 d exposure .......................................................................................... 85 

Figure 3.10: Phagocytic activity as measured by the phagocytic index of pronephros 
leukocyte phagocytic cells from fish in the control {A), 3 ut/1 (8), and 10 ul/l {C) creosote 
treated microcosms during the 28 d exposure ............................................................................... 86 

Figure 3.11 : Phagocytic activity of pronephros leukocytes from rainbow trout exposed to 
liquid creosote for 37 d in outdoor microcosms ............................................................................. 87 

Figure 3.12: Sig• pronephros leukocyte counts per 10,000 cells from fish in the control 
{A), 3 u1n (8), and 1 0 ul/1 {C) creosote treated microcosms during the 28 d exposure ................. 89 

Figure 3.13: Sig• pronephros leukocyte counts per 10,000 cells from rainbow trout 
exposed to liquid creosote for 37 d in outdoor microcosms. . ....................................................... 90 

Figure 3.14: Lysozyme concentration in the serum of rainbow trout exposed to liquid 
creosote for 28 d in outdoor microcosms ...................................................................................... 92 

Figure 4.1 Site locaions for the sarrping of caged of fish in Hamton harbour and Lake 
C)nta-io . ............................................................................................................................................................................................................. 111 

Figure 4.2 Temperature {A), dissolved oxygen (8), conductivity {C), and pH {D) profiles 
during the 21 d Hamilton Harbour study ...................................................................................... 119 

Figure 4.3 Site water unionized ammonia concentrations measured during the Hamilton 
Harbour 21 d study ...................................................................................................................... 120 

Figure 4.4 Mean rainbow trout condition factors {with 95% confidence intervals) 
measured on 0, 7, 14, and 21 d of the Hamilton Harbour study .................................................. 125 

Figure 4.5 Oxidative burst of pronephros leukocytes from rainbow trout sampled on 0, 7, 
14, and 21d of the Hamilton Harbour ........................................................................................... 128 

Figure 4.6 Percent of phagocytic cells engulfing three or more be~ds of pronephros 
leukocytes from rainbow trout sampled on 0, 7, 14, and 21d of the Hamilton Harbour ............... 129 

Figure 4.7 Mean fluorescence of phagocytic cells engulfing three or more bead~ of 
pronephros leukocytes from rainbow trout sampled on 0, 7, 14, and 21d of the Hamilton 
Harbour_ -...................................................................................................................................... 130 

Figure 4.8 Phagocytic index of pronephros leukocytes from rainbow trout sampled on 0, 
7, 14, and 21 d of the Hamilton Harbour ........................................................................................ 131 

Figure 4.9 Percent of Sig• lymphocytes from rainbow trout sampled on 0, 7, 14, and 21d 
of the Hamilton Harbour .............................................................................................................. 133 

xiv 



Figure 4.1 O Mean (with 95% confidence intervals) lysozyme concentrations in serum 
from rainbow trout sampled on 0, 7, 14, and 21d of the Hamilton Harbour ................................. 134 

xv 



UST OF ABBREVIATIONS 

ANF a-napthoflavone 

APC antigen presenting cell 

BaP benzo(a)pyrene 

BSA bovine serum albumin 

OJI cell mediated immunity 

ConA concanavalin A 

a:M counts per minute 

CTl cytotoxic T lymphocyte 

DCFHM dichlorofluorescin diacetate 

COA dichloromethane 

DMBA 7, 12-dimethylbenz[a]anthracene 

CJTH delayed type hypersensitivity 

a: effective concentration 

ELISA enzyme-linked immunosorbent assay 

ERD ethoxyresorufin-o-deethylase 

EPA Environmental Protection Agency 

CFC gell permeation chromatography 

1-M humeral mediated immunity 

H2~ hydrogen peroxide 

f-FlC high pressure liquid chromatography 

1-R host resistance 

phagocytic index 

FN interferon 

L interleukin 
p intraperitoneal 

LCEC lowest observed effect concentration 

LPS lipopolysaccharide 

~ 3-methylcholanthrene 
M=() mixed function oxidase 

M.R mixed leukocyte reaction 
y.c melanomacrophage centres 

MS-222 methane tricainesulfonate 
N:); natural cytotoxic cell 

NF net fluorescence 

xvi 



NKcell 

t«EC 

4-NP 
NV\AI 

Pf6 

FfC 

PTK 
P450 
PAH 

PEL 
PCB 
Fa:F 

PHA 
PMA 

natural killer cell 

no observed effect concentration 

4-nonylphenol 

National Water Research Institute 

phosphate buffered saline 

plaque-forming cells 

protein tyrosine kinase 

cytochrome P450 monooxygenase 

polycyclic aromatic hydrocarbon 

peripheral blood leukocyte 

polychlorinated biphenyl 

polychlorinated dibenzofurans 

phytohaemagglutinin 

phorbol 12-myristate 13-acetate 

RAP remedial action plan 

REF round bottom flask 

slg• leukocyte B lymphocytes expressing lgM receptors 

SCX) superoxide dismutase 
sRBCs sheep red blood cells 

STP sewage treatment plant 

TBTO bis(tri-n-butyltin )oxide 
-4-t-OP 4-tert-octylphenol 

xvii 



INlRODUCTION 

1.1 GENERAL INTRODUCTION AND STATEMENT OF THE PROBLEM 

The field of immunotoxicology has been growing exponentially over the past two 

decades due to an increasing awareness that certain drugs, chemicals, and biologicals 

disrupt nonnal immu'le function. Chemical toxicity to the imnu.ne system may result i1 

immunosuppression, eventually reducing host resistance to infectious diseases. On the 

other hand, an immune response targeting either a xenobiotic, or host proteins altered by 

the xenobiotic, may result in the development of allergy or autoimmunity. Despite the 

endless number of publications describing the immunosuppressive and sensitizing 

effects caused by xenobiotics, the use of immunotoxicity data for risk assessment has 

received little attention, rarely progressing past the "hazard identification stage" until 

recent years (Luster et al., 1995). A number of factors may account for this. 

Redundancy and compensatory mechanisms, built into the irnmuie system, have made it 

difficult for immunotoxicologists to reach a consensus as to which immunological 

endpoint(s) should be given priority. In addition to this, immunotoxicity testing has often 

been conducted with little concem for its association with other toxicological endpoints, 

and its predictive value in terms of disease susceptibility and population health (Luster et 

al., 1995). 

During the late 1980s the National Toxicology Program (NTP) devised a criteria for 

evaluating immunotoxicity in mice using a multi-tiered approach. More recently, Luster 

and Kimber (1996) reported that certain combinations of assays from the NTP testing 

panel could be used to predict immunotoxicity with a level of concordance of greater than 

90%. These assays are currently used to screen compounds for immunotoxicity, and 

may constitute the first tier of the multi-tiered testing panel. A number of these assays 

have been accepted by regulatory agencies through out Europe and the U.S.A., in an 

attempt to hannonize immunotoxicity testing internationally (Hastings, 1998), and are now 
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being incorporated into the human risk assessment process (Van Loveren et al., 1998). 

lmmunotoxicological endpoints are also being cautiously reviewed by environmental 

toxicologists for their potential use in ecotoxicological risk assessment An awareness 

of neuR)-8ndocrine-immune crosstalk (Savino and 0ardeme, 1995), and an increasing 

concern about the presence of endocrine disrupting chemicals in our environment will 

likely add to the popularity of this discipline in the years to come. 

Recently, both for practical and ethical reasons, a great deal of emphasis has been 

placed on developing altemative models for higher vertebrates in immunotoxicofogical 

studies. Fish may represent ideal candidates for a number of reasons. First, fish are 

already being utilized extensively in ecotoxicological risk assessment to predict effects at 

higher trophic levels. Second, the fish immu,e system is comprised of cells that are 

functionally analogous to those cells of their mammalian counterparts. These 

immunologically competent cells participate in the lysis of tumor cells, allograft rejection, 

hypersensitivity reactions, antibody production, mitcgenic stimulation, antigen 

presentation, cytokine secretion, and phagocytosis, accompanied by the production of 

reactive oxygen intermediates (Zelikoff, 1998). Third, numerous examples cited by 

Zelikoff (1994), suggest that manmaliai and fish immune systems appear to be 

compromised by stressors in similar ways. Data are, however, still needed to compare 

the sensitivity of the fish immu,e system, and the immunotoxic mechanisms of action to 

that of our mammalian counterparts (Karol, 1998). 

In order for fish immunotoxicological endpoints to be incorporated into an 

ecotoxicological risk assessment process, concentration-response relationships (Ees, 

and LOEC) must first be established. Once established, the ecological relevance of these 

relationships can be explored by linking them to responses at higher levels of biological 

organization. Aquatic toxicologists have recognized the limitations of conducting 

laboratory toxicity tests for the extrapolation of effects at higher levels of biological 

organization. It is for this reason that miaocosm exposure studies are being used to 



3 

generate ecosystem response data in aquatic ecotoxicological risk assessment It is felt 

that they may potentially bridge the gap between laboratory and full-scale field studies. In 

this way, toxicological endpoints can be generated under more realistic conditions 

(Thompson et al., 1993), and an opportunity is provided to study stressor effects at entire 

population and community levels which are not seen in single-species laboratory studies 

(Uber et al., 1992). 



1.2 THESIS OBJECTIVES AND OUTLINE 

The objectives of this thesis are to: 
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1. Review the risk assessment process and discuss where immunotoxicology fits into 

the framework for ecotoxicological risk assessment. Emphasis will be placed on fish 

immunotoxicological endpoints. 

2. Incorporate a panet of recently developed immunotoxicity tests into an outdoor 

microcosm study to evaluate the immunotoxicity of liquid creosote to rainbow trout after 

28 d of exposure. 

3. Provide insight to the kinetics of creosote immunomodulation, as well as validate the 

results obtained from objective 2, by monitoring fish inmlnt parameters at weekly 

intervals and extending fish exposure to 37 d during a subsequent microcosm field 

season. 

4. Incorporate the panel of immunctoxicity tests from objectives two and three into a 

field study to determine whether or not exposure to various organic and inorganic 

contaminants is sufficient to alter inmune parameters in rainbow trout caged at 

various sites within the Hamilton Harbour. 

This thesis is composed of four man chapters, which are followed by a general 

condusion. Chapter one contains a review of the risk assessment process, and 

discusses where fish immunotoxicology fits into the framework for ecotoxicological risk 

assessment Chapter two contains the results from a 28 d rainbow trout immunotoxicity 

study conduded in outdoor microcosms treated with liquid creosote. Chapter three 

reviews a subsequent creosote microcosm study, monitoring rainbow trout imn'Ule 



parameters during 28 d, and after 37 d of exposure. Chapter four contains the 

immunotoxicity results from a 21 d field study at various sites within the Hamilton Harbour. 



CHAP1ER1 

IMMUNOTOXICOLOGY AND ECOTOXICOLOGICAL RISK ASSESSMENT 

1.1 ECOTOXICOLOGICAL RISK ASSESSMENT 

Ecotoxicological risk assessment is a means of identifying and quantifying risks to 

non-human biota, and detennining the acceptability of those risks (Suter, 1995). Risk is 

defined in this context, as the probability that a chemical will have an adverse 

toxicological effed (i.e. pose a hazard) on the ecosystem. The framework for 

ecotoxicological risk assessment proposed by the U.S. Environmental Protection Agency 

in 1992, and reviewed by Solomon et al. (1996) is summarized in figure 1.1. In this 

framework, risk assessment is comprised of three steps: hazard identification; risk 

analysis; and risk charaderization. In human health risk assessment, it is sufficient to 

identify a hazard by establishing that exposure to a potentially toxic chemical may occur. 

Hazard identification is more complex in an ecotoxicological risk assessment, in that it is 

necessary to define the sources of chemical exposure, describe the exposed 

environment, and choose the appropriate endpoints for the assessment (Suter, 1995). 

The analysis phase of the risk assessment involves charaderizing the exposure to a 

chemical (i.e. identify the exposure concentration based on prior knowledge of the 

physical and chemical properties of the compound, its fate, transport, and exposure 

routes), and identifying the ecological effeds that resulted from this exposure (i.e. 

establishing the dose-response relationships). The risk charaderization phase involves 

integrating the exposure and effects assessments to estimate the risk posed by 

exposure to a chemical. Uncertainties in the assessment process should also be 

addressed in this phase (Suter, 1995). 
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HAZARD IDENTIFICATION 

•Define source of stressor 
•Describe exposed environment 
•Choose end points 

ANALYSIS 

•Charaderize exposure 
•Charaderize ecological effects 

Q 

RISK CHARACTERIZATION 

•Integrate exposure and effects analysis to 
generate estimates of risk 
•Acknowledge uncertainties in the assessment 

Figure 1.1: Framework of an ecotoxicogical risk assessment. (Adapted 
from Solomon et al., 1996) 
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1.2 IMMUNOTOXICOLOGICAL ASSESSMENT ENDPOINTS 

1.2.1 Host resistance studies 
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The selection of assessment endpoints is critical to the risk assessment They must be 

unambiguous, sensitive, quantifiable, and have both social and ecological relevance 

(Suter, 1995). Fran a risk assessment perspective, the most ecologically relevant 

immunological endpoint is decreased host resistance (HR) to infection (Figure 1.2). Great 

efforts were made by the NTP to develop pathogen models, under controlled laboratory 

conditions, for detecting altered HR in rodents. A panel of pathogen models was 

selected based on relative sensitivity, reproducibility, relevance as human pathogens, 

and specificity to various compartments of the immune system (Table 1.1) (Thomas, 

1998). Recently, the utility of these assays in human risk assessment was demonstrated 

by extrapolating from rat to human the health risk of exposure to bis(tri-,,.butyltin)oxide 

(TBTO) (Van Loveren et al., 1998). 

Unfortunately, very little progress has been made with regard to using fish HR as an 

endpoint in ecotoxicological risk assessment. A number of promising candidate pathogen 

models have been identified and are currently being used, to a &mited degree, to assess 

fish HR in laboratory studies (Table 1.2). However, mammaian research has taught us 

that tumor, viral, baderial, and parasitic models are required to accurately assess 1-R 

(Table 1.1). Selection of an appropriate HR modet is dependent on both the exposure 

route and immunological profiles already obtained for an immunotoxicant (Thomas and 

Sherwood, 1996). A. sa/monicida and V. anguillarum may not, for example, be good 

models for evaluating TBTO immunotoxicity in fish because a major route of TBTO uptake 

occurs by ingestion (Rice et al., 1995), and TBTO primarily targets cell-mediated immLnity 

(Van Loveren et al., 1998). Additionally, a n&.mber of reports suggest that a sublethal 

bacterial infection can actually provide some resistance to chemically related 

immunosuppression (Luebke et al., 1997). Clearty, researchers have a great deal more to 

learn about the pathogenesis of some of these models, and mechanisms of host 
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Figure 1.2: lmpad level at the organism, population and comm unity levels in 
response to exposure to an imm unotoxic com pound. As exposure duration and 
concentration increase, the level a impad increases from imm unomodulation to 
increased susceptibiity to disease at the organism leve~ folla.ved by mortality 
and possi>le extinction at the population level. 



Table 1.1: Current NTP testing panel for evaluating immunotoxicity in mice (Luster et aJ., 
1992) 

Tier 1 

Tier 2 

Hematology 
Weights: body, spleen, thymus, kidney, liver 
Cellularity: spleen, bone mam,w 
Histotogy of lymphoid organs 
lgM antibody plaque-forming cells (PFCs) 
Lymphocyte bfastogenesis 

T cell mitogens (PHA, Con A) 
T cell mixed leukocyte response (MLR) 
B cell mitcgen (LPS) 

Natural killer (NK) cell activity 

Quantify splenocyte phenotypes (Band T cell surface markers) 
Enumerate lgG antibody PFC response 
Mixed leukocyte reaction (MLR) 
Cytotoxic T lymphocyte (CTL) cytolysis or delayed type hypersensitivity 
Macrophage dearance 
Host resistance models 

Syngeneic tumor cells 
PYB6 sarcoma (tumor incidence) 
816F10 melanoma (lung burden) 

Bacterial models 
Usteria monocytogenes (morbidity) 
Streptococcus species (morbidity) 

Viral models 
Influenza (morbidity) 

Parasite models 
Plasmodium yoelii (parasitemia) 

10 
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Table 1.2: Candidate pathogen models fer evaluating altered host resistance in fish 

Miaoorganism Agent Immune response Reference 

Vibrio anguil/arum bacteria cellular and 
humoral invnunily 
phagocytic cells Evelyn, 1996 

Yersinia ruckeri baderia cellular immunity Evelyn, 1996 

Aeromonas 
salmonicida bacteria cellular and Loghothetis and 

humeral invnLl"lily Austin, 1994 
phagocytic cells Evelyn, 1996 

/chthyophthirius 
multifiliis protozoa NCC, humeral Dickerson and Clark, 

immunity 1998 

Trypanosoma 
danilewskyi protozoa hurnoralimmunily Wang and Belosevic, 

1994 

Infectious 
hematopoietic 
necrosis virus virus cellular and 

Humoral immunity La Patra et al., 1997 
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protection before standardized testing methodologies can be developed. Once a panel of 

models has been validated, HR studies will undoubtedly prove to be an invaluable tool for 

establishing disease causality in fish immunotoxicolcgy. 

1.2.2 Immune assays 

Another approach to evaluating chemical-induced imrnunomoc1Jlation is to use 

molecular and invntnt function assays as biomarkers of chemical exposure and effect. 

The NTP developed a multi-tiered testing panel of assays in the 1980s to evaluate 

immunotoxicity in mice (Table 1.1). The advantage of utilizing these assays in risk 

assessment is that they can be used to quantify immune parameters in populations at risk 

more readily than measuring changes in the frequency or severity of dinical diseases 

(Luster et al., 1993). Additionally, immtnt assays detect subtle immunomodulatcry 

changes that may be tolerated by the host due to functional redundancy and 

compensatory mechanisms built into the immune system (Luster and Kimber, 1996). 

Immune assays may therefore, be useful tools for predicting increased host susceptibility 

to disease. 

Luster et al. ( 1995) utilized the NTP rodent data base to establish a relationship 

between immune assay and HR endpoints. They showed that there was a good 

correlation between these endpoints and that, while no one test was effective at 

predicting altered HR, thymus or spleen/ body weight ratios and assays measuring N< 

cell activity, delayed type hypersensitivity (0TH), plaque-forming cells (PFC), 

lymphoproliferative response to T cell mitogens, and surface marker expression were the 

best predictors of changes in HR (> 70% concordance). On the other hand, leukocyte 

counts and lymphoproliferative response to LPS were poor predictors of altered HR. 

Certain combinations of these assays was shown to greatly improve the predictability of 

altered HR. Combining the PFC assay with either spleen/ body weight ratios or one of the 

following assays; cytotoxic T lymphocyte activity (CTL), NK cell activity, proliferative 

response to T cell mitogens, and surface marker expression improved HR predictability to 
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> 75%. Pairwise combinations of the NK cell activity assay with assays measuring 0TH, 

proliferative response to T cell mitogens, CTL, and surface marker expression improved 

predictability to >77%. Lastly, pairwise combinations cf mixed leukocyte response (MLR) 

with 0TH, thymus/body weight ratio, and CTL improved HR predictability to >80 %. 

How can these results be interpreted in the context of fish immunotoxicology? First, 

although such an evaluation is also overdue for fish immunological endpoints, it is likely 

that a few sensitive invn1.11e assays is sufficient for the initial screening chemicals for 

potential immunotoxicity. Second, a correlation between HR and immune assays provides 

evidence to support the use of immunological assays as biomarkers in risk assessment 

and environmental effects monitoring programs. This is aitical, since the logistics of 

immunizing fish in field contaminant exposure studies limits the use of HR and assays that 

specifically evaluate a fish immune response (Rice et aJ., 1996). HR and more in depth 

mechanistic studies should be conducted in a controlled laboratory setting after the initial 

screening process has occurred, since confounding variables, such stress related to 

handling and temperature changes, can greatly influence imm111e parameters (Wester et 

al., 1994). In depth studies will help identify the immunolodulating compound(s), define 

their mechanism(s) of action, and establish a relationship between the measured immu'1e 

parameters and increased susceptibility to disease. Third, invnune assays can be 

incorporated into existing field and laboratory toxicity testing protocols to correlate 

immune parameters with more ecologically relevant endpoints such as, increased 

susceptibility to disease, reproductive success, and mortality. Many of the assays 

originally developed for rodents have already been adapted for use in fish (Luebke et al., 

1997). The remainder of this discussion will focus on assays that show the greatest 

potential as biomarkers for ecoxoticological risk assessment 

A. Plaque-forming Assay 

The most sensitive assay for measuring chemical immunomodulation in mammals is the 

FFC assay (Karol, 1998). This assay quantifies the number of plasma cells in a given 
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leukocyte population, following antigenic sensitization, to measure a humeral inmLl'l8 

response. Since processing of the antigen by antigen presenting cells (APCs), Teel 

activation, and B cell proliferation and differentiation are all involved in this reaction, the 

assay is sensitive to subtle changes in various compartments of the immu,e system. 

This assay has also been modified to evaluate fish humeral immu'le response. Arkoosh 

et al. (1994) used a version of the assay to evaluate spleen and pronephros leukocyte 

PFC response in chinook salmon (Oncorhynchus tshawytscha) exposed to contaminated 

sites near Puget Sound, WA. The advantage of using this assay in field studies is that a 

humeral inm&iie response to a specific antigen can be evaluated within 2 weeks of 

sensitization (Anderson and Zeeman, 1995). At least four to six weeks are required 

before detectable levels of antibodies can be deteded by an enzyme-linked 

immunosoroent assay (ELISA); often serum antibodies are not measured until at least 12 

weeks post vaccination (Angell Kilfie and Jorgensen, 1994). PFC assays are however, 

very labour intensive, and must be initiated the day on which fish are processed. T8f11)1e 

et al. (1993) conduded a comparison of these two techniques, promoting the ELISA 

_ technique. Unfortunately, both techniques require immunization prior to chemical 

exposure, and the logistics of certain field studies may not allow for such a design (Rice 

et al., 1996). 

B. Leukocyte phenotypic markers 

Flow cytometric quantification of lymphocyte populations, based on their cell surface 

marker expression, is another technique, derived from rnammaian immunology, that is 

being adapted for use in fish immunotoxicology research (Dunier et al., 1994). Evaluating 

phenotypic markers is considered one of the most sensitive predidors of immunotoxic:ity 

in manrnals (Vandebriel et al., 1995). However, there are certain limitations to this 

technique, since immunosuppressive effects can occur with certain compounds without 

obvious changes in cell phenotypes (Hastings, 1998). In addition to quantifying irmu'1e 

cells of different lineage, flow cytometry is also used in mammalian immunotoxicology to 



lS 

measure cell differentiation (Lai et al., 1998), cell signaling events, oxidative damage 

(Bruchiel et al., 1997} and, more recently, intracellular cytokine levels (Mascher et al., 

1999). Flow cytometric technology is llmited by the commercial availability of molecular 

probes. Unfortunately, antibodies recognizing membrane immunoglobulin are currently 

the only unequivocal cell surface markers available for quantifying fish lymphocyte 

populations (Miller et al., 1998). As more probes become available, phenotypic labeling, 

along with other flow cytometric techniques, will be a valuable tools for screening 

chemicals that are immunotoxic to fish. 

C. Macrophage function 

Macrophage function has proven to be a sensitive marker of chemical-induced 

immunornodulation in fish, and is likely the most frequently cited endpoint in the literature 

(Fournier et al., 1998; Luebke et al., 1997; Rice et al., 1996; Seeley and Weeks-Perkins, 

1997; and Zelikoff, 1998). Macrophages have important roles in both specific (antigen 

processing and presentation) and non-specific (phagocytosis and destruction ) defense 

(Wester et al., 1994). Assays of macrophage function include measuring chemotaxis, 

·phagocytosis, and pinocytosis (Wester et al, 1994). Phagocyte function can also be 

evaluated by measuring the oxygen-dependent (i.e. reactive oxygen and nitrogen 

species), and oxygen-independent o.e. lysozyme) phagocyte killing mechanisms 

(Secombes, 1996). Unfortunately, it is still not clear how to interpret the functional 

changes in these assays, and how they relate to either an immune response or altered 

HR. Generally, a single functional assay is used to evaluate macrophage function. 

However, macrophage function is highly dependent on the cell's stage of development 

(Lewis, 1995). Hence, a change in the phagocytic activity may simply reflect a shift in 

the cell's development, and have no bearing on the outcome of HR These assays have 

great value as an initial screening test for fish immunotoxicity, however, in depth studies 

should consider a number of different endpoints i1 order to evaluate maaophage 

development and how it relates to altered HR to disease (Lewis, 1995). 
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D. Natural cytotoxic cell assay 

NK cell function is also a highly sensitive endpoint for evaluating cell-mediated 

imnunity in rodents; often these cells are the first to succomb to chemical-induced 

immunotoxidty (Karol, 1998). NK cells naturally kiU tumour cells, parasites, and baderial 

and viral infected cells (Karel, 1998). Their function is assessed by measuring their 

ability to lyse tunor cells; KS62 in humans and YAC-1 for rodents. Functionally 

analogous cells, called natural cytotoxic cells (NCC), have also been identified in fish 

(Luebke et al., 1997). Using the same endpoint and target cells, researchers have 

shown that fish NCCs are also useful for evaluating immunotoxicity in fish {Luebke et 

al., 1997; Rice et al. , 1996; and Seeley and Weeks-Perkins, 1S97). 

E. Lymphoproliferation assays 

LymphoproUferative assays are being used extensively as screening tools in fish 

immunotoxicology studies to evaluate T and 8 lymphocyte proliferation (Dunier et al., 

1994; Luebke et al, 1998; Zelikoff, 1998) despite an awareness that these assays lack 

sensitivity (Vandebriel et al., 1995), are not good predictors of altered HR (Luster et al., 

1995), and are often not optomi:ed using the appropriate mitogen concentrations 

(Vandebriel et al., 1995). Although proliferative assays may be useful for mechanistic 

and in depth studies, they are not reliable or sensitive enough for the initial screening 

process. Vandebriel et al. (1995) have suggested using either the PFC or MLR assays 

instead fer evaluating cellular proliferation. 

1.2.3 Immune biomarkers and microcosm studies 

The greatest concern associated with using inmunological biomarkers in risk 

assessment is the uncertainty associated with predicting effects at the population and 

community levels. No where, is this more evident than in usir,g fish as sentinel species in 

field studies. Establishing causality to population changes in .1eld studies is susceptible to 

bias and misinterpretation because if the complexity of ecosystems (Luebke et al., 1997). 
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Questions that need to be addressed include; how the duration of exposure, chemical 

mixtures and genetic heterogenei~ affect fish immunity, what are the kinetics of 

invnunomodulation and the high risk groups within a population (i.e. early- life- stages) 

(Colborn, 1996). There is evidence to suggest that laboratory-based immunotoxicological 

studies can be used to predict effects in feral fish populations (Zelikoff, 1997). 

However, field studies are the only way to test laboratory derived causality hypotheses 

at population levets (Luebke et al., 1997). 

Miaocosm studies may help to establish a relationship between immunomodulation 

and effects at the population and community levels. Although microcosms do not behave 

identically to natural ecosystems, they have proven their utility in impact assessments 

because they simulate conditions more typical of the natural environment (Liber et al., 

1992). The advantages and limitations to using microcosms and mesocosms to simulate 

field conditions are listed in table 1.3. From an immunotoxicological perspective, 

microcosms offer an opportunity for researchers to predict effects at the population levet 

by monitoring temporal immunomodulation. They increase the practicality of using fish t-R 

and immune response assays under simulated field conditions, and allow for correlations 

to be made between irnnu,e parameters and other more ecologically relevant endpoints 

such as, reproductive success, and mortality. Mesocosm studies have recently been 

used to establish a Ink between TBTO contaminated water/sediment, liver tumor 

occurrence, and a lymphocystis viral infection in flounder (Platichthys flesus). 
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Table 1.3: Advantages and limitations of simulated microcosm field studies (Adapted from 
Graney et al., 1995). 

Advantages 

The test system contains 
a functional ecosystem 

Can monitor test system 
overtime 

Concentratio~response 
relationships can be established 

Can replicate treatment groups 

More realistic environmental 
conditions 

Effects on multiple spades 
can be monitored simultaneously 

Species interactions can be 
investigated 

Limitations 

Difficult to establish a realistic 
fish community with predator 
prey relationships 

High cost to design and maintain 

Divergence of the replicated 
system occurs with time 

Scaling factors must be carefully 
considered 
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1.3 CONCLUSIONS 

A great deal of progress has been made in the field of immunotoxicology over the last 

two decades. Same of the lesions learned fr0m manvnalian immunotoxicological studies 

are also likely applicable to fish research (i.e. it is most likely that several sensitive 

imrru1e assays are adequate for identifying hazardous chemicals). Currently, there 

exists a number of established immune assays for evaluating fish immune function which 

can be used to identify hazardous chemicals. These assays can also be used as 

assessment endpoints in risk assessment, provided a relationship with increased 

disease susceptibility is established using laboratory-based HR studies. Microcosm 

studies may provide an opportunity to combine immLl'18 assessment endpoints under 

more realistic conditions to predict effects at the population and community levels, and 

establish relationships with other more ecologically relevant assessment endpoints. 
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CHAPTER2 

CHARACTERIZING THE IMMUNOTOXICITY OF CREOSOTE TO RAINBOW TROUT 
(Oncorhynchua myk/sa): A MICROCOSM STUDY 

2.1 ABSTRACT 

Several immune parameters were evaluated in rainbow trout ( Oncorhynchus mykiss) 

after they had been exposed for 28 days in microcosms dosed initially with liquid 

creosote concentrations of 0, 5, 9, 17, 31, 56 and 100 uUI. The most noticeable changes 

were concentration-dependent reductions in pronephros leukocyte oxidative burst and 

the number of slg• peripheral blood leukocytes. Plasma lysozyme levels were reduced, 

while pronephros leukocyte phagocytic activity was enhanced marginally across 

creosote concentrations. Blastogenesis in response to lipopolysaccharide (LPS) was 

slightly impaired in head kidney leukocyte cuHures prepared from creosote-exposed fish, 

whereas blastogenesis in response to phytohaemagglutinin (PHA) and concanavalin A 

(ConA) was unaffected. Overall the results suggest that creosote has the potential to 

alter some innate immune functions in rainbow trout. Polycyclic aromatic hydrocarbons 

(PAHs), a major constituent of liquid creosote, are the suspected immune altering 

agents. The LOEC or the immune responses measured in this study was 17 uUI using 

nominal creosote concentrations, representing a total PAH concentration of 611.63 ng/I 

in the water. 

Key words: polycyclic aromatic hydrocarbons (PAHs); (Oncorhynchus mykiss); 

immunotoxicity; microcosm 
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2.2 IN1RODUC110N 

Numerous laboratory and field studies have provided evidence of altered irnrru1e 

function in fish exposed to PAHs in water and contaminated sediment ( Weeks and 

Warriner, 1986; Payne and Fancey, 1989; Secombes et al., 1991; Faisal and Huggett, 

1993; Arkoosh et al., 1994; Lemair•Gony et al., 1995; Arkoosh et al., 1996. PAH­

mediatad alteration of the immu'le system is suspected of predisposing fish to clinical 

diseases (Dunier and Siwicki, 1993). This hypothesis has been based largely on indirect 

evidence, including the increased occurrence of skin lesions, fin erosion and neoplasia in 

fish at PAH contaminated sites (Weeks and Warriner, 1986; Dunier and Siwicki, 1993). 

Concentration-response relationships have not, however, been clearly demonstrated. n 

order for immunotoxicology to be incorporated into a risk assessment process, 

concentration-response relationships for invnunological endpoints (ECs, and LOEC) must 

first be established. Once established, the ecological relevance of these relationships 

can be explored by linking them to responses at higher levels of biological organization. 

In recent years researchers have recognized the limitations of conducting laboratory 

toxicity tests for the extrapolation of effeds at higher levels of biological organization. 

Microcosm exposure studies are being used to generate ecosystem response data in 

aquatic risk assessment because they can potentially bridge the gap between laboratory 

and full-scale field studies. Toxicological endpoints can be generated under more 

realistic conditions (Thompson et al., 1993), and an opportunity is provided to study 

stressor effeds at entire population and community levels which are not seen in single­

species laboratory studies (Uber et al., 1992). 

In this study, the immunotoxidty of creosote to rainbow trout (Oncorhynchus mykiss) 

was studied in outdoor microcosms treated with liql.id creosote. lmm.n parameters 

including, pronephros leukocyte mitogenic response, phagocytic activity and oxidative 

burst, and peripheral blood surface immunoglobulin-positive B cell counts and lysozyme 

activity were monitored in fish after 28 d of exposure in creosote treated microcosms. 
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Phagocytic and B lymphocyte cells are known to play a key role in regulating teleost 

irmuie response through phagocytosis/endocytosis, antigen processing and 

presentation, and the secretion of cytokines (Verburg-van Kemenade et al., 1995). B 

lymphocytes also differentiate into plasma cells, the mar, effector cells in humoral 

defense. Lysozyme may act as an opsonin for phagocytic activity, and has been shown 

to specifically cleave peptidoglycans forming the cell wall of gram positive bacteria, 

resulting in osmolysis (Elis, 1990). Liquid creosote, a coal tar distillate, is used mainly as 

a wood preservative for railway ties and marine pilings. Although it is a complex mixture 

of over 300 compounds, seventeen polycyclic aromatic hydrocarbons (PAHs) account 

for 83% of its volume (CEPA, 1994), making it a suitable candidate for PAH mixture 

studies. 
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2.3 MATERIALS AND METHODS 

A. Microcosm 

Seven outdoor microcosms were constructed of steel and lined with a PVC liner with 

a depth of 1.05m and a surface area of 11.95 rrf' . Gravel was back filled around the 

microcosms to help moderate temperature ftuduations. Sifted sediment was added to the 

microcosms in plastic trays to provide 50% coverage of the floor. The microcosms were 

filled with 12,000 I of water from a well-fed irrigation pond and circulated for 3-4 wk prior 

to dosing to achieve homogeneity. The microcosms were dosed with liquid creosote by 

sub-surface injection into a stream of water being pumped at a rate of 1,360 1/h such that 

the initial creosote concentrations were 0, 5, 9, 17, 31, 56 and 100 utll. Dosing of the 

miaoc:osms was based on a series of graded creosote doses with no replication, 

commonly referred to as a regression approach. Uber et al. (1992) and Thompson et al. 

(1993) have discussed the advantages and disadvantages of this experimental design. 

The microcosms remained static throughout the duration of the study, and were exposed 

to natural sunlight and precipitation. Fish were not added to the microcosms Ll'ltil 103 d 

post dosing (October 14) to ensure sublethal exposure, steady state conditions, and an 

optimal temperature profile for rainbow trout The photoperioct for the duration of the 

rainbow trout study was determined by ambient light which had a light: dark cycle of 

10:14 h. 

B. Experiment 

Female rairbow trcu (s100 g) were obtaned in ear~ Octd>er from Rairbow Sprngs 

Hatchery, Thanasford, ON. The fish were accinated for two wk in the i'l'Qation pond at 

the rric10eosm site prier to exposure. Fish (n= 120) were weighed, tagged and allocated 

to ach of the seven microcosms on days 103 to 108 after creosote dosing. A total of 

15 fish were exposed at ach creosote concentration. In the control microcosm, the 

sample size was dou:>led in order to better charaderize natural population variability. 

Initiation of exposure was staggered by adding a new cage containing three fish to each 
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concentration on each of the first 5 d of the study. The cages were constructed from 

nylai netting supported by ciraJlar plastic tubhg (inernal diarreter 40 cm, len~ 800an, 

mesh size 1.5 cm). Fish were fed comrercial trolt chow at a ratbn of 2 o/o body w eig,t/d. 

Terrp,rature, pH, dis saved oxygen, alkainity, and water hardiess profiles were routnely 

monlored durhg the acclnlltion perbd and thrC1Jghout the duraion of the stuct,. After the 

28 d exposure, one cage was removed from each microcosm, two from the control 

group. The distance among cages within each microcosm appeared sufficient to prevent 

stress to the remaining caged fish during this process. Fish were immediately 

anaesthetized with methane tricainesulfonate (MS-222), weighed and sampled for 

peripheral blood from the caudal vein using heparinized vacutainers. 

C. Preparation of pronsphros and peripheral bloaJ leukocyte suspensions 

Peripheral blood was centrifuged at 200 X g for 10 mi, at 4°C. Aliquots of plasma 

were frozen at -20°C for lysozyme analysis. The leukocyte buffy coat was colleded, 

diluted to 7 m with e;i-• and M,j-• free HBSS (10 U heparin/ml, pH 7.4), and centrifuged 

through 3 m of Histopaque-1077 (d=1.077, Sis,na Chemical Company, St Louis, MO, 

U .S.A) at 400 g for 30 min at 9°C. Leukocytes were collected at the interface, washed 

three times with HBSS, and resuspended in NaHCO.. free RAM 1640 mecium + 25 t.M 

tEFES + L-glutamine (pH 7.4, Gibco, Burlington, ON, Canada) supplemented with 10 o/o 

fetal calf serum (Gibco), 50 Ulml penicillin, and 50 u;lrnl streptomycin (Gibco). Total 

leukocyte count and viability was determined by trypan blue exclusion. 

Single cell suspensions of pronephros leukocytes were prepared by pressing tissue 

through a 100 &m stainless steel mesh with the flat end of a syringe plunger over a 

plastic petri disk containing chilled e;i-• and M,f-+ free HBSS (10 U heparin/ml, pH 7.4). 

Pronephros leukocytes were prepared in a similar manner to peripheral blood leukocytes. 

D. Pronephros leukocyte oxidative burst 

The oxidative burst assay was conduded according to Brousseau et al. (1999) using 

a Cedar EPICS XL-MCL flow cytometer. Cel suspensions were adjusted to 10' ceUs/ml 
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in 2 ml of PBS supplemented with 0.5% (w/v) glucose. Leukocytes are incubated with 4 

c.M of 2',T-dichlorofluorescin diacetate (DCFH-DA) (Molecular Probes Inc., Eugene, OR, 

U.S.A) for 15 min in the dark at 18°C. DCFH-DA is incorporated into the hydrophobic lipid 

regions of the cell. Phorbol myristate acetate (PMA) (Molecular Probes Inc., Eugene, OR, 

U.S.A) was added at a final concentration of 100 ng/ml to a 1 ml aliquot of each sample to 

activate the cells. The release of hydrogen peroxide (H2~ within the cells oxidizes 

DCFH to 2', 7'-dichlorofluorescin (DCF) which fluoresces at 530 nm. The net fluorescence 

(NF.,) is proportional to the net amount of H2~ generated over a given time (60 min). Net 

fluorescence values were normalized across days by expressing them as a percent of 

the control mean for each day. 

Two distinct leukocyte populations exhibiting oxidative burst were detected from 

pronephros tissue samples using flow cytometry. In order to derive the net fluorescence 

intensity, a gate was drawn around the larger more granular cells which represented the 

major leukocyte population. This population was assumed to be representative of the 

residing macrophage population within the pronephros as they are the most predominant 

phagocytic leukocyte population (Manning, 1994). 

E. Pronephros leukocyte phagocytosis 

Leulocyte pha9>Cytic activity was ass&1ed by flow cytanetry accading to Brousseau 

et al. (1999) usir11 fluaescent latac beads (1.m uM diarreter, Molecular R'obes). Cel 

suspensions were adjusted to 108 cells/rn in 1 rn Leibovitz L-15 culllre medi.lm (GBX>) 

and inclbated for 30 nin at 18°C. Negaive conrols were inclbated in PBS with 1 % 

parafornaldehyde. Leulc>cyte suspensions were inclbated with 10' beads for 18 h at 

20°C. 1he cells were then centifuged for 5 rrin at 100 X g thra.igh a gradent nixtlre of 3 % 

bovhe serun alburm (GECO) and RFM 1640 rnedi.lm and resuspended in 500 ul lsotlow 

soUion (c.outer Corp., Hialeah, FL. U.SA.). For each leucocyte preparaior\ 10,000 eels 

w era anayzed. 1he nunber of eels w ih three or m>re beats was recorded, and defined 

the propatia'I of phagocytic eels. A nota also was rrada of the mea, flu,rescence in the 
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phagocytic poJ11lalon, w heh was a measure of total beat uptake and an ildcaton of the 

phagocytic actvity of the phagocytic eels. The two sets of data were used to cacuate a 

phagocytic ildex (0. This was the pen:entage of phagocytic eels rn.ilipled by the mea, total 

fmescence il the phagocytic eels. Valles were normal2ed across days by exp-essing 

than as a pen:ent of the conrol mea, for each day. 

F. Pronephros lymphocyte proliferation 

The lymphocyte proliferation assay was conduded according to Brousseau et al. 

(1999). Aliquots of 5 X 10' cells in 100 ul of RFM mediUT1 supplemented with 4o/o FCS + 

50 Uhnl penicillin, and 50 lO'ml streptomycin were added in triplicate to a 96 well culture 

plate for each mitogen. The cells were then incubated for 72 hat 18°C with 100 ul of the 

mitogens: lipopolysaccharide (LPS), concanavalin A (Con A), phytohaemagglutirin (PHA) 

or RFM 1640 mecium as a control. Final mitogen concentrations were 100, 10, and 5 

'G'ffll respedively. [3H~thymidine (ICN Biornedicals, St-Laurent, QU, Canada) at 0.5 I.Ci 

was added to each well and incubated for 18 h. The plates were then frozen at -20°C 

until the end of the experiment. Cell harvesting involved thawing the plates, and collecting 

the cells onto a glass microfiber filter using a 1295-001 LKB wa11ac cell harvester. 

Radioactivity was measured on a 1205 LKB Wallec betaplate Uqud scintillation counter 

and expressed as counts/min (CAA). For each fish, the mean incorporation by mi~ 

treated cultures as CFM was compared to the spontaneous mean incorporation by non­

stimulated cultures. Wien the incorporation was significantly higher in mitog~treated 

cultures as judged by T test (p<0.05), the fish was reported as responding to the 

mitogen. For those cultures that responded to the mifDgen, the mean incorporation was 

divided by the incorporation mean for the non-stimulated cultures to give a stimulation 

index. Wien al fish were considered, the incorporation mean by the control cultures 

was 235 CFM :I: 141(n=65) with a range from 67 CFM to 541 CAA. The mean 

incorporation was not significantly different between control (non-mitogen treated) 

cultures from fish exposed and not exposed to creosote. As well, for further statistical 
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analysis (see below), the change in CFM (mean incorporation for the control cultures 

subtracted from the incorporation mean of the responding mitog~treated cultures) was 

normalized across days by expressing the change in CFM as a percent of the daily 

control mean change in CPM. 

G. Peripheral blood surface immunoglobulin-positive (s/g•) leukocyte marking 

The nwnber of surface immunoglobulin-positive (slg1 leukocytes was determined by 

flow cytometry according to Ounier et al., 1994. Leukocytes at 10' cells/ml were 

incubated with 100 IJI of supematant from hybridoma culture 1-14 (1:100), a known B cell 

marker, of De Luca et al. (1983) (Courtesy of N.W. Miller) or 100 u RFM 1640 in 1 ml of 

RPMI 1640 medium for 45 min on ice. Cells were then washed three times, and incubated 

with 300 IJI of goat-anti-mouse FITC (1:100, GIBCO) in 1 rn RPM 1640 mediLm for 30 min 

in the dark on ice. After three washings the percent of surface immunoglobulin-positive 

(slg•) leukocytes was detennined using flow cytometry. The percentage of s1g• 

leukocytes was normalized across days by expressing the values as a percent of the 

control mean for each day. 

H. Plasma lysozyme activity 

Plasma lysozyme activity was measured according to Marc et al. (1995) with slight 

modifications. The assay measures a lysozyme-induced decrease in the optical density 

of a 1.25 mg/ml (Micrococcus /ysideikticus) (Sigma) PBS (pH 7.5) suspension at 410 rm 

Optical densities were measured over a 10 mn incubation period with 10 cA of fish 

plasma using a Microplate EL311 autoreader. A standard curve was made with 

lyophifized hen egg white lysozyme (Sigma). The results were expressed as cqml 

equivalent of hen egg white lysozyme activity. 
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I. Plasma cortisol analysis 

Concentrations of cortisol in plasma were determined with a commercial 

racioimmu,oassay kit OCN Biomedicals, Costa Mesa, CA, USA, 07-221102). The 

charaderistics of the assay were previously described by Hontela et al. (1995). 

J. PAH analysis 

Grab samples (11) were taken from each microcosm on 114 d and preserved with 80 

gA soc:ium thiosulphate. PAH analytes were liquid extraded into HPlC grade methylene 

chloride and dried with an excess of anhydrous sodium sulphate (Sigma). Samples were 

concentrated under vacuum and resuspended in 2 ml of HPLC grade iso-odane. 

Samples were spiked with an internal standard (bromonapthalene) to determine the 

efficiency of recovery. PAH concentrations were determined with a Varian 3400 gas 

chromatograph equipped with a Varian Satum I ion trap mass spedrometer. Samples 

were injected onto a 30 m X 0.25 mm SPB-5 column with a stationary phase thickness of 

0.25 can at 300 °C under splitless conditions. The transfer line and manifold temperatures 

were held constant at 260 and 250 °C respedively. PAHs were mass scanned at 45-

550 rn/z. 

Water and sediment total PAH concentrations up to 84 d were generously provided by 

Bestari et al. (1998). All results were expressed using creosote nominal concentrations, 

and total PAH concentrations in the water and sediment as dose surrogates. Sediment 

total PAH concentrations are presented as the geometric mea, of measured PAH 

concentrations on 28, 56, and 84 d of the microcosm study to represent sediment steady 

state concentrations. 

K. Statistical analysis 

An analysis of variance (ANOVA) using a general linear model followed by regression 

analysis was used to analyse the data (SYSTAT 5.0). Dunnett's test for comparisons 

was used to detect significant differences across concentrations and to derive the 

lowest-observed-effect (LOEC) and no-observed-effect (NOEC) concentration 
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endpoints. All data were tested for compliance to the assumptions of normality and 

variance homogeneity. Data sets, which violated these assumptions, were transformed 

using a log or square root transformation. Significance was determined at p~0.05. 
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2.4 RESULTS 

A. Water chemistry and physical profiles 

The mean temperature, dissolved oxygen, pH, hardness and alkalinity for the irrigation 

pond during the 2 wk acclimation period were: 14 °C, 12 1191, 8.6, 223 ffl91 and 110 ffl91, 

respectively. A temperature decrease of 10 °C was observed over the duration of the 

28 d study (Figure 2.1A), and an increase in dissolved oxygen corresponded with the 

temperature profile (Figure 2.18). The pH in F"igure 2.1C remained constant at 8.0 :.!: 0.4 

(mean.± SD). Water hardness and alkalinity were 226 :!: 21 fflG'I CaCO.. (mean:.!: SD) and 

125 :.!: 17 ffl9'1 (mean:.!: SD) respectively. Nitrate and nitrite levels were all less than the 

detection limits of 0.1 and 0.08 mg/I. 

Total PAH concentrations in the water and sediment total PAH concentrations up to 84 

d after the addition of creosote are illustrated in Figures 2.2A and 2.28, respectively. 

Total PAH concentrations were not corrected for the 80% extraction recovery. Wiile 

numerous PAHs were detected in the water and sediment phases, ftuorene, anthracene, 

fluoranthrene, and pyrene were the only water borne PAHs to exhibit significant 

curvilinear relationships with the nominal creosote concentrations on 114 d (Table 2.1, 

Figure 2.3). 
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Figure 2.1: Temperature (A), dissolved oxygen (8), and pH (C) profiles for the 
control aid creosote-treated microcosms during the 28 d study. 
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well). 



Table 2.1: PAH concentrations for control and creosote-treated microcosms on day 15 of the rainbow trout 
study,• 

Creosote (u 1,1) 
PAH{!!d 1 5 9 17 31 58 100 

Fluorene • 12.80 23.10 47.20 81.30 81.80 73.80 430.10 
Phenanthrene 25.10 38.50 54.90 42.40 79.00 45.80 59.40 
Anthracene • 24.20 38.80 35.80 40.80 75.50 53.80 58.40 
Fluoranthrene • 23.30 87.80 48.10 83.90 291.40 2159.20 5078.40 
Pyrene• 17.10 59.90 39.50 53.20 420.50 1307.90 4122.20 
Benzo(a)anthracene nd 137.00 25.02 88.42 505.82 105.85 170.69 
Chrysene nd nd nd nd 182.40 87.28 348.90 
Benzo(b)fluoranthene nd 36.82 63.52 105.57 807.45 120.20 179.72 
Benzo(k)ftuoranthene nd 89.91 87.37 110.98 839.05 122.90 188.74 
Benzo(a)pyrene nd 53.09 nd nd 178.20 13.46 49.83 
lndo(1,2,3-c:d)pyrene nd 78.21 nd 25.26 89.54 25.12 nd 
Total detectable PAHs 102.30 818.93 381.21 811.83 3130.28 4095.11 10682.18 

• Significant Nnear relationship wilh nominal creosote concentrations (p~0.01) 
•Naphthalene, acenapthene, dlbenzo(a,h)anthracene, and benzo(g,h,l)perylene were not detected In the water 
(nd)• not detected 

F ratio 

28.70 

15.41 
21.70 
23.35 

w 
0D 
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B. Weight change and mortality 

Rainbow trout in the 56 ulll concentration gained less weight than control fish, although, 

the difference across concentrations was not statistically significant (Figure 2.4). Liver 

weights increased slightly in the 31 and 56 ufil concentrations but were also not 

significant Increased liver weights combined with reduced weight gain led to an overall 

increase in the liver to body weight ratio (Figure 2.5). A significant linear relationship 

was observed using creosote nominal (y= 0.40+3.201ogx), F-ratio=7.83, p<0.01, 

R2=0.11), water total PAH (y= 0.55+0.16logx), F-ratio=10.29, p<0.01, R2=0.14), and 

sediment total PAH concentrations (y= 0.88+0.12Iogx), F-ratio=7.54, p<0.01, R2=0.11). 
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Figure 2.4: Rainbo.v trout mean weight gai'I (with 95% confidence intervals) with 
respect to nominal creosote concentrations (A), total PAH concentrations in the 
water (B), and sediment (C) during the 28 d microcosm study. Sediment 
concentrations are presented as the geometric mean of measured PAH 
concentrations on 28, 56, and 84 d of the microcosm study. Sample size is 
indicated as (n). 
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Figure 2.5: Liver to body weight ratio of individual fish exposed to creosote during 
the 28 d microcosm study. Dose surrogates incl.Ide nominal creosote 
concentrations (A), and total PAH concentrations in the water (B), and sediment 
(C). Sediment concentrations are presented as the geometric mean of measured 
PAH concentrations on 28, 56, and 84 d of the microcosm study. Results are 
expressed as mean liver to body weight ratio with 95% confidence interval 
Means with significart differences from the control mean {p<0.05) are ndicated by 
•. Sample size is i"ldicated as (n). 
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The LOEC was 31 ulll using nominal creosote concentrations, representing a total PAH 

concentration of 3130.26 ng/1 in the water. Others observed an increase in EROD activity 

(Whyte, 1998) and PAH bile metabolites (Lewis, 1997) in the fish from the creosote 

microcosms, which indicates that the fish took up and metabolized PAHs during the 28 

day exposure. Fish mortality occurred, but except for the highest creosote 

concentration (100 ul/l), this showed no relationship to the nominal creosote dose. At 

100 ul/1, all fish died within the first 3 d of exposure. However, at 0, 5, 9, 17, 31 and 56 

ull1 creosote, percent mortalities of 23, 13, 40, 40, 27, and 47 were seen over the 28 

days of exposure. Mortalities in the controt group, and a substantial amount of the 

treatment losses, appeared to be due to fish becoming entangled in the mesh cages. 

C. Oxidative burst 

Creosote exposure significantly reduced leukocyte oxidative burst in a concentration­

response dependent fashion (Figure 2.6A-C). This concentration-response relationship 

followed a significant linear response using creosote nominal (logy= log (2.82-0.42x), F­

ratio=29.37, p<0.01, R2=0.32), water total PAH (log y= log (2.2~0.48x), F-ratio=27.74, 

p<0.01, R2=0.31), and sediment total PAH concentrations (log y= log (1.98-0.36x), F­

ratio=31.64, p<0.01, R2=0.33). The LOEC was 17 LAIi using nominal creosote 

concentrations, representing a total PAH concentration of 611.63 ng/1 in the water. 
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Figure 2.6: Oxidative burst of pronephros leukocytes from rainboN trout exposed in 
vivo to liqlid creosote for 28 d. Dose surrogates include nominal creosote 
concentrations (A), and total PAH concentrations in the water (B), and sediment (C). 
Sediment concentrations are presented as the geometric mean of measured PAH 
concentrations on 28, 56, and 84 d of the microcosm study. The net fluorescence for 
each fish was normalized as a percent of the daily control mean net fluorescence. 
Results are expressed as mean percent net fluorescence with 95% confidence 
interval. Means with signficant differences from the control mean (p<0.05) are 
indicated by •. Sample size is indicated as (n). 
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D. Phagocytosis 

The phagocytic activity of head kidney leukocytes was influenced by creosote 

exposure, but the extent depended on the phagocytic parameter under consideration. 

The number of beads engulfed by phagocytic cetls, as measured by the total mean 

fluorescence, appeared to be slightly stimulated by creosote exposure; however, this 

response could not be statistically validated. A significant stimulatory trend was 

determined for the percent of phagocytic cells actively engulfing beads across creosote 

concentrations. Wile no one concentration was different from the control group, a 

significant linear relationship was observed across nominal creosote concentrations ✓ y= 

log (9.61+0.93x), F-ratio=4.53, p--0.03, R2=0.07 and sediment total PAH concentrations ✓ 

y= log(10.17+0.69x), F-ratio 4.45, p=0.04, R2=0.07. Finally, the phagocytic index, which 

included both of the above values, increased significantly across creosote 

concentrations compared to control values (Figure 2. 7 A-C). This response also followed 

a significant linear relationship using creosote nominal (log y= log(1.91+0.12x), F­

ratio=10.42, p<0.01, R2=o.12), water total PAH (log y= log(1.84+0.08x), F-ratio=4.92, 

p=0.03, R2=0.07), and sediment total PAH concentrations (log y= log (2.00+0.08x), F­

ratio=7.03, p=0.01, R2=o.10). The LOEC was 17 uin using nominal creosote 

concentrations. The phagocytic index was, however, not significantly stimulated at 31 

ul/l concentration. 
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Figure 2. 7: Phagocyte index of pronephros leukocytes tom rainbow trout exposed in vivo 
to liquid creosote for 28 d. Dose surrogates include nominal creosote concentrations (A), 
and total PAH conceraations in the water (B), and sediment (C). Sediment concentrations 
are presented as the geometric mean of measured PAH concentrations on 28, 58, and 84 
d of the microcDsm study. The phagocytic index l>r each lsh was normalized as a percent 
of the daily control mean phagocyte index. Results are expressed as mean percent net 
ftuorescance with 95% conldence interval. Means with significant differences from the 
control mean (p<0.05) are indcated t,J •. Sample size is indicatac:t as (n). 
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E. Lymphocyte proliferation 

Exposure of fish to creosote for 28 days had only a slight effect on the ability of 

their head kidney lymphocytes to undergo blastogenesis in vitro. In the control group 

(n=20), the percentages of fish responding positively to ConA, PHA, and LPS were 90, 

90 and 95 % respectively. For all the creosote exposed fish (n=45), the percentages of 

fish responding positively to ConA, PHA, and LPS were 82, 96 and 96 %, respectively. 

The magnitude of the rnitogen stimulation index varied widely between fish, with a range 

from 2 to 24 fold for the control group and 2 to 20 fold for the creosote-exposed fish. 

W'len the incorporation of [H3]-thymidine into DNA was normalized as a percent of the 

control change in CAA, the results were not statistically different across creosote 

concentrations for ConA and PHA treated cultures, but were for LPS. The responses to 

LPS showed a linear relationship with creosote nominal (log y= log (2.12-0.31x), F­

ratio=17.06, p<0.01, R2=0.23), water total PAH (log y= log (2.47-0.27x), F-ratio=16.04, 

p<0.01, R2=.22), and sediment PAH concentrations (log y= log (1.93-0.23x), F­

ratio=17.02, p<0.01, R2=0.23) (Figure 2.8A-C). The reduction in incorporation was only 

significant at the 56 ulll creosote concentration. 
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Figure 2.8: Blastogenic response of proneptl'os leukocytes from rainbow trout exposed in vivo 
to liquid creosote for 28 d. Dose surrogates include nominal creosote concentrations (A), and 
total PAH concenntions in the water (B), and sediment (C). Sediment concentrations are 
presented as the geometric mean of measured PAH conceraations on 28, 56, and 84 d of the 
microcosm study. Blastogeric activity (change in CPM) for each fish was normalized as a 
percent of the daily control mean change in CPM. Results are expressed as mean percent 
mitogenic response with 95% confidence interval. Means with significart differences from the 
control mean (p<0.05) are inclcated t,J *. Sample size is indicated as (n). 
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F. Sig• leukocyte marking 

Peripheral blood Sig• leukocyte counts were reduced in fish exposed to creosote 

compared to the control fish (Figure 2.9 A-C). This response showed a linear response 

using aeosote nominal concentrations (✓y=log (10.75-2.52x), F-ratio= 16.39, p<0.01, R2= 

0.25), water total PAH concentrations (✓y= log(13.66-2.20x), F-ratio=15.17, p<0.01, 

R2=0.24), and sediment total PAH concentrations (✓y= log (9.2S-1.96x), F-ratio=18.34, 

p<0.01, R2=0.27). The LOEC for reduced percent slg• leukocyte was 17 cA/1. Although 

the percent of s1g• leukocytes at the 5 and 31 cA/1 concentrations was reduced, the 

• 
response was not statistically significant. 

G. Plasma /ysozyme activity 

Plasma lysozyme concentrations were reduced across creosote concentrations 

(Figura 2.1 OA-C). The control mean lysozyme concentration ± SE was 2.0 ± 0.2 &qml. 

Lysozyme concentrations were significantly reduced at the 5 and 56 w1 creosote 

concentrations showing a linear relationship using creosote nominal concentrations 

(y=1.73-0.41x, F-ratio=9.19, p<0.02, R2=0.12), total PAH concentrations (y=2.25-0.37x, F­

ratio=11.06, p<0.02, R2=0.14), and sediment PAH concentrations (y=1.55-0.26x, F­

ratio=14.39, p<0.01, R2=0.16). 

H. Plasma cortisol levels 

Plasma cortisol levels were not significantly different across creosote concentrations. 

For all of the fish sampled during the study, the overall mean plasma cortisol 

concentration was 2.04 ngtml :1:1.95 (meantSO), which is in the range a,mmonly found 

for resting rainbow trout (VVoodward and Strange, 1987). 
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Figure 2.9: Percent of Sig+ peripheral blood lymphocytes from rainbow trout exposed in 
vivo to liquid creosote for 28 d. Dose surrogates indude nominal creosote concenntions 
(A), and total PAH concentrations in the water (B), and sediment (C). Sediment 
concenntions are presented as the geometric mean of measured PAH concentrations on 
28, 58, and 84 d of the microcosm study. Sig+ counts for each fish were normalized as a 
percent d the daily control mean count. Results are expressed as mea, percent cou,t with 
95% conldence interval. Means with significant differences frcm the control mean (p<0.05) 
are indicated by•. Sample size is indicated as (n). 



A. 
3 

(20) * * 

1 10 100 
Nominal creosote concentration ( utn) 

3 

2 

1 

* 

f t 
1000 10000 

Total PAHs in water (ngJI) 

1 10 100 
Total PAHs in sediment ( ug/kg) 

50 

Figure 2.10: Lysozyme in plasma from rainbow trout exposed to liquid creosote for 28 d. Dose 
surrogates include nominal creosote concentrations (A), and total PAH concentraions in the 
water (B), and sediment (C). Sediment concervations are presented as the geometric mean of 
measured PAH concentraions on 28, 56, and 84 d of the microcosm study. Results are 
expressed as mean ug/ml equivalents of hen egg white lysozyme with 95% confidence interval. 
Means with significant differences from the control mean (p<0.05) are indicated by•. Sample 
size is indicated as (n). 
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2.5 DISCUSSION 

In this study, immunological techniques were successfully incorporated into a 

creosote exposure study in order to characterize immunotoxicity to rainbow trout 

Suppression of pronephros leukocyte oxidative burst, as measured by intracellular H2~ 

levels, proved to be a sensitive indicator of exposure to liquid creosote. A 

concentration-response relationship was evident in the mesocosms after 28 d of 

exposure using nominal creosote, water total PAH and sediment total PAH 

concentrations. The LOEC was shown to be 17 &NI using nominal creosote 

concentrations, representing 811.63 ng/1 total PAHs in water. 

Reduced pronephros leukocyte oxidative burst: as measured by the reduction of 

ferricytochrome c, has also been reported in dab (Umanda limanda ) exposed to 

sewage sludge containing PAH and hydrocarbon contaminants (Secombes et al., 1997). 

Splenic macrophage oxidative burst in European sea bass (Dicentrarchus labrax) was 

also reduced 14 h after benzo(a)pyrene i'lection; however, pronephros macrophage 

oxidative burst was stimulated (Lemair•Gony et al., 1995). It was suggested that 

benzo(a)pyrene oxyradical metabolites may have accounted for the increased H2~ in 

pronephros macrophages, since the rate of benzo(a)pyrene metabolism was higher in 

pronephros than in splenic macrophages the day after injection. Exposure duration may 

also account for the stimulated oxidative burst seen in the pronephros macrophages in 

this study. One should also note that different techniques used to measure respiratory 

burst must be taken into consideration when comparing studies. Intracellular H2~ 

concentrations measured in our work, for example, do not necessarily parallel 

extracellular H2O2 concentrations (Ward, 1992). 

Pronephros leukocyte phagocytic activity was also modulated by creosote exposure. 

A concentration-dependent increase in the phagocytic index was observed across 

miaocosms, with mean values reaching a LOEC around the 17 uUI nominal creosote 

concentration, representing 811.63 ngll total PAHs in water. The increased phagocytic 
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index is largely due to an increase in the percentage of phagocytic cells rather than 

enhanced phagocytic activity. The •increase in the percent phagocytic cells in the head 

kidney could have been due to an inaease in the number of phagocytic cells, a decrease 

in other cell types, or a combination of both. Weeks and Warriner (1986) reported 

suppressed pronephros phagocytic activity in spot (Leiostomus xanthurus) and 

hogchoker (Trinectes maculatus) exposed to Elizabeth River sediments which were 

shown to contain total PAH concentrations as high as 13,000 ug/g. Lemair&-Gony et al. 

(1995) also reported suppressed splenic macrophage phagocytic activity in European 

sea bass intraperitoneally dosed with 20 rngkg benzo(a}pyrene. Pronephros 

macrophage phagocytic activity appeared slightly enhanced in these fish, although the 

response was not statistically significant. Increased phagocytic activity has also been 

reported in American plaice (Hippoglossoides platessoides) exposed to sediments 

contaminated with PAHs, PCBs and PCOFs (Lacroix et al., 1997) and in rnammaia'1 

studies using OMBA (Dean et al., 1986). In the Dean et al. (1986) study, researchers 

suggested that resident intraperitoneal maaophages were activated by DMBA. 

Macrophages play a key role in regulating teleost imnu1e response through antigen 

presentation, phagocytosis, and the secretion of cytokines (Verburg-van Kemenade et 

al., 1995). PAH induced changes in maaophage function could contribute to an altered 

an immune response. This change may be sufficient to reduce host resistance to dinical 

disease (Dean et al., 1986). Blanton et al. (1988) reported that decreased IL-1 production 

by murine spleen macrophages exposed to benzo(a)pyrene resulted in reduced levels of 

IL-2 production by splenocytes. Ladies et al. (1992) reported that splenic macrophages 

were target sites of benzo(a)pyrene toxicity resulting in the suppression of splenic 

tl.lmoral immuiity. Increased amounts of benzo(a)pyrene metabolites were observed i'I 

splenic macrophages but not in neutrophils, T cells, or B cells. It is suspected that 

reactive benzo(a)pyrene metabolites produced by hepatocytes and macrophages may 

bind to nucleophilic target sites, impamg the ability of macrophages to respond to an 
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imm~cal challenge. Rainbow trout in this study did metabolize PAHs because bile 

PAH metabolites were elevated in fish from the creosote microcosms (Lewis, 1997). 

Therefore, the production of PAH metabolites may have contributed to the imml.l'18-altering 

effects of creosote by acting on macrophage function. 

The concentration-dependent reduction in the number of B lymphocytes in peripheral 

blood has several possible explanations. One possible cause is an impairment in B 

lymphocyte proliferation in the kidney,. as the response to LPS by pronephros 

lymphocytes from creosote-exposed fish was slightly reduced. Another possible 

explanation is a decrease in the ability of developing B lymphocytes to express surface 

immunoglobulin lgM. Thirdly, a deaease in the number of peripheral blood 8 lymphocytes 

could represent a shift in the leukocyte traffic, resulting from recruitment to other tissues. 

Namaware and Baker (1996) reported that stress-induced lymphocytopenia may be due 

to leukocyte trafficking, resulting from changes in the adhesive interaction between white 

blood cells and various tissue stromata. Finally, these possibilities may be operating i'I 

combination to reduce the number of peripheral B lymphocytes in fish from the creosote 

miaocosms. 

Creosote exposure appeared to have little effect on lymphocyte blastogenesis, as 

head kidney leukocyte cultures prepared from control and creosote-exposed fish 

responded similarty to PHA and Con A, while the response to LPS was only slightly 

impaired in cultures from creosote-treated fish. In studies by others on several different 

fish species, the effect of PAH exposure on lymphocyte blastogenesis has varied 

considerably. Spot pronephros lymphocyte proliferation i'I response to Con A was 

significantly inhibited at sites along the Elizabeth River containing high concentrations of 

benzo(a)pyrene (Faisal and Huggett, 1993). Inhibition of lymphocyte proliferation was 

reversed in benzo(a)pyrene and benzo(a)pyrene- 7,8 dihydrodiol exposed lymphocytes 

by a-naphthaflavone, a potent cytochrome P450 inhibitor, suggesting that 

invnunosuppression involved cytochrome P450 dependent metabolic pathways. On the 
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other hand, Faisal et al. (1991) reported pronephros lymphocyte proliferation in response 

to LPS was stimulated in spot exposed to Puget Sound PAH-ccntaminated sediments. 

These results are in contrast to the results with the English sole. Arkoosh et al. (1996) 

reported that, in response to Coo A, spleen leukocytes from English Sole at sites along 

the Elizabeth River showed increased proliferation, whereas the LPS induced 

proliferation of splenocytes from the English sole was not affected during laboratory 

exposure of the fish to Puget Sound PAH-ccntaminated sediments. From these results 

and the current study, the value of lymphocyte blastogenesis in assessing the risk of 

creosote exposure to the immune system of fish appears to be questionable. Part of the 

problem appears to be due to the variability associated with the lymphocyte mitogenic 

assay, which might be overcome in the future by improvements to the assay. As well, 

an effect on lymphocyte proliferation might be dependent a, route and duration of PAH 

exposure (Arkoosh et al., 1996). 

Plasma lysozyme activity was also suppressed after 28 d of exposure to creosote. A 

significant reduction at the 5 lA/1 concentration may be due to elevated levels of PAHs at 

this concentration. W1ile a concentration-response to creosote was evident, plasma 

lysozyme activity did not appear to be as sensitive to the toxic response as respiratory 

burst Lysozyme activity has been used previously in fish studies as an indicator of 

exposure to various organic pollutants. Secombes et al. (1991) reported that dab serum 

lysozyme levels were not affected by exposure to sewage sludge for 12 weeks; 

however, pronephros oxygen free radical production was reduced. More recently, 

Secombes et al. (1997) showed elevated lysozyme levels in plaice caught along a 

sewage sludge gradient In contrast, they found that dab exposed to oil-contaminated 

sediments for 2-4 weeks had decreased serum lysozyme activity. Tahir and Secombes 

(1995) also reported suppressed lysozyme levels after 6 weeks in rainbow trout injected 

with 0.6 ml,1(g oil-based mlling mud extract. An eight week tine trial using 2.4 ml,1(g of 

the same extract also appeared to reduce serum lysozyme levels. This trend, however, 
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was not statistically validated. Lysozyme has been shown to specifically cleave 

peptidoglycans forming the cell wall of gram positive baderia, resulting in osmolysis. I 

has also been suggested that lysozyme may also act as an opsonin for phagocytic 

activity (Ellis, 1990). The reduction in lysozyme levels observed in this creosote study, 

indicate that these fish may be at a higher risk of developing bacterial infections. 

Harper et al. (1996) reported that immunosuppression resulting from PAH exposure 

was primarily associated with compounds containing four or more benzene rings. 

Although the majority of the waterborne PAHs measured in this creosote study also 

contain four or more rings, only pyrene and ftuoranthene were shown to exhibit a 

significant linear relationship with nominal creosote concentrations using current 

detection limits. This may implicate them as the primary immunomodulating agents found i'I 

creosote. A net toxic response, however, may be due to the combined effects of al 

PAHs, as well as other chemicals, found in creosote. Water and sediment PAH 

concentrations indicated that the PAHs partitioned rapidly into the sediment and that the 

microcosms were at equilibrium prior to the rainbow trout study. This more accurately 

reflects an exposure scenario found in the natural environment than is typically seen in 

laboratory-based exposure studies. 

The physical profiles of the nicrocosm stuct/ also rrr:>delled realstic condtions that are 

gerwaly conroled for in labaatay-based studes. This is illustrated by the rapi:I declne in 

t8"1JBl'ature that was obsaved thrC1Jghout the stuctf and that is characteristic to nu:h of 

Canada in the fal Low envi'onmental te"1J9ratures are known to indu:e 

inmnosuppression in fish (Le Morvan-Rocher et al. 1995), and may have enhaiced the 

chafll&S in imLnological paraneters of fish exposed to crecsote COff'Plred to conrol fish. 

Moreover, Otthger and Kaalari (1997) repated that rairt>ow trw leulccytes were more 

sensitive to aflatoxi1 81 indu:ed imulosuppression at this time of year coff1Bred to 

studes that were condJcted durhg the sprhg. T9"1J8rature and phot>period are both 
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contoled in labaatory-based studes but are an integrated part of rricrocosm and fietf 

studes, and nay contribute to the overall toxi:ity of a coqx:,und( s ). 
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2.6 CONCLUSION 

Rainbow trout inmune parameters were modified by environmentally realistic 

concentrations of liquid creosote, with both stimulatory and suppressive effects being 

observed. Although some endpoints appeared more sensitive than others, 

concentration-response relationships were observed for pronephros leukocyte 

respiratory burst, phagocytic index, and lymphocyte proliferation to LPS, as well as for 

peripheral blood 8-cell marking and lysozyme activity. These correlations may be due to 

the complex integration of the immune system as a whole. Changes in one branch of the 

i'mule system are often accompanied by alterations in another (Tahir and Secombes, 

1995). Although the underlying mechanism(s) of action for PAH immunotoxicity are 

unclear to date, the results from this study clearly indicate that environmental 

concentrations of PAHs can impair fish immune parameters, possibly to a degree where 

resistance to disease is compromised. 
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CHAPTER3 

EFFECT OF CREOSOTE EXPOSURE TIME ON RAINBOW 1ROUT 
(Oncorhynchus myk/a) IMMUNE PARAMETERS: A MICROCOSM STUDY 

3.1 ABSTRACT 

An outdoor microcosm study was conducted to re-evaluate the immunotoxic effects 

of liquid creosote to rainbow trout (Oncorhynchus mykiss). During this study, two 

separate experiments were conducted. The first experiment was designed to monitor 

the kinetic effects of exposure to creosote; caged fish were sampled on days 7, 14, 21, 

and 28 from microcosms initially dosed with 0, 3, and 10 uf/1 creosote. A second 

experiment was designed to monitor immune parameters after 37 d of exposure in 

microcosms initially dosed with 0.3, 1, 3, 10, and 30 uf/1 creosote. Two replicate control 

microcosms were included in the 37 d exposure to evaluate variability across 

microcosms. Pronephros leukocytes were monitored in both experiments for phagocytic 

activity, oxidative burst, and surface immunoglobulin-positive (Sig•) B cell counts. 

Serum lysozyme activity was also measured for the 28 d kinetic experiment. During the 

kinetic study, oxidative burst was progressively inhibited in fish exposed to 3 and 10 uf/1 

creosote, returning to control levels by day 28. Phagocytic activity was initially 

stimulated after seven days of exposure, returning to control levels by day 28. Although 

control Sig• B cell counts were quite variable across sampling days, Sig• B cell counts 

were also elevated after seven days of exposure in creosote exposed fish. These cell 

numbers decreased significantly during the remainder of the study. Lysozyme activity 

appeared to be unaffected by creosote exposure. After the 37 d of exposure, oxidative 

burst was suppressed in creosote exposed fish; phagocytic activity was enhanced. No 

detectable change was observed for Sig• B cell counts. The overall resuHs confirm that 

creosote has the potential to alter certain measured immune parameters. Modulation of 

the measured immune parameters varied with the duration of exposure. Polycydic 
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aromatic hydrocarbons (PAHs), a major constituent of liquid creosote, are the suspected 

imrnun• altering agents. 

Key words: creosote, (Oncorhynchus mykiss); immunotoxicity; kinetics, microcosm 
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3.2 INlRODUCTION 

Previously, we reported that certain inmune parameters were affected in rainbow 

trout (Oncorhynchus mykiss) after 28 d of exposure in creosote-treated miaocosms. 

Liquid creosote, a coal tar distillate that has been used extensively as a wood 

preservative for railway ties and marine pilings, was used to treat the water in this study. 

Since seventeen polycyclic aromatic hydrocarbons (PAHs) account for 63% of the 

volume of liquid creosote (CEPA, 1994), it is likely that a nwnber of these compounds 

contribute to the immunornoc:Uating potency of liquid creosote. Evidence of altered 

imn'u19 function in fish exposed to PAHs in water and contaminated sediment is 

extensive (Weeks and Warriner, 1986; Payne and Fancey, 1989; Secombes et al., 1991; 

Arkoosh et al., 1994; Lemaire-Gony et al., 1995; Arkoosh et al., 1998). Faisal and Huggett 

(1993) reported suppressed lymphocyte proliferation in Spot (Leiostomus xanthurus) 

sampled from a site along the Elizabeth River, Virginia, having total sediment PAH 

concentrations as high as 570 mg/kg dry weight. It is speculated that e>:<posure to certain 

PAHs may predispose fish to clinical diseases (Weeks and Warriner, 1986; Dunier and 

Siwicki, 1993). 

The advantage of using microcosm studies to generate immU'IOtoxicological data is 

that they allow researchers to identify toxicological endpoints under more realistic 

conditions (Thompson et al., 1993). They also provide an opportunity to investigate 

stressor effects at the population and/or cammw,ity level which may not be apparent i'I 

single-species laboratory studies (Uber et al., 1992). To date, concentration-response 

and kinetic relationships have not been clearly demonstrated, and need to be explored i'I 

more detail in order for immunotoxic:01ogy to be incorporated into an environmental risk 

assessment process. Once established, the ecological relevance of these relationships 

can be explored by linking them to responses at higher levels of biological organization. 
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In this manuscript, a second microcosm study was conducted during the following 

year to re-evaluate the previously published immunotoxic effects of liquid creosote to the 

rainbow trout immLr'le system (Karrow et al., 1999). During this study, two separate 

experiments were conducted. The first experiment was designed to monitor the kinetics 

of certain fish immLr'le parameters during a 28 d creosote exposure by sampling caged 

fish from the microcosms on 7, 14, 21, and 28 d of the experiment. A second experiment 

was designed to monitor fish imrnuie parameters after 37 d of exposure in creosot• 

treated microcosms. Pronephros leukocytes were monitored in both experiments for 

phagocytic activity, oxidative burst, and surface immunoglobulin-positive (Sig•) B cell 

counts. Serum lysozyme activity was also measured during the kinetic study. 

Phagocytic cells and B lymphocytes are known to play a key role in regulating teleost 

irmu'le response through phagocytosis/endocytosis, antigen processing and 

presentation, and the secretion of various cytokines (Verburg-van Kemenade et al., 

1995). Phagocytic cells also exhibit oxidative burst, a process by which antibacterial 

oxygen radicals are produced. Following antigenic stimulation, B lymphocytes 

differentiate into plasma cells, the main effector cells in humoral defense. Lysozyme 

may act as an opsonin for phagocytic activity, and has been shown to specifically cleave 

peptidoglycans forming the cell wall of gram positive bacteria, resulting in osmolysis (Blis, 

1990). 
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A. Microcosm 
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Details of the microcosm construction are outlined ii Karrow et al. (1999). The 

microcosms were filled with 12 000 I of water from a well-fed irrigation pond and 

circulated for 21-28 d prior to dosing to achieve homogeneity. Dosing of the microcosms 

for the 28 d kinetic experiment was achieved by a series of 10 sub-surface injections, at 

four day intervals, into a stream of water such that the creosote nominal concentrations 

after the last injection were o, 3, and 10 un. Fish were not added to these microcosms 

until 80 d post dosing (October 10) to ensure sublethal exposure, steady state conditions, 

and an optimal temperature profile for rainbow trout (Fig 3.1A). 

Dosing of the microcosms for the 37 d experiment was achieved by a single sub­

surface injection into a stream of water, such that the initial creosote concentrations 

were 0.3, 1, 3, 10, and 30 cNI. Dosing of the microcosms was based on a series of 

graded creosote doses with no replication, mnrnonly referred to as a regression 

approach. Uber et al. (1992) and Thompson et al. (1993) have discussed the 

advantages and disadvantages of this experimental design. 'N1en compared to an 

ANOVA design, the regression approach offers both economic advantages, and the 

ability to interpolate within the range of concentrations. 

Two replicate controls were also included in the 37 d experiment to evaluate variability 

between microcosms. The microcosms remained static throughout the duration of the 

study, and were exposed to natural sunlight and precipitation. Fish were not added to 

these microcosms \RI 74 d post dosing {October 4) for the reasons described above 

(Fig. 3.18). Ambient light, with a photoperiod of approximately 10 h light 14 h dark was 

used throughout the study. 
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B. Experiment 

Female rairbow tro&.t {s100 g) w.ere obtaned in early Septerrber from Rairbow Spri'lgs 

Hatchery, TharTBsford, ON. The fish were acclmated for 14 d in the irr;ation pond at the 

nicrocosm site prier to exposure. Fish {n=120) for the 28 d kinetic experiment were 

allocated to each of the three miaocosms on day 80 after creosote dosing ceased. A 

total of 40 fish were exposed in each microcosm however, fish {n=10) were divided into 

four separate cages to facilitate sampling on 7, 14, 21 and 28 d {Fig. 3.1A). The floai'lg 

cages, measuring 60 cm long. 60 cm wide, and 60 cm deep, were constructed from nyla1 

netfng {mesh size 0.8 cm) supported by a wood frane. Al fish were fed cornrercial trou 

chow at a rati:>n of 2 % body w ev,t/d. On the respective sampling days, one cage was 

removed from each concentration, then replaced by a new cage of fish to ensure that 

the biomass remained constant within each microcosm throughout the duration of the 

study. The distance between cages within each microcosm was sufficient to prevent 

stress to the remaining caged fish during sampling. After removal, fish were immediately 

anaesthetized with methane tricainesulfonate (MS-222), weighed and sampled for 

peripheral blood from the caudal vein using non-heparinized vacutainers. A ft• bleeding, 

fish were euttanized by cervical disbcaton and dissected to obtan sa~s of pronephros 

tissue. The preparation of pronephros leulocyte suspensions and serun was previously 

repated by Karrow et al. (1999). Briefly, peripheral blood was centrifuged, and aliquots 

of serum were frozen at -20°C for lysozyme analysis. Single cell suspensions of 

leukocytes were prepared by pressing pronephros tissue through a 100 c.m stainless 

steel mesh with the flat end of a syringe. The leukocyte suspension was then diluted, 

and centrifuged through a HiS10paque-1077 {d=1.077, Sigma Chemical Company, St 

Louis, MO, U.S.A) density gradient. Leukocytes were collected at the interface, washed 

thrice, and resuspended in NaH~ free RPMI 1640 medum + 25 #AA HEPES + L-glutamine 

(pH 7.4, Gibco, Burlington, ON, Canada) supplemented with 10 % fetal calf serum 

(Gibco), 50 U\'nl penicillin, and 50 ur;ml streptomycin (Gibco). Total leukocyte count and 
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viability was detennined by trypan blue exclusion. lmrnu,e assays were initiated within 

24 h of sampling, as suggested by Rice et al. (1996), to reduce the time constraints 

associated with incorporating immunological assays into field studies. 

Fish (n= 112) for the 37 d experiment were weighed, tagged and allocated to each of 

the seven microcosms on days 74 and n after creosote dosing. Initial mean :t s:, 

weights were 125.54 +/- 21.05 g. A total of 16 fish were exposed in each microcosm. 

Initiation of exposure was staggered over three days by adcing a cage containing eight 

fish to each microcosm on the first (cage replicate one) and third (cage replicate two) 

days of the study (Fig. 3.18). Staggering the exposure was necessary, since it was not 

logistically possible to sample all of the fish on one day. Six fish were sampled from each 

of the seven treatments on each of two replicate sampling days (12 fish in total per 

concentration). The cages, previously desaibed, were parttioned into four sep•ate 

COfflllrtments with aged plywood, such that each cage contained eigtt fish. Fish were fed 

as desaibed above. T8f11l8rature, pH, dissolved oxygen, and alkalinity were routnely 

rmnlored durhg the acclmltion perm and thraJghout the duraion of the stuctf. After the 

37 d of exposure, one cage was removed from each concentration on days 111 and 114 

post dosing. The sampled fish were immediately anaesthetized with MS-222, and 

sampled for peripheral blood and pronephros tissue. 
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A. 
Creosote Added Removed 
Dosing Cages Cages ., ...... ,. 

I ~ t t t t 
0 80 87 94 101 108 

B. 
Creosote Added Removed 
Dosing 

• 
Cages Cages 

I ' l t t 
0 74 77 111 114 

F"igu-e 3.1. Terrp,ral desgn of the two cremote inmr,otoxicily expaiments. The 
nicrocosrns forthe28 d kinaic exposure (A) were dosed with a seres of 10 su~surface 
injections at four day intavals. Caged trou were added to the rricrocosrns 80 d aft• 
doshg and rerrored on days 87, 94, 101, and 108 post doshg. Mcrocosrns for the 37 d 
expasure were dosed with a singe su~surface injectbn (B). F"ish cages were added on 
days 74, and n post dosng then renn,ed on days 111 and 114, respectivev. 

C. Pronsphros leukocyte oxidative burst 

The methodology for measuring leukocyte oxidative burst by flow cytometry (Coulter 

ea XL-MCL) was previously reported by Karrow et al. (1999). Briefly, eel 

suspensions were adjusted to 10• cells/ml, incubated with 4 uM of 2',7'-dichloroftuorescin 

diacetate (DCFH-DA) (Molecul• Probes Inc., Eugene, OR, U.S.A) for 15 min in the dark at 

18°C, then activated with phorbol myristate acetate (PMA) (Molecular Probes Inc., 

Eugene, OR, U.S.A) at a final concentration of 100 ,vml. The release of hydrogen 

peroxide (~~ within the cells oxidizes DCFH to 2',7'-c:tichloroftuorescin (DCF) which 

fluoresces at 530 rm. The net fluorescence (NF.) is proportional to the net 8fflCU1t of 

~Ci generated over a ~en time (60 min). 
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Two distinct leukocyte populations exhibiting oxidative burst were detected from 

pronephros tissue samples using flow cytometry. In order to derive the net fluorescence 

intensity, a gate was drawn around the larger more granular cells, which represented 

the major leukocyte population. This population was assumed to be representative of the 

residing macrophage population within the pronephros as they are the most predominant 

phagocytic leukocyte population (Manning, 1994). 

D. Pronephros leukocyte phagocytosis 

The methodology for measuring leukocyte phagocytic activity by flow cytometry was 

previously reported by Karrow et al. (1999). Briefly, leukocyte suspensions (1 x 10' 

cells/ml) were incubated with 10' fluorescent latex beads (1.03 cM diameter, Molecular 

Probes) for 18 h at 20°C. Negative controls were incubated in PBS with 1 % 

paraformaldehyde. Cells were washed by density gradient centrifugation through a 

mixture of 3 % BSA (GIBCO) and RPMI 1640 medium then analyzed by flow cytometry to 

determine the percent of cells engulfing three or more beads within a gated region drawn 

around the maaophage population. The mean fluorescence, which is a measure of the 

total bead uptake per cell; and the phagocytic index (I), where I is equal to the mean 

fluorescence times the rt.amber of cells engulfing three or more beads in 10,000 cells 

were also determined. 

E. Pronephros immunog/obulin-positive (stg•) leukocyte marking 

Sig• leukocyte marking was previously reported by Karrow et al. (1999). A-orephros 

leulocytes (10' cels/m) were incl.bated with 100 ul of ascles of the monoclonal antbody 

rmuse-anti-trout 1-14(1:100), a known B celmarler, of De Luca et al. (1983) (O>utesy of 

N.W. Mlar) or 100 ul RFM in 1 m of RFM 1640 rnadi.lm for 45 nin on ice. Cels were 

w ashad then labelled with gcaanti-rrouse FrTC (1 :100, GBX>). Aft• anot,er seres of 

washes, the nunter of surface inml'loglobl.in-pasitive (slg•) leulocytes in 10,mo eels 

was then deta', 1 i 18d usqa flow cytanetry by cour1i1g flucrescing celi w ittin a gated 



70 

regi>n drawn arol.lld the less gran.,lar and fluaescent poptJation of cells to excLJde 

phasp:ytic eels. 

F. Serum lysCllyme actMty 

Lysczyme actility was only measured in sa~es fromthe 28 d kinmc expe1ment The 

38 d exposure sa~es were damaged durhg storage. Measurement of lysczyme actility 

was repated by Karrow et al. (1999). The assaf rreasures a lysczyme-induced decrease 

in opti:al density of a 1.25 mg/m (MiCIOCOCCUS /ysideikticus) (Sigm) PBS (pH 7.5) 

suspension at 410 nm Opti:al densities were rreasured over a 10 rrin incl.bation perbd 

usirli a Mcn:,plate B.311 autaeader, aft• theaddlion of 10 ul of fish plaSffll. The slope of 

the cha~ in opti:al density was then converted to hen egg w hie lysczyme equwalents 

usirli lyortiized hen egg w hie lysczyrre (Sigm) as a stardard. 

G. PAHana/ysis 

Total water and sediment PAH concentrations up to 56 d were provided by Bestari et 

al. (1998a). Extraction and ana~sis of w at• sa~s for PAHs is desaibed in detal by 

Bestari et al. (1998b). Grab samples (11) of water were taken from each miaocosm on 

84 d and 80 d for the 37 d and 28 d tine study respectively, then preserved with 80 g,1 

sodium thiosulphate. PAH analytes were liquid extraded into HPLC grade 

dichloromethane (DCM) and dried with an excess of anhydrous sodium sulphate (Sigma). 

Samples were concentrated under vacuum and resuspended in 2 ml of iso-octane. High­

performance liquid chromatography analysis was conduded on the extrads using a 

Supelcosil LC-PAH reverse phase coll.-nn (5 cm, 4.6 nm X 25 an)(Sigma-Aldrich, 

Mississuaga, ON) with a C11 Supelguard LC-PAH precolumn guard in a ShimadZLI LC-

10AO liquid chromatography solvent delivery module. The module was equipped with 

SIL-10A autoinjedor, SCL-10A system controller, four-channel membrane degassing wiit. 

RF-10A spectrofluorometric detector, and EZCHRQA chromatographic data system. An 

acetonitrite/water mobile carrier was used to establish a 45 min solvent gradient, with an 

additional 15 mi1 aUotted to reach the iritial gradient The gradient programming was as 
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follows: Initial acetonitrile:water (40:60) ran for 5 mil at a flow rate of 1.5 ml/min. The 

acetonitrile concentration was then gradually increased to 100% over 30 min, then 

maintained at the highest concentration for 15 min. Variable excitation and emission 

wavelength programming was utilized in order to maximize detection of the individual 

PAHs. Extract injection volumes were 2- 10 ul. 

H. Statistical analysis 

A two fact>rial AOOVA (fact>rs=day, concentratbn) was used to ana~se the data from 

the 28 d ki1etic expa-inant. Tuksy's post Hoc testw as used to rmke pairwise C0f1lllrisons 

of the treament groc.ps at each sa~ing time, and the sarrping times w itnn each treament 

grcq,. Regression ana~sis was used to idertify both lnear and quactatic trends over the 

duration of the stud/ at each conc:entratbn. Regression slopes from the 3 and 10 uUI 

concentrati>ns were C0f1lllred to the regression slope from the contol rricrocosm 

accading to Sokal and Rohf ( 1981). All data were tested for compliance to the 

assumptions of nonnatity and variance homogeneity. Data sets, which violated these 

assumptions, were transformed using a log transformation. Significance was determined 

atp~0.05. 

A fact>rial ana~sis of varilnce (A~A) (fact>r=concentrafon), with two stamered 

cage replcates per concentrati>ri and su~saff1)ling (fish wittin cages), was used to 

8118¥58 the data from the 37 d expa-iment 1he eff ct of stamered cages was contoled, 

by blocki1g the cage replcates to ider1ify lnear and quactatic trerds over the range of 

concentrati>ns (SA&). [).innatrs test for C0f1lllrisons was used to dettct sigrificant 

differences acrass conmntrati:>ns and to derite the low est-obsaved-effect (LOEC). 
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3.4 RESU.TS 

A. WatEr cherristry and physical prof/es 

The mean± SD temperature, dissolved oxygen, pH, and alkalinity for the water source 

(irrigation pond) during the 2 wk acclimation period were; 15 :!: 3 °C, 9.1:!: 0.3 nv,, 8.4 :!: 

0.4, and 118 :!: 21"91 respectively. A temperature decrease of 14 °C was observed 

over the duration of the study (Fig. 3.2A). On the last day of sampling, the mean:!: S) 

dissolved oxygen concentration for the 37 d study microcosms was 9.3 :!: 0.1 "91. 

Dissolved oxygen concentrations in the 0, 3, 10 cA/1 creosote microcosms for day 28 of 

the kinetic experiment were; 8.3, 9.4, and 7.2 nv, respectively. The pH profile in Fig. 

3.28 was variable but no pattern was observed across concentrations. The mean :!: S) 

pH was 7.9 :!: 0.4; alkalinity was 87.5 :!: 26.5 nv, ~. and total ltjeldah nitrogen was 

0.416 :!: 0.07 m;'I. 

Total water and sediment PAH concentrations, up to 56 d after microcosms were 

dosed with creosote, were measured in both experiments (Fig. 3.3A-B, 3.4A-B). Total 

PAH concentrations were not corrected for the 80% extraction recovery. Wile 

numerous PAHs were detected in the water, phenanthrene, acenaphthene, ftuoranthene, 

fluorene, and pyrene all were shown to increase across nominal creosote concentration 

on day 80 of the 28 d kinetic experiment (Table 3.1). Acenaphthene and ftuoranthene 

were the only waterborne PAHs to exhibit significant linear relationships with the nominal 

creosote concentrations on day 84 of the 37 d experiment (Table 3.1 ). Fluorene and 

pyrene were also detected in the higher creosote concentrations, though the relationship 

with nominal creosote concentration was not significant. 
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Figure 3.2: Daily high and low temperature (A), and pH (B) profiles for 
controls and creosote-treated microcosms during the 37 d (fine dotted lines) 
and 28 d kinetic experinents (course dotted lines). 
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Figure 3.3: Change in total PAH concentrations in the water (A}, and sediment 
(B) during and after repeated dosing of microcosms with creosote for the 28 d 
kinetic experiment. The first sediment sample was taken on the first day of 
dosing: the first water sample, within minutes of dosing. Fish were added to the 
microcosms 80 days after dosing. Day O represents the last day of dosi"lg. 
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Figure 3.4: Change in total PAH concentrations in the water (A}, and 
sediment (8) after dosing microcosms with creosote for the 37 d 
experiment. The first sediment sample was taken on the day of dosing; 
the first water sample, within minutes of dosing. Fish were added to the 
microcosms 7 4 and 77 days after dosing. 
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8. Weig,t Chalf18 and mortality 

Alttl>ugh no detectable cha'138 in final fish w eiglts and liv• w eiglts was obsaved 

thrqhout the course of the 28 d kinetic experinent, the ratb of these two measurements 

showed a sigrificant increase acrms cre0Sote treaments. Uv•lbody w eiglt ratbs 

ncreased at the 3 ulll noni"lal creosote conc:entramn (p=0.012) and at the 10 cNI 

concentramn (p=0.001) when C0fT1Bl'ed to the contol grol4). The liv•lbody w eiglt ratb 

for fish saff1Nd on day 14 at the 10 ulll conc:entratbn was sigrificanty greater than the 

contot fish liv•/body w eig,t ratb measured at the respective saffling time. A sigrificant 

decreasing linear tre~ was also measured duritg the course of the stuct/ at the 10 cNI 

concentramn (log y= log (0.62-0.04x), p~.03). The slope of this relationshp was not 

sigrificanty different from the slope of the contol grol4) (Fig. 3.5). No mortaities were 

obsaved at any of the conc:entratbns durhg the 28 d ki1etic experiment. 

The two contol nicrocosms in the 37 d creosote experiment were not sigrificanty 

different from one anotier for aa measured paranaters, the exception beirli rmrality. 

Hance, replcates for each of the contol nicrocosms were pooed for statstical ana~sis. 

Fash w eiglt gain durhg the 37 d experiment was higNy varilble; the pooled mean acrms 

concentramns :t SO was 6.37 :t 15.81 g. No sigrificant charges in w eig,t gain or liv• to 

body weist,t ratb were obsaved acrms conc:entratbns. Fish mortality occurred at au 

concentramns, showing no relationshp with creosote normal concentrati>n. Parcent 

rmrtalities of 25, 31, 13, 13, 38, and44 wereseenoverthe37 days of exp05ure at OA, 0.3, 

1.0, 3.0, 10, and 30 ulll of creosote. Moralities were not obsaved in the secCJ1d contol 

nicrocosm (OB). 
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Figure 3.5: Liver to body weight ratio of fish from the control (A}, 3 uVI (B}, and 10 
uVI (C} creosote-treated microcosms during the 28 d exposure. Results are 
expressed as the means with 95 % confidence intervals. Sampling groups which 
are significantly different from the control group at the respective sampling time 
(p<0.05) are indicated by•. The line represents the linear regression equation y= 
a+bx through the data set. The level of significance for the linear regression is 
defined by (Pd- The dotted line represents the baseli'le mean on day 0. 
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C. Oxidative burst 

0-eosote exposure recfl.ced proraphros leukocyte oxidative burst in both exp&"inents. 

This red1.etion in oxidative burst was dependent on the duration of creasote exposure, as 

seen in the 28 d ki'letic exp&"iment (Fig. 3.6). Overal, oxidative burst was sigrificanty 

inhbited in fish exposed to 3 uUI creosote when C0ff111red to the contol (p=0.036) and the 

10 cNI creosote concentrati:>ns (p<Q001). The response across treament grcx.ps was 

low• on day 14 when C0ff1Bred to day 7 (p=0.001), indi:atng that nacrophage oxidative 

burst nay vary with respect to tine. Oxidative burst was most severely inhibited during 

weeks 2-3 of the experiment, returning to near control levels by day 28. This is lustrated 

by the quad'atic (logy= log(5.94-023+0.CXJ67x2), p~.02) relaionshp fit to the data set from 

3 &NI creosote treatnent gr01.4>. Simar tren:ls were also observed in the 10 ulll creosote 

concentrati:>n, showing a quacratic (logy= log (5.59-0.23x+0.0064x2), p<0.02) relaionshp 

over the 28 d. A sigrificant quactatic (log y= log(5.15-0.04x+0.00094x2), p=0.02) 

relalionshp was also observed across normal creosote concentrati:>ns aft• 37 d of 

exposure (Fig. 3.7). None of these indwidual conc:entratbns were sigrificanty different 

f romthe replcate con.-ol gr01.4>s. 
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Figure 3.6: Oxidative burst of pronephros leukocytes from fish in the control (A}, 3 
uVI (B), and 1 O ul/1 (C) creosote-treated microcosms during the 28 d exposure. 
Results are expressed as the means with 95 % confidence intervals. The lines 
represent the polynomial regression equation y= a+bx+b2x2 for each data set The 
level of significance for the polynomial regressions is defined by (p0 }. The dotted 
line represents the baseline mean on day 0. 
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Figure 3. 7: Oxidative burst of pronephros leukocytes from rainbow trout 
exposed to liquid creosote for 37 d in outdoor microcosms. Results are 
expressed as the mean of six fish for each replicate cage at each concentration. 
The line represents the polynomial regression equation y= a+bx+b2x2 through 
the data set. The level of significance for the polynomial regression is defined 
by (Po)-
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D. Phagocytosis 

The phaSJ>Cytic actilily of pronaphros leule>cytes was stinulated by creosote exposure, 

but the extait was dependent on the paramter unda' considerati:>n, and the duraion of 

expasure. h general, stinulation was higtast on day 7, gradJaly retLming to contol levels 

by day 28. The nunmr of beads eng&Jfed by phaSJ>Cytic eels, as measured by the total 

mean fluaescence, iicreased acrass normal creosote concentrati>ns. Pai,w ise 

COl'll&'isons of the treamant gr()4:)s to the contol rricrocosm revmled an appa-ent 

iicrease at the 3 &NI concentratbn (p=0.06), and a sigrificant increase at the 10 I.NI 

concentrati:>n (p=0.023). PailW ise COfflJlrisons across tire indi:ate that phagxytic acwity 

measured on day 28 in the 10 &NI rricrocosm was sigrificantly redLCed cofflllred to the day 

7 response (p=0.02), indi:ating that phagxytic actility decreased with respect to duraion 

of expasure (Fig.3.SA-Q. 

A siniar stinulatory trend was also observed for the percent of phaSJ)Cytic cells acrass 

al creosote concentrati:>ns, agah decreasing with respect to duraion of expasure 

(Fig.3.9A-Q. Paiw ise c011111risons of the treament grOLps rev•led that the response in 

the 3 &NI concentrati>n was sigrificanty greaer than the conrol gr01.p (p<0.001). The 

response in the 10 ulll conc:entratbn was also greaer than the response observed in both 

the 3 ulll (p=0.005) and contol rricrocosms (p<0.001). A more detaled exanination of this 

concentrati:>n response relaionshp showed that the percent of phagxytic cells in fish 

expased at the 1 0 ulll conc:entratbn was sigrificanty higher than the contol response on 

days 7 (p<0.001), 14 (p=0.002), and21 (p=0.043). Clfferences were not observed on day 

28. A sigrificant linmr decrease over tine was observed in the contol gr01.p (log y= 

log(2.78-0.09x), p=0.04) (Fig.3.9A), and the 10 ulll conc:entramn (logy= log(3.62-0.09x), 

p<0.05)(Fig.3.9C). Alttl>ugh slept of the response at 10 uUI appmred steeper than the 

contol slope, it was not sigrificanty different. 

Trends for the phasJ)cytic indac were siniar to those observed for the percent cf 

phasJ)cytic cells. Paiw ise cOl'll&'isons of the trearnent grcq,s revmled a sigrificant 
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incraase in phagxytic response at the 3 uUI concentrati>n when COff1Bred to the contol 

grcq, (p=Q002). The response at the 10 ulll concentrati>n was greaer than the response 

obsavect in both the 3 uUI (p=QOOS) and contol ITicrocosms (p<Q001). The percent of 

phaspcytic eels in fish expcsed at the 10 &NI concentrati>n was significantly higher than the 

cont'ol response on days 7 (p=Q.001), and 14 (p=Q.001). Dfferences were not obsavect 

on eithar day 21 or day 28. A sigrificant quactatic (log y= log(11.22-

0.15c+0.0038x2) ,p=0.01) relaionshp was obsavect for the contol grOt.p over time; the 

lnear trerd for the 10 ulll creosote concentrati>n was logy= log(12.0~Q 11x) (p<QOS). 

Although the slopes appear to increase acrass concentrati>n, they are not sigrificanty 

different fromthecontol slope (Fig. 10A~. 

R\ag:)cytic actility was also stim.llatec:t aft• 37 d of creosote expcsure. The total mean 

flucrescence was increased acrass normal creosote concentrati>ns, tho1.gh the 

difference is not staisticaly sigrificant (Fig.3.11A). A stinulatory trerd was obsavect for 

the percent of phagocytic cells acrass creasote concentramns, showing a sigrificant 

quactatic relaionshp (logy= log(10.31+0.093x-0.0028x2, p<0.01) (Ftg.3.118). lllnnatts 

test for C0ff18fisons was used to detect sigrificant differences at the 3 and 10 uUI 

concentrati>ns C0ff1Bred to the contol. Finaly, the phagocytic indac increased in a 

sigrificant quactatic (logy= log(10.31+0.093x-0.0028x2, p<0.01) fastion acrass creosote 

normal concentratbns (Feg. 3.11C). A gah, lllnnatts test for corTp1risons was used to 

detect sigrificant differences at the 3 and 1 O ulll concentrati>ns corTp1red to the contol. 
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Figure 3.8: Phagocytic activity as measured by the total mean fluorescence of 
pronephros leukocytes from fish in the control (A), 3 ul/I (B). and 10 ul/I (C) 
creosote-treated microcosms during the 28 d exposure. Results are expressed as 
the means with 95 % confidence intervals. The dotted line represents the 
baselne mean on day 0. 
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Figure 3.9: Phagocytic activity as measured by the percent of pronephros leukocyte 
phagocytic cells from fish in the control (A), 3 uVI (B), and 1 O uVI (C) creosote­
treated microcosms during the 28 d exposure. Results are expressed as the means 
with 95 % confidence intervals. Sampling groups which are significantly different 
from the control group at the respective sam piing time (p<O.O5) are indicated by •. 
The lines represent the linear regression equation y= a+bx through each data set. 
The level of significance for the linear regressions is defined by (PL.). The dotted line 
represents the baseline mean on day 0. 
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Figure 3. 10: Phagocytic activity as measured by the phagocytic index of pronept..-os 
leukocyte phagocytic cells from fish in the control (A), 3 ul/1 (B), and 10 ul/1 (C) 
creosote-treated microcosms during the 28 d exposure. Results are expressed as 
the means with 95 % confidence intervals. Sampling groups which are significantly 
different from the control group at the respective sampling time (p<0.05) are indicated 
by •. The lines represent the linear regression equation y= a+bx or polynomial 
regression equation y= a+bx+b2x2 through the data sets. The level of significance for 
the linear and polynomial regressions is defined by (Pd and (p0 ) respectively. The 
dotted lne represents the baseline mean on day 0. 
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Figure 3.11: Phagocytic adivity of pronephros leukocytes from rainbow trout exposed 
to liquid creosote for 37 d in outdoor microcosms. Phagocytic adivity is expressed as 
the total mean fluorescence (A), percent of phagocytic cells (8), and phagocytic index 
(C). Results are presented as the mean of six fish for each replicate cage at each 
concentration. Concentrations which are significantly different from the control 
(p<0.05) are indicated by •. The lines represent the polynomial regression equation y= 
a+bx+b2x2 through each data set. The level of significance for the linear and 
polynanial regressions is defined by (Pd and (p0) respedively. 
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E. s1g• leukocyte marking 

s,g• leulocyte courts were also inflJenced by creosote exposure. 51g• leulcx:yte 

nunars in the creosote expased fish inilally increased, then gradJaly declned by day 28, 

untl they were at, or less than day o baseine levm (Fo 3.12). FtSh 51g• leulcx:yte 

nunars at the 10 ulll conoentrati>n were sigrificanly elevated on day 7 with respect to 

the contol fish (p=0.02). Dfferences were not detected acrass creosote conc:entrati:>n at 

any of the ottMr saff'ling tinas. Pairwise c0n111risons of the sa~ing times w ittin each 

treament gro..., indcate that fish 51g• leukocyte nunars nay vary durhg exposure. 

Cont'ol fish cell nurrmrs, for exanple, were sigrificanty elevated on day 21 when 

COll"fllred to day 7 vall.es (p=0.003). A sigrificant quad'atic relaionshp was obsaved for 

this grcq, of fish over the 28d (logy= log(4.52+021x-0.0055x2
, p<0.01) (Fo 3.12A). 0, 

the ottMr hand fish cell nunars in the 3 cNI treament gro..., gradJaly decreased durhg the 

s~. c:el nurrmrs on day 28 were sigrificanty low• than day 7 (p=0.002), 14 (p<Q001), 

and 21 (p=0.007) saffling tilTIIS. A sigrificant decreasing quactatic relaionshp (logy= 

log(S.60 +0.13x-0.0Clix2, p<OD1) was measured over the 28 d in the 3 uUI treament grcq, 

(Fo 3.12 B). FtSh cell nunars in the 10 uUI treament grOI.I) were also low• on day 28 

when COff1Bred to courts measured on day 7 from the same treament grcq, (p=0.010) 

(Fig. 3.12 C). No charae in prorephros s1g• leulocyte courts was detected acrass 

creosote concentrati:>ns aft• 37 d of exposure (Fo 3.13). 
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Figure 3.12: Sig+ pronephros leukocyte counts per 10,000 cells from fish in the 
control (A), 3 uVI (B), and 10 ul/I (C) creosote-treated microcosms during the 28 d 
exposure. Results are expressed as the means with 95 % confidence intervals. 
Sampling groups which are significantly different from the control group at the 
respective sampling time (p<0.05) are indicated by *. Lines represent the 
polynanial regression equation y= a+bx+b2x2 through each data set. The level of 
significance for the polynomial regressions is defined by (p0). The dotted lile 
represents the baseline mean on day 0. 
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Figure 3.13: Sig+ pronephros leukocyte counts per 10,000 cells from rainbow 
trout exposed to liquid creosote for 37 d in outdoor microcosms. The results are 
expressed as the mean of six fish for each replicate cage at each caicentration. 
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F. Ser,m lysCll)ffle activity 

Serun lysazyrne acwity did not appear to be sigrificanty infllenced by creosote 

exposure. Lysazyrne actility was slig1tly elevated in all treament grcq:,s on day 7 of the 

28 d st~ (Fig. 3.14). Lysazyrne actility measured on day 7 was sigrificanty higher than 

levels measured on day 21 (p=Q013) and day 28 (p=Q019). Although no sigrificant 

differences were obsa"Ved acrass creosote concentrati>ns, a sigrificant li"lmr relaionshp 

was observed over the duration of the stud/ at the 10 uUI creosote concentratbn (y= 

48.72-3.32x, p=0.02). 



92 

A. 50 

Cl) cu 40 
Eo 30 
~

._";ft .,. an 

! 0 t! 0, 20 en.,...:. 
::,,_C + • - a,_ 10 ------- -----! cu-
ftS C ,E 0 Cl) 0 0, 
:EU,:. 

-10 
0 7 14 21 28 Days 

B. 50 

a, C -
40 

e o u 30 
~
·-~ .. 0 

o l! I 20 i ! en .. I 

::,,_ c- 10 . - - - - -• ~ -- . - Cl)+ • - - -
cu=-
ftS a .e 0 
a, u 0, 

:ii = -10 -
0 7 14 21 28 Days 

C. 50 
pL=0.02 

a, C - 40 e o u 
30 

~ ·- ";ft .,. an 
0 l! 0, 20 en .. I 

::,,_ C + 
- Cl) - 10 cu-
ft1 C E 0 a, 015, 
:ii u = -10 -

0 7 14 21 28 Days 

Figure 3.14: Lysozyme concentration in the serum of rainbow trout in the 
control (A), 3 ul/1 (8), and 10 uVI (C) creosote-treated microcosms during the 
28 d exposure. Results are expressed as the means with 95 % confidence 
intervals. The line represents the linear regression equation y= a+bx through 
the data set. The level of significance for the linear regression is defined by 
(Pd- The dotted line represents the baseline mean on day 0. 
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3.5 DISCUSSION 

Many of the results from the following experiments support previous observations 

reported by Karrow et al. (1999). In both cases, certain immune parameters were altered 

in fish exposed to liquid creosote. The data in the current study however, suggests that 

creosote-induced immunomodulation is, in addition to being concentration dependent, also 

dependent on the duration of exposure. 

A. Pronephros leukocyte oxidative burst 

Results from the kinetic experiment indicate that pronephros leukocyte oxidative burst 

is a temporal dependent event, making it difficult to interpret comparisons made across 

treatment groups throughout time. Both of the present experiments show that 

pronephros leukocyte oxidative burst is significantly inhibited by creosote exposure, 

confirming observations make previously by Karrow et al., (1999). 'We have also 

observed suppressed pronephros leukocyte oxidative burst in rainbow trout treated i.p. 

with 7, 12-dimethylbenz(a)anthracene (DMBA) (unpublished data). Since different dosing 

regimes were utilized in the present creosote experiments, and differences in individual 

and combined water PAH concentrations are apparent (Table 3.1), we are limited in our 

ability to compare the results from each of these studies. Results from the 28 d 

experiment show that oxidative burst was most severely inhibited during weeks 1-3 of 

exposure, returning to near control levels by day 28. Oxidative burst was also inhibited 

in fish that were exposed to liquid creosote for 37 d, although the response at any 

individual concentration was not statistically significant Detecting this overall reduction 

after 37 d, when differences were not evident on day 28 of the kinetic experiment, is 

likely atbibuted to the larger number of treatment groups and robustness of the trend 

analysis. 

It is unclear why the production of ~Oz is inhibited in pronephros leukocytes, and 

why the magnitude of the response is dependent on the duration of exposure. One 

possible explanation is that creosote concentrations in the water were reduced to below 
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effect levels during the exposure. However, others have also reported time-dependent, 

and tissue variable differences in fish immune parameters. Secombes et al. (1997) noted 

that relatively few imu1e parameters measured from dab (Umanda limanda) exposed 

to oil-contaminated sediments were consistent across concentration and sampling times. 

Oxidative burst was, for example, unaffected after two weeks of exposure, but 

significantly inhibited after four weeks. This response was only observed at the lowest 

sediment dilution. Lemaire-Gony et al. (1995) reported that splenic macrophage oxidative 

burst in European sea bass (Dicentrarchus /abrax) was reduced after benzo(a)pyrene 

irtection, while oxidative burst from pronephros macrophages was stimulated. The 

authors suggested that benzo(a)pyrene oxyradical metabolites may have accounted for 

the increased H2O2 in pronephros macrophages, since benzo(a)pyrene was metabolized 

at a higher rate in pronephros macrophages than in splenic macrophages. A recent 

study by Marionnet et at (1997) has confirmed that PAHs can under go metabolic 

activation in spleen and pronephros tissues, though tissue differences appeared to be 

dependent on the detection method. Exposure duration may have accounted for the 

stimulated pronephros macrophage oxidative burst reported in the Lemaire-Gony et al. 

(1995) study, since fish were sacrificed within 24 h of dosing. 

Although it is undear how PAHs induce immunotoxicity at the cellular and molecular 

level, one hypothesis is that reactive PAH metabolites bind to susceptible proteins which, 

in tum, alters cell signaling pathways (Davila et al., 1997). PAH metabolites have been 

shown to bind to protein tyrosine kinases (PTKs) and ea2•-ATPases, thereby disrupting 

ea2• signals within mammalian lymphocytes (Krieger et al., 1995; Davila et al., 1997; Zhao 

et al., 1997). Metabolic activation is also a prerequisite for the induction of contact 

hypersensitivity to PAHs. Reactive PAH metabolites reportedly bind to proteins, forming 

immu'logenic hapte~protein conjugates which activate specific T cells that mediate 

contact hypersensitivity {Anderson et al., 1995). Recently, Zhao and Ramos (1998) 

reported that benzo{a)pyrene inhibited c-fos and c-jun transaiption factor gene 



9S 

expression in primary hepatocyte cultures. These nuclear fadors are also found in 

lymphocytes, and are essential for inducing the transcription of specific cytokine genes. 

Since pretreatment of the hepatocytes with oc naphthoflavone, an inhibitor of cytochrome 

P450, prevented benzo(a)pyrene modulation, Zhao and Ramos (1998) hypothesized that 

the mechanism(s) may have involved reactive benzo(a)pyrene metabolites. 

Benzo(a)pyrene has also been reported to alter the expression and synthesis of certain 

immunoregulatory gene produds including, IL-2, IFNy, and IL-2 receptor mRNA 

(Vandebriel et al., 1998). 

Although lymphocytes are the predominant model used in these mechanistic studies, 

there is no evidence to suggest that phagocytic cells are not equally susceptible to the 

deregulated molecular events caused by PAHs. Data supporting this hypothesis has 

recently been published. Fabiani et al. (1998) reported that a mixtLl'e of PAHs increased 

tlman monocyte NADPH oxidase activity after 12 and 24 hr of incubation. Other 

enzymes, such as protein kinase C, superoxide dismutase (SOD), peroxidase, catalase, 

and glutathione peroxidase, that are also involved in regulating respiratory burst in 

macrophages, may also diredly or indirectly be affeded by PAHs. 

The hypothesis that PAH metabolites induce immunotoxicity in fish models, by binding 

to and disrupting the normal function of cellular proteins, has not been addressed. 

Recent experiments indicate that fish leukocytes possess cytochrome P450, capable of 

metabolically activating PAHs (Marionnet et al. (1997). In addition to this, currently 

identified signal transduction pathways in fish appear homologous with manmalian 

counterparts (Bernstein et al., 1998). This implies that molecular events, observed during 

PAH deregulated cell signaling, may also occur in fish. Since the generation of 

superoxides tom fish leukocytes is also mediated by NADPH oxidase (Secombes, 1996), 

it is tempting to speculate that enzymes responsible for respiratory burst in fish may also 

be modulated by PAHs. 
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8. Pronephros leukocyte phagocytosis 

Phagocytic activity measured in the present experiments was significantly stimulated 

by creosote exposure, verifying previously reported observations (Karrow et al., 1999). 

Sinilar responses were observed in fish injected i.p. with DMBA in our laboratory 

(unpubUshed data). Modulated phagocytic activity in creosote exposed fish however, 

appears to be dependent on the duration of exposure. lnaeased phagocytic activity 

was attributed to an increase in leukocyte phagocytizing capacity (mean fluorescence), 

as well as an increase i1 the percent of phagocytic cells. Temporal changes in the 

phagocytic index were more significantly influenced by the percent of phagocytic cells. 

Results from 37 d study identified the LOEC as 3 cAn using nominal creosote 

concentrations. This value was considerably lower the endpoint reported previously 

(Karrow et al., 1999). However, it is difficult to make an accurate comparison of these 

two endpoints, since the duration of exposure, concentration of PAHs in the water, and 

the physical profile of the water was different in both studies. 

Reports of fish phagocytic activity being influenced by PAH exposure appears to vary 

greatly. Weeks and Wsrriner (1986) reported suppressed pronephros phagocytic 

activity in spot (Leiostomus xanthurus) and hogchoker (Trinectes macu/atus) exposed 

to Elizabeth River sediments which contain total PAH concentrations as high as 13,000 

ug/g. Lemaire-Gony et al. ( 1995) also reported suppressed splenic macrophage 

phagocytic activity in European sea bass intraperitoneally dosed with 20 ff91(g 

benzo(a)pyrene. Although pronephros maaophage phagocytic activity appeared slightly 

enhanced in these fish, the response was not statistically significant. Increased 

phagocytic activity has also been reported in American plaice (Hippoglossoides 

p/atessoides) exposed to sediments contaminated with PAHs, PCBs and PCOFs (Lacroix 

et al., 1997) and in marnmaian studies using 7, 12-dimethylbenz[a]anthracene (DMBA) 

(Dean et al., 1988). In the Dean et al. (1986) study, researchers suggested that resident 

inlraperitoneal macrophages may have been activated by DMBA. 
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A review by Lewis (1995a) provided significant insight to the variable phagocytic 

responses reported in immunotoxicology reports. Lewis reported that one of the major 

problems with test methods cited in the literature is that they generally evaluate a single 

macrophage function, and rarely evaluate maaophage development Diethylstilbestrol for 

example, has been shown to alter resident macrophages in mice, such that they are 

directed to an inflammatory stage of development Charaderistically, the macrophages 

have increased phagocytic activity but, because they are not completely cytolytically 

activated, have decreased host resistance to microorganisms. This paradox between 

increased phagocytic function and decreased host resistance was not understood until it 

was determined that these inflammatory macrophages were unable to respond to 

inflammatory signals to become cytolytically activated. Fish exposed to creosote in the 

present study also exhibited increased phagocytic activity and decreased cytolytic 

activity, as measured by the production of hydrogen peroxide in response to PMA. This 

change in macrophage function may also represent a shift toward an inflammatory stage 

of development. Evaluating macrophage tumor cell cytolysis is required, however, to test 

this hypothesis (Lewis, 1995b). Increased numbers of inflammatory macrophages in the 

pronephros may represent a nonspecific irMu1e response direded at PAH-mediated 

tissue damage, or PAH-protein conjugates. The gradual decline in phagocytic activity, 

observed through out the kinetic experiment, may be attributed to either decreasing 

creosote concentrations in the water during exposure, or to compensatory mechanisms 

attempting to regain systemic homeostasis. 

C. Macrophage function and fish health 

Maaophages are cardinal effedor cells, aidng in the dearance or lysis of tumors, 

bacteria, parasites and viruses. They participate in wound healing and in a runber of 

normal metabolic functions for the purpose of rnantaning homeostasis (Lewis, 1995a). 

Modulatad macrophage activity has been reported to impair tumor cell killng (Lewis, 

1995b), and resistance to Usteria monocytogenes and Stteptococcus pneumoniae in 
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mammals (Vandebriel et al., 1995). Inflammatory macrophages have also been implicated 

in the etiology of inflammatory pulmonary toxicity and hepatotoxicity (Laskin and Pendino, 

1995). Although we have observed modulated maaophage immune function in fish 

exposed to creosote, it is premature to conclude that modulation is sufficient to impair fish 

health without conduction host resistance studies. This will allow us to establish a 

relationship between functional changes in the immune system and the development of 

clinical disease (Karol, 1998). 

D. Pronephros Stg• leukocyte marking 

The nLl'nber d Sig• B cells in pronephros tissue was also influenced in fish exposed 

to creosote. Although no detectable change was observed after 37 d of exposure, the 

nLl'nber of Sig• B cells, from fish exposed during the 28 d experiment, was shown to 

vary greatly among creosote exposed fish, and the control fish. Sig• B cell counts for the 

control fish gradually increased throughout the experiment, then retumed to near day O 

baseline levels by day 28. The creosote exposed fish Sig• B cell counts however, initially 

increased, then progressively declined throughout the study to day o levels, or below. 

Previously, we reported that pronephros lymphocyte proliferation to the B cell mitogen, 

lipopolyssacharide (LPS), and peripheral blood Sig• B cell counts were reduced in fish 

exposed to creosote for 28 d (Karrow et al., 1999). A number of possible explanations 

may account for the initial increase observed on day 7 of the kinetic study. First, an 

apparent increase in Sig• B cells may be attributed to a decrease in either T cells or Sig· 

pr•B cells. OMBA-induced apoptosis of a pr•B cell line has been reported by 

Yamaguchi et al. (1997). The gradual retum to control levels suggests that either 

creosote levels were reduced to below effect levels during exposure, or that 

lymphocyte(s) retumed to homeostasis via compensatory mechanisms. Second, 

increased Sig• B cell numbers may be attributed to T cell activation, since certain T cell 

cytokines have been reported to stimulate the recruitment and proliferation of B 

lymphocytes (Sikorski et al., 1996). A subsequent decrease may follow, since activated 
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Sig• B cells undergo apoptosis in the absence of antigenic selection signals (Maclennan, 

1998). lritial tissue specific increases, followed by reductions in plasma cell numbers, 

have also been reported by Slitka and Ahmed (1998). They suggested that the decrease 

in plasma cell numbers may be due to the selection of high affinity plasma cells and the 

apoptotic loss of low affinity cells. Third, it is also possible that we may be witnessing a 

shift in the leukocyte traffic to other tissues as a result of stress (Schreck, 1996). 

E. Serum /ysozyrne activity 

Lastly, in this study we also showed that serum lysozyme levels were also temporally 

dependent. Levels were not however, affected by creosote exposure over the duration 

of the 28 d experiment. Lysozyme concentrations peaked on day 7 in the 1 0 cA/1 creosote 

concentration, retuming to baseline levels by day 21. This trend was not measured i1 

either the control or 3 cA/1 creosote micrccosms. Previously, we observed reduced 

plasma lysozyme levels in fish exposed to creosote after 28 d (Karrow et al., 1999). 

Secombes et al. (1997) reported that decreased serum lysozyme activity in dab exposed 

to oil-contaminated sediments, was the only consistent inm.nt parameter in their testing 

panel. Our results using rainbow trout do not support this. Tahir and Secombes (1995) 

also reported suppressed lysozyme levels after 6 weeks in rainbow trout injected with 

0.6 mllkg oil-based drilling mud extract. It is possible that the initial increase in lysozyme 

levels, and other measured imm.ne parameters observed during the kinetic 28 d 

exposure study, may be attributed to elevated levels of stress hormones, such as 

cortisol, released during the initial stages of exposure (Secombes et al., 1997). Levels of 

cortisol increase within seconds, following handing stress; lysozyme levels increase 

within minutes (Demers et al., 1997). Our contrasting results measured over the two field 

• seasons may be credited to the different concentration ranges of creosote used in each 

study. In the previous study, plasma lysozyme levels were reduced by creosote 

exposure at the 56 cAII nomi1al creosote concentration. Levels were also reduced at 5 

cAA, though we did not atbibute this reduction to creosote exposure, since concentrations 



between were unaffected. If an initial stimulation in lysozyme activity occurred during the 

previous study, it was not detected because changes were not monitored over time. 

This emphasizes the importance of monitoring immune parameters during exposure. 

F. Wa,.. chenistry and physical prof/es 

A number of PAHs were identified in the water from both experiments. Pyrene and 

ftuoranthene were implicated as the primary imnuicmocUating agents found in creosote 

because their concentration was linear with respect to nominal creosote concentrations 

(Karrow et al., 1999). In the 37 d experiment, a linear relationship for tluoranthene was 

again found; pyrene was however, only detected in the 0.3 and 30 cA/1 creosote 

concentrations. In addition to ftuoranthene and pyrene, chrysene was also measured in 

water samples from the 28 d kinetic study. All three of these compounds showed an 

inaernental increase with rasped to creosote concentration. Recently chrysene and 

pyrene were reported to alter hLmOral immlriy in adult deer mice (Peden-Adams et al, 

1999). It is likely that these PAHs contributed to the modulation of leukocyte oxidative 

burst, phagocytic activity, and Sig• cell counts; however, a net toxic response may be 

due to the combined effects of all PAHs, as well as other chemicals, found in creosote. 

The water and sediment PAH concentrations provided by Bestari et al. (1998a) indicated 

that the PAHs partitioned rapidly into the sediment and that the microcosms were at 

equilibriun prior to the rainbow trout study. This more accurately refleds an exposure 

scenario found in the natural environment than is typically seen in laboratory-based 

exposure studies. 

As mentioned in our last report (Karrow et al., 1999), the immunosuppressive effects 

of temperature may have enhanced changes in imffUlOlogical parameters which we are 

attributing to creosote exposure. Again, the temperature dropped 14°C during both 

experiments. This may have contributed to some of the variation measured in the controa 

group during the 28 d kinetic study, and to the differences observed between staggered 
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replicates in the 37 d experiment. This decline in temperature is typical during the fall for 

this geographic location, and is an integrated part of microcosm and field studies. 
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3.6 CONCLUSION 

This study confirmed that envirorvnentally realistic concentrations of liquid 

creosote modulate rainbow trout immune parameters, with both stimulatory and 

suppressive effects being observed. In addition to this, moduation was dependent on 

the duration of exposure, showing an initial stimulatory or inhibitory response, then 

returning to near control levels after 28 d of exposure. Pronephros leukocyte oxidative 

burst. phagocytic activity, and Sig• B cell counts were all sensitive indicators of exposure 

to creosote; serum lysozyme levels, on the other hand, were not The paradox between 

macrophage oxidative burst and phagocytic activity is perhaps the most interesting 

observation made during this study. This may be due to the complex integration of the 

irmu1e system as a whole, and should be investigated in more detail. Although the 

mechanisms of PAH immunotoxicity are still being investigated, the results from this study 

indicate that envirorvnental concentrations of PAHs can alter fish inrTu1e parameters. 

The apparent ability of these parameters to recover to near control levels during 

exposure emphasizes the need to monitor immune parameters during exposure. 
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CHAPTER4 

EFFECT OF EXPOSURE TO VARIOUS SITES WITHIN THE HAMILTON HARBOUR ON 
(Oncorhynchus mykiss) IMMUNE PARAMETERS 

4.1 ABSTRACT 

A field study was used to assess whether or not exposure to sites within the Hamilton 

Harbour, which are known to be highly contaminated with polycyclic aromatic 

hydrocarbons (PAHs), heavy metals, and sewage treatment plant (STP) effluent, could 

affect immune function in fish. Caged rainbow trout (Oncorhynchus mykiss) were 

sampled after 7, 14. and 21 days of exposure from five sites within the Harbour, and a 

Lake Ontario reference site. The Harbour sites were selected for their proximity to either 

highly contaminated sediments or industrial and municipal discharges. Pronephros 

leukocytes from fish at the six sites were evaluated for phagocytic activity, oxidative 

burst, and the number of surface immunoglobulin-positive B cells. Serum lysozyme 

activity was also measured. Fish from the Harbour sites showed a greater reduction in 

pronephros leukocyte phagocytic activity over the course of the study when compared 

to the Lake Ontario reference fish; pronephros leukocyte oxidative burst was also 

reduced at two of the Harbour sites. Although B cell counts did not change throughout 

the duration of the study, overall counts were lower at two of the Harbour sites when 

compared to the Lake Ontario site. Serum lysozyme activity increased at site 4 and at the 

Lake Ontario reference site over the 21 days of exposure. Lysozyme activity was 

elevated at sites 5 and 6, when compared to Lake Ontario fish lysozyme activity, and did 

not change throughout the course of the study. These results indicate that several 

immune parameters were altered in fish during exposure at various sites within the 

Harbour. The role of chemical and physical stressors at these sites in the observed 

immunomodulation are discussed. 

Key words: (Oncorhynchus mykiss ); Hamilton Harbour; immunotoxicity; multiple 
stressors 
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4.2 INTRODUCTION 

l'wrnerous classes of polutants incllding, heavy metas (Of\eill, 1981a,b; Zelkoff et 

al. 1997), arorratic hydrocarbo115 (Anci!rson et al., 1984; Arkoosh et al., 1994), and 

pesticides (Dunier et al, 1994a; Rice et al., 1995) have irmu,om:,duating pro,:2rties w hic:h 

rray potentially increase the risk of disease to fish popuations. Litle, how ever, is known 

aboLt the irmuiotoxicity of cherrical rTix1Ures to fish in rrarne envronrrens (Arkoosh et 

al., 1996; AaltDnen et al., 1997), and even less is known aboLt expcsure in fresh-water 

system; (Rice et al., 1996). 

Harriton Hartx>ur is a suitable site for assessing the iffl)a:t of expcsure to rrulliple 

contarrinans in fresh-water on the fish irmu,e system It is geog-aphically isolated from 

the west end of Lake Onta-io by the Burington ShiR)ing Canal, and recaves spatially 

heterogenea.is contamnant loadng f rem two stee industries, nunwous rruncipal w ase 

treament facflties (STPs), as well as urba, and rural rundf from the surrounding 

watershed. It was desgnated an "Area of Conc:ernn by the lnternatioral Joirt Cormission 

in 1985 beca.ise of the high !eves of heavy metals, polycyclic arorratic hydrocarbol15 

(PAHs), and polychlorirated biphenyls (PCB;). Redu:ed inpli loadng of sus,:2nded soles 

and contarrinans over the past 1 O years can be accredited to the i"l)lementation of the 

Renedial Acti>n Ran (RA~: how ever, it has been suggested that this iffl)roved water 

qualty rray cause sedirent-bamd contarnnans to partition back into the water colum, 

increasing ther bioavilibilty to fish and w ildife (Ling et al., 1993). 

Adverse effects on fish exposed to sedinents from the Harrion Hartx>ur have been 

repated in several studes (Krartzberg and Boyd, 1992; Balch et al., 1995). M:>rtalities in 

labcratory-based tess on rairtow troli sacfry and juvenile fathead mnnows (Pimfl)hales 

proms/as) were largely attributed to anoxia and arrrra,ia toxi:ity at sorTI! sites. Exposure 

to sedinents from the central regi>n of the Harbour resuted in redLCed growth and the 

accl.lTIJlatia, of varcus orga,ic and heavy metal contarTinans (Krartzberg and Boyd. 

1992). 
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Repats of skin and liver turT1C1Jrs are also higrer in Harbour-dw sling while sucler 

(Catostomus comrrersom) and brown bulhead (lctaurus nebt./osus) popuations 

COffl&red to Lake Ontario (Carns and Fitzinm:,ns, 1988; Hayes et al., 1990). Studes with 

rainbow troLt suggest thatthis rrey, in part, be attributed to the high levels of PAHs foun:f in 

the sedinents (Balch et al., 1995). Although the mectllnism(s) of PAH,.induced tuma.,r 

f orrration remin uncear, it is of interest to note that those PAHs which are cardnogenc are 

also pote,t irmuiotoxicants (Zelkoff, 1994), and that natu-al cytotoxic cells, from feral fish 

exposed to PAH-contarmated sedirents, were unat:E to recognize and destoy tunu 

target cells (Faisal et al., 1991). n order for PAHs to beccme carcinogens they must be 

metabolicaly actwated by cytochrome ~50. These readive metabolites can subsequent~ 

bind to macromolecules such as proteins, RNA, and DNA, and may result in altered 

protein fundion, cell damage, and events leading to oncogene expression (Di Giulio et al., 

1995). Evidence of this occurring in fish exposed to PAHs is best supported by reports 

of DNA adduds in fish livers (Tuvikene, 1995). DNA addud formation and subsequent 

mutations have been correlated to the initiation of cancer (Davila et al., 1997). It is also 

speculated that liver parasites rrey be credted for the etidogy of while sucler neopasms 

from contamnated areas in the Great Lakes (Snih et al., 1994). Since PAH,.induced 

irmu,orrodutation is sus,:mcted of predsposi1"9 fish to disease (!:Amer and Siw i:ki, 1993), 

this w oul::t rrost likely be manfested as an increase in recll'rent infections, certain cancers 

(Luster et al., 1994), and decreased resistance to parasitism 

The present study sought to assess whether or not exposure of fish to various sites 

in the Harbour was sufficient to alter several immune parameters. These sites were 

seleded for their proximity to either highly contaminated sediments, or various industrial 

and municipal discharges (Fig. 4.1). Caged rainbow trout were sampled after 7, 14, and 

21 days of exposure at five Harbour sites and a Lake Ontario reference site (site 1). The 

Harbour sites induded; the Burlington STP plume (site 2), a Harbour reference site (site 

3), a site containing heavily PAH-contaminated sediment known as Randle Reef (site 4), 
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and two sites within the VVindermere basin. One of the VVindermere basin sites was 

situated near the outflow of the Red Hill Creek {site 5); the other near the Dofasco 

boatslip {site 6). The Hamilton Sewage Treatment Plant discharges into Red HiD Creek 

about 1 km upstream of the VVindermere Basin. Sediments within and surrounding the 

Dofasco boatslip are highly contaminated with heavy metals, PAHs and PCBs. 

Pronephros leukocytes were evaluated for phagocytic activity. Phagocytic cells 

contribute to the regulation of an immune response through antigen processing and 

presentation, and the secretion of cytokines {Verburg-van Kemenade et al., 1995). The 

productio!'1 of antibacterial oxygen radicals, specifically hydrogen peroxide, was also 

measured in this same population of cells. Surface immunoglobulin-positive B cell counts 

were measured in the pronephros tissue by cell surface marking. B lymphocytes play a 

key role in regulating an immune response, and can differentiate into plasma cells, the 

main effector cells in humeral defense. Lastly, serum lysozyme activity was measured. t 

is believed that lysozyme may act as an opsonin for phagocytic activity, and has been 

shown to damage the cell wall of gram positive bacteria, resulting in osmolysis {Ellis, 

1990). 
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Figure 4.1: Site locations for the sampling of caged of fish in Hamilt>n Harbour and Lake 
Ontario. The sites are identified by numbers; 1 (Lake Ontario), 2 (Burlington STP), 3 (Lax), 4 
(Rankle Ree~ , 5 (Wiidermere basin), and 6 (Dofasco boatslip). 
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4.3 MATERIALS AND METHODS 

A. Experiment 

Female rainbow trout (60-100g) wereobtaned in lateAprl 1997 from Rairbow Sprngs 

Hatchery, Tharresf ord, ON, and acclmated for 14 d in the Natbnal Wat,r Research Institute 

(NWR) wet-mb usinJ dect-.orinated Burington city wat,r (hardness 131 ~ Ca~. pH 

8.05, conductivity 328 us/en;. Fish were transported to the six sites in bags con1aining 

oxygenated w atEJ' that were conmined in insuated coolers. They were then transferred to 

plastic cages, constructed out of laurdry bas lets crirrped together with plastic ties, at each 

site for exposure. The caged fish were suspended in thew ater colum at a dept, of aboli 

3 m Three cages of fish (n=5 per cage) were added to each site on the first day of the 

stud,'. 

A seccnd groi.p of three cages persitew as to be depbyed on the third day to faclitate 

the sarrping 10 fish per site at each time interval; with the rranpower avalable, a maxi'rum 

of 30 fish cout:1 be processed per san,jing day. Bad w eat,er, how ever, delayed the 

depbyment of the seca,d batch of cages by an addiional two days. An extra cage 

conmining 5 fish was placed at each site to det,rnine the accl.lTl.llatiai of PAHs by whole­

body tissues. 

Aft,r exposure. fish were transferred back into bags containing oxygenated w at,r, and 

transported in coolers to the Natbnal Wat,r Research nstitLte wet-lab, where they were 

irnnediately processed. Transportation back to the labaatory took aboli 30-aJ rrin. F'tSh 

were anaesthetized in the wet-lab with mett■ane tricainesufonate (~222), weig,ed, 

measured, and then bled from the caudal vein into nont■eparini'zed vacliainers. Fish were 

euttanized by cervical disbcation and prorephros tissue was renn,ed by dissection. The 

preparation of prorephros leutc,cyte suspensions and senm was previously described by 

Karrow et al. ( 19~}. Single cell suspensions of pronephros leukocytes were prepared 

by pressing tissue through a 100 urn stainless steel mesh with the flat end of a syringe 

plunger over a petri dish containing chilled ca2
• and ~ free HBSS (10 U heparin/ml, pi 
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7.4}. The leukocyte suspension was then diluted to 7 rn with er• and Mg2• free HBSS 

(10 U heparin/ml, pH 7.4), and centrifuged through 3 rn of Histopaque-1077 (d=1.077, 

Sigma Chemical Company, St Louis, MO, U.S.A) at 400 g for 30 min at 9°C. Leukocytes 

were collected at the interface, washed three times with HBSS, and resuspended in 

NaHCO:, he RPMI 1640 medium + 25 tM HEPES + L-glutamine (pH 7.4, Gibco, Burlington, 

ON, Canada) supplemented with 10 % fetal calf serum (Gibco), 50 lJ/ml penicillin, and 50 

ug/ml streptomycin (Gibco). Total leukocyte count and viability was determined by trypan 

blue exclusion. Cell viability was greater than 90 % in all samples. Immune assays were 

initiated within 24 h of sampling as suggested by Rice et al. (1996) to reduce the time 

constraints associated with incorporating immunological assays into field studies. 

B. Pronephros leukocyte oxidative burst 

The oxidative burst assay, previously desaibed by Karmw et al. (19SS), was modfied 

for use on a fluaometrc plai! reader (Mlipore Cytctluor 2350 plae reader) usirg 96-well 

plates. Tripicate con~ol and sa~e cell suspensions (100 ut, 1 x 105 eels/well) were 

incl.bated with 4 uM cf 2,7 dichbrofluorescin diacetate (DCFH-DA)(Molecular A"obes Inc., 

Eugene, OR, U.S.A) for 15 nin in the dark at 20°C. Aiorbol IT?fr&tate acetate (PMA) 

(Molecular A"obes Inc .. Eugene, OR, U.S.A.) was added at a final concentratbn of 100 

ng/n1 to the sa~ wel& to actwate the cells. The release of hydrogen peroxide (H20~ 

within the cells oxidizes OCFH to 2',7'-dichlorofluorescin (DCF), which fluoresces at 530 

nm. The total fluaescence was rreasured at 30 nin intervals for 120 nin usirg an 

exclation filler 530 nm and enission filter 590 nm The net fluaescence (N=t12a) for each 

sa~e was measured as the slope of the charge in fluaescence mnLB the slope of the 

charge in fluaescence forthecontol welB. 

C. Pronephros leukocyte phagocytosis 

The methodology for measuring leukocyte phagocytic activity by flow cytometry was 

previously described by Karrow et al. (1999). Briefly, leukocyte suspensions (1 x 10' 

cells/ml) in 1 rn Leibovitz L-15 culture medium (GIBCO) were incubated with 10• 
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fluorescent latex beads {1.03 uM diameter, Molecular Probes) for 18 h at 20°c. Negative 

controls were incubated in PBS with 1 % paraformaldehyde. Cells were washed by 

density gradient centrifugation through a mixture of 3 % BSA {GIBCO) and RFMI 1640 

medium, then resuspended in 500 ut of lsoflow solution {Coulter Corp.. Hialeah, FL, 

U.S.A.). The cell suspensions were then analyzed by flow cytometry to determine the 

percent of cells engulfing three or more beads within the gated region drawn around the 

more granular and fluorescent cells to exclude lymphocytes. The mean fluorescence, 

which is a measure of the total bead uptake per cell, and the phagocytic index {I), where I 

is equal ,o the mean fluorescence times the number of cells engulfing three or more 

beads in 10 000 cells were also measured for each sample. 

D. Pronephros immunoglobulin-positive (slg·) leukocyte marking 

SIg• Ieukocyte marking was previously described by Karrow et al. (1999). A'orephros 

leulc>cytes ( 106 cels/ni) were incl.bated with 100 ul of asctes of the mona;lonal antbody 

mouse-anti-trout 1-14 (1:100), a known B cell rmrler, of De Luca et al. (1983) (Coll"tesy of 

N.W. Miler) or 100 ul RflMI in 1 ni of RPM 1640 mediJm for 45 rrin on ice. Cels were 

washed three, then incl.bated in the dark with goat-anti-rrouse FfTC (1 :100. GIBCD). Afta­

·three rmre washes, the nurmer of surface inm.noglobuin-positive (slg·) leulc>cytes in 

10,000 leulc>cytes was then deterrrined usinJ flow cytanetry by courting fluaescing eels 

w ittin a gated regi':>n drawn aro1.11d the less grarular and fluaescent popuation of eels to 

excllde phaSJ)cytic eels. 

E Sertm lysazyme activity 

Measurement of lyse2yme acti,ity was described by Karrow et al. (1999). The assay 

measures a lysazyme-in:fuced decrease in optcal density of a 1.25 nv'n1 Micrococcus 

fysideikticus (Signa) PBS (pH7.5) suspension at 410 nm Optcal densities were measured 

over a 10 mn incl.bation peri:ld with 10 ul of fish serum usirg a Mcrcplate 8.311 

autaeader. The slope of the charge in optcal density was then converted to hen egg 

while lysazyme equiralents usinJ lyop,ilized hen egg w hil9 lysazyme (Sp) as a 
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white lysazyme equPJalents usirg lyop,ilized hen egg white lysazyme (Sigra) as a 

stan:fard. 

F. Analysis of PAHs in the ~ter, tissue and sediment 

The extraction and clea,up of water sa""Pes for PAHs was desaibed by Caret et al. 

(1988). Grab sarrpes (1 Q of water were taken on the last day of the stuo,,, spiled with a 

surrogate stan:fard (EPA 525'525.1 nternal Stan:fards Mx 525, Sigm1-Aldrich, Qakville, ON) 

then extracted three with 100 rn of dicHorometiane (DCM, concentrated under vacwm, 

then partitioned into 1 rn isCH>ctane for analysis. GC-1\tSO ana¥sis was performed with a 

Hew lett-~ckard (HP) 5972 MSC interfaced to an HP5890 Seres n GC. Sar112e injection 

was rT11de, in the spliless 1T1Jde, by the I-P7673A autcsarrpler onto a 30 m x 0.25 rm, ID x 

0.25 m OB-5fusecf sili::a capllary colurm (Oiromatographic Specialties nc., Brockville, ON). 

Injection port and detector interface te!T1J!ratures were 265 °C and 285 °C, resi:ective¥. 

The GC oven te!T1J!rature prcg-am w as 80 °C initially, held at 80 °C for 3 mn, increased to 

180 °C at 60 °Clrm, then increased to 280 °C at 30 °Clrri'I, and held at 280 °C for 22 rTin. 

HeliJm carrier gas pressure was 7 psi. The eledron energy and eledron multiplier voltage 

were 70 eV and 2000 V, respective¥. Quartitative ana¥sis of 17 PAHs was perforrred by 

C0IT1Jilring the ion peak areas to an external PAH calbration stardard (EPA 610 PAH 

Mx11Jre,SigT&-Aktich in Qakville, ON). Quartitatiai of the internal surrogate spile stan:fard 

w as used to determne the reco,ery of the procedure. 

Extraction and cleanup of whole fish tissue for PAHs was performed by rrixng 10 g of 

previously thawed hormgenized fish tissue (5 pooled fish saff1H!s) with anhydrous sodiJm 

sulp,ate. After the addiion of a surrogate stan:fard (EPA 525,525.1 ntB'nal Stardards Mx 

525, Sigrra-Aldrich, Oakville, ON), PAHs were extracted from the tissue into DCM three 

times with a polytron hormgenizer. each time. the supernatantw as deca,ted thraJgh CA!lte 

(Fisher Scientific, Toraito, ON) into a roun:f botlDm flask (RBF}. The cormned sarrp! 

extract was dris:f thra.igh anhydrous sodiJm sulp,ate, concentrated under vacwrn, then 

partitioned into 1 :1 hexa,e in DCM for gel perrreation chranatography (GPq. Sanlit 
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extracts were eluted with 1:1 hexa,e in OCMthraJgh a glass chranatography colLlm (1.9 

cm ID) filled to a len~h of 50 cm with pre-swelled Bio-Beads S-X3. After GPC, the extract 

was concentrated under vacwm, partitioned into 3 m of iso-octane, then clea,ed up by 

silea gel colum chrcmatography, usirg aboli 8 cm of 3% deadivated silea gel (VWR­

Cantab, Mssissauga, ON) topfl!(f with 2.5 cm of anhydrous sodiJm sulJt,ate in a glass 

chrcrratography colLlm (12 nm x 350 ntn). Button of the sa~ thraJgh silea gel was 

accarplished with 40 m of hexa,e (fra:tion 1) and 60 m of 1: 1 hexa,e in DCM(fra:tion 2). 

Collected fradions were evaJX)rated down, partitioned into iso-octane and adjusted to 10 

m. Both f_radions were ana¥zed by selected ion rrontoring GC-"'6O for thei' PAH content. 

Extraction and clea,up of sedi'nents for PAHs was acheved by hom:,genizirg 10g of 

dried sedinent sa~ with 3-4 m of orgaiic free w at«, addhg a surrogate stan:fard (EPA 

525tS25.1 nternal Stan:fards Mx 525, Sigl'T'B-Aldrich, Oakville, ON), and extracting three into 

100 m of 1: 1 acetcne in hexaie by sonficatiai. Each time, the supernatant was deca,ted 

into a RBF thraJgh a filter f unrel containing 5 cm of Celle. The contined sa~ extract 

was concentrated, back extracted three with 100 m of orgaiic free w at«, concentrated 

under vacwm, partitioned into about 3 m of iso-octane, and passed thraJgh silca gel 

col um for ana¥sis by GC-PS as desaibed above. 

G. Measurementoftota ammaiia in K&tEr sam,:Jes 

water armu,ia concentratbns were deterrrined by TRAACS-800 autcmated 

colaimetri: pherate procedure, specific to the deterrrinatbn of arrmJ'lia nitrogen 

concentrati>ns up to 1.0 mJ1L Briefly, the addtion of sodiJm pheroxide (VWR-Canilb, 

Mssissauga, ON) to a solliion of arrmnium sals, in the presence of sodiJm hypcchlorite 

(VW'R-Canlab, Mssissauga, ON) reads, via the Ber1helot readion, to form a blu•coloured 

coffll)und which can be measured spedrophot>metreally at the630 nm (N..Er, 1994). 

H. Staastics 

A randonized co""9te block desgn (staggered cage replcates representirg the block), 

two f act>rial ana¥sis of variance (At,0/ A) (f act>rs=day,site) was used to ana¥Zed the 
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data Wien variltion between cage repfcates exceeded the variltion wittin cages, the 

ana~s is was carried out on the means. Tukey's A:>st Hoc test was used to make pairw ise 

cor?1Brisons of the data n addlion, c1 linear regression ana~sis was used to idertify linear 

tren:fs acrcss time at each site. Agan, when varation between cage repfcates exceeded 

the variation w ittin cages, the regression ana~sis was carried out on the means. The 

slopes of the regressions were cor?1Bred with the slope of the Lake Onta-io ref «ence site 

acccrding to Sokal and Rohf (1981). All data were tesed for co"lfiance to the 

assll11)tions of norm1lity and hormgeneity of variance. Data sets, which vioated these 

assll11)tic:>ns, were transformed usirg a log or squa-e root transformation. Sigrificanc.e 

was det«rTined at p< 0.05 unless oth«w ise indcated. 
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4.4 RESULTS 

A. Water chemistry and physical profiles 

A temperature increase of less than 5 °C was observed across all sites during the 21 

d study (Fig. 4.2A). Water temperature at the Lake Ontario reference site was lower 

than at the Harbour sites. Dissolved oxygen concentrations changed little during the 

study, and were well above 7 mg/I at all sites, the exception being site 5 on 21 d, where 

oxygen concentrations dipped to 5.5 mg,1 (Fig. 4.28). Oxygen concentrations were 

lower at all Harbour sites compared to the Lake Ontario reference site. Free ion content, 

as measured by conductivity, was considerably higher at all the Harbour sites when 

compared to the Lake Ontario reference site (Fig. 4.2C). The pH profile decreased 

slightly at all sites during the study and was considerably lower at sites 5 and 6 (Fig. 

4.20). Total water ammonia levels, pH, and temperature were all used to calculate 

unionized ammonia concentrations during the study (Fig. 4.3). Unionized ammonia levels 

measured at the Harbour sites were clearly much higher than levels measured at the 

Lake Ontario reference site. With the exception of sites 1 and 3, unionized ammonia 

levels measured on the first day of exposure at all sites. exceeded the safe limit of 40 

ug/1 (Hurvitz et al., 1997). In general, ammonia levels were reduced as the water 

temperature increased, such that levels were below 30 ug/1 at most of the sites by day 

21. Ammonia levels at site 2 and 6 however, did not follow this trend. Ammonia levels 

initially decreased, then gradually increased to 31 ug/1 by day 21. 

Total and individual PAH concentrations in the water and sediment are summarized in 

Tables 4.1 and 4.2. Extraction recoveries for all PAHs were in the 70-95% range. 

Sample concentrations were not adjusted for the recoveries. The Lake Ontario site 

contained the second highest concentration of PAHs in the water column; napthalene and 

phenanthrene were the predominant PAHs (Table 4.1 ). Analysis of a second water 

sample has subsequently confirmed the total aqueous PAH levels at site 1, though the 

PAH profile was different (Appendix 3, table C1 ). 
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Figure 4.2: Temperature (A), dissolved oxygen (B). conducti\1ty (C), and pH (D) profles 
during the 21 d Hamiton Harbour study. Sites are labeled as; 1 (Lake Ontario), 2 (Burlington 
STP). 3 (Lax), 4 (Randle Reef). 5 (Windermere basin), and 6 (Dofasco boatsl~). 
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Table 4.1: Water PAH concentrations for the Lake Ontario reference and Hamilton 
Harbour sites.a 

Sites 
PAH {u g/1) 1 2 3 4 5 6 

Naphthalene 0.036 0.003 0.002 0.010 0.003 0.003 
Acenaphthylene nd nd nd nd nd nd 
Acenaphthene 0.004 0.007 0.008 0.005 0.007 0.006 
Fluorene 0.005 nd nd nd nd nd 
Phenanthrene 0.015 0.003 nd nd 0.002 nd 
Anthracene nd nd nd nd 0.015 nd 
Fluoranthene 0.003 nd nd nd nd nd 
Pyrene nd nd 0.002 0.002 0.004 0.002 
Benzo[a)anthracene • 0.005 0.006 0.005 0.005 0.004 0.008 
Chrysene nd nd nd nd 0.005 nd 
Total 0.068 0.019 0.017 0.022 0.040 0.019 

1 Sites 1 { Lake Ontario), 2 {Burlington), 3 (Lax), 4 {Randall's Reef), 5 (Windermere), 
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6 (Dofasco). Benzo(b)fluoranthene, benzo{k)fluoranthene, benzo(e)pyrene, benzo{a)pyrene 
perylene, indo{1,2,3-cd)pyrene, dibenzo{a,h)anthracene, and benzo{g,h,l)perylene 
were not detected in the water. (nd)= not detected 
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Table 4.2 summarizes sediment PAH concentrations at each site. Sites 3, 4, 5, and 6 

contained total sediment PAH concentrations that were 7, 190, 21, and 33 fold higher 

than the Lake Ontario reference site. Total sediment PAH concentrations were lower at 

site 2 compared to the Lake Ontario site. Naphthalene was measured in whole fish tissue 

(0.057 ug/g wet weight) at site 4. PAHs were not detected in samples from any of the 

other sites, likely due to the rapid rate at which they are biotransformed in fish (Ariese et 

al., 1993). 

B. Condition factor, mortality, liver/body weight ratio, and behaviour 

In ger'!eral, fish samples from sites 2 and 3 appeared lethargic, and more easily 

succumbed to the anesthetic compared to the Lake Ontario reference fish; fish from site 

4 were also lethargic on day 7, but appeared hyperactive on day 21. Fish from sites 5 

and 6 always appeared hyperactive. No fish mortalities were recorded for the duration 

of the harbour study; however, ventral surface skin abrasions and fin erosion were 

observed on some of the fish from various sites. 'Miile no apparent pattern of abrasion 

development was observed over the duration of the study, the percentage fish with 

abrasions from sites 3, 4, 5, and 6 was 17, 30, 30, and 20 % respectively; 23 % of the 

fish at site 5, and 10% of the Lake Ontario fish had abrasions on sampling day 21. 

Measured immune parameters from individual fish did not correlate with the presence of 

skin abrasions. 

Fish condition factor (weight/length x 100) was significantly lower at site 2 when 

compared to the Lake Ontario reference site (p<0.05). Harbour sites 4 and 6 were also 

affected throughout the course of the study. Fish condition factors from both of these 

sites appeared to increase on day 7 with respect to day O baseline values. This was 

followed by a gradual decline in fish condition, resulting in a significant decreasing linear 

trend (p<0.01) over the course of the study. The measured slope of the regression line 

fit to data from each of these sites was significantly different from the slope of the 
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regression fit to the Lake Ontario data (p<0.05)(Fig. 4.4). No change in liver/body weight 

ratio was observed at any of the harbour sites. 
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Table 4.2: Sediment PAH concentrations for the Lake Ontario reference and Hamilton 
Harbour sites.• 

Sites 
PAH (u gig dry weight) • 1 2 3 4 5 6 

Naphthalene 0.01 0.01 0.15 2.00 0.50 2.15 
Acenaphthylene nd 0.01 0.08 1.74 0.57 0.61 
Acenaphthene 0.01 nd 0.02 1.47 0.14 0.19 
Fluorene 0.01 nd 0.04 1.82 0.16 0.22 
Phenanthrene 0.09 0.02 0.34 14.70 1.08 1.35 
Anthracene 0.02 0.01 0.08 4.80 0.40 0.37 
Fluoranthene 0.16 0.06 0.85 26.06 1.88 3.91 
Pyrene 0.14 0.05 0.77 22.28 1.59 3.66 
Benzo[a]anthracene 0.05 0.03 0.42 9.90 1.05 2.30 
Chrysene 0.08 0.05 0.46 8.23 1.28 2.34 
Benzo[b ]fluoranthene 0.14 0.16 1.25 46.81 3.60 5.34 
Benzo[e]pyrene 0.05 0.05 0.49 7.47 1.83 2.01 
Benzo[a]pyrene 0.07 0.05 0.52 13.26 1.93 2.05 
Perylene 0.03 0.08 0.25 4.21 0.68 0.88 
lndeno[1,2,3-cdJpyrene 0.06 0.07 0.68 11.01 1.90 2.19 
Dibenzo[a,h]anthracene 0.01 0.01 0.11 1.52 0.38 0.46 
Benzo[g, h. ijperylene 0.05 0.05 0.50 8.96 1.69 1.71 
Total 0.97 0.69 7.00 186.23 20.65 31.73 

• Sites 1 ( Lake Ontario), 2 (Burlington), 3 (Lax), 4 (Randalrs Reef), 5 (Windermere), 
6 (Dofasco). (nd)= not detected 
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C. Oxidative Burst 

Pronephros leukocyte oxidative burst was significantly inhibited in fish during the 21 d 

exposure at sites 2 and 3 within the Harbour when compared to the Lake Ontario 

reference site. The decline in oxidative burst followed a linear relationship over time at 

both sites (p<0.01 ); an apparent, but non-significant decrease was also observed at site 

4. A comparison of the slopes of the regression line through the cage means at sites 2 

and 3 was also significantly different from the regression slope through the Lake Ontario 

cage means (p<0.0S)(Fig 4.5). 

D. Phagocytosis 

The percent of pronephros leukocytes engulfing three or more beads was reduced 

during exposure in fish caged at a number of the Harbour sites when compared to the 

Lake Ontario reference site. Significant decreasing linear relationships were observed 

throughout the course of the study at sites 3, 4, and 6 (p<0.05), and at site 5 (p<0.01 ). 

The slope of the regression through the cage means from each of these sites was also 

significantly different from the Lake Ontario control response slope (p<0.0S)(Fig 4.6). 

The mean fluorescence of pronephros leukocytes was also reduced during exposure 

in fish sampled from sites 2 and 3 when compared to the Lake Ontario reference site. A 

significant linear decrease in fluorescence was observed at both these sites over the 21 

days of exposure (p<0.05); apparent, but non-significant decreases were observed at 

sites 4, and 6. The measured slope of the regression line through the cage means at 

sites 2 and 3 was also significantly different from the regression slope through the cage 

means at the Lake Ontario reference slope(p<0.05); differences at sites 4, and 6 were 

again apparent, but non-significant (Fig 4.7). 

Similar responses were observed then the phagocytosis data were calculated 

using the phagocytic index (Fig 4.8). Significant decreasing linear relationships were 

observed during the study at sites 3, 5, and 6 (p<0.05). The regression slopes of the 
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cage means at all sites, induding sites 2 and 4, were significantly different from the 

regression slope through the cage means of the Lake Ontario reference site (p<0.05). 
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E. Stg• leukocyte marking 

Pronephros s1g· leukocyte counts measured at sites 3 and 6 were significantly lower 

than those measured at the Lake Ontario site (p<0.05). Counts at sites 2, 4, and 6 also 

appeared lower than the Lake Ontario reference site, but were not statistically 

significant. A significant change in s1g· leukocyte counts was not observed at any of 

the sites during the course of the study. 

F. Sertm lysazyme actMty 

Serum lysozyme concentrations were significantly higher at sites 5 and 6 than at the 

Lake On~rio reference site (p<0. 0 1 ). VVithin the Harbour, lysozyme concentrations at 

site 6 were significantly higher than levels measured at sites 2, 3, and 4 (Fig. 4.10). Sites 

1 and 4 showed a significant linear increase in lysozyme activity during exposure. A 

comparison of the regression slope through the fish serum lysozyme levels at each site, 

revealed that site 6 was significantly different than the Lake Ontario (p<0.05). 
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4.5 DISCUSSION 

Exposure of caged rainbow trout over 21 d at various sites within Hamilton Harbour 

altered several immune parameters over time. Some of the immunological parameters 

were however. more sensitive than others (Table 4.3). 'Mien compared to the Lake 

Ontario fish, the oxidative burst of pronephros leukocytes, pronephros B lymphocyte 

counts and serum lysozyme levels were only affected at two of the Harbour sites. The 

phagocytic index of pronephros leukocytes, on the other hand, was significantly inhibited 

at all, emphasizir.g the sensitivity of this parameter for assessing the impact of stressors 

on the fish immune system (Fournier et al., 1998). The reduced phagocytic index was 

attributed to a decrease in the percent of phagocytic cells at site 5, and a reduction in 

phagocytic activity at site 2. The inhibited phagocytic index at sites 3, 4, and 6 was due 

to a combination of both phagocytic parameters. 

Modulation of the selected immune parameters at various sites within the Harbour is 

likely attributable to multiple stressors, because numerous immunotoxic contaminants 

have been identified within the Harbour water and sediments. Heavy metal 

concentrations were not measured in the present study. However, levels of Cr, Cu, Pb, 

-and Zn in the Harbour sediment have been reported to be as high as 500, 160, 700 and 4 

500 ug/g, respectively, within the central basin of the Harbour (Krantzberg and Boyd, 

1992). It has been suggested that complexation of metals with either iron or sulfur 

compounds may restrict the bioavailability of these compounds to fish. However, 

Krantzberg and Boyd (1992) showed that 21 d laboratory exposed fathead minnows 

(Pimephales promelas) and mayfly nymphs (Hexagenia limbata) to sediments from sites 

centrally located within the Harbour, generally resulted in higher tissue residues of As, 

Cd, Cr, Cu, Fe, Pb, Ni, and Zn than in control organisms. Organisms exposed to sediment 

from the Wndermere channel did not exceed control tissue. Numerous examples of 

metal-induced immunomodulation in fish have been reported. Dunier (1994b) for example, 

demonstrated that Cu and Zn suppressed carp spleen and pronephros macrophage 
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activity at 12.5 and 3 mg/I respectively. Cu (0.3 mg/I) also suppressed· lymphocyte 

blastogenic response to phytohaemagglutinin (PHA). Zelikoff (1994) reported that trout 

peritoneal macrophage activity, as measured by hydrogen peroxide and superoxide 

production, was reduced after 30 days of exposure to 2 ug/1 of Cd. Though most 

researchers have reported an immunosuppressive response, low doses may also be 

immunostimulatory, possibly due to stress and subsequent hyperactivity (Anderson, 

1996). 



Table 4.3: Summary of immune parameters, from fish caged at various sites 
within the Hamilton Harbour, which were significantly different from the Lake 
Ontario reference fish. 

Parameter 

Oxidative Burst 

Phagocytosis 

% phagocytosis 

mean total fluorescence 

phagocyticindex 

Sig· leukocyte count 

Lysozyme activity 

2 

+ 

+ 
+ 

3 

+ 

+ 
+ 
+ 

+ 

(+)= significantly different from the control (p<0.05) 

Sites 
4 

+ 

+ 

5 

+ 

+ 

+ 

6 

+ 

+ 

+ 

+ 
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PAHs may have also contributed to the immunosuppression observed at various sites 

within the Harbour, more specifically sites 3, 4, 5 and 6. Previous studies conducted in 

our laboratory, and in other laboratones, indicate that PAHs modulate immune parameters 

in fish. Sewage sludge containing PAHs and hydrocarbon contaminants has been 

shown to reduce pronephros leukocyte oxidative burst and serum lysozyme activity in 

dab (Umanda limanda) (Secombes et al., 1997). Inhibited oxidative burst and stimulated 

phagocytic activity from pronephros leukocytes, reduced numbers of peripheral blood 

Sig• 8 cells, and decreased plasma lysozyme activity were observed in rainbow trout 

exposed .to creosote contaminated sediments. containing PAHs (Karrow et al., 1999). 

Reports of suppressed phagocytic activity were also made by Weeks and Warriner 

(1986) in spot (Leiostomus Kanthurus) and hogchoker (Trinectes mactiatus) pronephros 

leukocytes exposed to PAH contaminated sediments from the Elizabeth River. VA. 

Lemaire-Gony et al. (1995) reported reduced oxidative burst in European sea bass 

(Dicentrarchus labraK) splenic macrophages after intraperitoneal dosing with 

benzo(a)pyrene. Lastly, a study by Faisal and Huggett (1993) showed that spot 

pronephros lymphocyte proliferation in response to the mitogen, concanavalin A, was 

significantly inhibited at sites along the Elizabeth River. 

In the present study, PAH concentrations in the water did not correlate with 

immunomodulatory responses measured at the various sites. Total PAH concentrations 

at the Lake Ontario reference site, for example, were higher than those measured at 

most of the Harbour sites. These PAHs appear to have little or no immunomodulatory 

effects in trout at the concentrations measured, since immunosuppression was not 

observed at this site using our panel of immune assays. Initially, we suspected that the 

water sample had some how been contaminated by the boat exhaust during sampling. 

However, repeated sampling has subsequently confirmed that PAHs are present in the 

water column at site 1, though the PAH profile appears variable. The apparent source(s) 

of these PAHs are unknown. A major expressway is located nearby, and the prevailing 
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wind from the Harbour's steel mills is, however, over the Lake. It is unlikely that sources 

would include sediment-bound PAHs partitioning back into the water column, since Lake 

Ontario sediment PAH concentrations were less than 1.0 ug/g dry weight. 

lmmunosuppression appeared to be more pronounced at sites which had PAH 

contaminated sediments, even though the degree to which immunosuppression occurred 

did not parallel sediment PAH concentrations. The number of suppressed inmune 

parameters at sites 3, 5 and 6, for example, was greater than the number observed at 

site 4, where sediment PAH concentrations were the highest (Table 4.3). This suggests 

that other compounds may also be contributing to the immunosuppression observed at 

these sites. Results from Parrott et al. (1998) reported that the induction of trout hepatic 

mixed function oxidase (MFO), in these same fish, was greater at sites containing PAH 

contaminated sediments, though induction at sites 5 and 6 was greater than at site 4. It is 

believed that metabolic adivation is required before certain PAHs can target the immune 

system. PAH metabolites have been shown to bind to protein tyrosine kinases (PTKs) 

and Ca2
• -ATPases, thereby disrupting Ca2

• signals within lymphocytes, possibly resulting 

in apoptosis (Krieger et al., 1995; Davila et al., 1997; Zhao et al., 1997). Faisal and 

Huggett (1993) also showed that spot pronephros lymphocyte proliferation was reversed 

in benzo(a)pyrene and benzo(a)pyrene- 7,8 dihydrodiol exposed lymphocytes by cx­

naphthaflavone, a potent cytochrome P450 inhibitor, suggesting that immunosuppression 

in fish caused by certain PAHs may also involve cytochrome P450 dependent pathways. 

The higher 7-ethoxyresorufin-0-deethylase (EROO) induction at sites 5, and 6 may be 

attributed to PAH derivatives, other Ah-receptor binding compounds (i.e. PCBs) not 

measured in this study, and/or the interaction of certain heavy metals (Lemaire-Gony et 

al., 1995). Sediment PCS and Cu concentrations have been documented greater than 

2000 ng/g, and within the range of 151-225 ug/g, respectively at sites 5, and 6 (RAP, 

1992). Lemaire-Gony et al. (1995) reported that long-term Cd exposure modified the 

induction of hepatic EROO activity by benzo(a)pyrene. EROO activity was induced by a 
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factor of 11 and 21 for Cd and benzo{a)pyrene respectively; a combination of the two 

compounds resulted in a 34 fold induction. This induction of MFO by chemical mixtures 

could potentially increase the risk of PAH immunotoxicity by increasing the rate at which 

reactive PAH metabolites are produced. 

Alkylphenols were also identified at a number of the Harbour sites, in water, sediment 

and fish tissues (Gamble et al., 1998). The source of these compounds in the aquatic 

environment has previously been linked to sewage treatment plant effluents ( Bennie et 

al., 1997). 4-nonylphenol (4-NP) water concentrations at sites 5 and 6 were 0.984 and 

0.858 ug/1; fish tissue concentrations were 0.054 and 0.068 ug/g wet weight 

respectively. Although little is known about the immunomodulatory effects of 

alkylphenols, a recent study by Rice et al. (1998) showed that dietary 4-NP (10 ppm) and 

arochlor 1254 (10 ppm) enhanced channel catfish, (lctalurus punctatus) head kidney 

neutrophil oxidative burst activity and reduced the percent of B cells. 4-NP was also 

reported to enhance aroclor 1254 induction of gut and liver CYP1A. 

Unionized ammonia levels in the Harbour may have also been high enough to modulate 

rainbow trout immune parameters during the 21 d study. Initially, ammonia levels were 

greater than 40 ug/1 at all Harbour sites, with the exception of site 3. These levels 

however, declined during exposure. A sufficient change in ammonia levels during the 

first week of the study may account for some of the variation between cages at each 

site, since the deployment of cages was staggered by five days. Hurvitz et al. (1997) 

reported that long term exposure of trout to unionized ammonia (60-80 ug/1) was 

sufficient to modulate an immune response. Although they reported that trout antibody 

titers, following vaccination with (Streptococcus imiae), were similar to control fish, 

resistance to streptococcus infection was significantly reduced. This is indicative of 

modulated cellular or innate immunity. Plasma lysozyme activity was also inhibited in 

rainbow trout by acute exposure to unionized ammonia as reported by Mock and Peters 

(1990). In light of the high ammonia concentrations found in the Harbour, channel 



141 

catfish, being more ammonia tolerant than rainbow trout, may be a more suitable test 

species for future Harbour studies. 

In addition to the numerous chemical stressors, fish were also subject to a number of 

physical stressors, which may have modulated the immune system. High levels of 

microorganisms associated with certain sewage treatment plants may ,for example, 

modulate fish immune parameters (Secombes et al., 1997). In addition to this, dissolved 

oxygen concentration, water temperature, and pH measurements from the Lake Ontario 

reference site were considerably different from the Harbour site measurements, 

emphasizing the difficulty in finding suitable reference sites for studies of this scale. 

These water quality parameters may have influenced the respective fish immune 

parameters measured at each site. Hardie et al. (1994). for example, reported that 

macrophage activating factor induced the up-regulation of oxidative burst measured in 

rainbow trout pronephros macrophages at 14 °C but not at 7 °C. Thus, it appears as 

though T cell function may be inhibited at the range of temperatures measured at the Lake 

Ontario site. Raymond et al. (1998) reported that Medaka (megalobathracus japonicus) 

immune parameters were affected during exposure to low pH ground water 

contaminated with organic and heavy metal contaminants. As well, fish from sites 4 and 

6 showed a significant linear decrease in their condition factors over 21 d, indicating that 

the energy expendature to maintain homeostasis may have been greater at these sites. 

This may seriously affect fish health, as cellular and humeral disease resistance is very 

energy demanding (Schreck, 1996). Although no correlation was observed with 

immunological assays, the high number skin abrasions observed at a number of sites 

suggests that Harbour fish were more stressed during exposure than the Lake Ontario 

reference fish. Fish behaviour may be linked to the presence of these abrasions, as 

hyperactive fish from sites 4, 5, and 6 had the highest percentage of abrasions; lethargic 

fish from sites 2 and 3 had few, if any, abrasions. These hyperactive fish may have 

been in contact with the cage material more often, resulting in physical trauma to the skin. 
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Increased activity may have also contributed to the decrease in fish condition observed 

at sites 4 and 6. Whether or not this behavioural modification is attributed to chemical 

and/or physical stressors. remains to be detennined, as other stressors such as rioise 

and turbulence, generated from shipping traffic at these sites, may have acted as 

confounding variables. Stress associated with the handling and transportation of fish 

has also been well documented, and can influence hormone plasma protein levels within 

minutes. Levels of cortisol and catecholamines can increase within 30 s of netting; 

serum complement and lysozyme levels can increase within 10 min (Demers et al., 1997). 

'Nith this. in mind, it is possible that serum lysozyme levels increased during transport 

back to the laboratory. All fish were however, processed in a similar manner. Sampling 

stress did not likely influence the oxidative burst, phagocytosis, and Sig• B cell assays, 

since cells were allowed to recover over night in culture media before analysis. 

Although we have not shown that an immune response is impaired in this study, it is 

clear that exposure to sites within the Hamilton harbour can modulate phagocytic 

function, B cell numbers. and lysozyme activity, possibly to the degree whereby host 

resistance to infection is compromised. More information is required before a relationship 

• between these functional changes in the immune system and the development of clinical 

disease can be established (Karol, 1998). In a follow up study, researchers may wish to 

consider antigenic challenge prior to exposure. Thus, a change in the following immune 

parameters could be dire~Jy linked to a specific immune response. 

The identification of the immunomodulating compound{s) in this study, may prove to be 

challenging. A study conducted by Lemaire-Gony et al. (1995) emphasized the 

complexity of interpreting responses associated with multiple chemical stressors. 

Exposure of European sea bass (DicentrarctrJs labrax) to Cd (40 ug/1) and 

benzo(a)pyrene (20 mg1l<g) in combination, inhibited the oxidative burst from splenic 

macrophages. This response was attributed to benzo(a)pyrene rather than 0:1 

exposure. Kidney macrophage oxidative burst on the other hand, was enhanced by 0:1 
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and benzo(a)pyrene alone, and also when the two toxicants were combined. Splenic 

and kidney macrophage phagocytosis, however, appeared to be synergistically inhibited 

by the combination of these two chemicals. This example emphasizes that interpretation 

of immunotoxicity may depend on a number of variables, including the type of immune 

parameter being measured, tissue, species, and potential interadion with other systems ( 

i.e. neuroendocrine and hepatic systems). 

The goal of this study was to assess whether or not exposure to a number of sites 

within the Hamilton Harbour was sufficient to alter immune parameters in fish. We have 

shown that several immune parameters were modulated, not only with resped to 

duration of exposure, but also when compared to the Lake Ontario reference site. Future 

studies may wish to focus on the Windermere Basin, since immune effects were severe 

at sites 5 and 6. For logistic reasons, may also be more useful to restrict sampling to 21 

days, as altered immune parameters were the most pronounced after this duration of 

exposure. By restriding sampling to a smaller region, fish sample sizes could be 

increased at each site. Cage replicates could also be incorporated into the study, without 

having to complicate the study design by staggering exposure. Recommended assays 

would include phagocytic activity and oxidative burst, because of their sensitivity. 

Challenge by vaccination should also be considered to determine whether or not 

exposure is sufficient to modulate an immune response. B cell counts and serum 

immunoglobulin levels could be used to measure a change in immune response, provided 

the sample size is increased to accommodate the large fish to fish variability. 
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4.6 CONCLUSION 

The results from this study indicate that immune parameters were modified in rainbow 

trout caged at various sites within the Hamilton Harbour. Modification of some of these 

parameters appeared to be more pronounced with the duration of exposure. Although 

identification of the stressors remains to be detennined, immunomodulation at various 

sites within the Harbour may be attributed to multiple stressors, since numerous 

immunotoxic contaminants have been identified within the Harbour water and sediments. 
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SUMMARY AND GENERAL CONCLUSIONS 

The studies compiled in the thesis were designed to assess the immunotoxicity of 

chemical mixtures to fish. A panel of recently developed immune assays was 

incorporated into two creosote microcosm studies, and a field study conducted in the 

Hamilton Harbour, to assess the hazard of exposure to chemical mixtures. Attempts 

were made to establish concentration-response relationships, and monitor immune 

parameters during exposure. 

The results from these studies demonstrated the potential that immune parameters 

offer as bioindicators of exposure and effect when assessing chemical mixture toxicity 

in the field. Concentration-response relationships were established for liquid creosote 

using the panel of immune assays. Although several of the responses were 

reproducible over two field seasons, observations from the kinetic study suggested that 

they were temporally dependent. The biological significance of these temporal changes 

remains to be determined, however, such changes must be considered by 

ecotoxicological risk assessors when assessing the health risks of exposure to chemical 

mixtures. 

Results from the Hamilton Harbour study showed that exposure to various chemical 

and physical stressors in the Harbour was sufficient to adversely affect measured 

immune parameters. Again, modulation of the immune parameters was dependent on the 

duration of exposure. Unfortunately, it was not possible to establish causality to these 

responses since the assays are not able differentiate among various chemical and 

physical stressors. In the future, controlled laboratory studies and field studies 

conducted in pollutant specific areas may help to answer some of these questions. 

Several of the immune assays in the testing panel were repeatedly more sensitive 

than others. For example, blastogenic response to the mitogens, PHA, Con A, and LPS, in 

the first microcosm study, was extremely variable. This assay was subsequently 

removed from the testing panel for the Hamilton Harbour and second creosote studies. B 

ISO 
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cell marking was also variable across sampling days. Although this assay was a useful 

biomarker of exposure, it is important to note that phenotypic markers can not evaluate 

changes in the functional immune system. It is also difficult to distinguish between 

proliferative responses and leukocyte trafficking using this assay. Increasing the sample 

size may help to improve the sensitivity of this assay. Measuring serum or plasma 

lysozyme activity has advantages in that it is easily performed and economical. 

However, this assay consistantly did not detect the subtle immunological changes that 

were measured using several of the other immune assays. Measuring lysozyme activity 

may require modified sampling techniques to optimized the sensitivity of this assay, since 

the stress associated with sampling can immediately alter the response. Leukocyte 

oxidative burst and phagocytic activity assays were the most promising assays in the 

test panel for use in field studies. In addition to providing reproducible results, they were 

consistently sensitive to subtle changes that occurred during exposure. It is important to 

note that, although these assays measure functional changes in the innate immune 

system, they do not evaluate a change in immune response. Their utility as preliminary 

screening assays for hazard identification is promising, but, until a relationship is 

established between these functional changes and disease resistance, they will continue 

to provide little insight to effects occumng at the population level. 

It is extremely difficult to extrapolate from changes observed in the laboratory and field 

to effects occumng at the population level. There is a great deal of immunological genetic 

diversity at the population level, which ensures the survival of a species. 

Ecotoxicological risk assessors currently recognize the importance of protecting 

sensitive species, but are willing to accept losses of certain high risk groups within a 

species, without an understanding of the long term implications that may be associated 

with this reduction in genetic diversity. Pathogenic challenge studies should help to 

identify high risk groups, and predict the outcome of their loss on the entire population. 

Microcosm studies may provide the means for measuring such a response at the entire 



152 

population level. They may also be useful for establishing relationships between 

functional changes at the organism level, and disease resistance at the population level. 
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' 17 11.21 az 41'12 tl77 ,12.1 •1.1 ,. I.et UI lt:t.lO ,a.ao t2.IO ,. 
' t7 tl.:14 :au .,. 22.m tlU 77:1.0 .. , , .• t.11 tt7.IO , .. ... ,.a 
2 ,1 t4.t7 41.4 41112 14.12 .. 17U tlllU .,, , .. o.• tOl.111 ttt.JII 1• o.■ 
2 t7 ,:a.a GI - • ... 441.0 11117.1 4a2 um 0.12 IOI.Ill , ..... o.• o.■ 
s 17 ,o.os •• 21111 -41 11.21 , .. , .... , .. , .• , Q.Jt ttS.IO '14.111 -0.111 0.12 
I t7 ,o.~ • am7 ., a4t nu 2Ht.2 ,. , .• 0.12 l:tt.20 1:tt.10 -0.10 o.n 
4 t7 '7.11 41 •1• . ., t:t.14 tOl'.5 '74.4 17 , .• 0.11 t:17.IO ,, ... •It.ID o.a 
4 t7 l.tO :17.1 - .,.,. a:t2 , .• o.■ If.GO •111 I.Ill o.• 
I 17 Zl.7:t 17 11a177 7G.42 11.a :Mt.I , .. 1111 , .• o.• N.JO tOt.311 llll o.■ 
I :a, It.JI 27.1 - •• , .• , .. ,01.10 '14.10 12.40 UD 

' 11 t0.12 •• -- , .. ., 1a2 -.1 Ml , .• I.JI tt2.t0 ttl.40 4.:111 ,.a 
2 :a, 11.27 •• 11142 11.41 12.11 u u, tlD.IO 1111.311 , .• U2 
2 :t1 12.41 42.1 .... nu• 17.21 ,a., 1712.4 15a , .• U2 102.IO tM.00 tt.lO 1.11 
I 11 , .. 111 a4 21411 a21 11.11 ,11.1 11111 ,m u ,.a tOI.IO 111.IO , ... , .• 
:a 11 , ... SU kltl 4.» 411.7 -0 :ttlO , .• ,. '10.111 tt140 1411 o.■ 
4 :a, 12.a 21, HI■ 71.12 •• .... •1 ,111 t.411 o.■ ,11.111 ,,._. -2.■ 0. .. 

• :a, 1.17 SU Dl4I '7.11 "·· 71.1 ,.,.... 1111 , .• '·" ttl.lO '12.30 ◄.• , .• 
I H t:t.t:t •• - t:Z,.11 RD 221.4 1:MI.I ,m um , ... , ... tt1.IO , .• , .. 
' II "·" :12.2 JG4I 11.44 ,, .. , ..... 447 1.8lll , .• ltl.10 111.111 1■ o.■ 

' • ,o.a • 27771 aa ,,... 111.7 - , .• , .• 1to.lO ,_ ., .• 1.M 
2 • ••• • • :11417 14.11 IU7 -· 1111.0 t:127 , .• , t.41 117.IO 121.:111 I.Ill ,.11 
2 • I.ti 41.l - 71.17 •• -· mu 21• ,.m ,.a tt7.40 '11.30 ◄.211 ,.a 
s II , ... •• 4■-:t 17.7' 71.17 , .. , :MIi.i m:a , .• ,.111 , .. t:17.IO t.10 D.■ 

:a II a,o :tl.4 4111:t 21.11 n.111 1■.0 !Mt.I 147 , .• o.■ 71.11 12.tO :r.e t.OI' 
4 II 11• •• 411311 I .. ., ... 117.11 - , .. , ,.m •• . , .• .... 1.21 
4 II 1:a.a a4 ...,. 11.17 ... ., , .... , .. I.C t.17 '14.IO tt:t.111 ., .. ,.m 
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TUii A2: SUfflnwy fll rainbow nut paniffllllrs fflNIUl9d Illar 7. 14. 21. 111d 21 d fll upoaura ID liquid cr90IOla 
dulfng .. t• nliaaco1111 fllld ...,__ 

Concn TIME Bceff &nt "'Phlgo PtagDffllln Ptago Lyaazyme F"INI LMr LMrAiwt.-
ulll (d) CIDlft cnt"!Nen ui;m Wliglt (g) Wlliglt (g) X100 

0 0 382 19.43 41.40 35.50 867118 1011.50 1.00 0.IM 
0 0 "21 117.311 10.23 37.40 33292 -e.20 1C2.30 1.50 1.05 
0 0 373 95.87 IS.SIi 35.00 167U 1.69 100.00 1.90 1.90 
0 0 210 92.86 5.15 3".10 17602 11.6" 117.1111 1.14 0.97 
0 0 3119 51.17 3.53 15.80 60385 25.76 79.90 1.00 1.25 
0 0 176 19.37 4.25 28.20 94411 -1.411 134.70 1.60 1.19 
0 0 IM8 3".54 111.26 36.30 2n11 19.74 129.4) 1.10 0.115 
0 0 1126 37.13 6.811 36.30 111836 10.45 1011.50 1.20 1.13 
0 0 51.24 10.74 31.40 119112 14.110 1C2.30 1.30 0.91 
0 0 11.93 211.30 13737 13.00 100.00 1.(JO 1.00 
0 7 en 119.97 111.111 55.50 6M8II 11.711 113.1111 1.00 0.1111 
0 7 - 432 .• 11.10 37.20 27300 12.67 123.50 1.30 1.05 
0 7 255 111.411 12.54 44.70 43851 17.43 171.«> 1.110 1.07 
0 7 221 145.97 6.31 27.110 1428' 20.22 1711.«J 1.20 0.67 
0 7 338 145.51 9.411 33.110 2""34 22.33 138.30 1.30 0.93 
0 7 2511 141.97 7.59 :M«J 23830 19.37 117.1111 uo 1.311 
0 7 M 1111.35 15.05 43.CI 54120 12.61 1311.110 2.30 1.66 
0 7 337 811.4" 15.19 55.00 711754 13.71 131.110 1.70 1.29 
0 7 138 1511.118 11.32 «J.10 4"1111 24.99 1111.1111 2.70 1.G 
0 7 «>7 911.74 4.23 37.190 1505S 37.03 133.00 1.190 1.20 
3 7 7111 167.2 30.05 44.110 1111561 7.117 155.00 1.50 0.97 
3 7 104" 14>.CM 13.113 37.20 «Mn 14.113 90.60 0.90 0.99 
3 7 316 116.09 15.21 45.00 511n1 211.63 145.00 1.70 1.17 
3 7 1221 110.51 27.29 75.80 155929 311.115 95.00 1.20 1.26 
3 7 191 2"6.113 3.60 "6.90 17071 -5.n 106.00 1.10 1.04 
3 7 6711 57.511 10.91 "3.50 39011 --0.96 126.00 1.«J 1.11 
3 7 304 182.64 14.86 411.190 93373 5.06 130.00 1.CI 1.01 
3 7 295 114.33 14.55 43.40 511155 71.51 1611.00 1.110 1.07 
3 7 5116 79.IM 16.411 35.20 457911 23.45 95.00 1.30 1.37 
3 7 1005 "8.37 12.115 33.110 311112 2.79 124.00 2.00 1.61 
10 7 1187 115.19 19.30 67.10 92790 9.09 112.00 1.10 1.34 
10 7 5M 53.111 37.111 63.CI 179508 17.90 102.00 1.10 1.01 
10 7 1293 114.53 :Mn 51.90 137077 33.07 151.00 2.10 1.35 
10 7 548 126.25 111.119 42.30 70390 71.09 92.190 1.00 1.01 
10 7 1114 91.02 10."8 3320 307511 13.110 120.00 2.10 1.75 
10 7 1124 100.31 43.42 51.20 207915 17.59 105.20 2.20 2.09 
10 7 9111 53.97 11.62 33.20 335111 57.G 142.00 1.190 1.27 
10 7 11112 1111.111 17.69 45.20 1111n 14.411 137.10 1.90 1.31 
10 7 1437 111.211 37.34 "9.20 1482119 12.76 1511.10 2.20 1.41 
10 7 11511 51.29 111.75 43.110 IS5ISIS5 39.93 133.10 2.50 1.17 
0 14 340 "8.011 5.47 27.30 13541 21.24 120.00 1.90 1.51 
0 14 276 1211.2 4.80 32.110 14100 -3.03 174.30 1.110 1.03 
0 14 334 3".22 7.52 34.30 254011 10.11 119.20 1.30 1.09 
0 14 - 54.99 9.01 31.70 211222 11.80 1111.50 1.10 O.IM 
0 14 .. 28.43 11.93 31.10 1sn11 12.12 141.10 1.30 0.92 
0 14 410 120.17 7.93 311.110 1n39 9.21 125.00 1.20 0.911 
0 14 598 1511.113 10.27 41.50 35804 44.0SI 14>.«> 1.00 0.71 
0 14 792 1"6.11 4.33 21.60 9707 -33.47 152.90 1.10 0.72 
0 14 419 1CM.71 11.03 31.70 11101 113.20 1.10 0.97 
0 14 438 45.43 4.1111 "290 201&1 196.10 2.00 1.02 
3 14 377 55.21 4.1111 30.70 130111 11.4" 132.fiO uo 1.21 
3 14 Ml 20.31 13.54 50.50 111608 19.55 112.10 1.20 1.07 
3 14 ...., 34.42 7.00 36.190 234011 21.11 130.50 1.70 1.30 
3 14 497 511.38 13.39 49.50 473"8 17.02 130.20 1.110 1.31 
3 14 1101 107.19 939 45.30 26427 27.52 152.00 1.60 1.05 
3 14 1151 111.45 8.15 45.20 2nn 11.31 130.00 1.50 1.15 
3 14 505 1511.37 14.71 35.70 13635 14.33 201.20 2.20 1.09 
3 14 1163 11.21 9.33 40.30 31610 17.30 124.00 1.110 1.45 
3 14 358 122.53 10.57 112.10 57021 16.11 110.00 1.50 1.311 
3 14 Ml 45.45 12.118 51.10 111195 171.00 2.50 1.CI 
10 14 917 9.79 20.10 45.110 1143711 112.00 1.50 1.34 
10 14 242 59.91 7.91 31.20 21433 14.12 132.00 1.110 1.36 
10 14 911 43.93 10.711 35.70 31G,4 12.118 127.00 2.00 1.57 
10 14 411 28.11 1.11 "3.30 34212 10.6" 159.00 1.80 1.13 
10 14 114 11.29 13.G 45.70 45459 14.43 19.60 1.10 1.23 
10 14 214 13.13 12.92 40.20 49354 11.13 113.70 1.110 1.87 

10 14 7CM 13.17 22.20 12.10 1111526 19.11 1C2.00 1.50 1.011 

10 14 2• 35.62 12.34 45.50 541511 17.14 1■.20 2.30 1.37 

10 14 521 21.71 11.91 39.30 11112 159.«> 2.00 1.25 
10 14 820 12.311 11.12 34.20 :sea, 141.10 2.CI 1.82 

0 21 721 1011.74 1.CIIS 39.40 11M211 13.13 93.10 1.30 1.40 

0 21 1121 5311.11 15.71 33.10 314114 15.26 10UO 1.20 1.11 

0 21 154 115.11 10.38 43.50 31022 11.47 117.20 1.10 O.IM 

0 21 353 445 .• 4.41 30.50 12111 18.32 130.30 1.80 1.31 
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Table A2: (con't) 

Concn TIME Beel Eknt .. Ptago Ptagi,1111., PtagD LVIQZVffll Final I.NW U-Mt,c 
ul/l (d) c:oUll cm-n.n .,.. Wtigft(g) wlgtt(g) X100 

0 21 871 92.61 8.54 32.30 111385 13.73 117.50 1.10 0.94 
0 21 1170 93.67 8.24 38.70 225<17 13.88 106.50 1.20 1.13 
0 21 10116 187.29 7.39 34.80 157011 93.30 1.(JO 1.07 
0 21 823 150.56 6.26 35.00 165411 14.21 141.110 2.00 1.41 
0 21 1117 180.51 415 38.60 14149 16.51 147.110 2.00 1.35 
0 21 20.01 10.54 42.40 37441 11.111 13UO 1.70 1.41 
3 21 341 111.88 12.54 33.20 32180 U1 180.80 2.20 1.37 
3 21 S34 59.82 12.87 38.40 3SIN7 16.30 113.20 1.40 1.24 
3 21 365 53.511 11.50 41.30 3C1l8 11.71 121.110 2.20 1.71 
3 21 857 57.81 11.34 30.40 26071 9.83 131.30 1.110 1.45 
3 21 658 100.79 8.48 35.20 22600 11.78 137.20 1.50 1.01 
3 21 127 29.53 10.115 44.00 41417 8.39 109.10 1.80 1.15 
3 21 3411 1111.111 8.90 37.70 28471 8.711 14>.20 1.80 1.28 
3 21 M) 511.55 13.152 32.50 35828 10.115 101.70 1.10 1.01 
3 21 917 151.23 15.18 30.80 11473 12.38 148.4> 1.70 1.14 
3 21 708 10.111 411.30 42550 17.71 109.10 1.30 1.19 
10 21 '2fi1 59.29 15.98 38.40 50428 10.22 131.4> uo 1.11 
10 21 4G 41.09 15.04 47.00 53834 8.54 100.80 1.10 1.09 
10 21 ..S1 17.92 18.13 51.60 70281 11.34 94.70 1.30 1.37 
10 21 781 17.18 15.57 41.50 50778 7.94 121.4> 1.80 1.32 
10 21 847 75.88 8.52 35.60 24751 13.75 131.70 1.150 1.26 
10 21 281 14.01 8.19 31.20 22452 10.40 96.10 1.30 1.35 
10 21 603 153.n 10.37 35.10 33108 11.35 122.110 1.20 0.98 
10 21 1011 45.98 13.41 41.30 44013 11.01 152.40 1.150 1.05 
10 21 923 213.88 14.15 34.40 36693 11.26 157.50 1.90 1.21 
10 21 438 158.59 17.157 33.80 44127 17.411 131.10 1.20 0.92 
0 211 755 78.16 5.411 35.50 17058 10.94 109.80 uo 1.28 
0 211 211 73.24 12.40 38.70 41666 3.27 99.50 1.20 1.21 
0 211 1137 94.71 7.88 31.90 21534 11.24 141.10 2.00 1.35 
0 211 3611 117.02 5.44 33.50 16720 6.17 109.70 1.20 1.09 
0 211 291 166.13 8.94 33.30 20293 11.27 172.20 2.00 1.115 
0 211 341 167.26 12.88 36.00 37142 -0.911 1111.20 1.80 1.06 
0 211 471 194.75 6.88 34.00 17814 6.92 113.110 1.70 Ult 
0 211 390 123.14 5.60 40.30 19342 20.95 95.20 1.10 1.18 
0 211 271 1111 . ..S 8.18 51.30 34264 8.40 151.110 1.80 1.19 
0 211 302 119.78 11.18 39.50 39327 8.35 141.80 1.80 1.27 
3 28 142 114.75 13.151 38.20 42680 12.12 115.4> 1.30 1.13 
3 211 3411 2"'8.54 15.14 33.30 21018 17.16 152.10 1.70 1.12 
3 211 141 29.58 II.Ill 33.30 278115 15.45 119.70 1.80 1.50 
3 211 179 1112.29 12.33 40.50 4074 28.30 135.20 2.40 1.78 
3 211 .m 113.73 8.52 34.60 249115 16.31 99.40 uo 1.61 
3 211 252 178.87 10.44 39.80 38789 17.29 163.50 2.40 1.47 
3 28 229 58.63 7.83 45.90 340111 12.15 85.90 0.70 1.06 
3 28 123 606.14 4.30 34.50 13934 23.911 122.10 2.30 1.118 
3 211 182 280.07 10.40 36.70 3308S 21.35 150.CI 2.60 1.73 
3 211 189 17.35 7.112 34.50 24723 23.55 154.90 2.00 1.29 
10 211 281 37.11 14.19 35.50 43240 6.05 110.CI 1.80 1.45 
10 211 247 79.73 14.03 31.00 39228 -0.38 76.90 1.10 1.43 
10 211 1033 21.52 11.158 35.150 331518 3.54 132.90 2.20 1.88 
10 211 598 172.4 7.24 39.30 24002 8.05 122.70 1.50 1.22 
10 211 397 114.14 7.27 32.80 20307 17.73 1"'8.50 1.70 1.18 
10 211 242 18.37 12.92 38.00 43151 115.12 118.80 1.30 1.11 
10 211 118 47.54 9.39 38.30 32264 15.1111 102.00 1.40 1.37 
10 211 290 138.38 7.114 35.40 2Gi8 17.150 134.20 2.20 UM 
10 211 521 81.43 8.07 39.50 27291 18.11 171.20 2.10 1.23 
10 211 453 95.2 19.79 "40.90 711115 20.79 1411.80 2.00 1.34 
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TableA3: SUlllnary d l'lillbaw trout..,._...,_,,_ llftlf 37 d d a1101U1W to liQuid ~ during Ille 
19116 micrmllffl tllld IIUdy. 

Rap c:- ... Vllago ~ Pllagal1111111 Beall , ..... F'..a Vlo1ligllt u- Uwwwt. 
11111 ~ Cllllllt ...-111 ... (I) 0ilr (ti -.it(al X1CD 

1 0.3 134.721 1N 103311 21.2 225 148.1 111.3 11.7 u 1.07 
1 0.3 31.234 11m 31001 25.5 no 111.5 1CM.5 -15.0 1.1 1.53 
1 0.3 124.431 1.15 25511 :SU 411 134.1 141.5 111 1.1 1.21 
1 0.3 705 .... 2311111 21.1 317 117.8 2 1.70 
1 0.3 111555 1•.2• 82008 52.8 1S. 1•• 1.5 o.• 
1 0.3 112.518 1.11 2•11• 37.8 221 132.2 2.5 1 .• 
1 1 134.7311 5.21 12573 21.3 o12• 1311.1 117.ii 21.0 1.1 1.13 
1 1 17<1.02 5.48 150311 31.3 3112 105.1 127.1 22.5 1.1 1.41 
1 1 101.1• 10.03 31531 50.1 3M 122.1 152.7 30.1 1.5 o.• 
1 1 72.817 8.11 22831 21.3 211 -· 121.1 27.7 1.11 1.27 
1 1 132.511 ... 25a33 32.7 2711 79.1 •• 1.7 u 1.50 
1 1 152.213 123 1512 30.3 537 13.U 2.1 1.13 
1 3 111114 7.12 20107 32.7 775 1311 181 .• 22.• 2 1.2. 
1 3 13.372 14.15 !51373 ••• 115 -· I0.5 .a.3 u 1 ... 
1 3 81.IS 7.72 25317 «I 235 138.3 1•.• 27.3 1.7 1.02 
1 3 112.7111 10.70 2IIM3 32.7 553 132.I ,,._, -11.3 1.1 1.40 
1 3 121.511 1.53 - ••• 254 111.1 140.7 21.1 1.7 1.21 
1 3 ., __ 22.12 •• - 10.5 u 1 ... 
1 10 57.0:S 15.35 G53I 31.1 2110 150 1<17.8 -2.• 1.5 1.02 
1 10 12.M ••• D11 31.5 21M 1<12.2 115.3 211 u 1.0I 
1 10 .,_. 10.M 32518 41.5 1CM 17.1 117.5 11.t 1.4 1.11 
1 10 32.411 8.S. 221154 34.2 105 131.4 131.2 1.1 1.11 1.11 
1 30 103.117 1.21 25017 37 310 1011.1 11:s.a 4.7 1.7 1.48 
1 30 81.&17 10.48 30503 32.7 421 138.1 131.1 -3.5 1.1 1.11 
1 30 125.41 1.15 25110 31 2311 157.7 150.3 -7 .• 2 1.33 
1 OIi 135.11 5.15 1M12 :SU 255 148.4 150.5 4.1 1.7 1.13 
1 OIi 75.02• 15.32 52011 G 151 10:S 111.7 15.7 1.2 1.01 
1 OIi 137.24 1.75 172a 21.5 1• N.1 110.5 1 •.• 2.3 2.0I 
1 OIi 1011.37 5.02 13710 32.1 172 141.1 1713 2U 1.1 0.12 
1 OIi 217.22 5.IO 15181 30.t 111 11•.2 131.2 17.0 1.5 1.14 
1 OIi ... 12.30 32521 31.2 813 111.7 1.2 1.01 
1 Ob 173.711 5.32 15IOI 32.1 371 111.1 175.1 13.7 2.7 1.S. 
1 Ob .,_11 7 ... 181<10 34.1 30I 120 123.1 3.1 1.4 1.13 
1 Ob 181.112 3.17 101m 31.3 225 121.4 141.1 20.• 1.1 1.0I 
1 Ob 202.2 •.27 12107 32.2 111 14.5 12.1 -1.7 1.7 1.13 
1 Ob 11.711 1.34 211•• 34.2 3<17 127.2 111.3 -10.1 u 1.20 
1 Ob 11.172 1.71 2&11• 35.1 311 111.2 111.2 0.0 1.5 1.21 
2 0.3 124.322 21 . ., 211211 30.7 517 1011.7 102.1 -7.1 1 o.• 
2 0.3 1•1.037 1•.51 31747 32.7 411 a1 12.2 -5.t 1.3 U1 
2 0.3 111.2113 11.51 27155 30.4 C 152.1 112.1 -«1.7 1.1 1.• 
2 0.3 3<17.457 22.«I 1311111 43.7 713 112.1 122.7 I.I 1.5 1.22 
2 0.3 171.713 10.51 33581 •1.5 231 1211 137.1 1.2 2.5 1.12 
2 0.3 151.12 11.33 35115 35.7 411 137.5 151.1 11.1 1.5 o .• 
2 1 1N.5151 7.M 221<15 SU ... 134.1 158 24.2 1.7 1.07 
2 1 148 .• 14.00 37713 31.1 721 147 125.4 -11.3 2.2 1.75 
2 1 151.107 12. .. 31521 31.3 751 122.1 131.3 15.7 1.7 1.23 
2 1 1317 7.N .... 12.1 312 11 72 -11.0 1.2 1.17 
2 1 71.M 1•.• 42al 35.1 4311 111.3 133.1 17.3 2.1 1.57 
2 1 171.71 12.M 311154 41.2 •1 131.1 122.1 -14.0 2 1.14 
2 3 157.13 17.10 ..,,7 SU 301 110.7 132.1 22.2 1.5 1.13 
2 3 111.254 11.13 45131 48.1 115 157.7 111.5 218 2 1.10 
2 3 4IIU5 I.OIi 20551 31.1 275 11• 134.1 20.1 1.5 1.11 
2 3 57111 7.71 311512 <127 217 111.2 102.I -15.1 1.7 1.• 
2 3 151.177 24.05 <12.1 cs. 115 111 -4.0 1.5 1.35 
:z 3 51.5 21.11 5110:S 34.5 11:Z 1m.2 1.1 1.05 
2 10 71.411 21.10 51013 30 1313 175.1 115.1 11.1 2.5 1.21 
:z 10 1CM.151 12.11 42112 40.5 - 117.3 131.I 14.1 1.1 1 .... 
2 10 47.051 11.m .,.15 31.2 35<1 101.4 118.7 11.3 1.5 1.25 
2 10 21111. .. 10.07 31331 45.7 35<1 121.1 111.7 -8.4 u 1.52 
:z 10 212.53 2, ... 12711 31.7 530 130.4 140.8 10.5 :z U2 
2 10 152.25 21.11 101332 51.4 310 101.1 N.I -2.3 1.1 u:z 
:z 30 •. 171 10.81 DIii •1.3 - 1«1.5 151.3 10.1 2 1.32 
:z 30 220.55 11.23 3448 37 554 105.5 114.2 1.7 u 1.51 
2 30 111.351 12.12 40117 41.1 4311 134.1 130.1 -3.5 1.3 1.011 
2 30 1311.514 12.32 - a 1 110 152.1 1M.1 2.0 2.2 u:s 
2 30 121.00I 15.75 412111 4U I07 153.2 131.1 -17.1 2.3 1.• 
2 OIi 34U2 5.M 23523 .... 7 121 153.3 131.3 -22.0 2.1 2.21 
:z OIi •. s. 1.71 17207 30.3 311 131.4 148.5 111 1.11 1.07 
2 OIi 135.- 1135 357711 :SU 70I 143.4 117.3 211 1.1 o.• 
2 0. •-- 11.m 25201 31.5 ... 121.5 145.2 11.7 1.1 1.10 
:z 0. 112.M ••• 22725 21.3 521 122.1 135.1 115 1.3 o.• 
2 1111 a111 12.00 27a1 32 405 101.2 131.7 30.5 2 UI 
2 1111 11.03 30054 411.1 - 134.3 130 -4.3 1 0.77 
2 1111 1 ... 111 13.13 30715 313 1254 151.8 175.1 211 1.1 1.CD 
2 1111 1•.a 13.11 35112 34 - 141.7 121.1 -11.1 2.1 1 ... 
2 Ob 2511.521 7.05 21• 34.3 335 102.8 102.3 -0.5 u 1.71 
:z 1111 2D1774 13.27 - 35 - 71.1 •1 10.0 1.5 1.10 



157 

T-.M: lillfflwyaf ...... nut~GDIIICtllldulillg ... 21 dHalnillnHarbDlartladlMly. Tl• ___ ...._..,!IIIIN!Ma; 0 (leb--,, 1 (ulre 
0nllrill CDll9al •>• 2 (lullilglan .._....._.......,,:,(Lal. 4 (Randle,..,,, 5 (\\1111wnwre llelin), 81111 I (Dafalm llllllllip). - 11N .. lclll ......... ........ ...... ... L~ FNI FNI &Mr IMnill, CllldFm 

(di CIIUll _,._. .. Wllfll(I) ...... ,-, Wllfll<II ll 1CD a,tla100 

1 0 .. 7 34.111 12.14 211121 11.1117 5 ... 101 210 0.&1 O.l'l ... 
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APPENDIX2 

Table 81: Summary of statistical analysis of the raw data, excluding controls, 
from the 28 d creosote study conducted in 1995 
Variable p Unear Probability Quadratic Probability 

%phagocytosis 0.027 0.627 0.395 
Mean fluorescence 0.223 0.194 0.546 
Count•rnean 0.002 0.229 0.735 
Burst 0.03 0.014 0.823 
Bcell 0.249 0.106 0.804 
Weight difference 0.022 0.351 0.527 
Liver/weight 0.298 0.003 0.471 
LPS diff. 0.207 0.014 0.341 



Table C1: Confirmed water PAH concentrations 
for the Lake Ontario reference site.• 

PAH (u g/1) 

Naphthalene 
Acenaphthylene 
Acenaphthene 
Fluorene 
Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 
Benzo[a]anthracene 
Chrysene 
Total 

• nd= not detected 

0.023 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

0.023 
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