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ABSTRACT
Fisk, Aaron Thomas. Ph.D., The University of Manitoba, March, 1998. Dietary
Accumulation, Sediment Bioavailability and Toxicity of Polychlorinated 7-Alkanes. Major
Professor; Derek C. G. Muir. Polychlorinated n-alkanes (PCAs), also known as
chlorinated paraffins, are a class of high molecular weight organochlorines (OCs) used as
high pressure lubricants, flame retardants and a number of other industrial applications.
Reviews of information available on PCAs have concluded that there is a lack of data to
assess their fate and effects in the environment. This work has examined the dietary
accumulation, sediment bioavailability and toxicity of a range of PCAs which vary in
carbon chain length and chlorine content. PCAs (Cio-, Cii-, Ci2-, Ci1s- and C,¢) were
accumulated from food by juvenile rainbow trout (Oncorhynchus mykiss). PCA half lives
(ti, range 7.1 - 87 d) and biomagnification factors (BMFs) (0.14 - 2.2) increased with
carbon chain length and chlorine content. PCAs were biotransformed but the
biotransformation rate was inversely related to chlorine content. Highly chlorinated (>60%
Cl) short chain (Cio.13) and medium and lower chlorinated (<60% Cl) medium chain (Cs
1s) PCAs appear to have the greatest potential for bioaccumulation. Dietary accumulation
experiments using juvenile rainbow trout and 23 hydrophobic recalcitrant OCs revealed
curvilinear relationships between K, and assimilation efficiency, t,, , and BMF, peaking at
a log Ko of approximately 7.0. Decreasing ti, above log K, of 7 was unexpected and

may have been due to an insufficient accumulation period (30 d). C;; (56 and 69% Cl)-



and Cys (35 and 69% CI)-PCAs were accumulated from sediments by oligochaetes
(Lumbriculus variegatus) suggesting that sediment-sorbed PCAs should be available to
benthic biota. Half lives of the C;,-PCAs (11-13 d) were lower than C,s-PCAs (24-43 d).
Biota sediment accumulation factors (BSAF) were > 1 for the C,,-PCAs and the lower
chlorinated C,;,-PCA (35% CI), but < 1 for the high chlorinated C,s-PCA (69% CI).
Toxicity tests on 6 PCAs of a single carbon chain length and known chlorine content using
Japanese medaka (Oryzias latipes) embryos and juvenile rainbow trout suggested that the
toxic mode-of-action is narcosis. Some evidence of histopathological lesions in the liver
were observed in rainbow trout exposed to high dietary concentrations of PCAs,
suggesting that PCA may cause sub-lethal effects in fish at very high exposure

concentrations.
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large percentage of my literature review chapter. Sections which I did not write in this

paper were not included in this chapter.
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polychlorinated alkanes by oligochaetes (Lumbriculus variegatus). Environ.
Toxicol. Chem. (accepted for publicatiosn with revisions January 4, 1998).




Chapter 7: Fisk, A.T., G.T. Tomy and D.C.G. Muir. 1998. The Toxicity of Cio-, Ci;-, Ci2-
and C,4-polychlorinated alkanes to Japanese medaka (Oryzias latipes) eggs.
Environ. Toxicol. Chem. (fo be submitted).

Chapter 8: Fisk, AT., M. Cooley, S.C. Wiens, G.T. Tomy and D.C.G. Muir. 1998.
Examination of the behavior and the liver, kidney and thyroid histology of
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Journal Undecided. (to be submitted).



TABLE OF CONTENTS

Page
AB ST RAC T oot eeeee e et eeeeaesaeeeaseeae st et e ae s s n e e a e e e st e e s r e e e i
ACKNOWLEDGEMENTS ....cooiiitiieieteetei et e ee oo an e s s et s em e ettt iv
FOREWORD ooeeoeoeoooeoe oo oo oo oo s eeee et oo vi
LIST OF TABLES ...oooooeeeeeeeeeeeeeieeeeeeeeeee s te et e s e e e s s e s m s s m s s e s e st e e et s e xiii
LIST OF FIGURES .....eoeeeeeeeeeeeeeeeeeseseee et e asac e e sas s sens s e e mae s et et sa et xvi
1. INTRODUGCTION . ...c..ceeeeeeeeeeeeeeesee e e seseseesaes e enn s e se s et st st e s ettt s 1
2 LITERATURE REVIEW ...ttt eieteie e emn et sttt ettt 4
2.1 INEEOAUCHION - oo eeeeeeeeeee et eesesen se e e m e ee e s e s e ettt e e s s e e e e s e e nnaneeeeas 4
2.2 Physical-chemical properties 0f PCAS............ccoooiii 6
2.3 Degradation of PCAs in the Environment .............coooiicis 7
2.3.1 Photolysis, Hydrolysis and Oxidation ...............c.coocoiiinns 7
2.3.2 Biodegradation ..........ccooooiiiiiiiimii e 9
2.4 Environmental Levels ... Il
2.5 BioaCCUMUIALION. ... ..eoiiineiiiietiieeieereee et eeereee e e s e e e n e s e ns e e et s 14
2 6 Biotransformation and Enzyme Induction .............ooconiiioiinniins 19
2.7 Sediment Bioavailability ...........cccoeeeriiiiciiiiiii s 23
2.8 TOXICHLY .. .venveereneemceeceseneeseses s sttt sttt 23
2.8.1 Microbial TOXICILY........ccoveoeeeererrieieieeeitiieete et 24
2.8.2 AQUALIC TOXICILY .....c.ovmrmiemeierris et 24
2.8.3 Avian and Mammalian TOXICItY .......cccooereeiiiiioiirinee e 38
2.8.4 Reproductive and Embryo Toxicity and Teratogenicity ...................... 39
2 8.5 Mechanisms and Sub-Lethal Indicators of Toxicity...............cccceeeienne 41
2.8.6 Mutagenicity and CarcinogeniCity ............co.coooniiiiiiinns 45
3 DIETARY ACCUMULATION OF C;, AND C,;s CHLORINATED ALKANES
BY JUVENILE RAINBOW TROUT (Oncorhynchus mykKiss) .....................cco.c... 47
I W\ X ¢ o1 SPUUOTR OO OURTCURR PRI PPPTIS PP TP 47



32 INETOAUCHION ...ttt eeeeeeere e e e ceeasaaeaseeemna e aa e s seesnnssnsanana e e e e renannaans
3.3 Materials and Methods ........coooiimiiiiiiiiiii e
3.3.1 Chemicals and Food Preparation ..............ccccccoeieiiiiiiiiiiiiinienieee,
3.3.2 EXPErIMENt ......oouomiiiiiiiiieieie et
333 MC ANAlYSIS ........oovoieeieee e
3.3 4 MFO ASSAYS ....cueeiiienierieieeiee e eee e e e st
3.3.5Data ANalysiS. ......c.cooerueemrieieeieceee e
KR Y01 2 U OO
RI: 00 1 27 1= ot 1. S UTUTUU OO U U U OO OO USROS
3.4.2 Bioaccumulation Parameters ............ccceeuuereemmmmmeeeremmiiieicueenineennaeaes
3.4.3 Tissue Distribution and Metabolic Transformation .............................
35 IS CUSSIOMN - cneeeeeee e eeeeeeeee e e seseeeeesasesensnnnneassa s anan s emsn s easasannnseseaanenssenesaraennaes
3.6 Summary and ConcluSIONS.............ccooooiiiiiiis et

4. DIETARY ACCUMULATION AND DEPURATION OF HYDROPHOBIC

ORGANOCHLORINES: BIOACCUMULATION PARAMETERS AND
THEIR RELATIONSHIP WITH Kow ...cooviiiiiiiie s

B.1 ADSETACE ... oo e e e e et et e e e s emeceee s e e e e e e e e e
4.2 INETOAUCHION .. .o e et e e e ee e e e e e e e essn e n e e e e e e
4.3 Methods and MaterialS ...........ccooooiiiiioiieeeeieeee e
4.3.1 Chemicals and Food Preparation .............cccooooiieimmiiiininiieeeee
4.3.2 EXPEIIMENLS......ouiomiiiiiiiiiienietetene s ettt
4.3.30C ANalysiS......ccocoooeriiiiiiee e
B.3.8 Kom oo ettt et et e et e e e et a e
4.3.5Data ANALYSIS.........cooviriiiiiiiii e
4.4 Results and DiSCUSSION ..........oooiiiiiiiieiiiceice et
B8 1 EIFOCES ..ot ee e ee e e e et e
4 4.2 Bioaccumulation Parameters.............ccoooooeoiiimmiiiiiiiiieiiiiee e
B 4.3 POBS ...ttt e e et et e et
444Mirex and HCBzZ..........oooooiiiei e
445 TCPMe and TCPMEOH. ...........cooiiiiiiiiiiiiie e
4.4.6 Toxaphene CONEGENETS...........c.oocviimiiiieiirenieeieeteie e
4.4.7 Bioaccumulation Parameters - K, Relationship .............................
4.4 8 Depuration Rate - Kow Relationships ...
4481 Insufficient Data...............ccceviiiiiiiiii
4.4.82 Inaccurate Kow....ooovveeeeeeeieieeeaaiiiiie e

4.4.8.3 Dis-equilibrium between fish compartments (experiment
1ength) ..o
4.4.9 Assimilation Efficiency - Kow Relationships..................ccoccoil
4.4.10 BMF - Ko Relationships............cooooeiiiiii

4.4.11 Comparison of Estimated Kow’s: Fragment Constant vs.

Bioaccumulation Parameter - Ko Relationships .....................c.......



4.5 Summary and ConcluSions...............c.oooiriiiii 100
5. DIETARY ACCUMULATION AND DEPURATION OF INDIVDIUAL C,o-,

Cii- AND C,-POLYCHLORINATED ALKANES BY JUVENILE

RAINBOW TROUT (Oncorhynchus myKiss) ...............ccccccoceimmniniiinnciennnciccceeee. 101
IR -V Y11 o Lo SRRt 101
S2INrOdUCHON ...ttt e 102
5.3 Methods and Materials ..............cocccmiiiiiiniiiiiieee e 103
5.3.1 ChemiCals ......c.oooeieeieieie et 103

5.3.2 Experimental Protocol ... 105

. 5.3.3 Extraction and Analysis..........cccccoiiiiiiiniiiiniiiic e 107
5.3.4 Data ANalysis.........cceeeeuiemireiieeiieereeee e 108

5.4 Results and DiSCUSSION ............ooeeiiiiiieiiiiieciecit e e e 109
5.5 Summary and ConcluSIONS........c.cccccceviuiiiinieiiie e 121

6. ACCUMULATION AND DEPURATION OF SEDIMENT-SORBED C,,-

AND C;6-POLYCHLORINATED ALKANES BY OLIGOCHAETES

(Lumbriculus VarieQaus) .....................ccccoovvmmueeiemimeceieeieeceeteee et 123
6.1 ADSITACE .....eoeeeeeeeeeeeeeeeeeeeeeeeeteeeaeeeste e ea e e e e s e e e e e e et e e e e te e e eesneee s e e eas 123
6.2 INEFOAUCHION <.ttt e et ee e e e 124
6.3 Materials and Methods ..........cooiiiiiimieeeeeee e 125
6.3.1 Chemicals, Sediment and Sediment Spiking........................e. 125
6.3.2 EXPEIMENL ......ooomiimiiiiiiiiiiiie ettt s 126
6.3.3 Analysis of '“C in OligoChaetes ................cocevrvevreeueemeerirercciearnenn. 127
6.3.4 Analysis of '*C in Sediment and Interstitial Water.................ccc..c....... 128
6.3.5 HPLC Analysis of Sediment and Oligochaete Extracts...................... 129
6.3.6 Kow and Ko Determinations............cooeeeeiieiiieeeeiencececee e 129
6.3.7Data ANalySiS..........ccoeeeerierieiiiiiiiieteeee e 130
BARESUILS ....oooeeeeeieeeeee e e e eee st et et e e e e e e s s r e e e e e e e n e arnnes 131
6.4.1 Organic Carbon Content of Sediments ..................c.cccooonnin. 131
6.4.2 Oligochaete Recovery, Growth and Lipids ......................... 132
6.4.3 Accumulation of "C-PCA..........cccoooiimrmiiire s 132
6.4.4 HPLC of Oligochaete and Sediment Extracts ................cccccccoenininnnes 135
645 Kous aNd KocS OF PCAS ..ot 138
6.4.6 Extractable and Non-Extractable “C......................coooiiiicennes 141
6.5 DHSCUSSION......oooienieeieeeieeeeiie e ee et ettt e ate e s ssee e e s e s aee e e nane e s e enssnaees 141
6.6 Summary and Conclusions...............ccccoiiiiiiiiiiiii e 148

7. THE TOXICITY OF Cjo-, Ci1-, Ci2- AND Ct-POLYCHLORINATED ALKANES



TO JAPANESE MEDAKA JAPANESE MEDAKA (Oryzias latipes) EGGS........ 149

Tl ADSEIACE ...ttt e e 149
T2 INtrOAUCHON ....coeeeeiieeenee et ettt et e e e oo e e e 150
7.3 Methods and Materials .............ooo.oiiiiiiiie e 153
T3 1 ChemMUCAlS .....oo.nvieiiiee e 153
7.3.2 Adult Japanese medaka ...................... 158
733 Eggcollection. ... 158
7.3.4 Exposure vessels and concentrations .....................ccccooiiiiiieiin, 159
7.3.5 Determination of water, egg and larvae concentrations...................... 163
TABARESUILS ....ooeeeeenieeeeee ettt ttteeeee e seee s e e e e e e e s e e s e e e e e e e e e eenenseninena 164
7.4.1 Water, egg and fish concentrations .....................ccccoviinn. 164
7.4.2 Effects of PCAs on Japanese medaka eggs ...................ccccooiiiiinnni, 168
7.4.3 Effects of TCDD on Japanese medaka eggs..............ccccocccooiiinnnnne. 175
7.5 DISCUSSION .....cvmeeeeeeeieeeeieeteetetteseeae e e e e e s stesee e e s e st e e e e en e an e e eaaeee e eaae s 175
7.6 Summary and ConclUSIONS ..........c.cocociiiiiiiiiiii e 185

8. EXAMINATION OF THE BEHAVIOR AND THE LIVER, KIDNEY AND
THYROID HISTOLOGY OF JUVENILE RAINBOW TROUT (Oncorhynchus

mykiss) EXPOSED TO HIGH DIETARY CONCENTRATIONS OF Cyo-, C11-,

Ci2- AND C4-POLYCHLORINATED n-ALKANES ..., 186
B.1 ADBSIIACE ... .ottt 186
B2 INtrOAUCHION ...oovee it e e e et e s e e e e e e cae e e e e e e e e e eeeeannnnes 187
8.3 Methods and Materials ..............oooiiiimiiiiiiie e 190
8.3. 1 ChemiCalsS .........cooovmiieiieeie e e 190

8.3.2 Food preparation and experiment protocol..................cccoooooiienn 195

8.3.3 Extraction and Analysis Of PCAS...............cooooiiiiiiiiiiciee s 197

8.3.4 Behavioral MONItOriNg.............ooooiiiiiiiiiiiee e 198

8.3.5 Tissue Processing and Staining ..............c..oooeoiimmiiiiiiciioiiiiiciinaes 198

8.3.6 Histological examination and histomorphological measurements........ 199
B.3.6. 1 LIVET ..ot 200

8.3.6.2 Posteriorkidney ...............cccccooiiiiiiiiiiiie e 200

8.3.6.3 Thyroid ......coeieieieiiceeee et s 200

8.3.7 Statistical aNalySiS................evieieieiiiiiiiiee e 204

BB RESUILS .....ooeieeiiieeiieeeeeee e e e e et e e eee e e et e e e e e e e e e e e aeaeeeneenennenns 204
8.4 1Fishweight and LSI ... 204

8.4.2 PCA concentrations in food and fish............................ 204

8.4.3 Fish behavior and general appearance..................c.coeocooiiiiiiinnnnnn, 204

8.4.4 Rainbow trout lIVET ............c.oeiiiiiiiii e 213

8.4.5 Rainbow trout posterior kidney ............c.cocceeiieiiiniiiiniciiniiee, 214

8.4.6 Rainbow trout thyroid..............c.coorveiiiiiiiie e 215



8.4.7 General histological evaluation of liver, thyroid and kidney ............... 216

8.4.8 Histological morphometrics for 21 day exposures.............................. 220

8.4.9 Histological morphometrics for 85 day exposures.................c..cccoo.e 220

8.5 DHSCUSSION .....eveoiiiiniiciiiieeecie ettt et cee s e bt a et e e s e e emenae 221

8.6 Summary and ConcluSIONS .............cocooiimiiiieiiii e 228

9. GENERAL DISCUSSION ...ttt ettt e e e e e e e e ees 229
10. SUMMARY and CONCLUSIONS ... ... oot e et e 235
11. CONTRIBUTION TO KNOWLEDGE...... ..ot 242
12. REFERENCGES .......oo oot eeete e e et e et e e e e e e e eaeeee et ee e seeeaeaenns 245



LIST OF TABLES

Table

2.1 Selected physical chemical properties of PCAS ...
2.2 Published environmental concentrations Of PCAs ...
2.3 Bioconcentration factors (BCF) of PCAS ......ccccooiiiiiiiieiee e
2.4 PCA toxicity statistics for aquatic biota ...

2.5 PCA toxicity statistics for birds and mammals ...

3.1 Growth parameters (mean t 1 standard error) of juvenile rainbow trout

exposed to four “C-chlorinated alkane compounds................ccccocooooeeriininnn.

3.2 Bioaccumulation parameters of four *C-chlorinated alkanes from dietary

exposures using juvenile rainbow trout data for whole body concentrations.....

3.3 Extractable and non-extractable radioactivity, as a percentage of the total fish
radioactivity, in the liver, GI tract, carcass and total fish, of juvenile rainbow

trout exposed to four **C-polychlorinated alkane compounds..........................

4.1 Concentrations (ng/g, wet weight) of organochlorines (mean + 1, S.E., n=3) in

the control, low and high treatment food.................coo

4.2 Growth parameters (mean + 1 standard error) of juvenile rainbow trout

exposed to 25 organochlorines............cccooooiiiiiiiiiiiiiiiiii e

4.3 Bioaccumulation parameters for 25 organochlorines for dietary exposures

using juvenile rainbow trout data for carcass concentrations............................

4.4 Estimated log Kow's of TCPMe, TCPMeOH, Cl;-CHB, Cl;-CHB and Cly-CHB
using the fragment constant method (Lyman et al. and bioaccumulation

parameter-K,,, relationships (Figures 4, 5and 6) ............c....ccccoocciiinnn,

5.1 Bioaccumulation parameters of chlorinated alkanes from dietary exposures

using juvenile rainboW troUL ...............oeoiiiiiiimiiiiieecec s

xiii




52

53

6.1

6.2

6.3

6.4

7.1

7.2

7.3

7.4

7.5

7.6

8.1

8.2

8.3

Growth parameters of juvenile rainbow trout exposed to mixtures of
polychlorinated alkanes.............co.ooouimimminreiit e 112

Results of linear and multiple regressions between PCA t1, and BMFs with
Kow, carbon number, and chlorine number ... 118

Bioaccumulation parameters of four sediment-sorbed 14C-PCA:s for the
oligochaete (Lumbriculus Variegatus) .................cooeevuimoemnmniinniiinn, 133

Log Ko values for the “C-PCA determined experimentally by reverse-phase
HPLC and using the equation of Sijm and Sinnige (1995)...........cccoeninn. 139

Sediment (ng'g" dry sediment) and interstitial water (ng-ml™") concentrations
(mean + 1 S.E.), sediment sorption partition coefficients (Kp = Cscdiment, dw / Corater)
and organic carbon-water partition coefficients (Koc = Kp / foc; foc is the fraction
organic carbon in sediment) of '‘C-chlorinated alkanes on day 14 of the

UPLAKE PRASE ...ocneeeeeiiicae et s 140
Sediment concentrations (mean + 1 S.E., n =3) of 14C-chlorinated alkanes

determined by toluene sonication, Soxhlet extraction and oxidation................... 142
PCAs used in Japanese medaka embryo toXiCity teSts -........c.ooovieiiiiiiiii 156

Concentrations of PCAs and TCDD in water, egg and larvae from Japanese
medaka eXPEriMENTS .........c.oooiuiuiiiiiiiiiii ettt 160

Effects of PCAs and TCDD on hatching, appearance of lesions and survival of
Japanese medaka embryos exposed on the day of fertilization............................ 169

Lowest observable effect concentrations (LOEC) and no observable effect
concentrations (NOEC) for PCAs and TCDD generated with Japanese
medaka emMDIYOS. ......oouieiieiiieiectc e 179

Estimated LCso values based on K.y and assuming the chemical is a narcotic and
tissue concentrations required to cause a narcotic effect for PCAs and TCDD ... 181

LCs, values and toxic equivalency factors (TEFs) for PCAs, TCDD and a number
of other hydrophobic organochlorine compounds generated with Japanese

MEdaka EMDIYOS ...ooueieiiieiiieteicetec e et 183
PCAs used in juvenile rainbow trout toxXiCity tests ..........ccoovieiiiiiiniin 192
Concentrations of PCAs in food and rainbow trout.............cccooiimmiiiiiiiniinenns 196

Fish weights, liver somatic indices (LSI) and lipid contents of rainbow trout

xiv



84

8.5

8.6

8.7

exposed to PCAs for 21 and 85 days ..........ccooiiiiiiiiiiiii e, 208

General behavior of rainbow trout exposed to PCAs of varying concentrations
OVEE 21 dAYS oottt e e e e e e 209

Histological morphometrics of liver, kidney and thyroid tissue from rainbow trout
exposed to PCAS for 21 days .........oocooimiiiiiiiicicce e 219

Histological morphometrics of liver, kidney and thyroid tissue from rainbow trout
exposed to PCAs for 85 days.........ccoooiiiimmiiiiic e 222

Highest mean tissue concentrations of PCAs measured in the rainbow trout and
tissue concentrations required tO CaUSE NATCOSIS ............oouieiertieriieeanienerieneas 224



LIST OF FIGURES
Figure Page
2.1 High resolution GC-electron capture negative ion high resolution MS total
ion chromatogram of a commercial, short chain PCA (Cyo.13, 60% Cl)

FOTIUIALION ... e e e e e e e e e ae e eseaeaae s e e e sneaee e aanes 5

3.1 Accumulation and depuration of four '*C-polychlorinated alkane compounds
through dietary exposure to juvenile rainbow trout................occoeeiiiiiiinninnn.n. 58

3.2 HPLC chromatograms of the C-polychlorinated alkane standards and fish
carcass toluene extracts from day 40 of uptake and day 20 of depuration............ 62

41 Accumulation and depuration of 16 PCB congeners through dietary exposure
to juvenile rainbOW trOUL ...........cccoiiitieetie et ete et see e e e e iee e 82

4.2 Accumulation and depuration of TCPMe, TCPMeOH, Cl;-CHB, Cls-CHB,
Clo-CHB, HCBz and mirex through dietary exposure to juvenile rainbow

43 Tu,’s of PCB congeners in rainbow trout versus log K. for three sizes of

FAINDOW LTOUL ...ttt e e e 88
4.4 Log t,, of hydrophobic OCs in juvenile rainbow trout versus log Ko ... 92
4.5 Log assimilation efficiency of hydrophobic OCs by juvenile rainbow trout

VErSUS 108 KOW ... 96
4.6 Log BMF of hydrophobic OCs in juvenile rainbow trout versus log Kow ................. 97

5.1 Polychlorinated alkanes (PCAs), and their starting material, used for dietary
accumulation experiments using juvenile rainbow trout................cccccccocooiinn, 104

5.2 GC-ECD chromatograms of the DT standard and fish extract after 30 days
exposure to the DT standard in food................ccccniiiiniiiiice 106

5.3  Accumulation and depuration of C,o- and C,4-PCAs through dietary exposure
to juvenile raiNbOW trOUL ................oiuiiieeiiieeee et e et et ee e eeee e e e eenaeeeens 113



54

5.5

5.6

6.1

6.2

6.3

6.4

7.1

7.2

7.3

7.4

7.5

7.6

7.7

Accumulation and depuration of Cyo- and C;,-PCAs through dietary exposure
to juvenile rainbow trout ... 114

Relationships between PCA ty, with Kow (a), carbon number (b) and chlorine
1111101 ol () F O U PRSPPI 119

Relationships between PCA BMFgst with Ko (a), carbon number (b) and
chloring NUMDBEL (C) ........ovneiiiieerecee et r e e e 120

Lipid percentages (wet weight) of oligochaetes exposed to four
“C-polychlorinated alKanes ..............ccoourmeirmemeoceteiieiciei et 134

Accumulation and depuration of four sediment-sorbed “*C-polychlorinated
alkanes by OHZOChAGLES ... .....ccorriiiiiieee et 136

High-performance liquid chromatography chromatograms of the 4C-
polychlorinated alkane standards and sediment and oligochaete toluene
extracts from day 14 of the uptake phase...........cc....coii 137

Percentage of toluene extractable *C in '“C-PCA spiked sediment (day 14 uptake)
and oligochaetes exposed to the sediment for 14 days followed by 56 days
exposed to unspiked sediment ... 143

Polychlorinated alkanes and their alkene starting matenal used in Japanese
medaka € EXPOSUTES ........ccceeeueerumeeriieenereeeseeennreninreenrreeeeeeseeanannnseeeeaeeans 154

GC-ECD chromatograms of 2 PCAs used in Japanese medaka egg exposures.
The CioH,;5.5sCls.s standard was synthesized by the addition of SO,Cl; to a 1,5,9-
decatriene starting material and the CoH;s3Cls7 was synthesized from the
addition of SO,Cl; to a Cyo-n-alkaneunder UV light .................................... 155

GC-ECD chromatograms of the CioH;ssCls s standard and extracts from water
exposures collected on day 20 ..o 165

GC-ECD chromatograms of the C;H;s.4Cls¢ standard and extracts from water
exposures collected onday 20 .............cooiiiiiiiiii e 166

GC-ECD chromatograms of the C,4H249Cls; standard and extracts from water
exposures collected on day 20 ... 167

Micrograph (mag. ~44X) of a Japanese medaka egg, 2 days after fertilization,
exposed to C;oHis3Cls 7 at water concentrations of 7700 ng'ml™'. The cloudy
section between the two oil globules is the dead embryo ............................ 172

Micrographs (mag. ~ 44X) of Japanese medaka eggs, 11 days after fertilization.

Xvii



A. Control egg. B. Egg exposed to CioHssCls.s at water concentrations of 9600
ng-ml”", This embryo is dead ..........ccoooooieieiioiicceeeee e 173

7.8 Micrographs of Japanese medaka larvae, 1 day post-hatch. A. Control larvae
(mag. ~ 20X). B. Larvae (mag. ~ 44X) exposed to C,oH;s5Cls s at water
concentrations of 2700 ng'mlI™. Note the large distended yolk sac .................... 174

7.9 Micrographs (mag. ~ 44X) of Japanese medaka eggs, 11 days after fertilization.
A. Control egg. B. Egg exposed to TCDD at water concentrations of S0 pg-m!™’.
Note the movement of the oil globule at the opposite pole of the head and the
thin and irregular blood vessels in the yolk sac...............cccooooiiiiiiieiieii. 176

7.10 Micrograph (mag. ~44X) of a Japanese medaka egg, 20 days after
fertilization, exposed to TCDD at water concentrations of 0.020 ng-ml”'. Note
that the head is protruding from the egg although the larvaeis dead .................. 177

8.1 Polychlorinated alkanes and their alkene starting material used in Japanese
Medaka €8 EXPOSUIES -.....oooooreiieeiiieitieieeeeste et e e e e et e e et e ae e e s aiaeeeesanas 193

8.2 GC-ECD chromatograms of the C,oHs3Cls.7 standard (top), a free-radically
chlorinated decane product, and of the CyoH;s.sClg.s standard (bottom), a
chlorinated alkene product ...............c.ooiiiiiiiiiiiieee e 194

8.3 Micrograph (mag. 400X) of liver from a control rainbow trout. N: hepatocyte
nucleus, G: glycogen or lipid, S: sinusiod, cord or lamina between arrows ........ 201

8.4 Micrograph (mag. X 400) of kidney from a control rainbow trout. P1: first segment
of proximal tubule; P2: second segment of proximal tubule; B: brush broader,
H: hematopoietic tISSUE. .........cc.ccooiiiiiiiiiiiieeeeceeec e 202

8.5 Micrograph (mag X 400) of thyroid from control rainbow trout. TF: thyroid follicle;
E: thyroid epithelium; C: colloid, V: vacuole .................cooccciiiiiiiiiiiiiiis 203

8.6 GC-ECD chromatograms of the C,oH,s sCls.s standard (top), extracts of food
spiked with C,oH;s.sCls.s (middle), and extracts of rainbow trout exposed to the
CioH)s55Cls.s spiked food for 85 days (bottom).............ccooooiiiiiiiiiiiiiiieene 205

8.7 GC-ECD chromatograms of the C,,H,5(Cls ¢ standard (top), extracts of food
spiked with C,Hs4Cls.s (middle), and extracts of rainbow trout exposed to the
C11H15.4Cls ¢ spiked food for 85 days (bottom)............cceeveeveiieeriieeeniiiicecee 206

8.8 GC-ECD chromatograms of the C;4H24.9Cls,; standard (top), extracts of food
spiked with C;4H49Cls.; (middle), and extracts of rainbow trout exposed to the
C14H249Cls.) spiked food for 85 days (bottom)............ccoccoieniiienniiieeiiiceece 207



8.9 Micrographs (top mag. 100X, bottom mag X400) of liver from a rainbow trout
exposed to CioHi53Cls for 21 days at dietary concentrations of 13 ug-g”. H:
areas of normal hepatocytes; L: focal coagulative necrosis of hepatocytes;
PM: pigmented macrophage; P: pyknotic nucleus ... 217

8.10 Micrograph (mag X250) of kidney from a rainbow trout exposed to
C1oH;53Cls 7 for 21 days at dietary concentrations of 13 ug- g P1: first segment
of proximal tubule (normal); P2: second segment of proximal tubule (normal);
N: necrotic tubules (either P1 or P2); PN: pyknotic nucleus; D: debris ............. 218



1. INTRODUCTION

Polychlorinated n-alkanes (PCAs), also known as chiorinated paraffins, are one the
last high molecular weight organochlorines (OCs) produced and used in North America
and western Europe (Swedish National Chemicals Inspectorate 1991). These industrial
compounds are used for a variety of purposes, including high pressure lubricants and flame
retardants (Environment Canada 1993), and are currently being released into, and found
in, the environment. For example, short chain (Cjo.;3) PCAs were among the most
prominent OCs in aquatic and terrestrial biota from Sweden (Jansson et al. 1993) and
sediment from mid-latitude and arctic lakes (Tomy et al. 1997a).

PCAs have physical chemical properties, e.g. low water solubility and vapor
pressures, which are similar to other high molecular weight OCs, such as polychlorinated
biphenyls and DDT, which bioaccumulate and have been demonstrated to have biological
effects in wildlife. PCAs have been found in sediments of remote arctic lakes (Tomy et al.
1997a) and in ringed seals from the arctic (Jansson et al. 1993) which suggest that they are
a global contaminant. Data also suggests that they are persistent in the environment. For
example, PCAs are found in sediment core slices dating back to the 1940s and 50s (Tomy
et al. 1997a).

Regulation of short chain (Cie.13) PCAs in Canada, or short chain chlorinated
paraffins as they are referred to by Environment Canada, is currently under debate. In

1989, short chain (Cio.13) PCAs were placed on the first Priority Substances List (PSL 1)




(Canada Gazette, February 1989), and were later deemed toxic under the Canadian
Environmental Protection Act (CEPA) section IIc (Government of Canada 1993). They
also concluded that there were insufficient data on medium (Ci417) and long (Cis30)
carbon chain PCAs to make a regulatory decision on these compounds at that time. In
1997, Environment Canada proposed short chain PCAs for management under Track 1 of
the Toxic Substances Management Policy (Government of Canada 1997). Track 1
compounds are those that are toxic (as defined by CEPA) and considered persistent,
bioaccumulative and enter the environment primarily as a result of human activity. Track 1
compounds must be virtually eliminated from the environment based on strategies to
prevent the measurable release of the substance into the environment. In areas where no
measurable release limits cannot be satisfied, generation or use of a substance will not be
acceptable (Government of Canada 1995). In 1997, the Chlorinated Paraffins Industrial
Association (CPIA) contested the placement of short chain PCAs on Track 1 and a
decision on the regulatory fate of short chain PCAs is pending.

Regulation of PCAs has been a difficult process, mainly because there is a lack of
good data on PCAs for virtually all aspects of environmental exposure and sk
assessment. Information is lacking on the bioaccumulation, sediment bioavailability,
persistence and toxicity of PCAs. Of the data that are available, a majority has been
generated using industrial formulations, which consist of literally thousands of different
compounds with a large range of physical-chemical properties and unknown additives
(Tomy et al. 1998). Therefore, the general objective of this work was to generate data on

the dietary accumulation, sediment bioavailability and toxicity for exposure and risk




assessment using a range of PCAs with single carbon chain lengths and known chlorine

contents.

Specifically, the objectives of this work were:

1) To examine the dietary bioaccumulation (assimilation efficiency, half life,
biomagnification factor) of a range of PCAs with single carbon chain lengths (Cio, Ciy,
Ci2, Ci4 and Cy6) and chlorine contents using juvenile rainbow trout (Oncorhynchus
mykiss).

2) To develop relationships between dietary bioaccumulation parameters (assimilation
efficiency, half life and biomagnification factor) and K. for a range of recalcitrant
hydrophobic OCs which are known to bioaccumulate and biomagnify in aquatic food
chains using juvenile rainbow trout. These relationships can then be used to assess the
PCA dietary accumulation results.

3) To examine the bioavailability, and generate bioaccumulation parameters (uptake rate,
half life, biota sediment accumulation factors), of sediment-sorbed PCAs using the
oligochaete (Lumbriculus variegatus).

4) To examine the acute toxicity of a range of PCAs using the Japanese medaka embryo
toxicity assay.

5) To examine the behavior and liver, thyroid and kidney histology of rainbow trout

exposed to high concentrations of PCAs.



2. LITERATURE REVIEW
2.1 Introduction

Commercially produced polychlorinated n-alkanes (PCAs), also known as
chlorinated paraffins (CPs), are used for a variety of industrial applications including
lubri(:ating additives, flame retardants, adhesives, sealants and a number of other
miscellaneous applications (Windrath and Stevenson 1985; Government of Canada 1993;
Willis et al. 1994). The carbon chain lengths of commercially produced PCAs range from
10 to 30, with chlorine contents of 35 to 70% by weight. PCAs are categorized as short
(Ci0-13), medium (Cy4.17) or long (Cis.30) carbon chain compounds, and subcategorized by
chlorine content (e.g. 45% Cl). PCAs have been produced since 1930 (Scheer 1994 in
Mukherjee 1990), with current world consumption levels greater than 300 kilotonnes per
annum (Government of Canada 1993).

PCAs are produced by chlorination of n-alkane feedstocks at elevated temperatures
(50-150°C) and elevated pressures and/or in the presence of UV light (Zitko 1980). Due
to this free radical chlorination method and the range of carbon chain lengths and chlorine
contents, PCA formulations are very complex and consist of thousands of different
compounds (Figure 2.1). For example, in one commercial PCA product (Cje.13, 60% CI)
there are 4200 theoretically possible congeners, assuming 1 chlorine per carbon, and not
including enantiomers. Individual compounds cannot be resolved from these complex

formulations using high resolution gas chromatography or liquid chromatography
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Figure 2.1 High resolution GC-electron capture negative ion high resolution MS total ion chromatogram of a commercial, short chain
PCA (Cy¢.13, 60% ClI) formulation (from Tomy et al. 1998).



techniques (Tomy et al. 1993; Tomy 1997).

The release of PCAs into the environment could occur during (i) production, (ii)
storage, (iii) transportation, (iv) industrial use and carry-off on manufactured products, (v)
release from plastics, paints and sealants in which they are incorporated, (vi) leaching,
runoff or volatilization from landfills, sewage sludge amended soils, or other waste
disposal sites. Of these, however, the major releases are thought to be from production
and from industrial usage (Government of Canada 1993; Swedish National Chemicals
Inspectorate 1991, Environmental Protection Agency 1991). Of particular interest are the
C10-C1s PCAs, which have the greatest potential for environmental release (Government of
Canada 1993), and the highest toxicity of PCA products (Willis et al. 1994, Mukerjee
1990, Serrone et al. 1987).

In Canada, PCAs are classified as Priority Toxic Substances under the Canadian
Environmental Protection Act (CEPA). In the United States they have been placed on the
Environmental Protection Agency (EPA) Toxic Release Inventory (TRI). Presently, PCAs
represent the largest group of chlorinated hydrocarbons produced in Western Europe and
in North America, and are among the last industrially produced high molecular weight

organochlorine compounds (Swedish National Chemicals Inspectorate 1991).

2.2 Physical-chemical properties of PCAs
Physical-chemical property data of environmental pollutants are important
parameters because they provide insight into fate of the pollutant in the environment and
are essential to all environmental fate models. Unfortunately, a majority of the PCA

physical-chemical property data have been produced for commercial CP products and not
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individual PCA compounds. This presents problems because commerciai CP products
consist of thousands of individual compounds (Tomy 1997) with a large range of physical-
chemical properties (Drouillard 1996). In general, PCAs have low water solubilities (WS),
vapour pressures (VP) and Henry’s law constants (HL.C), and high K.v and K. values
(Table 2.1). These physical-chemical properties are similar to other organochlorine
pollutants, such as polychlorinated biphenyls (PCBs), DDT, polychlorinated dibenzo-p-
dioxins, and polychlorinated dibenzofurans (Mackay et al. 1991a; 1991b). Increasing
carbon chain length and chiorine content has been associated with decreasing WS, VP and

HLCs, and increasing K. and K. (Government of Canada 1993; Tomy et al. 1998).

2.3 Degradation of PCAs in the Environment
The rate at which a chemical is degraded upon entering the environment plays a
key role in its fate and dynamics. A number of processes can degrade or transform a
chemical in the environment, including photolysis, hydrolysis, oxidation and

biodegradation.

2.3.1 Photolysis, Hydrolysis and Oxidation

Photolysis reactions occur by direct absorption of UV radiation, or indirectly by the
transfer of energy from some other excited species to the chemical (sensitized photolysis)
(Lyman et al. 1982; Schwarzenbach et al. 1993). Hydrolysis is a reaction in which a
chemical reacts with hydroxide ions in water creating a new carbon-oxygen bond with
concomitant loss of a functional group from the chemical (Lyman et al. 1992). Oxidations

occur by the reaction of a chemical with oxygen, or by loss of hydrogen from the molecule.
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Table 2.1 Selected physical chemical properties of PCAs. See Tomy et al. (1998) for a

more complete list of PCA physical-chemical property data.

Physical-chemical property

_(units) PCA Value Reference
water solubility (mg-L™) Ci0H;5Cly 0.67 1
C11H1:Cl, 0.58 1
C12H2Clg 0.037 1
CisHxCly 0.014 2
C7HxCl 6.6 x 10* 2
C26HasClyo 53x10° 2
vapor pressure (Pa) CioHisCly 0.066 1
. CHiCly 0.01 1
C12H20Clg 0.00014-0.00052 1
Ci1HxCl 1.1x 107 2
Ci17HzClg 1.7x10% 2
Ca6HasClyg 6.3x 107" 2
Henxy’s Law Constant CioH15ClL 17.7 1
Pa-m>mol™) CuH;,Cly 6.3 1
C12H15Cls 1.4 1
C1HzCly 0.36 2
Ci17HClg 0.01 2
C26HaClyo 0.003 2
log Kow'™ CioH15Cls 5.9 3
C1Hi,Cl 59 3
C12H19Cls 6.4-6.8 3
Ci417 (37-70% CI) 6.8-9.0 3
Cis.26 (34-54% C)) 8.7-12.7 3
log Ko™ Ci1oH0Clg 4.3-4.9 1

A Ko is the n-octanol water partition coefficient.
B K is the organic carbon water partition coefficient.

1 — Drouillard 1996

2 — Government of Canada 1993.
3 — Sijm and Sinnige 1995.



Direct photolysis of PCAs has been observed to be negligible (Friedman and
Lombardo 1975), which is not surprising because PCAs are normally manufactured in the
presence of UV light. It has been suggested that PCAs are vulnerable to indirect photolysis
by oxidizing radicals in the troposphere (Government of Canada 1993). Based on
Atkinson’s OH radical reaction model, theoretical half-lives of PCAs in the atmosphere
range from 1.2 to 1.8 days for Cy-Ci3 (no information given on Cl content), 0.85 to 1.1
days for C14-Ci7 and 0.5 to 0.8 days for C,s-Cso (Atkinson 1986). Similarly, Willis et al.
(1994) concluded that photochemical degradation rates would be inversely related to
carbon chain length.

In the aqueous phase, rates of hydrolysis and oxidation of PCAs are considered
negligible at ambient temperatures (Willis et al. 1994, Government of Canada 1993,
Mukherjee 1990). However, catalysts, known to be present in the aquatic environment,
might induce hydrolysis or oxidation reactions, although no studies have been done to

demonstrate this.

2.3.2 Biodegradation

There are a few studies on the biodegradation (microbial transformation) of PCAs,
the results of which suggest that biodegradation is inhibited by greater chlorine content and
longer carbon chains. Hildebrecht (1972, as reported in Madeley and Birtley 1980) reported
partial microbial degradation of two PCAs (C,0-Ci3 (60% CI) and Cy-C30 (40% Cl)) in a
biochemical oxygen demand (BOD) test. However, the results were confounded by the
presence of a surfactant and unspecified nutrients. Zitko and Arsenault (1974) examined the

aerobic and anaerobic biodegradation of two long carbon chain (C2-C3o) PCAs (42 and



70% Cl) in a suspension of sea water and decomposing organic matter at room temperature
(19-22°C). They found that the rate of biodegradation was higher under anaerobic than
aerobic conditions, and that the higher chlorinated PCAs (70% CI) were degraded to a
greater extent than the lower chlorinated PCAs (42% CI). TLC with infra-red
spectrophotometry was used to measure the PCAs, but only trace amounts were detected
(Zitko and Arsenault 1974). In the most extensive examination of the biodegradation of
PCAs, Madeley and Birtley (1980) used BOD tests to examine the biodegradation of a
range of PCAs with different carbon chain lengths and chlorine contents. They concluded
that (i) acclimatized microorganisms showed a greater ability to degrade PCAs than
organisms normally used for treating domestic sewage, (ii) increasing chlorination inhibited
biodegradation, (iii) short carbon chain PCAs (< 60% CI) appeared to be rapidly and
completely degraded, and (iv) medium and long carbon chain PCAs with up to 45% CI
degraded more slowly than shorter carbon chain PCAs. No significant oxygen uptake was
observed in tests using the highly chlorinated PCAs, which included two short carbon chain
(60 and 70% Cl) PCAs and one medium carbon chain (58% Cl) PCA. Madeley and Birtley
(1980) also examined the breakdown of a '“C-labelled 42% Cl pentacosane (C2s) and found
that after 8 weeks with nonacclimatized microorganisms, 11% of the original "“C could be
collected as CO,. Omori et al. (1987) studied the PCA dechlorination potential of a series
of soil bacterial strains. Although they could not isolate a bacterial strain which could use
PCAs as a sole carbon source, they did find that different strains pretreated with n-
hexadecane had different dechlorination abilities. A mixed culture (4 bacterial strains)
released 15 to 57% of the Cl of five PCA products. Less Cl was released from products

with longer carbon chain length and higher chlorine content. Activated sludge from a
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sewage treatment plant, acclimated to n-hexadecane for 60 days, dechlorinated only 2% of
a medium chain PCA (C;5.4Clss). Omori et al. (1987) concluded that PCAs with 2 or more

Cl and adjacent Cl groups were less dechlorinated by bacterial strains.

2.4 Environmental Levels

The amount of data on levels of PCAs in the environment is limited due, at least
until recently, to a lack of appropriate standards and analytical techniques. Extraction and
cleanup techniques are similar to methods used for the determination of other persistent
organochlorines (Tomy et al. 1998). Early analytical methods employed thin-layer
chromatography (Hollies et al. 1979; Campbell and McConnell 1980) or neutron activation
(Svanberg et al. 1978), which had obvious limitations. More recent methods have used low
resolution mass spectrometry (MS) (Gjos and Gustavsen 1982; Muller and Schmid 1984;
Murray et al. 1988; Jansson et al. 1991; Jansson et al. 1993; Junk and Meisch 1993; Rieger
and Ballschmiter 1995; and Metcalfe-Smith et al. 1995). However, low resolution MS
methods lack the specificity and sensitivity to measure trace amounts of PCAs because
these methods monitor ions at nominal mass and there are interferences from PCBs,
toxaphene and other high molecular weight organochlorines (Tomy et al. 1997b; Tomy et
al. 1998). Recently, Tomy et al. (1997b) reported a method for high resolution MS that
eliminates many of the problems associated with earlier methods.

Selected examples of published environmental concentrations of PCAs in various
matrices are shown in Table 2.2. A more complete list is available in Tomy et al. (1998).

PCA concentrations have been found to be similar to concentrations of other common
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Table 2.2 Published environmental concentrations of PCAs.

Matrix (units) PCA Location Concentration Ref,
Air (pg'm”®)
Cio30 manufacturing plant, FRG 30x 10° 1
Co.13, 60-70% ClI southern Ontario, Can. 543 2
Water (ug'L™)
Cio.30, 45-52% Cl North Sea, UK <0.5 3
Ci0.13, 60% Ci Sugar Creek, OH 0.20-0.30 4
Cia1, 52% Cl “ 0.16-0.24 4
C20.30, 42% Cl “ 0.35-0.62 4
Ciar, 52% Cl St. Lawrence River, Can. <1 5
Cio.13, 50-70% ClI Red River, Selkirk, MB, Can, 0.02 - 0,05 2
Sediments (ug-kg”, dry wt)
Cio-30, 45-52% Cl North Sea, UK <0.0005 - 350 3
Cw.n, 60% CI Sugar Creek, OH 8-11 4
Cia17, 52% Cl 0 <1.5-173 4
Ca0.30, 42% CI “ <l.5-82 4
Ciann, 52% Cl St. Lawrence River, Can. <3500 5
Cio.13, 50-70% CI Lake Winnipeg, MB, Can. 21-135 2
Cw-u, 50-70% Cl Hazen Lake, NWT, Can. 4-10 2
Aquatic organisms (ug-kg”’, wet wt)
zebra mussel Cio.30, 45-52% Cl North Sea, UK 200 3
“ Cio.13, 60% Cl Sugar Creek, OH <7-280 4
“ Ciaa1, 52% Cl “ <7-170 4
“ C20.30, 42% ClI “ <7-180 4
“ Co.13, 60-70% ClI Detroit River, MI 1205 2
yellow perch (whole fish) “ “ 1148 2
beluga (blubber) “ St. Lawrence River, Can. 370 - 1363 2
« “ N.W. Greenland 106 - 253 2

12



Terrestrial organisms (ug-kg™, wet wt)

cormorant eggs Cio.30, 45-52% Cl Mochrum Loch, UK 100 - 2000 3
osprey (muscle) Cio-13, 60% Cl Sweden 530 6
rabbit (muscle) “ “ 2900 6
moose (muscle) * “ 4400 6
Human & foodstuffs (ug-kg", wet wt)

dairy products Cio-30, 45-52% Cl UK 300 3
human liver “ UK <50 - 1500 3
human adipose tissue Cisis, 52% Cl SWz 200 7
human breast milk Cio.3, 52% Cl Can 11-17 2
References:

1 - Mukherjee 1990

2 - Tomy 1997

3 - Campbell and McConnell 1980
4 - Murray et al. 1988

5 - Metcalfe-Smith et al. 1995

6 - Jansson et al. 1993

7 - Schmid and Muller 1985
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organochiorines, such as PCBs in the Detroit River (Fisk et al. 1996) and PCBs in aquatic

and terrestrial biota from Sweden (Jansson et al. 1993).

2.5 Bioaccumulation

Understanding the fate and dynamics of contaminants in the environment requires
knowledge of their bioaccumulation and persistence in biota. Unfortunately, the amount
of bioaccumulation data on PCAs is limited due, in part, to a lack of appropriate analytical
techniques and standards. The hydrophobic nature of PCAs (log Kews > 5.0), and resuits
from a limited number of studies, suggest that these compounds bioconcentrate in aquatic
organisms and have the potential to biomagnify through aquatic food webs.

Bioconcentration (uptake from the dissolved phase in water) of PCAs has been
found to vary with carbon chain length and chlorine content of PCAs and species of
organism (Table 2.3). Bengtsson et al. (1979) found that the rate of uptake of commercial
PCA products from water by fish increased with decreasing carbon chain length and
chlorine content. The greater uptake rates of the short chain PCAs were probably due to
their greater water solubility. Highly chlorinated short chain PCAs are predicted to have
the greatest bioconcentration factor (BCF) because they are more hydrophobic and appear
to be more resistant to biotransformation than lower chlorinated PCAs, and their
accumulation does not appear to be hindered by large molecular size or high Kow as
observed for intermediate and long carbon chain PCAs (Zitko 1974). The high BCF of
140,000 for a highly chlorinated Ci2 PCA in mussels reported by Renberg et al. (1986), is
significantly greater than that found for lower chiorinated, short chain PCAs, and for

intermediate and long chain PCAs (Table 2.3). BCFs also vary among species of organism.
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reducing BCF

Ci5 (52% Cl) common 429 - 2856 -60d BCF 2
musse} -conc. used for water may overestimate true bioavailable conc.
reducing BCF
Cis (52% Cl) rainbow trout 45 - 67 -60 d BCF 7
-conc. used for water may overestimate true bioavailable conc.
reducing BCF
Cis-26 43% Cl rainbow trout 179-376 -60 d BCF 8
-conc. used for water may overestimate true bioavailable conc.
reducing BCF
Cis.26 70% Ci rainbow trout 57-538 -60 d BCF 9
-conc. used for water may overestimate true bioavailable conc.
reducing BCF
Cas (43% Cl) common 261-1158 -60 d BCF 10
mussel -conc. used for water may overestimate true bioavailable conc.
reducing BCF
Czs (70% CI) common 223 - 341 -60 d BCF 11
mussel -conc. used for water may overestimate true bioavailable conc.
reducing BCF
-impurities in "*C material
References:

1 - Thompson and Madeley 1983a
2 - Thompson and Madeley 1983b
3 - Madeley et al. 1983

4 - Madeley and Maddock 1983a
5 - Madeley and Maddock 1983b
6 - Renberg et al. 1986

7 - Madeley and Maddock 1983c¢
8 - Madeley and Maddock 1983d
9 - Madeley and Maddock 1983e
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The BCF (wet weight concentrations) of a '“C; PCA (58% CI) was approximately 7 times
greater in mussels than in rainbow trout, a result probably due to greater biotransformation
and/or lipid content in the trout. The BCF of the C,; PCA (58% CI) in rainbow trout is
well below what would be expected for a compound of this Ko (log Kow ~ 6.5) based on
relationships between BCF and K., for persistent organochlorines (Veith et al. 1979;
Mackay 1982). Thus, BCFs of PCAs cannot be readily estimated from K. values because
of differential biotransformation of PCAs with varying carbon chain length and chlorine
content.

Owing to their hydrophobic nature, PCAs should be bioaccumulated predominantly
through food chain transfer as opposed to water (Thomann 1989). PCAs are readily
accumulated from food by fish in laboratory experiments, although, as with
bioconcentration, dietary accumulation is influenced by carbon chain length and chlorine
content. Lombardo et al. (1975) found a concentration of a short chain PCA (60% CI) of
1.1 pg-g™ in juvenile rainbow trout which were fed a diet containing high levels (10 pg-g™)
of this PCA. Bengtsson and Ofstad (1982) found that the accumulation of two short chain
PCA products with different Cl contents (49 and 71%) by a brackish water fish (bleak
(Alburnus alburnus)) was similar, but much greater than that of a long chain PCA (Cis-
Cas, 49% Cl). Zitko (1974) observed very low accumulation of two long carbon chain
PCAs (40 and 70% Cl) by juvenile Atlantic salmon fed a diet which had high
concentrations (100 ug-g™) of the PCAs. To date, there has not been any effort to examine
food chain transfer of PCAs in the environment, and laboratory results have not been

confirmed.
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There are limited data on the half lives for PCAs in biota. Bengtsson and Ofstad
(1982) found rapid elimination of lower chlorinated PCA products (Co-C,: and Cs-Cys,
49% CI) but virtually no elimination of a higher chlorinated product (Cy-Ci3, 70% Cl)
despite a depuration period of 316 days. However, no half life (t12) was reported, and
only organic Cl and not PCAs was measured, with no effort to verify that the Cl originated
from the original PCA products. The half lives of a '*C-Cy1 PCA (59% Cl) were similar in
the common mussel (tiz = 9.2 - 19.8 d) (Madeley et al. 1983) and rainbow trout (t;» = 9.9
- 23.9 d) (Madeley and Maddock 1983a), and were found to vary with water exposure

concentrations.

2.6 Biotransformation and Enzyme Induction

A number of studies using '“C labelled PCAs have found that PCAs are degraded
to CO, by mammals, birds and fish; degradation was found to be influenced by the
degree of chlorination, exposure method and species. Darnerud and Brandt (1982)
reported that within 8 h of exposure in mice, 44 and 33% of a C;s PCA (34.1% Cl) was
exhaled as CO, when administered intravenously (tail vein) or by gavage, respectively. In
a similar study Darnerud (1984) found that the amount of CO, exhaled by mice exposed by
gavage to C,; PCAs decreased with increasing chlorination. Within 6 h of exposure, 6.3,
25, 33 and 47% of the C2H6.2Clos, Ci2Hz0.1Clss, C12H2sCl and Ci;Hz6 had been exhaled as
CO., respectively. Japanese quail (Coturinix coturnix) exhaled 40 and 20% of C;sH-
107Chs and CioHx i Clss as CO,, respectively, within 8 h of exposure by gavage
(Bliessman et al. 1982). Fish do not appear to be as proficient at degrading PCAs to CO;

as mice and quail, as only 6% of CisH30.7Cls3, injected intra-arterially in carp (Cyprinus
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carpio), was exhaled as CO; after 96 h (Darnerud et al. 1983).

Darnerud and Brandt (1982) and Bliessman et al. (1982) concluded that lower
chlorinated PCAs are biotransformed to short fragments and utilised by intermediary
metabolic routes in mice and quail, but that other metabolic pathways and routes of
excretion probably also occur. Madeley and Birtley (1980) found that only 27-33% of a
C labelled C,s PCA (42% Cl) in rainbow trout was extractable by hexane 49 days after
exposure via food, suggesting extensive biotransformation of this long chain PCA. In the
same study, TLC analysis of the extracts of the rainbow trout suggested that there was
splitting of the PCA molecule before all chlorine atoms had been removed. Using the same
evidence, the authors concluded that biotransformation was not a significant elimination
method for this PCA in the common mussel (Myfilus edulis). Damerud and Brandt (1982)
suggested that the metabolic pathway involved in PCA biotransformation may involve
oxidation of the alkane, based on evidence that the tissue distribution of a *C labelled C;¢
PCA (34.1% ClI) in mice exposed via gavage was similar to that of a **C-palmitic acid with
the same chain length and terminal labelling as the C;s PCA. This is supported by Omori
et al. (1987), who concluded that bacterial strains used B-oxidation because they produced
chlorinated fatty acids after exposure to PCAs. Damerud (1984) examined the
biodegradation of a series of C;2 PCAs (0, 1, 6 and 10 CI) in rats with a series of
cytochrome P450 monooxygenaze enzyme inducers (phenobarbital, 3-methylchlolanthrene
and Aroclor 1254), inhibitors (piperonyl butoxide and metyxapone), and three PCA
commercial products (2 short chain (49 and 70% Cl) and one medium chain (52% Cl)).
The CYP450 inducers and PCAs did not cause a statistically significant change in the

amount of CO, produced by the rats, although this does not rule out increased
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biotransformation of the PCAs by CYP450. The CYP450 inhibitors, however, caused a
statistically significant decrease in exhaled CO,, with the degree of CO, exhalation by
piperonyl butoxide positively correlated with the degree of PCA chlorination. Rats were
found to extensively metabolize a higher chlorinated "C PCA (Cis 65% Cl), with a major
portion of the radioactivity found as a PCA mercapturic acid metabolite (Ahlman et al.
1986). It appears, therefore, that lower chlorinated PCAs are mineralised in biota but
higher chlorinated PCAs are more recalcitrant, although a percentage may be mineralised,
and are biotransformed by oxidation and conjugation reactions.

A small amount of data suggests that PCAs can induce phase I enzymes (mixed-
function-oxygenase enyzmes, e.g. CYP450) and phase II enzymes (conjugation reactions,
e.g. mercapturic acid synthesis) in fish. Haux et al. (1982) found a statistically significant
increase in benzo(a)pyrene hydroxylase activity in female flounder held in brackish water,
after 27 days exposure to high concentrations of a C,o-C,3, (49% Cl) PCA (one gavage
treatment at 1000 mg-kg-bw™), although the activity was only twice as high as in the
control fish. No induction was observed in males held in brackish or sea water, or in
females held in sea water, or any fish exposed to a Cy-Cy3, (70% Cl) PCA. In addition,
there was no increase in PNA-O-demethylase activity in any fish exposed to either PCA.

Increases in concentrations of CYP450 (P4505, and P450s4 but not P450ss), a
phase I enzyme, have been observed in rats exposed intraperitoneally for 4 days with 1000
mg-kg'-d" of two short chain PCAs (49 and 71% Cl) (Nilsen and Toftgard 1981). Total
P450 was found to increase by 8-18% and 25-29% with the 49 and 71% Cl PCAs,
respectively. Nilsen et al. (1981) examined the CYP450 induction potential of 5 PCA

formulations in rats and found that the higher chlorinated short chain PCAs (59 and 71%
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Cl) caused a statistically significant increase in P450 (nmol-mg microsomal protein™) and
EROD metabolism after 4 days of gavage doses of 1,000 mg-kg'. At the same exposure
concentrations, the lower chlorinated short chain (49% Cl), medium chain (50% Cl) and
long chain (49% CI) PCAs did not cause a statistically significant increase in P450 or
EROD metabolism. Poon et al. (1995) observed no alterations in aniline hydroxylase
(phase I enzyme) or EROD activity in male and female rats exposed to a Ci4.17 (52% Cl)
PCA 363 and 419 mgkg'-body weight-d™, respectively. Meijer et al. (1981) found
increases in microsomal CYP450, epoxide-hydrolase and glutathione-S-transferase (phase
II enzyme) activities in rats exposed intraperitoneally for 5 days to 1000 mg-kg'-d" of a
C14-C17 (58% CI), Cx (70% CI) and Co-Cz (70% CI) PCA, with the Co-C2 (70% CI)
PCA causing the strongest inductions. None of these activities increased in rats exposed
to a C-Cy (42% Cl) PCA at the same exposure concentrations. The authors concluded
that the hydrolyase and transferase were not involved in the metabolism of the PCA, but
were likely due to the induction of CYP450 enzymes. Poon et al. (1995) observed
increases in UDP-glucuronosyltransferase (phase II enzyme) in male and female rats
exposed to a Cyea7 (52% Cl) PCA at doses of 363 and 419 mgkg'-body weight-d”,
respectively, but not at lower exposure concenirations. These female rats were also
observed to have increases in aminopyrine N-demethylase activities (phase II enzyme).
Therefore, there is evidence that PCAs can cause an increase in enzyme activities,
with short chain, highly chlorinated PCAs having the greatest induction potential.
However, the high levels required for induction, and the use of industrial PCA
formulations, suggests that impurities in the PCA mixture may play a role in these

enzymatic inductions.
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2.7 Sediment Bioavailability
The hydrophobic nature of PCAs suggests that a large fraction will be associated
with suspended and bottom sediments in aquatic systems. Knowledge of the bioavailability
of sediment-sorbed PCAs is important for understanding their fate, and exposure of
benthic biota. To date, there has been no published data on the bioavailability of sediment-

sorbed PCAs.

2.8 Toxicity

In comparison to other types of environmental data for PCAs, there is a fairly large
data base on the toxicity of PCAs, which has been summarised in a number of recent risk
assessment documents (World Health Organization 1996; Willis et al. 1994; Government
of Canada 1993). Most toxicity data have been generated from experiments using
commercial PCA products, which presents a number of problems. First, because PCA
products consist of thousands of compounds, differences in the toxicity of individual
components cannot easily be identified. Second, due to the “weathering” of these products
in the environment, the relative abundance of individual PCA compounds to which an
organism is exposed may vary from the original PCA product. Third, the lack of
appropriate analytical techniques has resulted in uncertain estimates of exposure and body
burdens. Finally, stabilisers, which are added to commercial PCA products, and impurities
may cause false positives in toxicity tests. Although stabilisers and impurities may occur at
very low concentrations in PCA products, the high exposure concentrations used in many

of the PCA toxicity tests could result in significant concentrations of these compounds.
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2.8.1 Microbial Toxicity

From the limited data available, it would appear that microorganisms are fairly
resistant to the toxic effects of PCAs. Hildebrecht (1972, in Willis et al. 1994) concluded
that four PCAs (Ci0-Ci3 59% CI, Cy5~C30 43 and 70% Cl, and Exchlor 5C (composition
unknown)) at concentrations between 1 and 200 mg-L’ did not affect the oxygen
utilisation by a sewage sludge bacteria (species not reported). Birtley et al. (1980) reported
that there was no indication that PCAs (C¢-Ci3 49% Cl, C14-C17 52% Cl, and C30-Cs0 42%
Cl) were toxic to four strains of Salmonella typhimurium at concentrations as high as
2,500 ug-plate™. Madeley et al. (1983, in Willis et al. 1994) found that a short chain PCA
(58% CI) caused significant inhibition (> 10%) of gas production by an anaerobic
microorganism at concentrations of 3.2, 5.6 and 10% on digester volatile suspended solids.
Effects were only observed for the first 3-4 days of the experiments and, by day 10, gas

production had returned to normal levels.

2.8.2 Aquatic Toxicity

A small body of work on the toxicity of PCAs to aquatic organisms exists with the
majority of work having been performed by the Brixham Laboratory (formerly of Imperial
Chemical Industries, UK)(Table 2.4). Based on these data, PCAs have low acute and
chronic toxicity to aquatic organisms. However, it should be stressed that most of the
studies examined gross toxicological effects such as mortality and growth, and there has
been very little, or no work done on sub-lethal effects such as histology, enzyme function,
population dynamics or reproduction. Other investigators have since observed a number

of sub-lethal effects of PCAs in mammals (Section 2.8.5). The toxicity of PCAs appears
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Table 2.4 PCA toxicity statistics for aquatic biota.

4

Species PCA formula Statistic Number Comment Reference
Plants
freshwater Ci01358% Cl  10dECso- 1310 ugl"  -ECso conc. Exceed highest water conc. measured 1
alga 50% -1C-Cy; (58% Cl) used to estimate total conc. of
reduction in PCAs
cell density
marine alga Ci1358% Cl  4dECso- 42-56 ug'l’  -no significant reduction in cell density after 10 2
50% days (highest water conc. 70 pg'™")
reduction in -1C-C11 (58% Cl) used to estimate total conc. of
cell density PCAs
Invertebrates
Daphnia Ci01358% ClI 48 hECs 530 ug:I'  -ECso conc. Exceed highest water conc. Measured 3
magna 6 d LCs 12 pel? -1C-Cyy (58% Cl) used to estimate total conc. of
Daphnia Chlorowax 48 h LCso 120 pgl” 4
magna 45LV NOEC <75 pgl*
marine shrimp  Cy0.;358% Cl 96 hLCsy  14-16 pgl’ -1C-Cy1 (58% Cl) used to estimate total conc. of 5
NOEC 73 p,g'l" PCAs
midges Cio-13 58% Cl MATC 78 <MATC -MATC based on no adult emergence in long term 6
<121 pgl? study at conc. of 121 and 394 pg!"
-1C-C11 (58% Cl) used to estimate total conc. of
PCAs
common Ci0.1358% Cl  60dLCs 74 pgl” -NOEC based on observational data 7
mussel NOEC <13pgl" -"C-Ci (58% Cl) used to estimate total conc. of
PCAs
common Ci-1358% Cl 84 dECy 9.3 pgl’ -ECso and NOEC based on growth rate (shell 8
mussel NOEC 2.3 pgl? length and soft tissue)
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-"C-C\1 (58% Cl) used to estimate total conc, of
PCAs

common
mussel

Ci4.18 52% CI

60 d NOEC 220 <

3800 pg"

-no mortalities reported, only effect observed was
qualitative at 3800 pg:" (reduce filtering)
-high exposure conc. was cloudy and probably
above water solubility
-MC-Cys5 (52% Cl) used to estimate total conc. of
PCAs

common
mussel

Cis26 43% ClI

60 d NOEC 120 <

2180 pgl™

-no mortalities reported, only effect observed was
qualitative at 2180 pg-1" (reduce filtering)
-high exposure conc. was cloudy and probably
above water solubility
-1C-Cas (43% CI) used to estimate total conc. of
PCAs

10

common
mussel

Cis26 70% Cl

60 dNOEC 460 <

1330 pgl*

-no mortalities reported, only effect observed was
qualitative at 1330 pg:" (reduce filtering)
-some deposition of PCA in high exposure conc.
and probably above water solubility
-MC-Cys5 (70% CI) used to estimate total conc. of
PCAs
-impurities in '*C material

11

Fish

rainbow trout

Cio13 58% Cl

growth
effects

>17.2 pgl!

-no significant mortality to fish populations
-a marginal significant increase in growth for
population exposed to the highest concentrations
(17.2 p1")
-14C-C); (58% Cl) used to estimate total conc. of
PCAs

12

rainbow trout

Cio.13 58% Cl

60 d LCso
1070 pg:l*

340 pg'l!
31d

26

-at all exposure conc. (350, 1070 and 3050 pg:1™)
fish populations developed symptoms of abnormal
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LTso

behaviour
-MC-C11 (58% CI) used to estimate total conc. of
PCAs

rainbow trout

Ci41752% Cl

60 d LCso

>4500 pgI*

-no toxic effects were observed at any water conc.
(1050 and 4500 pg-1™)
-water conc. probably exceeded water solubility
-HC-C5 (52% ClI) used to estimate total conc. of
PCAs

14

rainbow trout

Cm.zo 43% Cl

60 d LCs

>4000 pgl”

-no toxic effects were observed at any water conc.
(970 and 4000 pg'I")
-water conc, probably exceeded water solubility
-"C-C3s (43% CI) used to estimate total conc. of
PCAs

15

rainbow trout

Cis-26 70% Cl

60 d LCso

>3800 pgel”

-no toxic effects were observed at any water conc.
(1000 and 3800 pg-1")
-water conc. probably exceeded water solubility
-14C-Cys (70% CI) used to estimate total conc. of
PCAs

16

rainbow trout

Chlorowax 45
LV (Cio.13)

96 h LCso
NOEC

>5000 pgl*
600 pg'l"

-water concentrations of PCAs were not measured
-non-lethal effects (1200, 2500 and 5000 pg'™)
include abnormal surfacing, loss of equilibrium and
fish on the bottom of aquarium
-surface film observed on aquarium water of PCA
spiked treatments

17

bluegill
sunfish

Chlorowax 45
LV

96 h LCso
NOEC

> 10000

ug!”
5000 pg!"

-water concentrations of PCAs were not measured
-non-lethal effects (1200, 2500 and 5000 pgl™)
include abnormal surfacing, loss of equilibrium and
fish on the bottom of aquarium
-surface film observed on aquarium water of PCA
spiked treatments
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sheepshead Cio.13 58% Cl reduced 621 pug:l'  -no significant effect on hatchability or survival at 19
minnow growth all but highest conc. (highest conc 621 ug-1™)
embryos and NOEC 280 pgl* -significantly higher growth in larvae exposed to
larvae 36 and 71 pg:l"
-1C-Cy1 (58% C}) used to estimate total conc. of
PCAs
bleak Cio-1349%Cl 96 hLCy >5gl'  -water concentrations of PCAs were not measured 20
7 Cio.13 56% Cl >10gl" -water conc. far exceed water solubility
” Clo.|3 63% C! >3 g-l"
» Clo.ls 70% Cl >10 g-l"
? Cio13 71% ClI >5 g-l"
» Ci417 40% CI >5gl!
? C|4.17 50% Cl > 10 g'l-‘
" Cia17 52% Cl >5gl!
" Ca2.26 42% Cl >5gl’
bleak Cho.13 49% Cl OEC ~50 ug-g" -sluggish movements, absence of shoaling behavior 21
body weight and
" Cio13 59% CI OEC ~50 ug-g" abnormal vertical postures (OEC effects) most
body weight  pronounced in the Cyo.13 (49 and 59% Cl) exposed
fish
" Cro-3 71% Cl OEC ~10 pgg” and less in the Cyq.13 (71% Cl) exposed fish
body weight -behavior became normal again after a few days in
clean
” Cia-17 50% Cl OEC >~1pgg" water
body weight  -no behavior abnormalities were observed in the
long
" Cis26 49% CI OEC >~1 pgg’ chain PCAs
body weight
bleaks Ci0-13 49% Ci OEC ~30- 50 -bleaks exposed via spiked food 22
ng-g” body -sluggish swimming near the bottom of the
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weight aquarium

” Cio-13 71% Cl OEC ~70 pgg’ (OEC effect)
body weight -behavior became normal again after a few days in
clean
” Cis.26 49% Cl OEC water
-no behavior abnormalities were observed in the
long chain PCAs

bleaks Ci0413 70% ClI 284 OEC 20-33 -bleaks exposed via spiked food 23

pgg! -sluggish swimming, abnormal orientation and

tetanic spasms (OEC effect)

References:

1 - Thompson and Madeley 1983a
2 - Thompson and Madeley 1983b
3 - Thompson and Madeley 1983c
4 - Forbis et al. 1986

5 - Thompson and Madeley 1983d
6 - E and G Bionomics 1983

7 - Madeley and Thompson 1983a
8 - Thompson and Shillabeer 1983
9 - Madeley and Thompson 1983b
10 - Madeley and Thompson 1983c
11 - Madeley and Thompson 1983d
12 - Madeley and Maddock 1983f
13 - Madeley and Maddock 1983b
14 - Madeley and Maddock 1983c¢
15 - Madeley and Maddock 1983d
16 - Madeley and Maddock 1983e
17 - Swigert and Bowman 1986a
18 - Swigert and Bwoman 1986b
19 - Hill and Maddock 1983a and 1983b
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to be inversely related to carbon chain length. However, because most of these studies
have used water as an exposure route and body burdens were not measured, the relatively
higher water solubility of the shorter carbon chain PCAs probably resulted in greater
exposure for these PCAs.

A majority of PCA effects concentrations (e.g. lowest observable effects
concentration (LOEC) or no observable effects (NOEC), and LCs) for aquatic organisms
are above 100 pg-L!, and in many cases are above 1,000 pug'L™. However, there are a
number of exceptions with invertebrates (Table 2.4). A NOEC for a short chain PCA
(C10-C13, 58% CI) of 5.0 ug'L™" in Daphnia magna was the lowest reported no effect
concentration (Table 2.4). However, the researchers reported that many of the D. magna
were found floating at the top of the aquarium and the toxic effects may have been a
mechanical effect (i.e., oil slick effect), and not a toxic effect. The same researchers
reported a NOEC of 7.3 pg-L™" for the same PCA using a marine shrimp, but none of the
shrimp were observed to float at the surface. Other low effects concentration data in
invertebrates are observational, such as reduced filtering rates in mussels, and should be
interpreted with caution.

There is some evidence that high concentrations of PCAs, those approaching water
solubility, may inhibit the growth of aquatic plants. Thompson and Madeley (1983a)
reported significant inhibition of growth of freshwater alga (Selenastrum capricornutum)
when exposed to a short chain PCA (58% Cl) at water concentrations of 570 ug-L™.
ECso’s for cell density over 4, 7 and 10 days were reported as 3,690, 1,550 and 1,310
ug'L, respectively. Even at the lowest exposure used (110 ug'L?), concentrations were
probably greater than the water solubility of this PCA. Using the same PCA, Thompson
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Table 2.5 PCA toxicity data for birds and mammals.

Species PCA formula Statistic Number Comment Reference
Birds
mallard Cio.13 58% Cl NOEC 166 ug-kg! -ducks exposed via spiked food 1
duck -some egg shell thinning in ducks exposed to
1 mgg"
~-10% loss of viability in hatchlings exposed to 1
mgg" for 14 days
ring- Cia152% Cl oral LDy,  >103 mgg" -neither oral dose or spiked food produced any 2
necked body weight mortality or toxicological effects
pheasant -depressed food intake in mallard ducks exposed to
24
dietary >24 mgg’ mg-g" in food
subacute
LCso
mallard C14.1752% ClI oral LDsy  >24.6 mg-g’
duck body weight
dietary > 24 mgg’
subacute
LCso
mammals
rat Cio.13 59% Cl oral LDsy >29mgg’  -no mortalities observed in rat or guinea pigs after 3
doses of 50 and 25 g-kg body weight', respectively
rat Cio-13 41-50% ClI -although authors report oral LDs, there was no 4
Cio13 51-60% CI mention of death, only non-specific toxicity
Cio.13 61-70% CI (piloerection, muscular incoordination and urinary
Ci41751-60% Cl  oral LDy,  all >4 mg-g’ and fecal incontinence)
Ca0.30 41-50% Cl (body -beagles feed the same diets showed no toxic effects
Ca0.30 51-60% CI weight) (highest dose 10 mg'g™* body weight)
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Czo.;o 61-70% Cl

Cie17 52% Cl 90 d 250 ug-g'  -no deaths in any treatment over 90 days (highest
NOAEL conc. 5,000 mg-kg™ body weight)
-reduction in body weight at dose of => 500 mg-kg
body weight which may be due to reduce palatability
-increased liver and kidney weight at exposures of
500 mg-kg™ and greater
Cie17 52% Cl 90 d 30 ug'g” -no deaths in any treatment over 90 days (highest
NOAEL body conc. 100 mg-kg b.w. ™)
weight-d”'
rat C|4.11 47% ClI LDso 26.1 ﬂlg'g.I
body weight
mice Cl4.|1 47% Cl LDso 219 mg'g'l
body weight
rat Ci0.1358% CI 90 d NOEL 10 mg-kg” -diet or gavage exposure of Cyo.13 PCA produced
body similar toxicity statistics
weight-day’ -NOEL based on increase in liver and kidney weight
Ci1n52%Cl  90dNOEL 10mgkg' -NOEL based on increase in liver and kidney weight
body
weight-day™
C21043%Cl  90d NOEL > 3750 -no effects observed in any male rat (highest dose
(males), < 3750 mg-kg b.w. -d™)
100 -female NOEL based on increase in liver and kidney
(females) weight
mg-kg"' body
weight-day’
Ca0.30 70% ClI 90 d NOEL 900 mg'kg'1 -NOEL based on increase in liver and kidney weight
body and reduced weight gain
weight-day™
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rat

mice

Cio-12 60% Cl

C22.25 43% ClI

Cio.12 60% Cl

-no mortalities after single dose (highest doses
13,600 mg-kg b.w. *-d?)
-1/5 and 2/5 male and female rats, respectively, died
at exposure concentrations of 7,500 mg-kg b.w. "-d"
in 16 day exposures and no deaths were reported in
13 week exposures (high tl:onc. 5,000 mg-kg b.w.”
d)
-liver weights were increased in rats exposed at 938
mg-kg b.w. -d"! and greater in 16 d exposures, at
313 mg-kg b.w. -d" and greater in 13 week
exposures, at 312 mg-kg b.w. '-d"! and greater in 2
year exposures
-evidence of kidney nephrosis at concentrations of
5,000 mg/kg b.w./d in 13 week exposures
16 d NOEC > 3,750 -no mortalities after single dose (highest doses
mg-kg' body 11,700 mg'kg b.w. ':d"") orin 16 d, 13 week or 2
weight-d"  year exposures (highest dose 3,750 mg-kg b.w."d™)
-evidence of granulomatous inflammation in liver of
female rats in 13 week study (300 and greater mg-kg
b.w."-d"") and 2 year study (312 mgkg b.w. *-d’
and greaeter)
-no mortalities after single dose (highest doses
23,400 mg-kg b.w. "d™)
-4/5 and 2/5 male and female mice, respectively, died
at exposure concentrations of 1,875 mg-kg b.w. "d"
!, all mice died at conc. of 3,750 mg-kg b.w. -d"
and greater in 16 day exposures, no mice died in 13
week exposures (high conc. 7,500 mg-kg b.w. '-d")
and 2 year studies (highes} conc. 250 mg-kg b.w. -d’
)
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-liver weights were increased in mice exposed at 938
mg-kg b.w. '-d"! and greater in 16 d exposures, at
500 mg-kg b.w."-d"" and greater in 13 week
exposures, at 125 mg-kg b.w. "'-d"* and greater in 2
year exposures

C22643%Cl 16 d NOEC > 17,500 -no mortalities after single dose (highest doses
mgkg'd' 23,400 mgkg'-d™), in 16 d and 13 week exposures
(highest dose 7,500 mg-kg b.w™-d"), or in 2-year
study (highest dose 5,000 mg-kg b.w. *-d™")
rat Ci+1752%Cl  91dNOEL 4.2 mgkg’ -authors did not report a NOEL
body wt:d'  -NEOL based on histopathological changes in liver,
increased urinary excretion of ascorbic acid and
decreased hepatic vitamin A
rat Cio.13 58% Cl 184 mg-kg' -PCAs administered by gavage
Cio13 56% CI 14 dNOEC 600 mgkg'  -NOEC based on hepatic peroxisome proliferation
C14.|7 40% Cl 473 mg~kg"
Cio.13 58% ClI 74 mgkg -PCAs administered by gavage
Cio.13 56% ClI 14dNOEC 51 mgkg™ -NOEC based increase in liver weight
Ci4.17 40% Cl 31 mgrkg™
mice Cio.13 58% Cl 180 mg-kg™ -PCAs administered by gavage
Cio.13 56% Cl 14 dNOEC 120 mg-kg" -NOEC based on hepatic peroxisome proliferation
C|4.[7 40% Cl 252 mg'kg"
Cio13 58% Cl 215 mg-kg” -PCAs administered by gavage
Cio.13 56% ClI 14 dNOEC 70 mgkg’ -NOEC based increase in liver weight
Cu.n 40% Cl 426 mgkg'
References:

1 - SDS Biotech 1984, as reported in Willis et al. 1994
2 - Madeley and Birtley 1980

3 - Howard et al. 1975
4 - Birtley et al. 1980
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and Madeley (1983b) found that a water concentration of 19.6 ug-L" caused
significant growth inhibition in a marine alga (Skeletonema costatum). ECsy’s for cell
density were calculated to be 42.3 and 55.6 pg'L™ after 4 days exposures, and ECs, for
growth rate was calculated to be 31.6 pg-L™ after 2 days exposure. However, both cell
density and growth rate returned to normal by day 10 of the exposure. The authors
proposed that the observed effects were due to the effects of the PCA on the lag phase of
the algae population growth curves. It was also suggested that lower concentrations of the
PCA in the water by the end of the experiment may have contributed to recovery of cell
densities and growth rates.

Fish appear to be quite resistant to PCAs, and in most cases, the reported effects
concentrations and the water concentrations are well beyond the water solubility of the
PCA (Table 2.4). Unfortunately, body burdens in these fish were not reported and
therefore exposure is unknown. Due to the low water solubility of these chemicals,
exposure may have been low, particularly with the intermediate and longer chain
formulations. Madeley and Maddock (1983a) found no significant mortality or behaviour
abnormalities during a long term exposure (169 days) of rainbow trout to short chain PCA
(58%) at concentrations of 3.1 and 14.3 pg-L", or during the first 63 days of depuration
(clean water). However, starting on day 63 of the depuration phase, rainbow trout,
previously exposed to 14.3 ug-L™ PCA, were reluctant to feed, and by day 70 all had died
(8 fish total). Similar effects were observed in rainbow trout previously exposed to 3.1
ug-L™", but only 5 of 8 fish died. Behaviour returned to normal in surviving fish, and no
effects were observed in control or acetone control fish. Infectious disease was eliminated

as a cause and the authors could find no explanations for the effects and deaths observed.
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2.8.3 Avian and Mammalian Toxicity

There are only two published reports on the toxicity of PCAs to birds, and only
gross toxicological effects were reported. Madeley and Birtley (1980) exposed mallard
duck (Anas platyrhynchos) and ring-necked pheasant (Phasanius colchius) to a medium
chain PCA (52% CI) by gavage and via spiked food. Despite high concentrations (24
mg-g"), no significant toxicological effects were observed in either species, although ducks
showed “inferior” food intake at the highest concentration (24 mg'g™). Mallard ducks
were also used in a one generation reproduction study to assess the toxicity of a short
chain PCA (58% CI) (SDS Biotech 1984, in Willis et al. 1994). Ducks were exposed at
nominal dietary concentrations of 0, 28, 166 and 1,000 pg-g”. No abnormal survival,
condition, body weight or food consumption were observed in the adult ducks. Some egg
laid by ducks exposed at the highest concentration were noted to have thinner shells,
however the authors described this as being of “questionable biological significance”.
Hatchlings were fed the same PCA spiked diets for 14 days. A 10% loss of viability was
observed in the 1,000 ug-g™ group.

Based on the limited data available, the acute and chronic toxicity of PCAs to
mammals is low (Table 2.5). Although a number of studies determined LDs,
concentrations, death was rarely observed, and most effects concentrations were based on
sub-lethal effects. The most common effect observed in mammals exposed to PCAs was an
increase in absolute and/or relative liver weight at very high doses of PCA. This effect
appears to be inversely related to carbon chain length (Nilsen et al. 1981; Nilsen and
Toftgard 1981; Bucher et al. 1987; Wyatt et al. 1993; Elcombe et al. 1994), but the

relationship to chlorine content is not obvious. In many studies, an increase in liver weight
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was the only toxicological effect observed (Table 2.5). Wyatt et al. (1993) attributed the
increase in liver weights to CYP450 enzyme induction, peroxisomal proliferation, smooth

endoplasmic reticulum proliferation, and increase in cell proliferation.

2.8.4 Reproductive and Embryo Toxicity and Teratogenicity

Only one study has examined the toxic effects of PCAs on reproduction. Rats were
exposed to high concentrations (0, 100, 1000 and 6250 mg-kg"' feed) of a medium chain
PCA (Ci417, 52% CI) 28d prior to mating, during mating and 21 d postnatal (IRDC 1985,
in World Health Organization 1996). Pups were also exposed to the same concentrations
for 70 days following weaning. No effects were observed in the mating rats or in the pups
prior to lactation day 7. However, no pups from the highest exposure group survived to
weaning, and all pups from the mid to high exposures experienced decreased activity,
laboured breathing, pale discoloration and/or blood around the orifices. LOELSs, based on
decreased pup weight, were set at 5.7 and 7.2 mgkg-bw'-d" for males and females,
respectively.

The teratogenic potential of a short chain PCA (C0.13, 58% Cl) was examined in
pregnant rats and rabbits (IRDC 1982a and IRDC 1982b, in World Health Organization
1996). Female rats were exposed daily by gavage from days 6 through 19 of gestation at
concentrations of 0, 100, 500 and 2000 mg-kg-bw"-d". There was increased mortality
(32%) and decreased body weight in dams exposed at the highest concentrations. Other
clinical effects were observed at lower concentrations, including matting and staining of
the genital fur, soft stool, decreased activity, oily fur and excessive salivation. Treatment at

the highest concentration resulted in fetal malformations, an increase incidence of post-
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implantation loss and fewer viable fetuses. The NOEL for teratogenic effects was set at
500 mg-kg-bw™'-d". The rabbits were exposed at lower concentrations (0, 10, 30 and 100
mg-kg-bw™-d') on gestation days 6-27. No significant effects were observed in dams or
fetuses. The NOAEL was set at 100 mg-kg-bw™-d™".

The teratogenic potential of a medium chain (Ci4.47, 52% Cl) and two long chain
(Cx26 49 and 70% Cl) PCAs was examined in pregnant rats and rabbits (IRDC 1984a,
[RDC 1983a, IRDC 1983b, IRDC 1984b, IRDC 1982c and IRDC 1983c, in World Health
Organization 1996). Female rats were exposed by gavage to the three PCAs at
concentrations of 0, 500, 200 and 5000 mgkg-bw'-d' on gestation days 6-19. No
changes in mortality, body weight or uterus weight were observed in any of the treatments
and no adverse effects were found in the fetuses. Female rabbits were exposed at lower
concentrations to the medium chain (0, 10, 30 and 100 mg-kg-bw™-d") and higher
chlorinated long chain (of 0, 100, 300 and 1000 mgkg-bw™'-d') PCAs but the same
concentration as the rats for the lower chlorinated long chain PCA. No effects on
mortality, body weight or uterus weight were found for the dams and no adverse effects
were observed in the fetuses. However, there was some congestion of the lobes of the
lungs in dams exposed to the medium chain PCA, but it was not dose-related. Darnerud
and Lundkvist (1987, in World Health Organization 1996) observed no effect on
implanation and embryonic survival in pregnant mice exposed to a single intraperitoneal

injection of 100 mg-kg-bw™ of a medium chain PCA (C14.17 70% Cl).
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2.8.5 Mechanisms and Sub-lethal Indicators of Toxicity

The results of a number of studies using the brackish water fish the bleak, suggest
that the mechanism of acute toxicity is narcosis. In these studies, bleak exposed to high
levels of PCAs in food had sluggish movements, swam near the bottom of the aquarium,
and had abnormal shoaling behaviour and positioning (Svanberg et al. 1978, Bengtsson et
al. 1979). These responses are consistent with the early stages of narcosis (McKim et al.
1987), and the PCA concentrations in the fish (~0.2 mol-g™") were about ten times less than
that considered to elicit narcosis (McCarty et al. 1986). Furthermore, the extremely high
PCA concentrations required to elicit toxic effects in invertebrates, fish and mammals
provide additional evidence that the mode of acute toxic action for PCAs is non specific
(i.e., narcosis).

There are, however, some data that suggest that PCAs have specific toxic actions,
with evidence that the liver, kidney and thyroid are target organs (Serrone et al. 1987,
Elcombe et al. 1994). Elcombe et al. (1994) concluded that PCAs act via three non
genotoxic mechanisms: (i) hepatic peroxisome proliferation/cell proliferation, (ii)
perturbation of the thyroid homeostasis, and (iii) a male rat specific protein mediated
nephropathy.

Peroxisomal proliferation has also been observed in the liver of mammals exposed
to high doses of PCAs. Peroxisomal fatty acid oxidation, which is a marker for
peroxisomal proliferation, showed a significant increase in rats and mice exposed to two
short chain PCAs (56 and 58% Cl) and one medium chain PCA (40% CI) (Wyatt et al.
1993) (Table 2.5). The short chain PCAs elicited a greater response in fatty acid oxidase

activity than the medium chain PCAs in both rats and mice. Rats exposed to the highest
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dose (1,000 mg-kg™-d™") of the short chain PCAs (58% Cl) had an almost 3 fold increase in
fatty acid oxidase activity. Fatty acid oxidase activity in the mice was even greater, with
statistically significant increases at doses of 250 mg-kg™-d™! for the 58 and 56% Cl PCA:s.
The authors suggested that the differences in fatty acid oxidase activity in the two species
might be due to differing rates of metabolism of the PCAs to proximate peroxisome
proliferating metabolites. Mice exposed to the highest dose (1,000 mg-kg*-d"') of the 58
and 56% CI PCAs had a 7 and 10 fold increase in fatty acid oxidase activity, respectively.
In a separate experiment using the same short chain PCAs, Elcombe et al. (1994)
confirmed peroxisome proliferation in rats exposed to PCAs by microscopic examination
and morphometric analysis of liver samples. Male guinea pigs showed no treatment
related changes in peroxisome proliferation when exposed to similar concentrations of two
short carbon chain PCAs; however, guinea pigs are known to be insensitive to the effects
of peroxisomal proliferating agents.

Female rats exposed to a long chain PCA (43% CI) at concentrations of 300 and
900 mg-kg-bw™-d" were found to have granulomatous inflammation in their livers after 13
weeks exposure (Bucher et al. 1987). Granulomatous inflammation of the liver, which
was characterised by multiple, randomly distributed accumulations of histiocytes within the
liver sinusoids, was also observed in male and female rats exposed for 2 years to the same
long chain PCA (exposure conc. 1 to 3,750 mg-kg'-body weight-d™") but was not observed
in mice (highest conc. 5,000 mg-kg™-body weight-d), or in rats or mice exposed to a
short chain PCA (60% CI) at concentrations of 625 and 250 mg'kg'-body weight-d™,
respectively. However, hepatocyte hypertrophy and significantly fewer hepatocytes

counted per given microscopic field were observed in livers of rats exposed for 2 years to
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the short chain PCA at a concentration of 625 mgkg-bw'd' Poon et al. (1995)
observed slight histopathological changes in the liver of rats exposed to a medium chain
PCA (52% CI) for 13 weeks at 500 and 5,000 mgkg" in their diet. These changes
included minimal to mild anisokaryosis and vesicuiation of the nuclei, increased perivenous
homogeneity, and single cell necrosis in the hepatic lobes.

Bucher et al. (1987) reported a dose-related increase in absolute and relative
kidney weights after 6 and 12 month exposure to a short chain PCA (60% CI). Incidence
and severity of lesions of the kidney tubules and of interstitial inflammation were also dose
related. There was microscopic evidence of nephrosis in the kidney of male and female
rats exposed to 5,000 mg-kg'-d" of a long chain PCA (43% CI). No effects of these
PCAs on the kidney of mice were noted. Poon et al. (1995) noted cytoplasmic inclusions
resembling hyaline droplets and cytoplasmic shedding in the outer cortex tubules in a dose-
related fashion in kidneys of male rats exposed to a medium chain PCA (52% CI). Female
rats had dose-related focal dilation of the tubules of the inner medulla with focal pyknosis
of epithelial nuclei of the kidney. With both sexes, the changes were minimal to mild in
nature.

Wyatt et al. (1993) also examined the effects of two short chain PCAs (56 and
58% Cl) and one medium chain PCA (40% Cl) on the thyroid of rats exposed at high
concentrations (1,000 mg-kg™'-body weight). All three PCAs caused a two-fold increase in
liver uridine diphosphate glucuronosyl (UDPG) transferase activity and levels of plasma
thyroid stimulating hormone (TSH), and a 30-40% decrease in total and free Ts. No
changes in T; levels were found. Elcombe et al. (1994) observed similar changes in UDPG

transferase activity and TSH and Ty levels in male and female rats exposed to similar
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concentrations of a short chain PCA (58% Cl). Thyroid follicullar cell hypertrophy and
replicative DNA synthesis in thyroid cells were also noted at days 56 and 91, respectively,
in rats exposed at concentrations of 313 mg-kg'-d" and above. The UDPG transferase,
which is produced in the liver, decreases the plasma T, levels and causes an increase in
TSH release by the pituitary. TSH causes the thyroid to produce and release T,. This
continued stimulation and release of T, leads to hypertrophy and hyperplasia in the thyroid,
and consequently a tendency to develop thyroid neoplasia (Wyatt et al. 1993). Poon et al.
(1995) found dose-related morphological changes in the thyroid glands of rats exposed to
a medium chain PCA (53% Cl) beginning at concentrations of 4.2 mg-kg-bw'-d"'. These
changes, which were minimal to mild, aftfected both the architecture of the thyroid follicles
(reduced follicle sizes and collapsed angularity) and the epithelium of the thyroid
(increased cell height, cytoplasmic vacuolation and nuclear vesiculation).

Besides effects observed in the liver, kidney and thyroid, Poon et al. (1995) also
observed a number of other effects in rats exposed to a medium chain PCA (52% Cl).
These included: increases in serum cholesterol in females starting at 4.2 mg-kg-bw™-d’";
decreases in corpuscular volume in female rats at 419 mgkg-bw™'-d'; increases in N-
acetylglucosaminidase (urinary enzyme) and ascorbic acid levels in female rats exposed to
419 mgkg-bw'-d"'; and decreases in vitamin A in the liver of male and female rats
exposed to 363 and 42 mg-kg-bw-d”', respectively.

Eriksson and Kihistrom (1985) examined motor performance and
thermoregulation in mice exposed to high concentrations (30 to 300 mg-kg-bw™) of two
short chain PCAs (49 and 70% Cl) via intravenous injection of the tail vein. There was a

statistically significant decrease in motor performance in mice 15 minutes after exposure to
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the highest concentration (300 mg-kg-bw™) of the lower chlorinated PCA. A statistically
significant decrease in rectal temperature was observed at the highest concentration (300
mg-kg-bw™) for both PCAs 60 minutes after exposure. Decreasing motor capacity and
rectal temperature with increasing dose was observed for both PCAs.

Kato and Kenne (1996) found that short (50 and 60% Cl) and intermediate (45 and
52% Cl) carbon chain length PCAs are potent inhibitors of gap junction intercellular
communication in rat epithelial cells and may act as tumour promoters. Short carbon chain
PCAs were more potent inhibitors (complete inhibition at 15-20 pg-mL™) than the
intermediate carbon chain length PCAs (complete inhibition at 35-80 pg-mL™), and long
carbon chain length PCAs (42 and 48% Cl) did not cause any inhibition despite in vitro

concentrations as high as 200 pg-mL".

2.8.6 Mutagenicity and Carcinogenicity

Meijer et al. (1981) used the Ames test to examine the mutagenic and carcinogenic
potential of a Cy9-Cy (70% ClI) PCA on three different strains of Salmonella typhimurium.
No toxic effects were observed. The authors did not report the concentrations used in the
test.

Bucher et al. (1987) examined the carcinogenicity of two PCA commercial
products (C10-Ci3 60% Cl and C»-Cy 43% Cl), and concluded that “the short chain,
heavily chlorinated paraffin appears to have a greater potential for chronic toxicity and
carcinogenicity than the longer chain, lightly chlorinated paraffin”. The authors based this
statement on the results of a repeated-dose, 2 year gavage study, using mice and rats with

high exposure concentrations (1 to 5,000 mg-kg'-d"). Female rats exposed to the long
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chain PCA (43% Cl) for 2 years showed slight increases in adrenal medullary
pheochromocytomas at exposure concentrations of 100 to 900 mg-kg-bw™-d”’. The long
chain PCA also caused a marginal increase in heptacellular neoplasms in female mice at
5000 mg-kg-bw'-d”, and distinct increases in malignant lymphomas in male mice.

Carcinogenicity was observed in rats and mice exposed to the short chain PCA (60% CI)
at much lower doses (312 and 625 mg-kg-bw™-d" in rats and 125 and 250 mg-kg-bw™-d™*
in mice) than the long chain PCA. The short chain PCA caused hepatocellular neoplasms
in both sexes of rats and mice, kidney tubular cell adenomas and adenocarcinomas and
mononuclear cell leukemia in male rats, and thyroid follicular cell neoplasms in female rats

and mice.
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3. DIETARY ACCUMULATION OF C,;- AND C;c--POLYCHLORINATED

ALKANES BY JUVENILE RAINBOW TROUT (Oncorhynchus mykiss)

) 3.1 Abstract
Dietary exposures, using juvenile rainbow trout (Oncorhynchus myfkiss), were conducted with
four "“C-polychlorinated alkanes (PCAs) (Ci2HaxCls (56% Cl by weight), C1;H;6Clyo (69% C1),
CiHz1Cl (35% CI) and Cy¢H2:1Cly3 (69% CI)) in order to measure bioaccumulation parameters,
metabolism and tissue distributions. These PCAs are found in industrial chlorinated paraffin
(CP) products, although their method of synthesis is different from those for CPs. Trout were
exposed for 40 days to nominal concentrations of 20 and 200 ng-g" of each PCA, as well as
2,000 ng'g” for C¢H; Cly3, followed by up to a 173 day elimination period. Whole body half
lives in the rainbow trout ranged from 37 + 2 days for C;¢H3,Clsto 87 + 11 days for C,2H;4Cl,,
and assimilation efficiencies of CisHz,Cl (33 to 35%) and C2Hi6Clio (34 to 38%) were highest
among the four PCAs. Biomagnification factors ranged from 0.44 for Ci¢H, Cly3 to 2.15 for
C12H6Clyo. Accumulation of Ci6Ha Clyis (MW = 674) may be sterically hindered due to its large
molecular size. Low chlorinated PCAs, eg. C;¢H3iCls, had shorter half lives than higher
chlorinated PCAs, probably due to increased metabolism. HPLC-'*C analysis of fish tissue
extracts revealed that the PCA mixtures were selectively biotransformed with certain unknown
components persisting in tissues. Lower chlorinated PCAs had greater proportions of polar “C,

which implies greater metabolism of these compounds. Highly chlorinated, short carbon chain
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(Cio-13) PCAs and lower chlorinated, medium carbon chain (Ci415) PCAs appear to have the
greatest potential for biomagnification among CP components. No reduced growth rates or
hepatic monoxygenase enzyme induction were seen in any of the PCA exposures when

compared with controls.

3.2 Introduction

Chlorinated paraffins (CPs) are a class of polychlorinated alkanes (PCAs), that are used
as plasticizers, flame retardants, high pressure lubricants and in a number of other industrial
applications (Government of Canada 1993; Campbell and McConnell 1980). CPs vary in both
carbon chain length (10 to 30 carbons) and chlorine content (35% to 69% chiorine by weight),
and consist of 1000’s of possible structural isomers. Despite relatively large global production
of CPs (300 kilotonnes per annum) (Damerud et al. 1989) there is relatively little information
on their physical-chemical properties, bioaccumulation potential, aquatic toxicity or
environmental fate. A recent study in Sweden found CPs to be the most prevalent
organochlorine in three terrestrial samples, two marine fish samples, and one freshwater fish
sample (Jansson ef al. 1993).

Bioaccumulation data are needed for a complete ecological risk assessment (Franke et
al. 1994); however, this type of data for CPs is quite limited. Bengtsson and Ofstad (1982)
exposed bleaks (A/burnus alburnus) to three formulations of CPs differing in carbon chain
length and degree of chlorination, and found that they had different uptake and elimination
rates. Further, Bengtsson et al (1979) noted that CPs of short carbon chain length and low
chlorination had the highest uptake rate in fish. High molecular weight CPs (MW > 600) have

been found to have low or non-existent accumulation in fish (Zitko 1974; Lombardo et al.
438



1975; Bengtsson et al. 1979). Although these studies provide some broad information on CP
accumulation in aquatic food webs, all of these experiments used industrial CP products and did
not provide data on specific PCAs of known carbon chain length or ClI content.

PCAs have low water solubilities (Drouillard et al. 1995) and high Kes (Sijm and
Sinnige 1995) that vary with carbon chain length and chlorine content. Chemicals with similar
physical-chemical properties to PCAs, such as PCBs (Svanberg et al. 1978), have been found
to bioaccumulate (Oliver and Niimi 1988), and biomagnify (Rasmussen et al. 1990; Evans et al.
1991), in aquatic food chains. The main objective of this study was the determination of
bioaccumulation parameters (depuration rate, half life, biomagnification factor (BMF) and
assimilation efficiency) of four “C-PCAs in juvenile rainbow trout (Onchorhynchus mykiss)
through dietary exposure. The four PCAs used include two C;2 (Ci2H2Cls (56% Cl by weight)
and C;H;sClio (69% CI)) and two Cis (CisH:1Clh (35% CI) and CyHa Cliz (69% Cl))
compounds, and are found in CP commercial products. We hypothesize that, like PCBs
(McFarland and Clarke 1989) and chlorinated dioxins and furans (PCDD/Fs) (Opperhuizen and
Sijm 1990), certain PCAs may be more persistent as a result of the number of Cl and the length
of the carbon chain. These results provide the first bioaccumulation parameters for PCAs of
known carbon chain length and percentage Cl.

A second objective of this work was to evaluate the toxicity of PCAs by monitoring
growth rates, condition and histopathology of the rainbow trout, and to measure CYP1Al
mixed function oxygenase enzyme activity by measuring ethoxyresorufin-O-deethylase
(EROD) activity in liver. There is one report of elevated EROD levels in female flounder
(Platichthys flesus) exposed to high dietary concentrations of an industrial CP product (Haux

et al. 1982).
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3.3. Materials and Methods
3.3.1 Chemicals and Food Preparation

All *C-PCAs were synthesized and purified using techniques outlined previously
(Bergman et al. 1981). The [1-'C] dodecanes contained 55.9 and 68.5% chlorine (mean of 5.9
and 9.8 chlorine atoms per molecule, respectively). The [1-'*C] hexadecane had 34.1% chlorine
(3.3 chlorine atoms per molecule), and the [U-'“C] hexadecane had 69% chlorine (13.4
chlorines per molecule). For simplicity, the number of chlorine atoms in each compound have
been rounded to the nearest integer.

Food was spiked by suspending a known quantity of each PCA standard in 150 mL of
hexane and 100 g of commercial fish food (Martin’s Feed Mills Ltd., Elmira, ON, Canada) and
slowly evaporating to dryness. Food was air-dried for 24 hours and stored at 10°C. The fish
food consisted of 41% protein, 14% lipid and 3% fiber. Concentrations in the food were
determined by the same analytical techniques used to determine levels in the rainbow trout
tissue (see below), and are found in Table 3.1. Control food was treated in an identical manner,

but without the addition of a PCA compound.

3.3.2 Experiment

Juvenile rainbow trout (Oncorhynchus mykiss)(initial weights 2 - 7 g) were exposed to
the spiked food for 40 days followed by 160 (C12HxCls, Ci2Hi6Clio and CiH3,Cls) to 173 days
(C1sH21Cl;3) of depuration. The daily rate of feeding was equal to 1.5% of the mean weight of
the rainbow trout, corrected after each sampling period. Fifty fish were used in control tank 1
and the three C¢H>;Cly; treatments, and 36 fish were used in the remaining treatments. Three

fish were sampled from each treatment for *C determination on days 5, 10, 20, 30 and 40 of
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the uptake period, and days 5, 10, 20, 40, 80 and 160 (or 173 for C,¢H,Cly3 treatments) of the
depuration period. Six additional fish in the C,¢HCli; high concentration treatment were
exposed to the PCA-spiked food for 80 days, to follow the uptake for an extended period.
Sampled fish were separated into liver, GI tract (includes stomach, pyloric caeca, spleen,
intestines, and adipose fat associated with these organs; as well as gut contents), and carcass
(whole fish minus liver and GI tract). Each tissue (including the carcass) was weighed and
analyzed separately for “C-radioactivity. At day 40 of uptake, three additional fish were
sacrificed for EROD measurements from each of the high concentration treatments for each
PCA, and from the two control treatments. Liver samples were weighed (0.05-0.3 g) and
homogenised in 0.5 to 2.0 ml HEPES-KCI (0.02 M HEPES, 0.15 M KCl, pH 7.5), depending
on sample size, and homogenates were centrifuged for 20 min (15,600 X g). All preparative

steps were done in a coldroom at 2 °C. The supernatants were frozen at -80°C until analysed.

3.3.3 C Analysis

Fish samples were frozen, freeze dried, and weighed prior to extraction. To extract *C,
samples were homogenized in toluene, centrifuged, and the supernatant used to determine *C
by adding a fraction of the toluene to fluor (Atomlight, Dupont Chemical Company, Boston,
MA, USA), and counting on a Beckman LS 7500 liquid scintillation counter (LSC) (Beckman
Instruments Inc., Irvine, CA, USA). “C counts were corrected for quench using a quench
curve prepared from “C-toluene (Dupont Chemical Company), and were automatically
corrected for background by the LSC. Lipids were determined gravimetrically using 1 ml of the

supernatant.
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Toluene extracts of selected samples (day 40 of uptake and day 20 of depuration) were
analyzed by reverse-phase HPLC to assess the composition of the "*C counts in the standard
and fish extract. The day 40 uptake samples were chosen because they were expected to have
the highest concentrations. The day 20 depuration samples were chosen because the
concentrations of metabolites were expected to be higher than later depuration dates.

Lipids were first removed from the samples using gel permeation chromatography
(GPC) followed by elution through a Florisil column. The GPC columns (i.d. 29.5 mm,
length 400 mm, 500 mL reservoir) were packed with 60 grams (dry weight) of 200-400
mesh Bio-Beads® S-X3 beads (Bio-Rad Laboratories, Hercules, CA, USA), which had
been soaked in DCM:hexane (1:1) overnight. The column was eluted with 300 ml of
DCM:hexane; the first 125 ml contained lipids and were discarded. The remaining eluate
containing the PCAs, was evaporated to 1 mL for Florisil clean-up. After adding the GPC
eluate to the Florisil column (8 grams of 1.2% deactivated Florisil), the PCAs were
recovered by successive elution with 42 mL of hexane, 38 mL of 85% hexane:15% DCM
and 52 mL of 50% hexane:50% DCM. The Florisil elutions were combined and then
evaporated to near dryness under a gentle N, stream and made up in either methanol (C,-
PCAs) or acetonitrile (Ci6-PCAs) for HPLC analysis. Owing to the more hydrophobic nature
of the Cis-PCAs, a less polar solvent, acetonitrile, was substituted for methanol to insure that
the Cy;c-PCAs completely dissolved. Samples were injected on a Varian 5000 liquid
chromatograph (Varian Canada Inc., Mississuaga, ON, Canada) equipped with a Prep Nova
pak HR C-18 column (Waters Division of Millipore, Milford, MA, USA), an autosampler and
an automated fraction collector. The mobile phase used for the C,.-PCA samples consisted of

90% methanol and 10% water; 3 minute fractions were collected over a 60 minute period. For
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the Cs-PCA samples a mobile phase of 90% acetontrile and 10% water was used, and 4
minute fractions over 80 minutes were collected. Fractions were counted using LSC.

The remaining toluene was decanted from the tissue, and the tissue was washed and
decanted twice with toluene and allowed to dry. A subsample of the air-dried, toluene-washed
tissue was oxidized on a Packard Model 306 Oxidizer (Packard Instruments Co., Downers
Grove, IL, USA) for determination of non-toluene extractable 'C.

3.3.4 MFO assays

Analysis of liver samples for MO enzyme activity was carried out with post
mitochondrial supernatants as described previously (Muir et al. 1990). The small size of the
livers precluded preparation of microsomal fractions. EROD activity was measured using the
method of Pohl and Fouts (Pohl and Fouts 1980) with several modifications (Muir et al. 1990).
The reaction was started by the addition of 10 pL of ethoxyresorufin in dimethylsulphoxide
(0.04 mg'mL™). The samples were incubated for precisely 2 min in a water bath at 25°C and
then the reaction was stopped by addition of 2.5 mL of methanol. The samples were
centrifuged at 24,000 X g to pellet the precipitated protein, and the amount of resorufin in the
supemnatant was determined spectrofluorometrically using an excitation wavelength of 530 nm
and an emission wavelength of 585 nm. Protein was determined using the Lowry method as

modified by Markwell et al. (1981).
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3.3.5 Data analysis

Growth rates were determined by fitting all fish and liver weight data to an exponential
model (In fish weight = a + & time (days); where a is a constant and b is the growth rate) (Muir
et al. 1990). PCA concentrations were corrected for growth dilution and lipid normalized for all
biocaccumulation parameters. Assimilation efficiencies (o) were calculated by fitting the
concentration data to the integrated form of the kinetic rate equation for constant dietary
exposure (Bruggeman et al. 1984) using iterative nonlinear regression:

Caan = (aF Crooa/ka)*[ 1 - exp(-kat)]

where F is the feeding rate (lipid corrected), Cga is the concentration in the fish (lipid basis
and growth corrected), Cr.od is the concentration in the food (on a lipid basis), and t is the
time of uptake (days). Feeding rate (F) is assumed to be 1.5% of the body weight of the
fish, corrected for the lipid percentage of the food (14% - determined in the same manner
as the lipid percentage in the fish) and the fish. Depuration rates (ky) were calculated by
fitting the depuration phase data to a first-order decay curve (In conc. = a + b time (days);
where a is a constant and b is the depuration rate). Equilibrium biomagnification factor (BMF)
was predicted from the equation BMF = o-F/ky. Differences between growth rate
constants among treatments, and depuration rates among treatments, were examined by testing
the homogeneity of slopes in an analysis of covariance. The Student ¢ test was used to compare

pairs of elimination rate and growth rate constants at the p < 0.05 level of significance.
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3.4 Results

3.4.1 Effects

The growth rates of both Ci;H;cClyp treatments, the low concentration C;HxCle
treatment, and the low concentration CsHj3,Cl; treatment, were found to be significantly higher
than the first control group, the high concentration Ci¢H3,Cl; treatment and the low and
medium concentration C;¢ treatments (t-test, p < 0.05) (Table 3.1). Based on the growth rates,
it is unlikely that the PCAs had any negative effect on the growth of juvenile rainbow trout. The
same pattern holds for the liver growth rates, with the controls having the slowest growth rates
(Table 3.1). A fin rot disease spread through the control 2, low concentration C,;H3Cls and
both CsH3,Cl; treatment tanks, causing a number of mortalities. However, none of the
infected fish were used for data analysis, and since there is no pattern to the mortalities with
respect to treatment, and the affected tanks were side by side, it is unlikely that the disease was
a result of the PCA exposures. Liver somatic index (LSI = [liver weight/whole fish weight *
100]) and lipid percentages did not vary between treatments (Table 3.1), although the
percentage lipid increased throughout the experiment.

EROD levels in PCA exposed rainbow trout were not higher than non-exposed
rainbow trout on the last collection day (day 40) of uptake, corresponding to wet weight liver
concentrations (ng-g") on day 40 of: 16.2 £ 1.0 (mean + 1 S.E.) for C,;2H;0Cls; 23.4 £ 0.3 for

Cleu;Cllo; 279+3.1 for C15H31Cl3; and 75.6 £ 5.0 for C15I{21C1|3.

3.4.2 Bioaccumulation parameters
Accumulation of all four PCAs from food by juvenile rainbow trout was observed

(Figure 3.1) by day S of the uptake phase. None of the four compounds reached steady state
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Table 3.1 Growth parameters (mean * 1 standard error) of juvenile rainbow trout exposed to four “C-PCA compounds. Significant
differences (t-test, p < 0.05) in body and liver growth rates for all treatments are indicated by italics.

Conc. Uptake depurat, Growth rates”
infood period period body liver LSI* %
Chemical (ng'g") (days) (days) (day” x 107) (day’ x 10?) % lipid” % mort,
control 1 - 40 173 10.4 £ 1.1 (0.74) 86+14(0.56f  61+£04 147035 0
control 2 - 40 80 104+25(0.39)  79+29(022)* 64+03 1374021 158
C12HxCls 26 40 80 21.5 +3.1 (0.65)° 16.5 +2.8 (0.57)° 57+£02 116+£0.07 184
242 40 120 140+19(0.63)® 118+17(0.61)* 6203 123007 O
Ci2Hi6Clo 21 40 120 162:18(0.71)® 128+1.6(0.68* 5903 1294003 O
222 40 120 153+16(0.76)°% 126 +£13(0.75)* 57402 1104007 0
CisHaiCls 29 40 120 15.8+1.9(0.72)"* 126+14(0.72)"*¢ 56+03 1234018 79
296 40 120 10.1 + 2.6 (0.59)° 8.3 £1.6 (0.49)° 57+£0.3 1.12 £ 0.08 53
CisH2:Clys 21 40 173 116£1.2 (0.72)" 8.7+ 1.3 (0.59)° 59+04 12710.15 0
198 40 173 114+1.1 (0.77)d 9.2+ 1.8 (0.46)° 55+03 1.201+0.10 0
2000 40 173 116212074  99+12(0.700* 69+08 146010 0

* The growth rates (x 1 standard error) were calculated using the equation In weight = a + b time (days), where b is the growth rate (coefficient of
determination for the model is shown in parentheses).

Y The percent lipid is an average (+ 1 standard error) of all fish in a treatment from day 5 until the end of the experiment.
Z Liver somatic index (LSI) (£ 1 standard error) calculated at day 40 of the uptake phase.
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after 40 days of exposure (Figure 3.1), and the C,¢H»Cli3 did not reach steady state after 80
days of exposure (data not shown). The depuration rate in rainbow trout exposed to CsH3,Cls
was significantly more rapid than the depuration rates of rainbow trout exposed to C;HaxCls,
Ci2H,6Clyo and Cy6H2,Cl3 (Table 3.2). With the exception of the CisHj3,Cls, depuration rates
for each PCA did not differ significantly between concentrations (p < 0.05) (Table 3.2),
although no comparison was made between the two C;;H;,Cls treatments because data were
not available for exactly the same time period of depuration for the treatment with the lower
concentration (26.2 ng'g™). Trends of depuration rates in whole fish were consistent with
depuration rates determined using only concentration data from carcass tissue. Whole body
half-lives varied from 37 @ 2 days in the C,sH3,Cl; high concentration treatment to 87 @ 11
days in the C,,H;,Clyo low concentration treatment (Table 3.2).

Assimilation efficiencies (o) based on whole body concentrations ranged from 9.4 + 1.1
% in the medium concentration Ci¢H2,Cl;3 treatment to 37.6 £ 1.1 % in the low C;2H6Clyo
treatment (Table 3.2). Whole body BMFs varied from 0.44 in the medium concentration
CiHz1Cly3 treatment to 2.15 in the low concentration C;H;,Cl;, treatment. Assimilation
efficiency and BMF values calculated with whole body and carcass tissue only concentrations

were similar and followed the same trends for all four PCAs.

3.4.3 Tissue distribution and metabolic transformation

The carcass contained the greatest percentage of '“C (including extractable and non-

extractable) throughout the experiment for all four PCAs, ranging from 50% to greater than
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Table 3.2 Bioaccumulation parameters of four '“C-PCAs from dietary exposures using juvenile rainbow trout data for whole body
concentrations. Significant differences (p<0.05) between whole body depuration rates calculated with 160 days of depuration data are
indicated with italics.

Conc.in  Length of Assimilation
food  Depuration Depuration rate constant” tin’ efficiency”
Chemical (ng/g) (days) (107 - day™ (days) BMF” (%)
C12H20Cls 26.2” 80 1.8 £0.2 (0.83) 39t+4 0.60 253125
241.6 160 0.9 £0.1 (0.75)° 77+9 0.93 20.7+£2.0
20.5 160 0.8+0.1(0.68)° 87 £ 11 2,15 376 £ 1.1
Ci2H;6Clyo
221.7 160 0.9+0.1(0.75)° 7719 1.76 341113
Ci6Hs:Cl; 28.9 160 1.4 £0.2 (0.73)° 507 1.07 33.11£2.0
2959 160 1.910.1(0.93) 37+2 0.90 35.1+£20
Ci6H2iCls 20.8° 80 1.21+0.2 (0.62) 58+10 0.72 30.0£7.2
198.0 173 1.1 +£0.2 (0.69) 6311 0.44 94+1.1
2003.1 173 0.910.1 (0.68)° 779 0.50 11,7+ 1.3

! - Concentration of food is given in wet weight.
“ - Depuration rate constants (k) (+ 1 standard error) were calculated using the model In concentration (lipid wt basis) = a + b (time) for the elimination of
toluene-extractable radioactivity for 120 days of depuration (coefficient of determination for the model is shown in parentheses)
¥ - Half life (£ 1 standard error) is calculated from the equation t,,» = 0.693/ky.
* - Biomagnification factor (BMF) is calculated from the equation BMF = aF/ky where F is the feeding rate on a lipid basis.
- The assimilation efficiency («) (£ 1 standard error) is determined by fitting the data to the integrated form of the kinetic rate equation for constant dietary
exposure using iterative nonlinear regression: Cy, = (FCpooaka)*(1 - exp(-kqt)] where Cg,, is the concentration in the fish (lipid basis and growth corrected),
Cioca is the concentration in the food (on a lipid basis), and t is the time of uptake (days).
7 - Due to mortalities, no fish from this treatment were available for day 160 analysis.
’ - Depuration data of the low concentration Cy¢H,,Cl,3 treatment did not significantly fit a linear relationship when day 160 was included and therefore,
depuration rate was only calculated with 80 days of depuration data.

x
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70% (Table 3.3). The relative proportion of "*C increased in the carcass over time, due mainly
to increasing amounts of non-extractable “C. There was a slight drop in relative amounts of
extractable '“C in the GI tract from the beginning until the end of the uptake phase, which is
probably due to the greater proportion of “C in the GI tract resulting from the undigested
spiked-food in the gut. Non-extractable “C decreased in the liver GI tract over time, which
could be explained by the high tumover of the liver and GI tract lining. Relative amounts in the
liver were low because the liver accounted for only about 1.5% of the total fish weight. Both
extractable and non-extractable "“C decreased in the liver throughout the experiment, providing
evidence that metabolic transformation of PCAs may occur in the liver.

HPLC chromatograms of the toluene extracts differed from the analytical standards on
day 40 of uptake for all four PCAs (Figure 3.2). This difference is most pronounced in the
CoHxCls treatment, where a number of larger peaks in the fish extracts are minor in the
analytical standard. After 20 days of depuration (no exposure to treated food), all four of the
PCAs show chromatographic profiles markedly different from the analytical standards (Figure
3.2). Toluene non-extractable residue is assumed to represent PCAs that have been
metabolically transformed and have become more polar, and therefore unextractable with
toluene. The higher chlorinated C;>- and C,s-PCAs had a greater proportion of toluene
extractable "“C, or parent compound (Table 3.3), implying less metabolic transformation of

these compounds.
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Table 3.3 Extractable and non-extractable radioactivity, as a percentage of the total fish
radioactivity, in the liver, GI tract, carcass and total fish, of juvenile rainbow trout
exposed to four '“C-PCA compounds (U refers to the uptake phase and D the

depuration phase).
C12H2Cls C12Hi6Clyo CisH3:1Cls CisH2,Cli3
tissue day ext non- ext non- ext non- ext non-
ext ext ext ext
liver 10U 1.2 1.5 1.9 1.4 1.7 1.7 16.07 3.17
20U 1.1 1.2 1.4 1.1 0.8 1.0 6.6° 26°

40U 0.6 2.2 0.7 1.1 0.6 0.8 5.1 28.7
10D 0.2 0.8 03 0.9 0.5 0.8 43 3.9
40D 03 0.6 0.1 0.7 0.2 03 1.4 1.4
80 D 0.1 0.5 0.2 0.4 0.2 0.2 1.0 1.2

Gltract 10U 31.0 19.9 29.7 153 26.8 149 2627 1637
20U 320 18.6 24.8 11.9 22.0 9.8 305% 15.0°
40U 264 14.1 26.1 6.4 21.4 10.2 15.8 12.2
10D 221 5.1 26.6 2.1 14.2 5.0 22.7 4.8
40D 263 3.2 242 3.8 16.9 1.8 247 2.8
80D 307 5.6 25.6 2.0 22.5 26.6 21.6 2.5

carcass 10U  32.0 14.3 41.8 9.9 36.1 18.8 2717 1137
20U 319 15.3 51.0 9.7 46.0 204 357°  9.6°
40U 370 19.6 51.5 14.3 442 223 25.6 12.6
10D 413 30.5 49.5 20.5 46.8 22.2 53.9 10.4
40D 458 23.8 48.0 229 49.7 31.1 50.9 18.8
80D 37.1 26.0 47.4 24.4 30.2 20.3 45.3 28.4

total 10U 642 33.7 73.4 26.6 64.6 354 6937 3077
20U 65.1 349 772 22.8 68.8 31.2 728° 27.2°
40U 64.0 36.0 783 21.7 66.2 338 46.5 53.5
10D 636 36.4 76.4 23.6 61.5 385 80.9 19.1
40D 724 27.6 723 27.7 66.8 33.2 77.0 23.0
80D 679 32.1 73.2 26.8 52.9 47.1 67.9 32.1

Y Day 10 C,¢H,Cl,; liver samples were lost, percentages represent day 5 liver samples.
% Day 20 Ci6Hx Cly3 liver samples were lost, percentages represent day 30 liver samples.
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Figure 3.2 HPLC chromatograms of the 14C-PCA standards and fish carcass toluene
extracts from day 40 of uptake and day 20 of depuration. Each bar in the C,;-PCA
and Cis-PCA chromatograms represent the radioactivity in a three or four minute

fraction, respectively, as a percentage of the total radioactivity.
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3.5 Discussion

PCAs with 12 and 16 carbons and 35 - 69% Cl content (by weight) are accumulated
through dietary exposure by juvenile rainbow trout despite relatively large molecular weight. As
other authors have observed with CPs, accumulation of PCAs is dependent on the carbon chain
length (Bengtsson and Ofstad 1982), number of chlorines (Damerud et al. 1989), and
molecular size of the molecule (Zitko 1974). The assimilation efficiency of the C;.-PCAs in this
experiment increased from a mean of 23 to 36% (whole fish) with the addition of four chlorine
atoms, corresponding to an increase in K, (log Kws of C;2HxCls and C;HisClyp are
approximately 5.2 and 6.8, respectively; G. R. B. Webster, personal communication).
However, the assimilation efficiency of the C,s-PCAs decreased from a mean 34 to 11% when
the number of chlorine atoms increased from 3 to 13, despite an increase in K, (log Kos of
CisH31Cly and C\¢H,Cli3 are approximately 6.9 and 7.4, respectively; G. R. B Webster,
personal communication). The C,¢H2:Cl; was found to have the highest K, of the four PCAs
but the lowest accumulation and assimilation efficiency. The reduced uptake of the Cy6H,,Cl;3
may be due to its large size (MW = 674) (Opperhuizen et al. 1985; Niimi and Oliver 1987,
Gobas et al. 1988). Low uptake of long chain CPs has also been observed by Zitko (1974),
who found that two industrial CP products with high molecular weights (MW = 579-922)
showed little bioaccumulation in juvenile Atlantic salmon.

The assimilation efficiencies calculated for these PCAs are higher than assimilation
efficiencies reported for commercial CP products using bleaks (A/burrus alburnus) (Bengtsson
and Ofstad 1982). An industrial CP mixture consisting of Cye.12 CPs with 71% Cl had a “mean
effectiveness in uptake” from food of only 6%, which was half the assimilation found for a less

chlorinated (49% Cl) Cio.1; CP commercial product (Bengtsson and Ofstad 1982). We found
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that an increase in chlorination of C;~PCAs resulted in an increase in assimilation efficiency.
The assimilation efficiency of the PCAs used in this experiment are comparable to tetra and
pentachlorodibenzofurans under similar experimental conditions using juvenile rainbow trout
(Muir et al. 1990; Muir et al. 1992), and to a hexa and octachlorobiphenyl in guppies (Poecilia
reticulata) (Opperhuizen and Schrap 1988).

Half lives of the PCAs in this experiment are different from half lives reported for other
CPs (Bengtsson and Ofstad 1982; Madeley and Maddock 1983). Madeley and Maddock
(1983) reported a half life range from 16.5 days in dorsal muscle to 23.9 days in the viscera of
rainbow trout exposed to waterborne short chain (Cio.12) 58% chlorinated paraffin, about half
the value we calculated for the C;2H20Cls. Bengtsson and Ofstad (1982) reported very rapid
elimination (ti, < 7 days) of a 49% Cl short chain (C,o.;3) CP mixture. However, Bengtsson
and Ofstad (1982) reported that there was no elimination of a short chain (C,p.13) CP with 71%
Cl after 316 day elimination period, much longer than the 77 to 87 day half life calculated for
the C2H16Clyo used in this experiment. It should be noted that the concentrations of CPs
reported by Bengtsson and Ofstad (1982) were determined by measuring chlorine levels in the
fish and not CPs. It may well be that the CPs in Bengtsson and Ofstad (1982) work were
metabolically transformed, but the Cl remained in the fish.

The C2H;6Clio would be expected to biomagnifly in aquatic food webs based on
equilibrium biomagnification factors (BMF) of 1.76 and 2.15. A BMF value greater than one
implies increasing concentrations along aquatic food webs, or biomagnification (Rasmussen et
al. 1990; Muir et al. 1992). The low concentration CsH3;Cl; treatment was also found to have
a BMF above 1 (BMF = 1.07), however the high concentration treatment had a BMF of only

0.90. The addition of one or two chlorines to C,6H3;Cl; could reduce the depuration rate by
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decreasing metabolism, and increase the assimilation efficiency owing to a higher K,
sufficiently to result in a BMF greater than one. The CiH,:Cl;3 and the C;;H2Cls would not
biomagnify in aquatic food webs based on a predicted equilibrium BMF of 0.44 to 0.50 and
0.60 to 0.93, respectively.

From the results of these experiments, it appears that the relationship of
bioaccumulation and carbon chain length and chlorine content of PCAs is complex. Although
metabolism of short chain CPs (Cy.13) with low chlorination may reduce accumulation, low
chlorinated medium (Cis5) and long (Cis30) chain length CPs may be less susceptible to
metabolism because of the carbon chain length (Madeley and Birtley 1980). High chlorination
of short chain PCAs results in sufficient accumulation for biomagnification, but makes medium
and long chain, highly chlorinated PCAs too large to diffuse through biological membranes
without hindrance. The results suggest that, despite having some characteristics of
bioaccumulative chemicals (i.e., high K., low biotransformation rate), highly chlorinated
(>60%), medium (Ci4.15) and long (Cs:3s) carbon chain PCAs are not likely to biomagnify in
aquatic food webs. A further confounding factor, which we could not address with these ““C-
labelled PCAs, is the position of the chlorines on the carbon chain. The HPLC chromatogram
of the fish extracts showed that certain PCAs within the standards were accumulating to a
greater extent than others. Chlorine positioning on the alkane chain could explain the
persistence of some PCAs, and low persistence of other PCAs, with the same molecular
formula. This differential bioaccumulation, which is observed in invertebrates, fish and
mammals with other chlorinated compounds such as chlordane (Wilcock et al. 1993),

toxaphene (Bidleman et al. 1993) and PCBs (Koslowski et al. 1994), needs further study.
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These experiments provide the first dietary bioaccumulation parameters for PCAs with
a single carbon chain length and known amount of chlorine, although the positions and exact
number of chlorine atoms are not known. From Bergman et al. (1981), and our own HPLC
work, it appears that the number of chlorine atoms per compound in each standard is close to
the integer value assigned in this paper, although due to non-selective synthesis procedures for
these '“C compounds, these standards are likely composed of numerous compounds and
positional isomers. Confounding this problem is the identical electron capture negative ion
(ECNI) mass spectra of CP congeners containing similar carbon and chlorine atoms (G. T.
Tomy, personal communication), making it difficult to identify separate PCAs based on
chlorine substitution patterns.

There is evidence that CPs are oxidized in fish (Madeley and Birtley 1980; Darnerud et
al. 1983), with short carbon chain (C,o.13) CPs being more susceptible to metabolism than
medium (Cy4.s) and long chain (Cis30) CPs (Madeley and Birtley 1980). Ahlman et al. (1986)
found sulphur-containing metabolites of CPs in rats, implying that CPs may covalently bind to
biological macromolecules. Lower Cl substitution resulted in greater relative amounts of non-
toluene extractable C for the C;>- and C,s-PCAs. Because the *C was unextractable from the
tissue with toluene, it is considered to represent a more polar compound than the standard
(such as a hydroxlated or carboxylic acid substituted product) or a PCA which has been
incorporated into or with biological macromolecules.

The C;2HCls showed greater change from the analytical standard than the higher
chlorinated C,,H;6Cl,, but this relationship is not as evident for the Cis-PCAs. Madeley and
Birtley (1980) reported that short chain (< C,3) CPs with low chlorination (< 60%) are the

most readily oxidized in microorganisms. However, it is obvious from the HPLC-'C
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chromatogram of day 20 depuration, that all of the PCAs used in this experiment are
susceptible to metabolism. Therefore, the rate of metabolism of PCAs is dependent on both
chlorine substitution and carbon chain length, but may also be dependent on chlorine position.
No toxic effects were observed in any of the treatments. Past toxicity studies on CPs
have found that large doses are required for toxic effects in fish (Linden et al. 1979; Madeley
and Maddock 1983). No EROD induction was observed for any of the treatments on day 40 of
uptake when burdens in the fish were at their highest. This is not surprising, because PCAs do
not have the same planar ringed structure normally found in EROD inducing organochlorines
such as PCDD/Fs and co-planar PCBs (McFarland and Clarke 1989; Safe 1992). However, in
the only other work involving EROD induction and CPs, female flounder exposed to extremely
high doses of an industrial CP mixture were found to have elevated EROD levels (Haux et al.
1982). The EROD induction found in the flounder may be a result of impurities, such as
chloninated aromatics, which have been found within industrial CP mixtures (Svanberg and

Linden 1979).

3.6 Summary and Conclusions
In summary, bioaccumulation parameters of PCAs reported here differ from previous
results on bioaccumulation of CPs in fish. These PCAs are found in commercial CP products,
although they are synthesized in a different manner, and this represents the first work that has
used PCAs of known carbon chain length and chlorine content for dietary bioaccumulation
studies. The elimination rates, half lives and assimilation efficiencies of the PCAs are similar to
PCDD/Fs and PCBs. Reduced accumulation of the lower chlorinated C,»-PCA could be

attributed to metabolism while uptake of highly chlorinated C,-PCA may have been hindered
67



because of its large molecular size. The C,,H;6Clyo would likely biomagnify in aquatic food
chains based on a BMF of greater than 1 (1.76 and 2.15). Highly chlorinated short chain (Cio.
13) CPs and lower chlorinated medium chain (Ci+15) CPs have the greatest potential for

bioaccumulation by aquatic organisms.
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4. DIETARY ACCUMULATION AND DEPURATION OF HYDROPHOBIC
ORGANOCHLORINES: BIOACCUMULATION PARAMETERS AND THEIR

RELATIONSHIP WITH K,

4.1 Abstract
Dietary accumulation of 24 hydrophobic organochlorines (OCs) by juvenile rainbow trout
(Oncorhynchus mykiss) was studied with the objective of obtaining relationships between
bioaccumulation parameters and K.w. A wide range of OCs were used including 16
polychlorinated biphenyls (CBs 18, 28, 44, 52, 66, 101, 105, 118, 128, 138, 153, 187,
189, 195, 206 and 206), hexachlorobenzene, mirex, tris(4-chlorophenyl)methane
(TCPMe), tris(4-chlorophenyl)methanol (TCPMeOH) and three toxaphene congeners
(C1;-CHB (Hp-sed), Cls-CHB (T2) and Cly-CHB (T12)). TCPMe (112, = 65 d) was more
persistent than TCPMeOH (half life (t,;) = 20 d), and TCPMe was not biotransformed to
TCPMeOH by rainbow trout. Cl;-CHB (t12 = 32 d) was more rapidly eliminated, and
appears to be more readily metabolized, than Clg-CHB (t;» = 43 d) and Cls-CHB (t,, = 42
d). With the exception of TCPMeOH, Cl,-CHB and CB 18, all of the OCs had
biomagnification factors (BMFs) > 1, implying a potential to biomagnify. Half lives had a
significant curvilinear relationship with Kow (R* = 0.85, p < 0.001), with a maximum t,, for

OCs with log Kow ~ 7.0. Decreasing t,; for OCs of log Kow > 7.0 may be related to slow
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kinetics of these super hydrophobic OCs and the short exposure phase, which results in
insufficient time for the super hydrophobic OCs to reach slower clearing compartments of
the rainbow trout. Assimilation efficiency was not as well described by K as ti; and
biomagnification factor (BMF), although a significant curvilinear relationship was
observed (R? = 0.53, p = 0.004). BMF had a significant curvilinear relationship with log
Ko (R = 0.84, p < 0.001). Recalcitrant OC’s with a log Kow of ~ 7.0 would appear to

have the greatest potential for food chain biomagnification in fish.

4.2 Introduction

Fish, and many aquatic invertebrates, accumulate organochlorine compounds
(OCs) from water (bioconcentration) and from food (biomagnification). The relative
importance of these pathways varies with the water solubility of the OC and the trophic
position of the organism. With decreasing water solubility (Bruggeman et al. 1984; Oliver
and Niimi 1985; Connolly and Pedersen 1988) and increasing trophic position (Bruggeman
et al.1984; Oliver and Niimi 1988; Rasmussen et al. 1990) there is greater accumulation
from food. Greater than 99% of the polychlorinated biphenyls (PCBs) (log Kow > 5.0) in
Lake Michigan lake trout have been estimated to be accumulated through the food chain
(Thomann and Connolly 1984). As well, Thomann et al. (1992) concluded that OCs of log
Kow > 5 in Lake Ontario sculpin are almost entirely derived from the food chain. Food has
also been identified as the most important exposure route for PCBs in the aquatic food

chain from the western basin of Lake Erie (Koslowski et al. 1994).
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Bioaccumulation parameters, such as bioconcentration factor (BCF) or
biomagnification factor (BMF), are important for the prediction of exposure to OCs in the
aquatic environment. The relationship between the bioconcentration (BCF) of hydrophobic
OCs and K, has been extensively studied (Veith et al. 1979; Mackay 1982; Connell and
Hawker 1988; Isnard and Lambert 1988; Bintein et al. 1993; Fox et al. 1994; Devillers et
al. 1996). However, application of BCF-K,, relationships may not provide adequate data
for fate and exposure assessment of recalcitrant hydrophobic OCs (log Kow > S) in the
environment. Laboratory derived BCF-K,, comparison were only useful in predicting
field-derived BCF’s for Lake Ontario rainbow trout of OCs of short half-lives, but not for
OCs of longer half life (Oliver and Niimi 1985). Swackhamer and Hites (1988) concluded
that laboratory-derived BCF-K,» models gave a poor approximation of the
bioaccumulation of hydrophobic OCs in lake trout and whitefish. Further, Thomann and
Connolly (1984) determined that PCB levels in Lake Michigan lake trout were not
predicted by the BCF-K,w relationship. Surprisingly, there have been few attempts at
developing relationships between dietary accumulation of hydrophobic OCs and K.

The lack of dietary accumulation-K.. relationships is probably due to the scarcity
and variability of kinetic data (Sijm et al. 1992). Dietary accumulation data obtained for
hydrophobic OCs in laboratory-derived experiments is more variable compared with BCF
experiments (Bruggeman et al. 1981). This variability is a function of the differences in
food, the logistics of feeding fish and differences in experimental methodology (Gobas et
al. 1988). Dietary composition may also influence adsorption efficiency of

organochlorines. Efficiency may be less in low digestible diets which are low in fat and
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protein, and high in fibre (Parkerton 1993). Fish of different species, age, size and sex will
feed and digest food at different rates, which could influence assimilation efficiency.
Although size and species differences also affect uptake of OCs from water, their influence
on dietary accumulation parameters may be greater. Feeding rates (i.e., g food-d™)
established by the investigator can influence parameters. An increase in the rate of feeding
was found to decrease the absorption efficiency of OCs (Clark and Mackay 1991). As
well, high concentrations in the food may cause fish to stop feeding through avoidance or
because of a toxic response in the fish. In either case the fish are no longer being exposed,
whereas fish exposed to high water concentrations cannot avoid the OCs.

Our objective was to develop physical-chemical property-dietary bioaccumulation
relationships using a wider range of hydrophobic OCs than has been studied previously.
We exposed juvenile rainbow trout to dietary concentrations of 24 OCs, including 16 PCB
congeners, hexachlorobenzene (HCBz), mirex, 3 toxaphene congeners (Cis-
chlorobornanes(CHB), Cls-CHB and Clo-CHB), tris(4-chlorophenyl)methane (TCPMe)
and tris(4-chlorophenyl)methanol (TCPMeQOH), to determine bioaccumulation parameters.
We chose PCB congeners with 3 through 10 chlorines to provide a range of Kou's that
include the most hydrophobic of the PCBs. To reduce the influence of metabolic
transformation, PCB congeners with meta and para Cl substitution were chosen.
Toxaphene, TCPMe and TCPMeOH are global contaminants (Jarman et al. 1992;
Bidleman et al. 1993; de Boer et al. 1996), but have not been studied in laboratory dietary
bioaccumulation experiments. Toxaphene, and in particular Cls-CHB and Cly-CHB

(Glassmeyer et al. 1997), have been found to bioaccumulate and biomagnify in aquatic
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food chains (Evans et al. 1991; Kidd et al. 1995). The PCB congeners, mirex and HCBz
have well established K.s, and for many of these OCs, data is available on dietary
accumulation by fish. By exposing the rainbow trout to a mixture of all the OCs we have
sufficient data to develop dietary accumulation parameter-Kqw relationships without many

of the confounding problems of compiling data from different experiments and exposures.

4.3 METHODS AND MATERIALS

4.3.1 Chemicals and Food Preparation

HCBz, mirex and the 16 PCB congeners (CB 18, 28, 44, 52, 66, 101, 105, 118,
128, 138, 153, 187, 189, 195, 206 and 209) were purchased from Ultra Scientific (North
Kingstown, RI, USA). TCPMe and TCPMeOH were synthesized at Carleton University
(Ottawa, ON, Canada). The three toxaphene congeners [Cl;-CHB (2-exo,3-endo,5-ex0,6-
endo,8¢c,9b(or  8b,9c),10a-heptachlorobornane), Clg-CHB  (2-exo,3-endo,5-exo0,6-
endo,8,8,10,10-octachlorobornane) and Cls-CHB (2-ex0,3-endo,5-ex0,6-
endo,8,8,9,10,10-nonachlorobornane)] were isolated and purified from arctic mammal
blubber or sediments using methods outlined previously (Stern et al. 1992; 1996).

Food was spiked by mixing a known quantity of each of the 24 organochlorines
(listed above), dissolved in 150 mL of hexane, with 60 g of commercial fish food (Martin’s
Feed Mills, Elmira, ON, Canada) and slowly evaporating to dryness. Control food was
treated in an identical manner but without the addition of the organochlorine compounds.
Food was air-dried for 24 hours and stored at 10°C. The fish food consisted of 41%

protein, 14% lipid and 3% fiber. Concentrations of each OC were determined in control
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and spiked food using the same analytical techniques used to determine concentrations in

the rainbow trout tissue (Table 4.1).

4.3.2 Experiments

Juvenile rainbow trout (Oncorhynchus mykiss)(initial weights 2 - 4 g) were exposed to
the spiked food (containing all OCs) for 30 days followed by 160 days of depuration. Rainbow
trout were maintained in fiberglass aquaria (40 L) with flow-through, UV and carbon
dechlorinated, City of Winnipeg water (~10°C) with a 12 h light: 12 h dark schedule. The daily
rate of feeding was equal to 1.5% of the mean weight of the rainbow trout, corrected after each
sampling period. All food was consumed in < 1 minute after being offered to the fish. Three fish
were sampled from each treatment for organochlorine analysis on days S, 10, 20 and 30 of the
uptake period, and days 5, 10, 20, 40, 80 and 160 of the depuration period. A volume of 1 L
water samples were also taken 1 hour and 24 hours after feeding on day 30 of the uptake
phase. Sampled fish were separated into liver, GI tract (includes stomach, pyloric caeca, spleen,
intestines, and adipose fat associated with these organs; as well as gut contents), and carcass
(whole fish minus liver and GI tract). Only results from the carcass samples were used for
calculation of bioaccumulation parameters.

In a second experiment, juvenile rainbow trout were exposed to trout food spiked with
high concentrations of TCPMe to determine if TCPMe is biotransformed to TCPMeOH. After

21 d of feeding, three rainbow trout were sacrificed and analyzed for TCPMe and TCPMeOH.
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Table 4.1 Concentrations (ng'g ', wet weight) of organochlorines (mean + 1 S.E., n =3) in
the control, low and high treatment food.

Compound control low high
Misc. Organochlorines
TCPMe 54 +28° 55 %22 190 +£3.2
TCPMeOH <0.01 34+4.7 280+4.9
mirex 1.1+03 21+03 140 4.4
HCBz 1.3+£0.1 14+0.3 100+ 5.6
Toxaphene Congeners
Cl,--CHB 02+0.0 21+0.7 140£2.0
- Clg-CHB 26+0.1 18 +0.1 120+3.4
Cl,-CHB 3.8+0.3 17+0.1 130+£2.4
Polychlorinated Biphenyls
CB 18 <0.01 29+£09 180 £ 11
CB 28 <0.01 16 £0.5 110+ 8.8
CB 44 09+00 18+04 130 £ 6.7
CB 52 34+0.2 22+0.7 130 £6.9
CB 66 1.0+£0.0 21.1£02 160 £ 7.8
CB 101 43+03 20+ 04 150 + 14
CB 105 <0.01 17£06 130£3.4
CB 118 20+0.1 20+£0.2 130 £9.1
CB 128 <0.01 83+£1.1 99 +2.7
CB 138 8.8+03 3114 180£7.0
CB 153 7.1+03 22+03 120 £5.7
CB 187 3.2+0.1 1910.1 120 £5.1
CB 189 0.1£00 19+£0.2 140 +2.5
CB 195 0.2+0.0 24103 180 £3.1
CB 206 0400 20+£0.3 140+3.0
CB 209 0.2+£0.0 62+0.8 700 + 56

* TCPMe was not quantifiable in one control food sub-sample but had high levels in the other two
sub-samples. Control fish did not accumulate TCPMe to extent expected from a concentration
this high and suggests that the high concentration reported for the control food is not accurate.
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4.3.3 OC Analysis
Tissue samples were weighed, frozen, freeze dried and homogenized in toluene. CB 30
was added to samples before the extraction step as a surrogate recovery standard. Samples
were centrifuged, the toluene supernatant was decanted, and the toluene extraction was
repeated and combined with the first extraction. The toluene was exchanged for 2 mL of
hexane, and 250 uL was used to determine lipids gravimetrically. Lipids were removed
from the sample by gel permeation chromatography (GPC). The GPC columns (inner
diameter, 29.5 mm; length, 400 mm, reservoir, 500 mL) were packed with 60 g (dry
weight) of 200- to 400-mesh Bio-Beads® S-X3 beads (Bio-Rad Laboratories, Hercules,
CA, USA). The column was eluted with 300 mL of DCM:hexane, the first 125 mL
contained lipids and were discarded. The lipid-free eluate, containing the OCs, was
evaporated to 1 mL and applied to a Florisil column (8 g, 1.2% deactivated). The OCs
were recovered by consecutive elution with 35 mL hexane (F1), 38 mL of 85% hexane:
15% DCM (F2), and 52 mL of 50% hexane: 50% DCM (F3). Fraction 1 (F1) contained
5% of the Cl;-CHB; 90% of the HCBz, mirex, Cls~-CHB, and Cl,-CHB; and 100% of all
the PCBs. Fraction 2 (F2) contained 10% of the HCBz, mirex, Cls-CHB, and Cls-CHB;
95% of the Cl;-CHB; and 100% of the TCPMe. Fraction 3 (F3) contained 100% of the
TCPMeOH. All fractions were evaporated, transferred to 2,2,4-trimethyl pentane and
evaporated to approximately 100 pl. Aldrin was added as a volume corrector.

Water samples (1 L) were extracted with 300 mL of DCM:hexane in a 2 L glass
separatory funnel. The solvent was decanted, evaporated to 1 mL and applied to a Florisil

column using the same methods that were used for the fish tissue.
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Samples were analyzed on a Varian 3600 gas chromatograph (GC) equipped with a
60 m DB-5 column and an ®*Ni-electron capture detector (ECD)(Muir et al. 1996). The
carrier gas was H; and N, was used as the make-up gas for the ECD.

4.3.4 K.,

K..s were obtained for PCB congeners from Hawker and Connell (1988), for
HCBz from Mackay et al. (1992), and for mirex from Suntio et al. (1988). There are no
publfshed data on the Kous of TCPMe, TCPMeOH or any toxaphene congeners, and
therefore fragment constants were used to estimate their K,ws (Lyman et al. 1982). The
Kows of TCPMe and TCPMeOH were determined by adding and subtracting the
appropriate fragments from DDT. The K.ws of the toxaphene congeners were determined

by adding all the fragments and correcting by appropriate rules (Lyman et al. 1982).

4.3.5 Data Analysis

Growth rates were determined by fitting all fish and liver weight data to an exponential
model (In fish weight = a + b - time (d); where a is a constant and b is the growth rate)(Neely
1980). All concentrations were corrected for growth dilution by multiplying the fish
concentrations by a factor of (1 + 4 - time). Many of the compounds used (TCPMe, Cl;-
CHB, Cl,-CHB, mirex, HCBz, and CBs 52, 101, 118, 128, 138, 153 and 187) were found
to have significant concentrations in the non-spiked food (Table 1) and control rainbow
trout. For chemicals which were at steady state between food and control fish, and did not
significantly increase in the control fish over the course of the experiment, a mean

concentration was determined in the control fish and subtracted from the exposed fish
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concentration. For OCs which showed a significant increase in concentration in the control
fish over the duration of the experiment, concentrations in the exposed fish were corrected
by subtracting the mean concentration of the control fish for the same collection day.

Depuration rates (ky) were determined by fitting the data to a first order decay
curve (In conc = a + b - time (d), were a is a constant and 4 is the kg). Tizis =In 2 / kq.
Assimilation efficiency (o) was determined by fitting the concentration data to the
integrated from of the kinetic rate equation for constant dietary exposure using iterative
non-linear regression (Bruggeman et al. 1981):

Can = (a-F-Crooa'ka) x [1 - exp(-kat)]

where F is the feeding rate (F = 0.015 g food - g of fish™ - d, lipid corrected), Cgua is the
concentration in the fish (lipid corrected), Cgoa is the concentration in the food (lipid
corrected) and t is the time (d). Equilibrium BMFs were predicted from the equation BMF
= o-F/ky.

Differences between growth rate constants among treatments, and depuration rates
among treatments, were examined by testing the homogeneity of slopes in an analysis of
covariance. The Student 7 test was used to compare pairs of elimination rate and growth rate

constants at the p < 0.05 level of significance.

4.4 Results and Discussion

4.4.1 Effects
No significant differences in whole fish or liver growth rates were found between control

and exposure juvenile rainbow trout populations (Table 4.2). Liver somatic indices (LSI)
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were similar between treatment populations on days 30 and 190, although they decreased
between days 30 and 190 (Table 4.2). Three out of 39 rainbow trout died in the low and
high exposure treatments; no fish died in the control population. Lipid percentages in the
fish increased with time and were similar between treatment populations on all sampling

days except day 190, when lipid levels in the control were lower (Table 2).

4.4.2 Bioaccumulation Parameters

All OCs were detected in the carcass after 5 days of exposure to spiked food
(Figures 4.1 and 4.2). None of the compounds reached steady state after 30 days (Figure
4.1 and 4.2), and uptake curves and assimilation efficiencies were similar for most
compounds (Figures 4.1 and 4.2; Table 4.3). Unfortunately, for OCs which had
concentrations in the non-spiked food exceeding 1.0 ng-g” (wet weight)(TCPMe, mirex,
Cls-CHB, Cl,-CHB, CBs 52, 101, 118, 138, 153, and 187), the results for the lower
concentration exposures could not be used. Because significant quantities of OCs were
present in the non-spiked food used during the depuration phase, the rainbow trout
continued to accumulate OCs during this phase. This resulted in an apparent, slower
depuration rate and consequently higher assimilation efficiencies and BMFs which are
incorrect. The source of the OCs in the food is probably from fish oils used by the
manufacturer in the food preparation

Concentrations of OCs in the non-spiked food were 17 to 300 times lower than
those in the high exposure food concentrations, and therefore had only a minor influence

on the depizration rates from the high exposure. For OCs not confounded by the presence
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Table 4.2 Growth parameters (mean + 1 standard error) of juvenile rainbow trout exposed to 25 organochlorines (significant differences
[t-test, p < 0.05] in body and liver growth rates between treatments are indicated by capital letters).

Growth rate”
body liver % lipid % lipid LSI LSI %
treat. (10°/d) (10%/d) day 30 day 190 day 30 day 190 mortality
control 129+13(0.75)*  9.8+1.4(0.61)" 34105 25+04° 16102 1.0+0.1 0
low 126 £1.4(0.73*  93+1.3(0.62)° 34103 59403 1.5+0.1 09+0.1 7.7
_high 104+ 1.5(0.60)  8.0+1.5(047)° 41406  63+27 1.540.1 1.1£02 17

Y The growth rates were calculated using the equation In weight = @ + b time (days), where & is the growth rate (coefficient of determination for the
model is shown in parentheses).

2 Lipid percentages were similar between the three treatments throughout the experiment with the exception of day 190.
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of concentrations in the non-spiked food, bioaccumulation parameters were in good
agreement between the two exposure treatments. CB 30 recoveries were 75.6 £ 5.9 %
(mean £ 1 SE), and no corrections were made for these recoveries. No OCs were

detectable in the water (< 1 ng'L"), 1 and 24 h after feeding.

4.4.3 PCBs
’ All of the PCBs used in this study were selected based on the criteria of maximal,
or near maximal, meta-/para- chiorine substitution. These PCBs represent a subset which
should have the slowest elimination and greatest bioaccumulation potential (Bruggeman et
al. 1981; Niimi and Oliver 1983; Sijm et al. 1992). With the exception of CB 18, all PCBs
in this experiment had BMFs > 1. PCBs with similar meta-/para- CI substitution have been
found to biomagnifiy in laboratory experiments using fish (Bruggeman et al. 1981; Clark
and Mackay 1991; Sijm et al. 1992), and in aquatic food chains (Oliver and Niimi 1988,
Porte and Albaiges 1993). However, PCB BMFs from this study are as much as a factor of
5 lower than BMFs determined for adult Lake Ontario lake trout (4.1 - 5.2 kg) (Niimi
1996). The difference in PCB BMFs could be due to the small fish used in our study. As
discussed below, PCB depuration rates are greater in smaller fish which would result in

lower BMF.
Assimilation efficiencies of PCBs (31-49%), and HCBz (34%), are similar to those
reported by Gobas et al. (1993) for goldfish and Sijm et al. (1992) for guppies, but are

much lower than those reported for rainbow trout (PCBs: 63-85% (Niimi and Oliver

1983); HCBz: 73 to 88% (Niimi and Oliver 1988)). In both of Niimi and Oliver’s (1983;
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Figure 4.1 Accumulation and depuration of 16 PCB congeners through dietary exposure
to juvenile rainbow trout. Each point is the mean concentration + 1 standard error
of three fish carcass (minus GI tract and liver). Exposure concentrations (wet
weight) are provided beside each OC.
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Figure 4.2 Accumulation and depuration of TCPMe, TCPMeOH, Cl,-CHB, Clg-CHB, Clo-
CHB, HCBz and mirex through dietary exposure to juvenile rainbow trout. Each
point is the mean concentration + 1 standard error of three fish carcass (minus GI

tract and liver). Exposure concentrations (wet weight) are provided beside each
oC.
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Table 4.3 Bioaccumulation parameters for 25 organochlorines for dietary exposures using
juvenile rainbow trout data for carcass concentrations.

food
conc. depuration rate “ tin” a*
compound (ng-g™") (10%d" () BMF " (%)
Misc. Organochlorines
TCPMe 55 04+0.1(0.45) 178+45 46 25 +2
185 1.1+£0.1(0.77) 65+59 23 36 +2
TCPMeOH 34 3.6 +0.5 (0.81) 19+26 0.6 32+1
276 3.3 +£0.4 (0.85) 21125 0.5 23 £2
mirex 21 1.7£03(0.77) 42+74 18 41 +3
145 0.9 £0.1 (0.70) 78 + 8.7 2.9 372
HCBz 14 1.6+02(0.77) 43+54 2.3 50 +7
103 1.7 £ 0.3 (0.60) 42+74 1.4 34 +2
Toxaphene Congeners
Cl--CHB 21 1.6 £0.3 (0.61) 43 +8.1 0.8 18+2
136 22+04(0.63) 32+58 09 28 +2
Cls-CHB 18 0.7 £0.1 (0.84) 95t 14 4.9 49 +5
121 1.6 +0.2 (0.85) 43£54 2.1 51+3
Cl,-CHB 17 0.8 +0.1(0.86) 83+10 4.6 53+3
134 1.7 £0.2 (0.87) 42 +4.9 26 63 +4
Polychlorinated Biphenyls
CB 18 29 2.0+£0.2(0.79) 36+3.6 1.2 32+2
182 2.9 £0.1 (0.96) 24+0.8 0.7 31 £2
CB 28 16 1.6 £0.2 (0.85) 44+55 2.1 45 +4
108 1.5 +0.2 (0.77) 46 £ 6.1 1.8 39+2
CB 44 18 1.4+0.1 (087) 49+3.5 2.1 42 +7
129 1.8 +0.1 (0.90) 38+2.1 1.3 34 +2
CB 52 22 1.1 £0.2 (0.74) 6512 29 43 5
125 1.8 +£0.1(0.91) 39+2.2 1.5 38+2
CB 66 21 0.9 +0.1(0.83) 82 +9.1 4.0 47 +6
158 13+02(0.74)  55+8.5 1.9 35+2
CB 101 20 0.5+£0.1(0.62) 131 £26
148 1.2 £0.1 (0.86) 56 +4.7 2.0 37+2
CB 105 17 14+0.2(0.77)  48+6.9 2.8 55+5
133 1.4 0.1 (0.85) 50 +3.6 23 47 £3
CB 118 20 0.7 £ 0.1(0.65) I03 £15 6.0 558
133 1.3 £0.1(0.84) 53 +4.1 2.2 42+ 2
CB 128 8 0.9 +£0.1(0.79) 75 +83 5.8 75 £8
99 1.2 £0.1 (0.79) 59 +4.9 2.8 49 +3
CB 138 31 0.5 £0.1 (0.59) 139 £ 28 7.1 49 £ 10
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176 1.1 +£0.1 (0.81) 64 +5.8 2.4 38+2
CB 153 22 03+0.1(040) 224+75 16 68 + 15
124 1.0 + 0.1 (0.80) 69 +6.9 3.3 48 +3

CB 187 19 0.5 + 0.1 (0.68) 131 £26 6.1 45+8
122 1.0 £ 0.1 (0.78) 71+7.1 2.8 40+2

CB 189 19 1.1 £0.1(0.82) 64 +5.8 2.0 30+2
138 1.2 +0.2 (0.76) 58 +9.7 2.4 42+3

CB 195 24 1.0 £0.1 (0.81) 67+6.7 2.4 34+2
176 1.1 0.2 (0.76) 61+11 2.4 40 +3

CB 206 20 1.6+02(0.79) 4556 1.6 34+4
141 1.3 +£0.2 (0.72) 53+8.2 1.8 34+2

" CB209 62 1.3+0.2 (0.81) 52+8.0 1.1 21 +1
688 1.3 +0.2 (0.74) 52 + 8.0 1.1 22+2

! - Food concentration is wet weight.

“ - Depuration rate constants (ks) were calculated using the model In concentration (lipid wt basis) =a +b
(time) for the elimination of toluene-extractable radioactivity for 120 days of depuration (coefficient of
determination for the model is shown in parentheses).
¥ - t1 is calculated from the equation t,, = 0.693/k,.

¥ - Biomagnification factor (BMF) is calculated from the equation BMF = aF/ky where F is the feeding

rate on a lipid basis.

* - The assimilation efficiency (a) is determined by fitting the data to the integrated form of the kinetic rate
equation for constant dietary exposure using iterative nonlinear regression: Cgyp, = (0FCros/ka)*[1 - exp(-
kyt)] where Cgyp is the concentration in the fish (lipid basis and growth corrected), Cpoq is the
concentration in the food (on a lipid basis), and t is the time of uptake (days).
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1988) studies, trout were exposed to PCBs and HCBz in herring oil by gavage, which
suggests that the high lipid content may have resulted in greater assimilation. In a gavage
exposure, all lipid and most of the chemical is absorbed because there is no fecal
elimination. Gobas et al. (1993) found that increasing the lipid content of the food used for
exposure resulted in a decrease in assimilation efficiencies of HCBz, and PCBs, which they
attributed to greater digestibility of the lower lipid food. Based on the results of Gobas et
al. (1993), the high lipid diet used in this experiment (14%) would underestimate the
assimilation efficiency of these compounds in the environment. The digestibility of the food
used to administer the contaminant to the fish must therefore be considered, particularly
when comparisons are made to wild fish.

Generally, PCB t,;s increased with Cl number up to a maximum t,, for PCBs with
7 or 8 Cl, but decreased for congeners with 9 and 10 Cl. Niimi and Oliver (1983)
concluded that the ti»s of PCB congeners in whole rainbow trout were positively
correlated with chlorine number, but also found that ti»s in muscle tissue were not as
strongly correlated with Cl number. In fact, Niimi and Oliver (1983) found t,s to decrease
at high Cl number (> 6 Cl) which they attributed to redistribution of the PCB congeners to
other tissues and reduced lipid in the muscle. K,w, which is influenced by both Cl number
and substitution pattern, was also correlated with the t;, of the PCB congeners in this
study. Coristine et al. (1996) concluded that the elimination of PCB congeners in rainbow
trout is influenced by hydrophobicity and Cl position.

Comparing the results reported by Oliver and Niimi (1983) and Coristine et al.

(1996) with this work showed that PCB t;,s in rainbow trout are positively related to
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rainbow trout size (Figure 4.3). Half lives of similar PCB congeners were consistently
highest in Oliver and Niimi (1983) who used 900 g rainbow trout, and lowest in the 10 g
rainbow trout used in this work. Sijm and van der Linde (1995) have also observed a

positive correlation between PCB t and fish size.

4.4.4 Mirex and HCBz

’ Mirex had a greater t;, in juvenile rainbow trout than HCBz, which agrees with
similar studies on HCBz and mirex in rainbow trout (Niimi and Palazzo 1985). Based on
BMFs >1 (Table 4.3), both HCBz and mirex would biomagnify in aquatic food chains.
Clark and Mackay (1991) concluded that mirex would biomagnify but that significant
biomagnification of HCBz is unlikely based on dietary uptake studies using guppies. Mirex

has been found to biomagnify in aquatic food chains (Kiriluk et al. 1995).

4.4.5 TCPMe and TCPMeOH

The depuration rate of TCPMeOH was significantly greater than TCPMe; TCPMe
was much more persistent in juvenile rainbow trout (Table 4.3). TCPMeOH differs from
TCPMe by a single hydroxyl group on the methane carbon, which may explain the
significant differences in their bioaccumulation parameters. The assimilation efficiency of
TCPMeOH (a = 23 to 32%) was slightly less than the TCPMe (o. = 36%), although this
could be an artifact of the higher depuration rate of TCPMeOH. TCPMe had a BMF > 1,

implying that it may biomagnify in aquatic food chains. The BMFs of TCPMeOH were 0.5
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Figure 4.3 Half life (t,s) of PCB congeners in rainbow trout versus log K, for three sizes
of rainbow trout [O - 900 g from Oliver and Niimi (1985); O - 100 g Coristine et
al. (1996); - 10 g (this work)]. PCB K,ws are from Hawker and Connell (1988).
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and 0.6, which suggests that this compound will not biomagnify but food chain transfer
may still play an important role in the accumulation of TCPMeOH by aquatic organisms.
This contrasts with the results of de Boer et al. (1996), who concluded that TCPMeOH
biomagnifies, based on concentrations in mussels, cod liver and marine mammals.

In a separate experiment, TCPMeOH was not detectable in juvenile rainbow trout
(liver and GI tract included) which had been exposed to TCPMe for 21 days and had
accumulated TCPMe to high concentrations (~1,000 ng-g"). Jarman et al. (1992)
hypothesized that TCPMeOQH found in birds and mammals could be a derivative of either
TCPMe or a chemically related compound not identified. Although our work does not
rule-out the biotransformation of TCPMe to TCPMeOH in birds and mammals, it suggests

that salmonids cannot perform this biotransformation.

4.4.6 Toxaphene congeners

Toxaphene has been observed to biomagnify in aquatic food webs (Evans et al.
1991; Kidd et al. 1995), however there are less data on the bicaccumulation of individual
toxaphene congeners. The data of Glassmeyer et al. (1997) suggest that higher chlorinated
toxaphene homologues (8 and 9 Cl) biomagnify in Great Lakes lake trout, but that lower
chlorinated homologue groups do not. Bidleman et al. (1993) reported that more highly
chlorinated (octa- and nonachloro) toxaphene congeners were selectively accumulated by
arctic biota. This is in agreement with the BMFs calculated for Cls-CHB (octachloro) and
Cls-CHB (nonachloro) in rainbow trout (BMFs = 2.1 and 2.6, respectively) in this study. It

is also in general agreement with the BMF of 0.8-0.9 for C,-CHB which suggests that
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toxaphene congeners with less than 8 Cl are not likely to biomagnify in aquatic food webs,
although food will still play an important in the accumulation of TCPMeOH by aquatic
organisms. Other heptachloro-toxaphene congeners with different Cl substitution patterns
may have greater accumulation than this Cl;-CHB. Clg-CHB and Cl,-CHB have BMFs

similar to PCBs with 5 CI, but have t;’s closer t6 PCBs with only 4 CI.

4.4.7 Bioaccumulation parameter - K, relationships

Bioaccumulation parameter-K,, relationships were developed from the high
concentration treatment data only due to problems with the lower concentration treatment
(discussed above). Bioaccumulation parameters (t,», BMF and assimilation efficiency)
were log transformed for comparisons with log Kow.

The OCs used to develop these relationships are slowly, if at all, metabolized in
fish. OCs with tips and assimilation efficiencies which were lower than predicted are
probably biotransformed by the fish (Gobas et al. 1986; de Wolf et al. 1992). For example,
Fisk et al. (Chapter 3), using nearly identical experimental protocol to this work, reported
a ty of approximately 45 d for a chlorinated n-alkane (C,sH;,Cls) in juvenile rainbow trout
despite a log Kow of 6.9. Based on our ti» -Ko relationship, C,¢H31Cls has a ti
approximately half what is expected for a non-metabolized OC of this K... However,
caution should exercised when using data from laboratory bioaccumulation studies. Fish
species, fish size and experimental protocol may all influence laboratory derived

bioaccumulation parameters (Sijm and van der Linde 1995; Fisk et al. 1997).
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4.4.8 Depuration rate-K,. relationships

Depuration rates (ks) of the OCs were strongly related to the Kow. This is
exemplified by the curvilinear relationship between log ti» (tiz = 0.693/k,) and log Kow (R?
= 0.85, p < 0.001) (Figure 4.4), with a maximum t,, for OCs of log K.~ 7.2. More rapid
depuration above log K.w > 7 is difficult to rationalize because greater K. implies less
partitioning out of the fish lipids, and therefore greater retention in the tissue and longer
ti’s. The tissue used to determine concentrations and bioaccumulation parameters did not
include the GI tract, therefore super-hydrophobic OCs accumulated in lipid or sorbed to
the epithelial cells of the GI tract and eliminated through subsequent cell turnover cannot
explain this phenomena. Fox et al. (1994) also observed a similar curvilinear relationship
between K. and depuration rates of PCBs by zebrafish (Brachydanio rerio), but made no
attempt to explain this relationship. Gobas et al. (1989) observed a linear relationship
between log depuration rate and log K. for OCs with log K.s between 4 and 7, and a
leveling-off of elimination rates for OCs of log Kaw'> than 7.0. Although Gobas et al.
(1989) discuss the importance of fecal elimination as an additional elimination pathway of
super hydrophobic OCs (log K. > 7.0) and its affect on BCF, no explanation was offered
for the leveling-off of depuration rates.

There are a number of possible explanations for the curvilinear relationship
observed between depuration rate and Koy.
4.4.8.1 Insufficient data. Only 4 compounds were used that had log K, greater than 7.2,
and the curve could be interpreted as leveling-off and not decreasing. However, CBs 206

and 209 (log K.w 8.09 and 8.18, respectively) had significantly more rapid depuration rates
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than mirex, CBs 153 and 187 (log Ksws 6.9, 6.2 and 7.2, respectively) (ANCOVA, p <
0.05). The depuration rates of OCDD and OCDF, compounds of very high K, (8.2 and
8.0, respectively (Mackay et al. 1992)), in juvenile rainbow trout were also much more
rapid than the maximum rates observed in this study (Muir et al. 1986; Muir et al. 1992).
Therefore, it seems unlikely that insufficient data is the cause of the curvilinear relationship
between depuration rate and K., although it may influence the magnitude of equation
coefficients.

4.4.8.2 Inaccurate K,,. Two problems arise for the K, of super-hydrophobic
compounds. It is difficult to measure an accurate K. of very hydrophobic compounds due
to their extremely low water solubility (Chiou 1985), and estimates of high K..s are
considered less accurate for compounds with higher K. (Schiiirmann and Klein 1988).
Secondly, at high K, there is a loss of linearity between K, and lipid-water partition
coefficients (Gobas et al. 1986). Chessells et al. (1992) concluded that lower than
expected BCFs of super-hydrophobic OCs was partially due to relatively lower lipid
solubility that is not reflected in K. Because our relationship was developed mainly from
PCB data it is unlikely that inaccurate K,s could account completely for the curvilinear
relationship between t;» and K, but it may have influenced the magnitude of equation
coefficients.

4.4.8.3 Dis-equilibrium between fish compartments (experiment length). The time to
reach steady state concentrations between compartments in the rainbow trout should be
negatively correlated with water solubility. Therefore, by the end of the uptake phase,

super-hydrophobic OCs (log Kow > 7, eg., CBs 206 and 209) would be further from steady
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state between compartments of the fish than moderately hydrophobic OCs (log Kow 5-7).
These super-hydrophobic OCs may not have reached slower clearing compartments during
the uptake phase (30 d), and may therefore be in faster clearing compartments when
compared with moderately hydrophobic OCs. Faster clearing compartments could include
lipids and proteins of the blood system or even cell membranes. With a greater percentage
of total burden in faster clearing compartments, super-hydrophobic OCs are more available
for elimination during the depuration phase compared to moderately hydrophobic OCs
(log Kow 5-7). Conversely, OCs with intermediate Kow’'s may have a greater percentage of
their total body burden in slower clearing compartments and therefore are less available for
elimination than super-hydrophobic OCs. Sijm et al. (1992) observed a negative linear
relationship between PCB elimination rates, including CB 209, and K.« in guppies which
had been exposed for 210 days. As well, de Boer et al. (1996) observed no apparent
elimination of higher chlorinated PCB congeners in wild populations of eels (4Anguilla
anguilla). Therefore, the length of exposure in bioaccumulation experiments using super
hydrophobic OCs can be an experimental artifact, and may influence their depuration rates
and t;2’s. As well, storage in various lipid compartments may vary depending on the
method of exposure (feeding, gavage or intraperitoneal injection) and should be considered

when comparing results of different experiments.

4.4.9 Assimilation efficiency-K.» Relationships
Assimilation efficiency had a significant curvilinear relationship with Kow R* =

0.56, p = 0.04) (Figure 4.5), but it was not as strong as the t;»-Kow and BMF-K.
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relationships. This result suggests that hydrophobicity does not have as strong an influence
on uptake and assimilation as it does on t;» and BMF. Bruggeman et al. (1981) observed
that the uptake rates of di-, tri- and tetra-PCBs from food by goldfish were similar. As
well, Gobas et al. (1988) reported that absorption efficiencies for a range of hydrophobic
OCs were constant up to a log K of 7, but decreased for OCs of greater K,w. Therefore,
the bioaccumulation of OCs with log Kq.s < 7 are not as strongly influenced by the uptake
rate c;r assimilation efficiency as they are from the depuration rate. However, at very high
Kewws (> 7) there is a reduction in assimilation efficiency, perhaps due to reduced

bioavailability in the food and/or steric hindrance in crossing biological membranes.

4.4.10 BMF-K,, Relationships

A significant curvilinear relationship was found between log BMF and log K. (R?
= 0.84, p < 0.001) (Figure 4.6), which is more easily rationalized than the t»-Kow
relationship. At steady state the BMF is equal to the uptake rate divided by the depuration
rate. Because the uptake is essentially constant, and the elimination rate decreases, for OCs
with log K..s < 7, the BMF should increase with Kqw up to a log Kow of 7. Oliver and
Niimi (1988) reported such a relationship for OCs, including PCBs, in Lake Ontario
salmonids. For OCs with log K.s above 7.0, lower assimilation efficiencies and/or lower
uptake rates give rise to lower BMFs. As well, the depuration rates increase above log Kow
of 7, further reducing BMFs.

A curvilinear relationship has been observed numerous times with BCF-Kow

relationships, where BCFs for compounds with log Ko« > 7 fall below the expected 1:1
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4.5 Log assimilation efficiency of hydrophobic OCs by juvenile rainbow trout
versus log Kew. Solid circles represent OCs with published K. values. Open circles
represent OCs that do not have published K values but were estimated using the
K.w fragment constant method Lyman et al. 1982). The quadratic regression (solid
line) was derived from the OCs that have published K., values (closed circles) (log
assimilation efficiency = -1.8 + (1.0 - log Kew) - (0.08 “ log Kow’), I* = 0.53, p =
0.004). The dashed line represents the 95% confidence intervals, and the dotted
line carries the data past the last points to the axis. K,o's of PCBs were taken from
Hawker and Connell (1988), HCBz from Mackay et al. (1982), and mirex from

Suntio et al. (1988).
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Figure 4.6 Log BMF of hydrophobic OCs in juvenile rainbow trout versus log Kow. Solid
circles represent OCs with published Ko values. Open circles represent OCs that
do not have published K., values but were estimated using the K., fragment
constant method Lyman et al. (1982). The quadratic regression (solid line) was
derived from the OCs that have published K, values (closed circles) (log BMF = -
8.7 + (2.6 ~ log Kow) - (0.2 ~ log Kewd), > = 0.84, p < 0.001). The dashed line
represents the 95% confidence intervals, and the dotted line carries the data past
the last points to the axis. Kow's of PCBs were taken from Hawker and Connell
(1988), HCBz from Mackay et al. (1982), and mirex from Suntio et al. (1988).
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relationship (Bruggeman et al. 1984; Muir et al. 1985; Gobas et al. 1989; Fox et al. 1994;
Bremle et al. 1995). The curvilinear BCF-K.w phenomena has been attributed to a number
of factors including overestimation of bioavailable water concentrations (or reduced
bioavailability) (Bruggeman et al. 1984; Gobas et al. 1989), reduced membrane passage of
the larger super-hydrophobic chemicals (Bruggeman et al. 1984; Opperhuizen et al. 1985),
inaccurate K,,s (Chessells et al. 1992) and elimination into feces (Gobas et al. 1989). By

exposing fish to dietary concentrations we have eliminated any problems associated with
water uptake pathways, but the issues of disequilibrium, reduced membrane passage,

inaccurate K,-s and elimination into feces remain.

4.4.11 Comparison of estimated K,.’s: Fragment constant vs. bioaccumulation
parameter-K,., relationships

Half life-K, relationships were used to predict the K, of TCPMe, TCPMEOH,
Cl;-CHB, Clg-CHB and Cls-CHB. Kus for TCPMe and TCPMeOH predicted by this
relationship agreed with K,s determined by the fragment constant method (Table 4.4).
This suggests that there is little, or no, metabolism of TCPMe or TCPMeOH by the
juvenile rainbow trout. K.s, determined by the fragment constant method for Cl,-CHB,
Clz-CHB and Cls-CHB are lower than those predicted by the ti2-Kow relationship. It is
possible that the fragment constant method overestimated the K.s of the toxaphene
congeners. There is greater uncertainty with fragment constant method for highly
hydrophobic compounds (Lyman et al. 1982). Alternatively, these toxaphene congeners

are metabolized by the rainbow trout, and therefore the t1,-Kow relationship cannot
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Table 4.4: Estimated log Kw's of TCPMe, TCPMeOH, CL,~-CHB, Cls-CHB and Cl;-CHB
using the fragment constant method (Lyman et al. 1982) and bioaccumulation
parameter-K,w relationships (Figures 4, 5 and 6). Because the bioaccumulation-K.
relationships are curvilinear 2 estimates have been given when appropriate.

fragment t12-Kow o-Kow BMF-K,.
0C constant method relationship relationship relationship
TCPMe 7.1 6.8 0r7.6 6.4 or7.7 64o0r75
TCPMeOH 5.0 5.0 4.9 5.0
Cl,-CHB 6.2 5.4 54 52
Cl-CHB 6.5 5.8 6.7 69o0r7.1
Cl,-CHB 6.6 5.8 6.7 6.3 0r7.7

* - The assimilation efficiencies of Clg-CHB and Cl;-CHB are > the a-K,, equation and therefore the Kow
estimate represents the greatest c.
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accurately predict their K,». Based on a greater distance from the t;;-Kqw curve, Cl--CHB

is more readily metabolized than Cls-CHB and Cl,-CHB.

4.5 Summary and conclusions

We have reported the first data on laboratory-derived bioaccumulation parameters
of TCPMe, TCPMeOH, and three toxaphene congeners in juvenile rainbow trout. These
compounds have high BMFs confirming observations from field data. Dietary
bioaccumulation parameter-K. relationships derived from 16 recalcitrant OCs revealed
that assimilation efficiency, ti;, and BMF all have curvilinear relationships with K.
Organochlorine compounds that have a log K,w of approximately 7, and are not
biotransformed, had the greatest persistence and biomagnification in fish. The curvilinear
relationship of t;, and K.w suggests that internal kinetics of contaminants in fish play a
significant role in their fate, and that the length of exposure of super hydrophobic OCs (log
Ko > 7) will affect their depuration rates and ty»s. Variation in the t,»s of PCB congeners
in different size rainbow trout suggests that additional research is needed on the influence
of fish size on bioaccumulation parameters. Based on comparison of these data with past
studies, the composition of food affects the assimilation of PCB congeners in the digestive

tract of fish, but relationships are not clear and require further study.
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S.DIETARY ACCUMULATION AND DEPURATION OF INDIVIDUAL C,¢-, Cys-
AND C,~-POLYCHLORINATED ALKANES BY JUVENILE RAINBOW TROUT

(Oncorhynchus mykiss)

5.1 Abstract
Dietary exposures using juvenile rainbow trout (Oncorhynchus mykiss) were conducted
with 19 polychlorinated alkanes (PCAs) with varying carbon chain length (C,, C; and
Ci4) and chlorine content (4 - 8 Cl atoms) to determine bioaccumulation parameters.
Although these PCAs have the same carbon chain lengths and chlorine content as some
chlorinated paraffins (CPs) products, all are 1,2-Cl substituted and would not likely be
prevalent in commercial CP mixtures. All of the PCAs were rapidly accumulated from the
food and had high assimilation efficiencies. Half-lives of PCAs ranged from 7 to 53 d, but
in general were much lower than expected for compounds of log Kqw of 6 or greater. Half
lives were positively correlated with K., carbon chain length and chlorine content. All of
the C+-PCAs, and a number of the higher chlorinated Cy- and C,;-PCAs, had
biomagnification factors (BMF) > 1, implying a potential to biomagnify in aquatic food
chains. BMFs increased with increasing K. and decreasing carbon chain length. Based on
these results and previous work, it is reasonable to assume that highly chlorinated short-
carbon-chain (Cjo.13) PCAs and lower and medium chlorinated (40-60% CI), medium-

carbon-chain PCAs (C,4.15) have the greatest potential for biomagnification among PCAs
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or CPs. Cl position was also found to influence bioaccumulation parameters. Shorter-
carbon-chain and lower chlorinated PCAs appear to be more susceptible to
biotransformation by rainbow trout, compared with persistent organochlorines, such as

PCBs, studied under identical conditions.

5.2 Introduction

Polychlorinated n-alkanes (PCAs)(Cjo10, 35-70% Cl by weight), also known as
chlorinated paraffins (CPs), are used as high pressure lubricants, flame retardants, and
plasticizers, and a number of other industrial applications (Campbell and McConnell 1980;
Government of Canada 1993). Annual global production of CPs is approximately 300 kt,
with a majority having medium-carbon-chain (Ci41g) length. Short-carbon-chain CPs (Cio.
13) have been placed on the Priority Substance List under the Canadian Environmental
Protection Act (CEPA) and on the Environmental Protection Agency Toxic Release
Inventory in the USA.

CPs have low water solubility and are accumulated by fish from water and food in
laboratory experiments (Bengtsson et al. 1979; Chapter 3). The toxicity of CPs to aquatic
life is considered low. However, short- and medium-carbon-chain CP products have a
potential to act as tumor promotors in mammals (Kato and Kenne 1996). Data on
environmental levels of CPs is scarce, but CPs have been measured at relatively high
concentrations in biota from Sweden (Jansson et al. 1993), sewer films from Germany

(Reiger and Ballschmiter 1995), biota, sediment and water from Lakes Erie and Winnipeg,
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Canada (Fisk et al. 1996; Tomy 1997), and marine biota and human milk from the
Canadian arctic (Stern et al. 1997).

Commercial CP products are complex mixtures which consist of thousands of
congeners. For example, there are 4200 congeners theoretically possible (not including
enantiomers) in one commercial CP product (Cyo.13, 60% CI). Unfortunately, standards for
individual polychlorinated alkanes (PCAs) are not available and PCAs are not fuily
resolved by high resolution, capillary gas chromatography (GC) columns (Tomy 1997).
Therefore, to examine the dietary accumulation of individual CP compounds by juvenile
rainbow trout, it was necessary to synthesize PCAs by chlorination of alkenes. In this
study four chlorinated products were used (C)-, Ci4- and two C;,-PCAs) which contained
PCAs with known Cl content and positioning, as well as PCAs with known Cl content but
unknown positioning. These latter products were formed by free radical substitution of H
by Cl. The objective of this work was to develop relationships between bioaccumulation
parameters and carbon chain lengths, chlorine content and Kqw for PCAs with a range of

carbon chain lengths and chlorine content.

5.3 Methods and Materials
5.3.1 Chemicals
PCAs were synthesized by chlorination (Cl, gas) of four individual alkenes: 1,9-decadiene;
1,5,9-decatriene; 1,10-undecadiene; and 1,13-tetradecadiene (Figure 1). The dominant product

of each synthesis was an alkane derived by Cl addition to the double bonds (Figure 1). As well,
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Figure 5.1 Polychlorinated alkanes (PCAs), and their starting material, used for dietary
accumulation experiments using juvenile rainbow trout. Letters in the chemical
name represents a Cl atom whose position on the alkane is unknown. PCAs with
the same molecular formula but different arrangements of Cl atoms are

differentiated with a letter.
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a number of additional PCAs were produced which had the same chlorine substitution as the
dominant product but with additional Cl atoms due to free radical substitution (Figures 5.1 and
5.2). PCAs with the same molecular formula but different Cl substitution patterns have been

differentiated with a letter at the end of the chemical formula.

5.3.2 Experimental Protocol

’ Two treatments, each containing two of the synthesized PCA standards, were
established. Products of the 1,9-decadiene and 1,13-tetradecadiene chlorination were combined
and are referred to as standard DT (Figure 5.2). The combined products of the 1,5,9-decatriene
and the 1,10- undecadiene chlorination are referred to as standard DU. All PCAs in DU and
DT standards that were resolved by GC methods were quantified. Food was spiked by
suspending a known quantity of each of the standards (DT and DU) separately in 150 mL of
hexane and ~100 g of commercial fish food (42% carbohydrates, 41% protein, 14% lipid and
3% fiber) and slowly evaporating to dryness using a roto-evaporator under vacuum.
Concentrations in the food were determined by the same analytical techniques used to
determine levels in the rainbow trout tissue (Table 5.1). Control food was treated in an identical
manner, but without the addition of a chlorinated alkane compound.

Juvenile rainbow trout (Oncorhynchus mykiss)(initial weights 2 - 7 g) were
exposed to the spiked food for 40 days followed by 80 days of depuration. Three fish were
sampled from each treatment on days S, 10, 20, 30 and 40 of the uptake period, and days
5, 10, 20, 40 and 80 of the depuration period. Sampled fish were separated into liver, GI

tract (includes stomach, pyloric caeca, spleen, intestines, and adipose fat associated with
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Figure 5.2 GC-ECD chromatograms of the DT standard and fish extract after 30 days
exposure to the DT standard in food. Chlorination of the alkene compounds
produced PCAs with the same molecular formula but different Ci substitution
patterns. These PCAs have been identified with a letter at the end of the chemical
formula.
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these organs; as well as gut contents), and carcass (whole fish minus liver and GI tract),

and all tissue was weighed and frozen until analyzed.

5.3.3 Extraction and Analysis
Extraction of PCAs was identical to the methods used in Chapter 4. In brief, carcass
samples were freeze dried and homogenized in toluene. The extracts were exchanged into
hexar;e, and a portion was used to determine lipids gravimetrically. Lipids were removed
from the sample by gel permeation chromatography. The lipid-free eluate, containing the
PCAs and other organochlorines, was evaporated to 1 mL and applied to a Florisil column
(8 g, 1.2% deactivated). PCAs were eluted from the Florisil column by successive elution
using 38 ml of hexane (F1), 42 mL dichloromethane (DCM): hexane (15:85)(F2), and 52
ml of DCM: hexane (1:1)(F3). F1 contained polychlorinated biphenyls and a number of
other potentially interfering organochlorine compounds but no PCAs and was discarded.
F2 and F3 contained the PCAs and were combined, evaporated, transferred to 2,2 4-
trimethyl pentane and evaporated to approximately 100 pL for GC analysis. |

Individual compounds in the DU and DT standards were quantified by comparing
their electron ionization (EI)-mass spectrumn (MS) response to the EI-MS responses of a
series of C;pH2oCl; standards of known concentration. These DU and DT standards were
then used as external standards for quantification of samples with an electron capture
detector (ECD). Samples were analyzed on a Varian 3600-GC equipped with a 60 m x

0.25 mm DB-5 column and an ®*Ni-ECD. The carrier gas was H,. Responses of individual
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PCA compounds were monitored by analyzing DU and DT standards after every 4

samples. The limits of detection were approximately 1 ng-g™.

5.3.4 Data analysis

Depuration rates (kg) were determined by fitting the data to a first order decay
curve (In conc = a + b time (d), were a is a constant and b is the kj). Half life (days) is = In
2 / k4. Assimilation efficiency (o) was determined by fitting the concentration data to the
integrated form of the kinetic rate equation for constant dietary exposure using iterative
non-linear regression (Bruggeman et al. 1981):

Coish = (0F-Crooa'ka) x [1 - exp(-kq-t)]

where F is the feeding rate (lipid corrected), Cgy is the concentration in the fish (lipid
corrected), Cyoq is the concentration in the food (lipid corrected) and t is the time (d).
Equilibium BMFs (BMFgqun) were predicted from the equation BMF = o-F/k,.
Calculated BMFs (BMFcaic) were determined with the same equation used for BMFequn.,
but assumed an o« of 0.5. Steady state BMFs (BMF;ss) were determined from the equation
BMFss = Cqap / Crooa (lipid corrected) using data from day 40 of the uptake phase.

Differences between growth rate constants among treatments was examined by testing
the homogeneity of slopes in an analysis of covariance. The Student t test was used to compare

pairs of growth rate constants at the p < 0.05 level of significance.
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5.4 Results and Discussion

The compounds used in these dietary accumulation experiments are the first
synthesized Cio.1¢ PCAs with known carbon chain length, Cl content and CI position.
Commercial CP products are PCAs. However, the PCAs used in these experiments are not
likely to be found in high proportions in commercial CP mixtures because they contain Cl
on terminal and adjacent carbons which is chemically and energetically unfavorable under
free radical mechanisms used in the production of commercial CP products. Unfortunately,
PCA standards with known chlorine content and chlorine position that do not have
terminal chlorine substitution, or synthesis methods for such compounds, are currently not
available. Nevertheless, these congeners share many physical-chemical properties and
structural features of CP components (Drouillard 1996).

Exposure to the PCAs did not appear to influence the health of the rainbow trout.
Growth rates were not significantly different between PCA exposed and control
populations (Table 5.2). Lipid percentages and liver somatic indices were also similar
between treatments (Table 5.2). No deaths occurred in any of the treatments.

All of the PCAs were detected in the trout after five days of exposure (Figures 5.3
and 5.4). No PCAs were detected in the control fish on any collection day. With the
exception of the Cy4- PCAs, most compounds achieved steady state between food and fish
within 30 or 40 d (Figure 5.3 and 5.4). The longer t;»s of the C4-PCA may explain why
these compounds did not achieve steady state (Bruggeman et al. 1981).

Differences in bioaccumulation parameters between PCAs with the same molecular

formula but different Cl positioning were observed for some PCAs (e.g. CoHsCls, and
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Table 5.1 Bioaccumulation parameters of chlorinated alkanes from dietary exposures using juvenile rainbow trout. Parameters were
calculated from carcass concentrations (3 trout / sampling day), and were corrected for growth dilution and lipid normalized.

conc, dep.
infood®  length’ depuration rate" half life" assimilation efficiency”
compound! logK.. (ngg') (days) (10 (days) (%) BMFcac®  BMFpoup”  BMFss'
CioH1sCly 58 412 40 83+15(0.73) 8315 23 £4.0(0.73) 0.26 0.46 0.18
CioH17Cls, 6.1 251 40 89+15(0.74) 78+13 13 £ 2.6 (0.66) 0.14 0.43 0.10
CiocH1:Clsy 6.1 737 40 9.7+ 1.6 (0.73) 7.1+12 76 £+ 10 (0.82) 0.73 0.40 0.4
CyoHisClsa 6.3 1754 80 6.8 +0.6 (0.91) 10£0.9 130 £ 35 (0.54) L5 0.57 14
CioHiCla, 6.3 542 80 6.9 £ 0.6 (0.92) 10+£0.9 63 + 19 (0.49) 0.7 0.56 0.64
CiHiCly 6.3 526 80 3.4 0.9 (0.49) 2054 46 + 12 (0.55) 1.1 1.1 0.66
CyoHisCly, 6.5 106 80 4.7+£0.5 (0.86) 1516 100 £ 29 (0.51) 1.6 0.82 1.5
C1oH5Clyy, 6.5 91 80 8.1 £0.5 (0.95) 85x05 107 £ 30 (0.52) 1.0 0.48 1.1
CioH1Cls. 6.8 183 80 2.3 +0.4 (0.66) 30452 41 +12 (0.48) 1.4 1.7 11
CyoH14Clsy, 6.8 132 80 5.0+£04 (0.9 14+1.1 105 + 45 (0.33) 1.6 0.77 0.67
C1HxCly 6.1 590 80 6.41£0.6 (0.87) 11£10 54 £ 16 (0.50) 0.65 0.60 0.60
C1H,sCl;s 6.3 154 80 7.7+£1.2 (0.78) 9014 39+11.2 (0.53) 0.39 0.50 0.64
CinHisCls 6.5 592 80 41106 (0.75) 17+£25 291+9.6 (0.43) 0.54 0.94 0.40
CyHiCly 6.9 108 80 1.9 +£0.5 (0.61) 37496 41 £12(0.53) 17 2.0 L0
C14H2Cl, 6.8 92 80 1.8+0.3(0.74) 39+64 33+£2.4(0.94) 1.7 2.1 0.82
C4H3sCls, 6.9 66 80 1.3+£0.3(0.58) 531123 51+£3.9(0.94) 3.6 3.0 14
CiHiCley 69 54 80 1.5£0.3 (0.69) 46£9.2 46 £3.5 (0.93) 2.9 2.6 12
CyH2.Cle, 7.1 63 80 2.4 £0.6 (0.55) 29472 130 £ 12 (0.92) 50 1.9 28
CiH2.Cls, 7.1 40 80 1.6 £0.3 (0.69) 43 +8.1 27+2.4(0.91) 1.6 2.9 0.74

9 . Chlorination of the alkene compounds produced PCAs with the same molecular formula but different Cl substitution patterns. Therefore, thesec PCAs have
been identified with a letter at the end of the chemical formula.

" - Log Ko values determined from the equation: log Kew = -0.386 + 0.6*N,q, - 0.0113*N,,2, were Ny, is the total number of carbon and chlorine atoms (Sijm
and Sinnige 1995).

¥ . Concentration in food is given as wet weight.

‘. Only the first 40 days of data were used to calculate the depuration rate of CyoH,sCls, CyoH;+Cls,, and C,oH,,Clsy,, because these PCAs were not detectable on
day 80.

110



[

"31e1s Apeals aAaIYoE 10U PIp SYJd-+'D "eidn Jo O Aep uo (paroawi0d pidif) P°%) / (porsarI0o YImo1s jou ‘pajoariod pidiy) ¥ = SN -,

'6°0 S1 0 Sunumsse paje[nofed T3 Ng -

P40 = NG uonienbo a1 woly parenofes st (TN ) 101085 uonedyudewory -

‘siayoelq up ut papraod are 1 “(skep) axeidn jo dwp i st ) pue ‘(siseq pidi] B U0) Pooj Ay Ul UONBAUU0I A S| P°T)) (pR10a1100 Yimold pue siseq pidiy)

YSLJ 3} Ul UONBRNUIIUOD A} 1 ¥ ‘siseq pidi] & uo dex Jurpaay a1 st J 1YM [(1PY-)dxa - 1], (PH°YD0) = Y97 :uoissaidas resujjuou dAneIAN Jursn asodxo
Arejarp Jueisuoo Joj uonenbo 2jex onauny A Jo uLioy pareiSagul o) 03 Bep A Sumiy Aq paUTULISAP ST (10119 prepuels | F) () AOuadLgs uoneruIsse sy, - "
"P/€69°0 = ¥ uopenbo a1f) w0y PIEMOTEd ST (10113 PIEPUBIS [ F) T JIEH - ,

‘(sasayuared ur umols S1 [9powr Y} 0] UONBUTULIDAP JO JUAIOLF02) uonemdap Jo sAep oz 10J AIANOEOIPEI |QRIORNXI-OUN|O)

JO uopeunud Ay 1oy (dum) q + & = (siseq w pidi]) uonenuaouod uy jpour Y Juisn paremOofed 1M (Joud prepuels | F) (Py) siuesuod e uonemds( - n



Table 5.2 Growth parameters of juvenile rainbow trout exposed to mixtures of

polychlorinated alkanes (significant differences in growth rates are indicated by
capital letters [ANCOVA, p < 0.05]).

grow rate’ LSI* LSI %
Treat. (10%/d) % lipid”® day 40 day 120  mortality
control 16.7 + 1.8 (0.76)* 2610.1 1.6+0.3 1.0+0.1 0
DU 16.4+1.9 (0.73)* 3.0+0.2 1.6+0.8 09+0.1 0
DT 154+1.1 (087D 2.7+0.1 1.3 +0.1 1.0£0.0 0

4 - The growth rates (+ | standard error) were calculated using the equation In weight =a + b
time (d), where b is the growth rate (cocfficient of determination for the model is shown in
parentheses).

. % The percent lipid is an average (t 1 standard error) of all fish in a treatment from day 5 until
the end of the experiment. Control does not include day 80 or 120 fish.
¢ . Liver somatic index (LSI) (1 + standard error).
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Figure 5.3 Accumulation and depuration of Cy¢- and C,4-PCAs through dietary exposure
to juvenile rainbow trout. Each point is the mean * 1 S.E. of three fish.
Concentrations are whole fish minus liver and GI tract, corrected for growth
dilution and lipid content.
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Figure 5.4: Accumulation and depuration of Cyo- and C;;-PCAs through dietary exposure
to juvenile rainbow trout. Each point is the mean + 1 S.E. of three fish.
Concentrations are whole fish minus liver and GI tract, corrected for growth
dilution and lipid content.

114



Ci10H,sCln) but not others (e.g. CioH1/Cls, and C,oH,5Clsp)(Table 1). Positioning of most
Cl on these alkene-derived PCAs were quite similar because they were synthesized from
diene or triene starting material (Figure 5.1). The positions of the free radical substituted
Cl are unknown, so that it was not possible to reach definitive conclusions on the
importance of Cl position. Nevertheless, the results suggest that Cl position can, in some
cases, have a significant influence in the bioaccumulation of PCAs.

Half-lives of PCA ranged from 7 d for C,oH;sCls to 53 d for C,sH1sCls, but in
general were much lower than expected for compounds of log Ko.w of 6 or greater. Fisk
(Chapter 4), using rainbow trout of similar size, found that non-metabolized
organochlorine compounds (PCBs, mirex, hexachlorobenzene) with log K.ws between 6
and 7 had a t;;s between 40 and 60 d. Only the highly chlorinated-PCAs and C,+-PCAs
had ts in this range. Therefore, PCAs with shorter carbon chain and lower chlorination
appear to be susceptible to biotransformation by rainbow trout. We did not directly
measure biotransformation products. Decreasing metabolism of PCAs has been associated
with increasing Cl content and carbon chain length in birds and fish (Biessmann et al. 1982;
Chapter 3).

The influence of adjacent and terminal chlorine substitution (1,2,9,10-C,q,
1,2,10,11-Cy; and 1,2,13,14-C,4), common to all PCAs used here, on PCA t;,, is difficult
to interpret. These chlorine atoms could affect bioaccumulation parameters through
differences in physical-chemical properties and/or susceptibility to metabolism.
Unfortunately, there are no data on the influence of Cl position of physical-chemical

properties of PCAs. The metabolism of organochlorines by fishes can vary with chlorine
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position and content (Sijm and Opperhuizen 1989). For example, polychlorinated
biphenyls that do not have chlorine substituted at the meta- and para- positions are more
easily metabolized (Safe 1990). Damerud and Brandt (1982) reported that -oxidation
was one step in the metabolism of PCAs by mice. The initial step in 3-oxidation involves a
terminal carbon. Therefore, because the capacity for de-chlorination of organochlorine
compounds in fish is low (Sijm and Opperhuizen 1989), a Cl atom substituted on the
terminal carbon of 2 PCA molecule would likely inhibit B-oxidation.

There was a large range in PCA assimilation efficiencies, and for a number of
PCAs the assimilation efficiencies were calculated to be greater than 100% (with standard
errors of approximately 30%) (Table 5.1). For other PCAs, e.g. C,0Hi:Cls and CoH;7Cls,,
assimilation efficiencies were lower than expected based on their K., which is probably
due to metabolism (Chapter 4). For a majority of the PCAs with assimilation efficiencies >
100%, the BMFss are in agreement with BMFcac (Table 5.1). However, assimilation
efficiencies of persistent organochlorines of similar molecular size and hydrophobicity as
PCAs are believed to be approximately 50% (Gobas et al. 1989; chapter 4). One possible
explanation for these results is that the depuration rates used to calculate assimilation
efficiencies may overestimate the actual rates because they are calculated using depuration
phase data (eq. 1). Overestimation could occur if depuration rates changed due to a
gradual induction of metabolic capacity for PCAs. Regardless, these results suggest that
these PCAs were assimilated very efficiently (50 to 100%).

BMFgqun were calculated using assimilation efficiencies, and therefore were also

confounded by problems discussed above. A second and third set of BMFs were
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determined assuming an assimilation efficiency of 50% (BMFcac) and steady state
between PCA concentrations in the fish and food (BMFss)(Table 5.1). There was good
agreement between the three BMFs for C- and C,,-PCAs with assimilation efficiencies <
100%. The C;4-PCAs did not achieve steady state, and therefore BMFss were less than
calculated- or estimated-BMFs. A number of the PCAs, including CjoHsClsc, C10H;6Clsa,
CuH;6Clg, and all the C4-PCAs, had BMFgqun. > 1 (Table 5.1), which implies a potential
to biomagnify in aquatic food chain.

Half lives of PCAs were correlated with K,w and carbon chain length but not
chlorine number based on simple linear regression (Table 5.3; Figure 5.5). It should be
noted that the PCAs used to develop these relationships, and those for BMF, represent a
small subset of all possible PCAs, and results should be interpreted with caution. Multiple
regression using carbon chain length and chlorine number explained more variation in t;
than either variable alone (Table 5.3). Therefore, ti2s of PCA increase with increasing
carbon chain length and chlorine content. Carbon chain length and chlorine number did not
improve the variation in ty, explained by K, alone (Table 5.3). This is not unexpected
because K..s were calculated using a formula that was based on the total number of
carbon and chlorine atoms (Sijm and Sinnige 1996).

A significant linear relationship was also found between BMFcac for PCAs and
log K. and carbon chain length (Figure 5.6a,b and Table 5.3). BMFcarc was not
significantly correlated with chlorine number (Figure 5.6c and Table 5.3). BMFs of
recalcitrant organochlorines, such as PCBs, have been observed to increase with Ko up to

a log K, of approximately 7 (Oliver and Niimi 1988; Thomann 1989; chapter 4). Multiple
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Table 5.3 Results of linear and multiple regressions between PCA t,, and BMFs with Ko,
carbon number, and chlorine number.

Dependent Independent

variable variable(s) Intercept Slope r p-value
_tin log Kow -246.1 41.5 0.64 <0.001
tin #C -52.9 7.0 0.42 <0.001
tin #Cl 2.8 42 0.17 0.05
tin log Kow -228.2 36.0 0.65 <0.001
#C 1.6
tin log Kow -259.0 443 0.65 <0.001
. # Cl -1.0
tin #C -73.6 6.7 0.56 <0.001
# Cl 3.8
tiz log Kow -232.9 372 0.65 <0.001
#C 1.4
#Cl -0.2
BMF log Kow -5.7 1.0 0.31 < 0.006
BMF #C -1.0 02 0.22 0.02
BMF #Cl 1.3 -0.01 0.002 0.86
BMF log Kow -5.0 0.8 032 0.021
#C 0.1
BMF log Kow -8.5 1.6 0.52 0.001
#Cl -0.2
BMF #C -0.8 0.2 0.23 0.07
#Cl -0.03
BMF log Kow -12.0 2.6 0.59 <0.001
#C -0.2

# Cl -0.3
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Figure 5.5: Relationships between PCA t;, with K (), carbon number (b) and chlorine
number (c). Solid lines are linear regressions (Table 5.3). Data includes all data
from this work and from other free-radically chlorinated C;- (6 and 10 Cl) and
C1s-(3 and 13 CI) PCAs (chapter 3).
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Figure 5.6 Relationships between PCA BMFgst with K,y (a), carbon number (b) and
chlorine number (c). Solid lines are linear regressions (Table 5.3). Data includes all
data from this work and from other free-radically chlorinated C,,- (6 and 10 Cl)
and Ci-(3 and 13 Cl) PCAs (chapter 3).
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regression using carbon chain length and chlorine number did not improve the variation in
BMF explained by carbon chain length alone (Table 5.3). Carbon chain length did not
improve the variation in BMF explained by K.w; however, chlorine number did improve the
relationship between BMF and K. (Table 5.3). Further, a multiple regression using all
three independent variables (log K.w, carbon chain length and chlorine number) explained
more variation in BMF than log K.« and chlorine number alone (Table 5.3). These results
suggest that the K., carbon chain length and chlorine number all play a role in the

bioaccumulation, or biomagnification, of PCAs.

5.5 Summary and Conclusions

These results represent the first data on the dietary accumulation of PCAs of
known carbon chain length, chlorine content and chlorine position. All of these PCAs had
chlorine substituted at adjacent and terminal carbons (1,2,9,10-Cyo, 1,2,10,11-Cy; and
1,2,13,14-Cyy), but the positions of other CI atoms were unknown. All of the PCAs were
rapidly accumulated and had high assimilation efficiencies from food. PCA t;s in rainbow
trout ranged from 7 to 53 d, and increased with increasing Ko and carbon chain length.
Chlorine content did not, as a single variable, have a significant affect on t;». There was
indirect evidence for metabolism based on the fact that t,,s were shorter than for persistent
OCs of similar log Kow. However, the susceptibility to metabolism decreased with greater
carbon chain length and chlorine content. Based on BMFs > 1, higher chlorinated Cyo- and

Ci1-PCAs, and all Ci4-PCAs, would biomagnify from food to fish in aquatic food chains.
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BMFs of PCAs increased with increasing K., but were also influenced by carbon chain

length. Chlorine content did not, as a single variable, have a significant affect on BMF.
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6. ACCUMULATION AND DEPURATION OF SEDIMENT-SORBED C,.- AND
CiPOLYCHLORINATED ALKANES BY OLIGOCHAETES (Lumbriculus

variegatus)

6.1 Abstract
Oligochaetes (Lumbriculus variegatus) were exposed to sediment spiked with four “C-
polychlorinated alkanes (PCAs) (Ci2H2Cls (56% Cl by weight), Ci2Hi6Clio (69% CI),
CiHs1Cl; (35% Cl) and C,6Hx1Clyj3 (69% Cl)) to measure bicaccumulation parameters and
biotransformation. Chlorinated paraffins (CPs) are industrial products which consist of
thousands of different PCAs. CPs are hydrophobic (log Kows > 5.0) and are reported to
have relatively high concentrations in sediment compared with other persistent
organochlorines; however, no data exists on their bioavailability from sediment. C;Hx»Cls,
Ci2Hi6Cly and C¢Hi,Cl; were readily available to sediment-ingesting oligochaetes, while
CisH21Cly3 had lower bioavailability. Uptake rates of the Ci>-PCAs were greater than the Cis-
PCAs, but half lives (t,,s) were greater for the Cis-PCAs (t1z = 30 to 33 d) than the C,-PCAs
(tiz = 12 to 14 d). Biota-sediment accumulation factors (BSAF) were > 1 for C;HCls,
C12H16Clyo and CysH31Cls, but < 1 for Cy6H21Clys. Comparison of toluene-extractable and -non-
extractable “C suggest that PCAs were biotransformed in aerobic sediments and by
oligochaetes, and that the susceptibility to degradation in sediments decreases with increasing

chlorine content. The relative abundance of individual PCAs may differ between sediment and
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benthic invertebrates due to differences in the bioaccumulation and degradation of PCAs of

varying carbon-chain-iength and chlorine content.

6.2 Introduction

Chiorinated paraffins (CPs) are a class of polychlorinated n-alkanes (PCAs) that
are used as plasticizers, flame retardants, high pressure lubricants and for a number of
other industrial applications (Campbell and McConnell 1980; Government of Canada
1993). CPs have carbon chain lengths between 10 and 30 and with chlorine content
varying from 35 to 70% by weight. Each commercial CP product has thousands of
different compounds and isomers (Tomy et al. 1998). The global production of CPs has
been estimated at over 300 kilotonnes/y, with a majority having medium carbon-chain
lengths (C,4.13) (Government of Canada 1993).

CPs are very hydrophobic (Kew > 5.0) Sijm and Sinnige 1995), and are
bioaccumulated from water and food by fish in laboratory experiments (Zitko 1974;
Lombardo et al. 1975; Bengtsson et al. 1979; Bengtsson and Ofstad 1982; Chapter 3).
Although the amount of data is limited, CPs have been quantified in environmental samples
(Tomy et al. 1997b; Jansson et al. 1993; Rieger and Ballschmiter 1995; Fisk et al. 1996).
Fisk et al. (1996) found that concentrations of short chain CPs (60-70% Cl) were similar
to polychlorinated biphenyls (PCBs) in sediment and zebra mussel collected from the
Detroit River and the western basin of Lake Erie. Jansson et al. (1993) reported that CPs
(Cio-13; 60% Cl) were the predominant organochlorine in a representative set of terrestrial

and aquatic organisms from Sweden.
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In aquatic systems, compounds of low aqueous solubility partition to a large extent
onto suspended and bottom sediment. Once bound to sediment, compounds may not be
available for direct uptake by fish and other non-filtering aquatic invertebrates. Sediment-
bound compounds can re-enter the food chain through benthic organisms via interstitial
water or by consumption of sediments. Therefore, the bioavailability of these sediment-
sorbed chemicals controls their fate and exposure to organisms in aquatic ecosystems. For
example, concentrations of organochlorines in Lake Ontario sculpin are thought to be
derived from sediment via the benthic food chain (Thomann et al. 1992).

Despite their low water solubility, high bioaccumulation potential, and relatively
high environmental sediment concentrations, there is no data on the bioavailability of
sediment-sorbed CPs. To address this knowledge gap, we exposed oligochaetes
(Lumbriculus variegatus) to sediment spiked with four 'C-chlorinated alkanes to
determine uptake and depuration rates, and biota-sediment bioaccumulation factors
(BSAF). Kgus of these PCAs were determined experimentally using reverse-phase, high
pressure liquid chromatography (RP-HPLC) to clarify the results of the bioavailability

experiments.

6.3 MATERIALS AND METHODS
6.3.1 Chemicals, Sediment and Sediment Spiking
The four "C-polychlorinated alkanes (PCAs) consist of two Ci- and two Cie-
alkanes which were synthesized in a different manner from commercial CPs (Bergman et
al. 1981). However, GCMS analysis shows these *C-products contain a similar range of

components to those in commercial products (G.T. Tomy, personal communication). The
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[1-"*C] dodecanes contained 55.9 and 68.5% chlorine (mean of 5.9 and 9.8 chlorine atoms
per molecule, respectively)(specific activities 16 mCi/fmmol and 23 mCi/mmol,
respectively). The [1-'*C] hexadecane had 34.1% chlorine (3.3 chlorine atoms per
molecule)(specific activity 22.7 mCi/mmol), and the [U-'*C] hexadecane had 69% chlorine
(13.4 chlorines per molecule)(specific activity 25 mCi/mmol). For simplicity, the number
of chlorine atoms in each compound have been rounded to the nearest integer.

. Sediment was collected with an Ekman dredge from Lake 468, an oligotrophic,
uncontaminated lake at the Experimental Lakes Area (ELA), ON, Canada, in October,
1995. Sediment was stored at 4°C under 1 cm of lake water until the experiment. Prior to
spiking, the wet sediment was sieved with a 600 pm mesh sieve to remove large benthic
invertebrates and debris (wood, stones, etc.).

For spiking, the sediment was added to a 6L flask which contained ~SL of distilied
water, and the sediment-water slurry was mixed with a Teflon stir bar and mixer. '*C-
PCAs were added to the slurry in ~100 pL of acetone, and the sediment was mixed for 24
h. After mixing, the sediment was allowed to settle and the water was decanted leaving 1

cm of overlying water. The sediments were allowed to stand for 18 d prior to the

beginning of the experiment.

6.3.2 Experiment
Oligochaetes (Lumbriculus variegatus) were exposed to two concentrations (Table
6.1) of each *C-PCA in separate experiments (only one concentration was established for

the C6H:Cl;3). One control experiment was performed with untreated sediment.
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For each treatment 36 - 60 mL glass jars were filled with sufficient sediment to
provide a 100:1 organic carbon to lipid ratio for 15 oligochaetes (ca. 100 mg). Each jar
received 15 oligochaetes and all the jars from a treatment were carefully placed ina 10 L
aquarium which had flow-through UV and carbon de-chlorinated Winnipeg tap water at
11.6 £0.1 °C (mean £ 1 S.E.). On days 1, 3, 7, 10 and 14 of uptake, three jars from each
treatment were randomly selected and sieved to collect the oligochaetes. After 14 days’
exposure, all jars were sieved and oligochaetes were placed into identical jars with
untreated sediment to follow depuration. Three jars from each of the C;s-PCA exposures
were maintained for 7 additional days (21 d in total) to attempt to achieve steady state. On
days 1, 3, 7, 10, 14, 28 and 42 of depuration, oligochaetes were collected from 3 jars for
each treatment. No food was added to any of the treatments. Oligochaetes were placed in

water to rinse off sediment, and were then blotted dry, weighed, frozen, and freeze-dried.

6.3.3 Analysis of "*C in oligochaetes

Freeze dried oligochaetes were homogenized in toluene, centrifuged (10,000 rpm
for 10 min), and a fraction of the supernatant was added to scintillation cocktail
(Atomlight, Dupont Chemical Company, Boston, MA, USA) and counted on a Beckman
LS 7500 liquid scintillation counter (LSC) (Beckman Instruments, Fullerton, CA, USA) to
determine “C. "C counts were corrected for quenching using a quench curve prepared
from "“C-toluene (Dupont Chemical Company), and were automatically corrected for
background by the LSC. Lipids were determined gravimetrically using 25% of the

supernatant.
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The remaining toluene supernatant from the high concentration PCA exposures
was decanted, and washed and decanted with a second millilitre of toluene. The remaining
tissue was oven dried at 80°C for 24 h and combusted on a Packard Model D306 Oxidizer
(Packard Instruments, Downers Grove, IL, USA) for determination of non-toluene

extractable *C.

6.3.4 Analysis of '“C in sediment and interstitial water

Sediment samples were collected on days O and 14 of the uptake phase for analysis
of "C. Sediment was frozen and freeze dried, and *C was determined by three methods.
The toluene sonication method involved measuring a known quantity of freeze dried
sediment (~0.5 g) into a test tube with 3 ml of toluene and sonicating for 30 min. After
allowing the sediment and toluene to stand for 24 h, 1 ml of toluene was counted by LSC.
The second method used Soxhlet extraction of freeze dried sediment (~ 1.0 g) with 250 ml
of dichloromethane (DCM) for 16 h. The 250 ml of DCM was roto-evaporated and
transferred to approximately 1 ml of toluene and counted on the LSC. The third method
involved direct combustion of a sample of unextracted freeze dried sediment (~ 0.2 g) on
the oxidizer. Recovery of PCAs, after spiking freeze dried sediment (n = 3) and using the
toluene sonication method, ranged from 82 to 97%. The organic carbon content of the
sediments from each of the treatments was determined by high temperature combustion
with detection of CO; by thermal conductance, corrected for CaCO; (Stainton et al. 1977).
The sediment size fractions of the sediment used for the Ci2>- and C;s-PCA exposures was

determined by the second reading hydrometer method (Carter 1993).
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A portion of the sediment was centrifuged at 10000 rpm for 30 min to collect
interstitial water for determination of PCA concentrations. To obtain PCA concentrations
in interstitial water, 1 ml of the interstitial water was counted. A second millilitre of
interstitial water was eluted through a C,s Sep-Pak (Waters Division of Millipore, Milford,
MA, USA) to determine freely dissolved and dissolved organic carbon-bound
concentrations of the PCAs (Landrum et al. 1984). The Sep-Pak was then eluted with 15

ml of hexane to give the free dissolved concentrations of the PCA.

6.3.5 HPLC analysis of sediment and oligochaete extracts

Toluene extracts from oligochaetes and sediments collected on day 14 of the uptake
phase were evaporated to near dryness under a gentle N, stream and made up in acetone (~100
pl) for HPLC analysis. Samples were injected on a Varian 5000 liquid chromatograph (Varian
Canada, Mississuaga, ON, Canada) equipped with a Prep Nova Pak HR C-18 column (Waters
Division of Millipore), a Marathon autosampler (Varian Canada, Mississauga, ON, Canada)
and a Foxy 200 automated fraction collector (Canberra Packard Canada, Mississauga, ON,
Canada). The mobile phase consisted of 85% acetontrile and 15% water; 4 min fractions were

collected over a 60 min period. Fractions were counted using LSC.

6.3.6 K. and K, Determinations

Kows of the four PCAs were determined experimentally using RP-HPLC. Methods
have been described in detail previously (Sarna et al. 1984). HPLC was carried out with a
Waters model 6000A pump, a U6-K injector, a model 490 multi-wavelength UV detector,

a Whatman Partisil 10 um ODS-3 C,s column (Waters Division of Millipore), using a
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methanol-water mixture for the mobile phase. A LKB 2111 Multirac Fraction collector
was used to collect radio-labeled fractions of the PCAs.

A series of hydrophobic compounds (DDT, dibenzo-p-dioxin, 1-chlorodibenzo-p-
dioxin (CDD), 2-CDD, 2,7-dichlorodibenzo-p-dioxin, 1,2,4-trichlorodibenzo-p-dioxin,
octachlorodibenzo-p-dioxin, polychlorinated biphenyl congeners 1, 2, 18, 29, 101, 130,
153, 185, 194, and DDT), with published K., values, were used to construct a standard
curve between log Ko and the log of the HPLC retention time (R;) and PCA log Ko
values were estimated by interpolation from the standard curve.

Organic carbon-water partition coefficients (K.s) were estimated from the
equation

Ko =K, / foc,
where K, = C,egimen: (ng-g", dry weight) / Cinteritial water (ng'ml™) and fic is the fraction of

organic carbon in the sediment.

6.3.7 Data Analysis

Growth rates were determined by fitting oligochaete weight data (total wet weight of
oligochaetes in one jar) to an exponential model (In oligochaete weight = @ + 4 - time (d);
where a is a constant and b is the growth rate). All concentrations determined for
oligochaetes were lipid normalized and corrected for growth dilution for bioaccumulation
parameter calculations. Only toluene extractable concentration data was used for
bioaccumulation parameter calculation. Depuration rates (k;) were determined by fitting
the depuration phase data to a first-order decay curve (In conc =a + b - time (d), where a

is a constant and b is the depuration rate). Uptake rates (k;), which represent uptake from
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interstitial water and through ingestion of sediment, were calculated by fitting the uptake
phase concentrations to the integrated form of a first order uptake model (Bruggeman et
al. 1981) for constant exposure to sediment-sorbed contaminant using non-linear
regression:
Coiigo = (Cierrki/k2) x [1 - exp (-k2't)]

where Cig is the concentration in the oligochaetes (lipid corrected), C,q is the
concentration in the sediment (dry weight, organic carbon corrected, and corrected for loss
of toluene extractable '4C assuming a first order degradation rate (see discussion)) and t is
the time (d). Biota sediment accumulation factors (BSAF) were calculated using kinetic
rate constants (BSAF;, = k; / ky), or concentrations when the oligochaetes had achieved a
steady state [BSAF, = C.jg(lipid normalized, wet weight) / C,q (organic carbon
normalized, dry weight)].

Differences between depuration rates among treatments were examined by testing
the homogeneity of slopes in an analysis of covariance. The Student’s s-test was used to

compare pairs of depuration rate constants at the p < 0.05 level of significance.

6.4 Results
6.4.1 Organic carbon content of sediments
Although the sediment used for all exposures came from a single source,
differences in organic carbon content were found between C;;- and C,s-PCA exposures
(Table 6.1). All spiking procedures and times were kept consistent between treatments;
however, the C;;-PCA experiments were carried out prior to the Cis-PCA experiments.

This procedure resulted in a greater percentage of sand in the C,s-PCA experiment (76%
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sand, 21% silt, 3% clay) than in the C,,-PCA experiments (40% sand, 58% silt, 2% clay),

and probably explains the lower organic carbon levels in the C;s-PCA experiments.

6.4.2 Oligochaete recovery, growth and lipids

Recovery of oligochaete populations ranged from 97 to 120% for all the treatments
(mean of all sampling dates). Recoveries greater than 100% suggest that the oligochaetes
were reproducing. Growth rates ranged from 0.006 + 0.003 to 0.014 * 0.007 d (mean +
1 S.E.), but r* were low (0.03 to 0.43) and there was no significant growth in some
treatments. Lipid content of the oligochaetes declined throughout the experiments but
increased slightly upon transfer to new sediments at the beginning of the depuration phase
(Figure 6.1). Lipid percentages were greater in the oligochaetes exposed to C;2-PCAs than

those exposed to the C,s-PCAs (Table 6.1).

6.4.3 Accumulation of '“C-PCA

All PCAs were detectable in oligochaetes after one day of exposure to spiked
sediment (Figure 6.1). The uptake rate of C,;HxCls was the highest among the PCAs
while that of C;sH21Cl;3 was the lowest (Table 6.1). Concentrations of CysH;,Cl;3 in the
oligochaetes decreased rapidly during the first day of depuration. This has been observed
with other very hydrophobic compounds in similar sediment bioavailability tests (Loonen
et al. 1997), and is likely due to high concentrations of the C;¢H>Cl,3 bound to sediment
in the GI tract of the oligochaetes which are not absorbed and are excreted during the
depuration phase. Depuration rates for Cy¢H>1Cl;3 have been calculated with data from day

2 to 56 only. Depuration data for the C;¢H;3Cl; high exposure did not have a significant
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Table 6.1 Bioaccumulation parameters of four sediment-sorbed '*C-PCAs for the oligochaete (Lumbriculus variegatus) (significant
differences ( p < 0.05) between depuration rates are indicated with capital letters).

conc.’ o.c’ lipids” uptake rate’ depuration rate’ half-life® kinetic”

Chemical  (ng:g') log K, (%) (%) (* 10% g-g'-d") (*102d" (d) BSAF
CpHuCls 265 6.2 23 37+06 22 +2.1(0.77) 50107 (0.75)* 14420 4.4
106 3.8  29+03 51+ 11(0.38) 56409 (0.7D)* 1219 9.1
CiHisClip 124 6.6 36 36108 9.0 0.8 (0.77) 4.8 + 1.1 (0.50)* 14+3.2 1.9
442 3.1 34408 11+ 1.2 (0.69) 5.8+0.8 (0.75) 12+ 1.7 1.9
CisHzCl; 471 72 14 25103 9.3 + 1.0 (0.68) 2.1+0.7 (0.32)* 3311 4.4
135’ 1.3 2.3+0.2 7.6+0.7(0.71) 0.73 £0.5 (0.10)° 95 + 65 10
CiHauClis 264 7.4 1.5  20+02 1.3 +0.1 (0.84) 2.3+0.6 (0.51)° 30+7.8 0.6

¢ Sediment concentrations are dry weight.

% Kow values for CjaHaoCls and Cy¢Hs Cl; are a mean of 2 and 4 values determined by HPLC, respectively.

¢ Organic carbon content are for dry weight of sediment.

¢ Lipids percentage determined as the mean of all samples.

‘ Uptake rate constants (k;) (1 1 standard error) (coefficient of determination is shown in parentheses) were determined by fitting the data to the integrated form of the
kinetic rate equation for constant uptake from sediment using iterative nonlinear regression: Cogic = (Caeaki/Ka)(1-exp(-kat)), where Coyio is the lipid and growth
corrected concentration in the olgiochaetes, Cye4 is the organic carbon normalized concentration in the sediment corrected for the loss of toluene extractable "C, k; is
the depuration rate, and t is the time in days.

s Depuration rate constants (k;) (+ 1 standard emror) were calculated using the model In concentration = a + b (time) were b is the depuration rate (coefficient of
determination for the model is shown in parentheses). Depuration rates for C;sH2,Cli3 have been calculated from data for day 2 to 56 only.

® Half life (+ 1 standard error) is calculated from the equation t; = 0.693/k;.

* The kinetic biota sediment accumulation factor (BSAF) were determined from the equation BSAF = ky/k,.

' The depuration data for this treatment did not have a significant linear relationship with time.
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linear relationship with time, and parameters for this treatment should be viewed with
caution. With the exception of the C;sH3;Cl; high exposure and the C,¢H>,Cl;; exposure,
no differences in depuration rates were observed for PCAs of the same carbon chain
length; however, the C;;-PCAs were found to have statistically significant greater
depuration rates than the C,s-PCAs (Table 6.1). Accordingly, half lives (t;2) of the C,-
PCAs were about half those of the C,s-PCAs (t12 12-14 and 30-95 d, respectively).
C12-PCAs did not achieve equilibrium between oligochaete and sediment after 14 d
of exposure (Figure 6.1), and therefore no steady state BSAF,, could be calculated. The
kinetic BSAFy;, for C{HxCls ranged from 4.4 to 12, and for C,;H;sCljp was 1.9 (Table
6.1). After 21 days’ exposure the C,s-PCAs appeared to have achieved steady state
between sediment and oligochaete (Figure 6.2). However, the BSAF, for these
compounds were less than half the BSAF,;, (Table 6.1). C,¢H;;Cl; had BSAFs of between
0.7 (steady state) and 4.4-10 (kinetic). CysH,Cl;3 had BSAF values much less than one

(0.2 to 0.6, steady state and kinetic BSAF, respectively).

6.4.4 HPLC of oligochaete and sediment extracts

HPLC chromatograms of toluene extracts of sediment and oligochaetes on day 14
of the uptake phase showed similar patterns of '“C-PCA in oligochaete extracts and the
PCA standards (Figure 6.3). The chromatograms of the extracts from oligochaete exposed
to CigHa Clys varied from the sediment and standard. However, concentrations of "C in
these oligochaetes were below detection limits of *C in most HPLC fractions. These
results suggest that toluene extracted the parent PCA compounds but little of the

transformed compounds (see discussion).
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Figure 6.2 Accumulation and depuration of four sediment-sorbed "C- polychlorinated alkanes from the highest exposure treatments.

Concentrations in legend represent the sediment concentrations (organic carbon corrected). Each point is the mean concentration
(wet weight) + 1 standard error of three oligochaetes.
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Figure 6.3 High-performance liquid chromatography chromatograms of the '‘C-
polychlorinated alkane standards and sediment and oligochaete toluene extracts
from day 14 of the uptake phase. Each bar represents the radioactivity in a 4-min
fraction as a percentage of the total radioactivity.
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6.4.5 Kows and Ko.s of PCAs

The standard regression curve relating RP-HPLC adjusted R, with published K,

values was

log Kow =3.13 - log R + 2.80.

The equation and fit of the line (r* = 0.96) are comparable to previous K, determinations
by HPLC (Sarna et al. 1984). The PCA standards had broad HPLC peaks because they are
synthesized in a manner which does not produce a single compound but a series of
compounds with similar chlorine content and numerous positional isomers. Four peaks
were resolved for the C¢H3;Cl; resulting in a number of K, estimates (Table 6.2). A
majority of the radioactivity for this PCA was found in the second peak which corresponds
to a mean K, value of 7.2 (Table 6.2). Log Kows of the PCAs determined by this equation
ranged from 5.0 to 8.2, increasing with greater carbon-chain-length and chlorine content.
Kows of the PCAs determined using equations developed by Sijm and Sinnige (1995) are in
general agreement with the HPLC-derived Kqws of the C;6-PCAs, but are higher than the
Ci2-PCA HPLC-derived K.,s (Table 6.2).

Log Kocs of PCAs ranged from 4.1 to 5.2, and as with K, increased with greater
carbon-chain-length and chlorine content (Table 6.3). Drouillard (1996), using gas
sparging methods, reported log K. values of 4.6 to 6.0 for the same '*C-C12HCls used in
this experiment. This suggests that our methods may have underestimated the true K.
value of these compounds or that measured K. values are lower at higher sediment to

water ratios. There are no other published data on K.s of PCAs.
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Table 6.2 Log Ko values for the *C-PCA determined experimentally by reverse-phase
HPLC and using the equation of Sijm and Sinnige (1995). PCAs produced broad
HPLC peaks and estimates of K.w. Mean values represent the mean retention time
of the peak. Multiple estimates for C;sH;,Cl; represent resolved peaks.

PCA HPLC-log Kow HPLC-log Kow Estimated-log Kow’
peak range mean”
C12H0Clg 50-7.1 6.2 6.8
C12H16Clyo 50-74 6.6 13
Ci6Hs,Cls 47-66 5.9 (21) 6.9
6.6-7.8 7.2 (54)
7.8-8.0 7.9 (8)
8.0-83 8.2 (17)
CisH21Cly3 69-78 7.36 7.5

* Values in brackets represent the percentage of total radioactivity in each peak.
® Estimated-log Kow determined using the equation 10g Kow = -0.386 + 0.600-Ni, - 0.0113-Ny,%,
where N, is the total number of carbon and chlorine atoms (Sijm and Sinnige 1995).
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Table 6.3 Sediment (ng-g" dry sediment) and interstitial water (ng'mI"") concentrations (mean + 1 S.E.), sediment sorption partition
coefficients (K; = Cuediment, dw / Cwater) and organic carbon-water partition coefficients (Kee.= K; / fo; foc is the fraction organic
carbon in sediment) of '*C-chlorinated alkanes on day 14 of the uptake phase.

total interstitial

sediment water” DOC and POC* freely dissolved”
compound (ng-g", dw) (ngml™) (ng'm!™) (ng:m!™) Ks log Kee
C12H20Cls 107+1.8 3010.1 1.5%0.1 0.2+0.03 535 4.1
CiaHi6Clio 442 + 19 1.1£0.03 03+0.1 0.3 +0.002 1473 4.7
CisH31Cls 135+4.6 24101 1.3+0.1 0.1+0.03 1350 5.0
CisH21Clyy 263 +5.1 08+0.1 0.3 +£0.04 0.1 £0.02 2630 5.2

“ A portion of the sediment was centrifuged at 10000 rpm for 30 minutes to collect interstitial water for determination of PCA concentrations. To
obtain total interstitial water PCA concentrations, 1 ml of the interstitial water was counted. A second mL of interstitial water was eluted through a Cg
Sep-Pak to determine freely dissolved and dissolved organic carbon concentrations of the chlorinated alkanes (Landrum et al. 1984). The Sep-Pak was
then eluted with 15 mL of hexane to give the free dissolved concentrations of the PCA.
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6.4.6 Extractable and non-extractable *C

Concentrations of PCAs in sediment determined by toluene sonication and Soxhlet
extraction with DCM showed good agreement for all treatments (Table 6.4). However,
concentrations of chlorinated alkanes determined by oxidation were 1.6 to 4.4 times higher
than those determined by sonication or Soxhlet extraction (Table 6.4). For the lower
chlorinated alkanes, C\2H0Cls and Cy6Hs)Cls, the extractable *C accounted for only 23-25
and 32-40% of the total “C, respectively. For the higher chlorinated alkanes, Ci;Hi6Clio
and C¢HziClys, the extractable "C accounted for 63-64 and 58% of the total '‘C,
respectively. Extractable/non-extractable ratios in sediment were similar to those observed

in the oligochaetes during the uptake phase (Figure 6.4).

6.5 Discussion

Accumulation of C;; (56 and 69% Cl, by weight) and Cis (35 and 69% Cl) PCAs
from sediments by oligochaetes was strongly influenced by carbon length, chlorine content,
and K, (or K,..). Therefore, relative abundance of individual components of CP mixtures
in benthic invertebrates would be expected to be different from those observed in sediment
or commercial products. Oliver (1984) and Wood et al. (1997) have reported changes in
relative abundance of polychlorinated biphenyls (PCBs) congeners and polycyclic aromatic
hydrocarbons between sediment and benthic invertebrates due to differences in
bioavailability and biotransformation rates of individual compounds.

Lipid content of the oligochaetes varied between treatments and decreased in all
treatments over the course of the experiments. Therefore, all data were lipid corrected

prior to parameter calculations. Unfortunately this introduced error to all the parameters,
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Table 6.4 Sediment concentrations (mean + 1 S.E., n = 3) of "“C-polychlorinated alkanes
determined by toluene sonication, Soxhlet extraction and oxidation. Sediment was
collected on day 14 of the uptake phase.

toluene ext. Soxhlet ext.

conc. cong. oxidizer conc. %

compound  (ngg' drywt) (ngg' drywt) (ngg’ drywt) tol ext. /oxid.
C12H20Clg 36+3.3 27+18 159+ 3.1 23
113+44 107+1.9 424 +2 8 27
C12H16Clyo 112 +3.5 124 £ 4.1 175+2.1 64
372 +9.1 442 + 19 500+48 63
CisHs:Ch 51+2.1 47+39 128+ 7.6 40
- 128 £ 7.6 135+4.6 399 +40 32
Ci6H2:Cli3 283 +6.7 263+5.1 485 + 69 58
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Figure 6.4 Percentage of toluene extractable “C in "“C-PCA spiked sediment (day 14
uptake) and oligochaetes exposed to the sediment for 14 days followed by 56 days
exposed to unspiked sediment.
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in particular the depuration rates. r* values for PCA depuration rates using data that were
not lipid-corrected were > 0.76 (data not shown), and were higher than the r* values
generated with lipid corrected data (Table 6.1). Although lipid correction had a relatively
small impact (generally < 10%) on the parameters (small increases in k; and decreases in
kz), it did alter the relative magnitude of the uptake rates. This suggests that proper
evaluation of these data required lipid correction. The method used for lipid determination
(solvent extraction and gravimetric determination) was not as accurate as methods to
determine PCA concentrations because of the small mass and low lipid content of the
oligochaetes.

The half-lives of C,;s-PCAs were significantly greater than those of the C,;-PCAs;
however, chlorine content did not have a significant effect on the half-life of PCAs
(ANCOVA, p < 0.05). Half-lives of tri- and tetrachlorobiphenyls in wild-collected
oligochaetes (Tubifex sp. and Limnodrilus hoffmeisteri)(tins 26 to 43 d) were similar to
the C;6-PCA half-lives but were greater than those for C;>-PCAs (Oliver 1987). West et
al. (1997) reported that the half-life of 2,3,7 8-tetrachlorodibenzo-p-dioxin (TCDD) in
oligochaetes (L. variegatus) ranged from 13 to 21 d, after exposing the oligochaetes via
spiked food. These results are greater than the half-lives of the C;2-PCAs but less than the
Cis-PCAs. Loonen et al. (1997) reported TCDD and octachlorodibenzo-p-dioxin half-lives
in L. variegatus of 4 and 13 d, respectively, after exposure to spiked sediments. These
results suggest that the half-life of Ci;- and C\s-PCAs in oligochaetes is similar to
chlorinated aromatic contaminants of comparable K... Therefore, benthic invertebrates
could provide a pathway for transfer of PCAs, or CPs, from sediment into aquatic food

chains.
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Half-lives of the C;c-PCAs might have been larger if the lipid content of these
oligochaetes had been the same as in the C;-PCA exposures. Greater lipid percentage
might have resulted in lower depuration rates of hydrophobic compounds in invertebrates
(Landrum 1988; Harkley et al. 1994a). However, greater organic carbon content of
sediments is also associated with higher elimination rates and shorter half lives of
hydrophobic compounds in benthic invertebrates over short periods (50 h) (Lydy et al.
1992). Lydy et al. (1992) did not have a mechanism for the higher elimination rates
observed in the higher organic carbon sediment. They did proposed that behavioral
changes, feces with higher lipid contents, or disruption of the stationary water layer around
the invertebrate, might explain the changes in elimination rates.

The fact that chlorine content had little effect on the t,» of PCAs was unexpected
based on the higher K., and lower metabolism of the higher chlorinated alkanes (see
below). Half-lives have been observed to increase with increasing K. in aquatic
invertebrates (Landrum 1988; Lydy et al. 1992). Fisk (Chapter 3), using the same '*C-
PCAs, observed longer half-lives for the more highly chlorinated C,2- and Cs-PCAs in
rainbow trout.

PCA uptake rates decreased with increasing K, or K... Compounds of high K.,
or K., have been reported to have lower interstitial water concentrations and slower rates
of desorption from sediment to interstitial water (Landrum 1989). Assimilation of
compounds from ingested sediment should also decrease with increasing K, or K.
Variations in PCA uptake rates may also be due to differences in the types of sediment

particles that the PCAs were sorbed to (Harkley et al. 1994a). It should be noted that the

145



greater organic carbon content in the sediment, and lipid percentage in the oligochaetes, of
the C,, exposures may have enhanced the C,,-PCA uptake rates (Harkley et al. 1994b).

Uptake of the PCAs from the sediment will occur through accumulation from
interstitial water and through gut absorption from ingested sediments. However,
bioconcentration factors (BCF) of PCAs (BCFs = 7.4 to 7.9), determined from lipid
corrected concentrations in oligochaetes divided by freely dissolved interstitial water
concentrations, were greater than their Kow values for all PCAs but CisH2:Cliz (BCF = 1),
suggesting that additional accumulation had occurred through ingestion of sediments.
Ingestion of sediments has been identified as an important route of accumulation of
sediment-associated hydrophobic contaminants (Spacie and Hamelink 1982; Belfroid et al.
1996). BCFs decreased with increasing K, which may be due to lower concentrations of
the more hydrophobic PCAs in interstitial water and reduced assimilation in the gut.

The BSAFyi,s of C2HxCls, C12H6Clyo and CisHs Clz were > 1, suggesting that the
concentrations of PCAs with low and medium chlorination (35-60% Cl) and short- (Cjg.13)
and medium-carbon-chains (Ci417) would magnify between sediments and sediment-
ingesting invertebrates. C,¢H2,Cli3 had a BSAFy;, < | suggesting that highly chlorinated
medium-carbon-chain PCAs, when associated with sediment, have lower bioavailability to
benthic invertebrates than short chain and medium chlorinated medium-carbon chain
PCAs. Based on these results, BSAFs of PCAs decrease with increasing K,.. This is
counsistent with the results of Oliver (1987), who in similar experiments using oligochaetes
(ZTubifex sp. and L. hoffmeisteri) and organochlorine compounds, observed decreasing
BSAF above log K. of 6. It should be noted that BSAFs may not be well described by

simple relationships with K., (Landrum 1989).

146



An unexpected result of this work were the relative amounts of toluene extractable
and non-extractable '*C in oligochaetes and sediments (Figure 6.4). '“C-PCAs were
efficiently recovered from spiked oligochaetes and sediment. Therefore, it is likely that '*C
which is not extracted by toluene, but is measured by complete combustion, is probably
associated with more polar compounds, or more tightly bound, than the starting material.
The non-extractable “C in the oligochaetes might be explained by biotransformation.
However, amounts of non-extractable '“C in sediment were also high and very similar to
the ratios observed in the oligochaetes during the uptake phase. Fisk (chapter 3) found a
much smaller percentage of non-extractable '“C in rainbow trout exposed to the same '*C-
PCAs. Therefore, it is more likely that PCAs are being transformed in the sediment prior
to being accumulated by the oligochaetes. Alternatively, the oligochaetes might have
tran.sformed greater amounts than fish, which seems uniikely. However, the proportion of
toluene-extractable *C also decreased throughout the depuration phase for all the PCAs
when oligochaetes were in PCA-free sediment, indicating oligochaetes do metabolize
PCAs. Further studies on the degradation and metabolism of CPs in sediments,
invertebrates, and fish are needed to fully evaluate the fate of CPs in sediment.

There is limited information on the degradation of PCAs in sediment. The
susceptibility of PCAs to microbial degradation has been found to decrease with greater
chlorine content and carbon-chain-length (Madeley and Birtley 1980; Omori et al. 1987).
Madeley and Birtley (1980) reported that microorganisms previously acclimated to specific
CPs showed a greater ability to degrade the compounds. Based on the ratios of extractable
to non-extractable '“C in this work, lower chlorinated alkanes are more susceptible to

degradation in the sediment. However, there are insufficient data to make any conclusions
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about differences in susceptibility to microbial degradation due to carbon chain length or
about the type of degradation products produced.

Estimates of PCA t; in sediment were made by assuming that the percentage of
toluene-extractable 'C on the first and 14" day of the exposure, 18 and 32 d after spiking,
respectively, represented the amount of remaining parent compound. Assuming that the
rate of degradation was a first order process, the sediment t;, of C\2Hx0Cls is 13 £ 3.6 d,
of C1oH;6Clyo is 30 £2.6 d, of Cy¢H3,Cls is 12 £ 0.9 d, and of C;sH»Cly3 is 58 + 58 d. The
r? value for the degradation rates were > 0.93 for C;zHCls, C12H;6Clyo and C16Hs;Cls, but

only 0.49 for C;sH2;Clys.

6.6 Summary and Conclusions

This data represents the first work on the bioavailability of sediment-associated
PCAs. Bioaccumulation of sediment-associated PCAs by oligochaetes varies with carbon
chain length, chlorine content, and K,w. Short chain (Cio.13) and medium chlorinated
(~60% CI) medium chain (C;4.13) CPs have BSAFs > 1, and are readily bioavailable when
associated with sediments. Higher chlorinated (~70% Cl) medium chain CPs have lower
bioavailability when associated with sediment and a BSAF < 1. PCAs were persistent in
oligochaetes; tis of the C2-PCAs ranged from 11-13 d and for the C,c-PCAs from 24-43
d and are similar to other persistent organochlorines. Sediment ingestion is an important
exposure route for sediment-sorbed PCAs. PCAs appear to be readily degraded in aerobic
sediments. Estimated t;,s of the PCAs in aerobic sediment ranged from 10 to 27 d, with

higher chlorinated PCAs having longer ti.s.

148



7. THE TOXICITY OF C,o-, C11-, Ci2- AND Ci-POLYCHLORINATED

ALKANES TO JAPANESE MEDAKA (Oryzas latipes) EGGS

7.1 Abstract
Japanese medaka (Oryzias latipes) eggs were exposed to aqueous concentrations of 6
polychlorinated n-alkane (PCAs) standards (CioHissCes, CioHissCles, C1iH20Cla,
Ci2H165Cls s, Ci1aH249Cls.1 and Cy14H23Cls7) of known carbon chain length and chlorine
content to assess their toxicity. Eggs were also exposed to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) to act as a positive control. PCAs, also known as chlorinated paraffins, are
complex industrial products for which there is a lack of toxicological data on individual
congeners. High aqueous concentrations of C;oH;ssCs s and Ci0H;s3Cls7 (9600 and 7700
ng-ml”, respectively) caused 100% mortality in eggs, but no other significant mortalities or
lesions were observed at lower concentrations, or in any eggs exposed to the other PCAs.
Larvae from eggs exposed to high concentrations of the Cjo-, Cy;- and C;-PCAs were
extremely lethargic or did not move. The concentrations in these exposures, and the tissue
concentrations of the larvae, were at levels which should elicit narcosis. Concentrations of
the Cy4-PCAs in larvae did not reach narcotic levels, and larvae in these exposures
appeared normal with no signs of narcosis. Hatching success was low for many of the
treatments and control groups, but does not appear to be due to PCA exposure. TCDD

was found to be extremely embryotoxic, consistent with past work using Japanese medaka
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eggs. The LCs (ng'mL™"), the concentration required to kill 50% of the eggs in 20 days,
for the PCAs were as follows: 2700 < CjoH;5.5Css < 9600; 5100 < CyoH,s53Cls7 < 7700;
C11H2Cly > 8900; Ci2Hjs5Clss > 270; CyHa9Cls; > 3400; and Cy4H2x3Clss > 1600.
Toxic equivalency factors of the PCAs, based on acute toxicity and TCDD results, were all
< 0.0001 and most were < 0.000001. These results suggest that the acute mechanism of
toxicity of lower chlorinated, short (Cjo.;3) and medium (Cjs.15) carbon chain PCAs is
narcosis and that chlorine substitution on the terminal carbons of PCAs does not
significantly increase nor decrease the toxicity of Cyo- and C14-PCAs. However, additional
work is needed to assess a greater range of PCAs, as well as their sub-lethal effects and

chronic toxicity.

7.2 Introduction

Polychlorinated n-alkanes (PCAs) with carbon chains between 10 and 30 are used
for a variety of industrial applications including lubricating additives, flame retardants,
adhesives, sealants and a number of other miscellaneous applications (Windrath and
Stevenson 1985; Government of Canada 1993; Willis et al. 1994). Commercial PCA
formulations, also known as chlorinated paraffins (CPs), are classified as short (Co.13),
medium (C,417) and long (Cis30) with varying amounts of chlorination (~35-70% by
weight). Annual world production of PCAs is estimated at greater than 300 kilotonnes,
and they remain one of the last high molecular weight organochlorines in production and in
use in North America and western Europe (Swedish National Chemicals Inspectorate

1991). Because they are produced with free radical chlorination, a single PCA formulation
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consists of thousands of different compounds with a range of physical-chemical properties
(Tomy et al. 1998).

The toxicity of PCAs to aquatic organisms appears to be low, and in most cases
reported effects concentrations are above the water solubility of the PCA formulation
(Thompson and Madeley 1983a; Thompson and Madeley 1983c; Madeley and Thompson
1983c; Madeley and Maddock 1983c; Madeley and Maddock 1983d; Madeley and
Maddock 1983e; Linden et al. 1979). Most experiments have used mortality as an
endpoint; however, death was rarely achieved and reported effects concentrations are
usually greater than the highest concentration tested or are based on observational data
(Thompson and Madeley 1983a; Thompson and Madeley 1983c; Madeley and Thompson
1983c; Madeley and Maddock 1983c; Madeley and Maddock 1983d; Madeley and
Maddock 1983e; Linden et al. 1979). Toxicity is believed to increase with decreasing
carbon chain length (Government of Canada 1993; Willis 1994), but with water exposure
assays, toxicity may be a function of greater water solubility of the shorter chain PCAs and
hence greater exposure. No observable effect concentrations (NOEC) of 5.0 and 7.3 pg-L’
! for a short chain PCA (Cio.13, 58% Cl) using Daphnia magna and a marine shrimp
(Mysidopsis bahia), respectively, are the lowest effect concentrations reported (Thompson
and Madeley 1983c; Thompson and Madeley 1983d).

The amount of toxicological data on PCAs is limited, and a majority of these data
have been produced using commercial PCA formulations. This presents problems because
PCA products consist of thousand of compounds, and therefore differences in the toxicity
of individual components cannot be identified. Owing to the selective biodegradation,

biotransformation and bioaccumulation of individual compounds of these products in the
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environment, the relative abundance of individual PCA compounds to which an organism
is exposed may vary from the original PCA product. The lack of appropriate analytical
techniques has resulted in uncertain estimates of exposure concentrations and body
burdens. Lastly, additives, such as stabilisers, and impurities may cause false positives in
toxicity tests. Therefore, it is difficult to use the current PCA toxicological data to evaluate
concentrations of PCAs in the environment.

. Some individual PCA congeners may have greater toxicity than others, similar to
what has been observed with non-ortho substituted polychlorinated biphenyl (PCB)
congeners and 2,3,7,8-substituted chlorinated dioxin/furans (Safe 1992), but identifying
those congeners will be a very difficult task. To date, there are no published data on the
toxicity of PCAs with a single carbon chain length or chlorine content. Therefore, the
objective of this work was to generate toxicological data on PCAs of a single carbon chain
length and known chiorine content, and in some cases chlorine position, using the Japanese
medaka (Oryzias latipes) embryo toxicity assay. This assay has been used to assess the
toxicity of a number of hydrophobic organochlorines, such as chlorinated dioxins and
PCBs (Wisk and Cooper 1990a; Wisk and Cooper 1990b; Harris et al. 1994a; Harris et al.
1994b; Metcalfe et al. 1997), allowing a relative comparison of PCA toxicity. Six PCAs
have been synthesised which have a single carbon chain length and known chlorine
content. For three of these PCAs the chlorine positions are known. These PCAs cover four
carbon chain lengths (C,o, Ci1, Ci2 and Cy4) and a number of chlorine contents, allowing a

comparison of toxicity based on carbon chain length and chlorine content.
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7.3 Methods and Materials
7.3.1 Chemicals

Six PCAs were synthesized for this experiment: three by chlorination of an alkene
starting material (1,5,9-decatriene; 1,10-undecadiene; and 1,13-tetradecadiene) (Figure 7.1),
and three by free radical chlorination of a "“C-labeled alkane starting material (Cyo and
Cu). There were fewer individual PCA compounds produced from the alkene starting
material than the alkane starting material (Figure 7.2). Also, PCAs produced from the
alkenes had chlorines substituted at the double bonds, providing information on chlorine
positions. A list of the starting materials, the PCA formed and their relative abundance in
the standards is found in Table 7.1.

PCA congeners were synthesized by bubbling SO.Cl,, at room temperature, into
neat solutions of the respective n-alkenes, contained in a flask wrapped in aluminium foil
to exclude light. In the absence of light, these conditions were expected to lead,
predominantly, to chlorine addition at the double bond(s). Reaction mixtures were shaken
with NaOH (0.05M), the aqueous phase was removed, and the organic phase was dried
over MgSQ,. The drying agent was removed by filtration. In addition to the expected
products formed by chlorine additions to each bond, a number of by-products were formed
that resulted from free radical substitution of hydrogen atom(s) by chlorine atom(s) (Figure
7.1 and 7.2). Un-reacted starting material and SO,Cl, were removed from the PCAs using
Florisil column chromatography (8 g, 1.2% deactivated). PCAs were eluted from the
Florisil column by successive elution using 38 ml of hexane (F1), 42 ml dichloromethane

(DCM): hexane (15:85)(F2), and 52 ml of DCM: hexane (1:1)(F3). Fl

153



1,5,9-decatriene 1,10-undecadiene
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l SO2CI2 l S02Cl2
Cl Cl Cl Cl Cl
1;2,5,6,9,10-hexachlorodecane 1,2,9,10-tetrachloroundecane
(C10H16Cle) (C11H20Cl4)
+ +
Cl Cl Cl Cl Cli
s~~~ + C
TS T tC &i of
1,2,x,5,6,9,10-heptachlorodecane 1,2,x,9,10-pentachloroundecane
(C10H15CI7) (C11H19Cls)

1,13-tetradecadiene
\\/\/\/\/\/\/\\

l SOoClo

Cl Cl
\Cl/\/\/\/\/\/b'
1,2,13,14-tetrachlorotetradecane

(C14H26Cl4)
+

Cl Cl

El/\/\/\/\/\/bl + CI

1,2,x,13,14-pentachlorotetradecane
(C14H25Cl5)

Figure 7.1 Polychlorinated alkanes and their alkene starting material used in Japanese
medaka egg exposures.
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Figure 7.2 GC-ECD chromatograms of 2 PCAs used in Japanese medaka egg exposures.
The CyoH;s55Cls s standard was synthesized by the addition of SO.Cl; to a 1,5,9-

decatriene starting material. The C,oH,53Cls+ standard was synthesized from the
addition of SO,Cl, to a Cyo-n-alkane under UV light.
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Table 7.1 PCAs used in Japanese medaka embryo toxicity tests.

PCA standard starting material PCA formed* % in
standard
CioH5.5Cls s 1,5,9-decatriene 1,2,5,6,9,10-hexachlorodecance S5
(CioH16Cls)
x,1,2,5,6,9,10-hexachlorodecance 41
(CicH15Cly)
x,y,1,2,5,6,9,10-hexachlorodecance 4
(C16H1.Cls)
*C-C10H,53Cls 7 1-'*C-decane CiocHi5Cly 0.1
CioH,17Cls 4.1
- CioH16Cls 37
CioHisCly 45
CioH14Clsg 12
CioH13Clo 1.5
Ci1H;3.4Cls 6 1,10-undecadiene x,1,2,10,11-pentachloroundecance 40
(Ci1HisCls)
x,y,1,2,10,11-hexachloroundecance 49
(C11H15Cls)
xy,z1,2,10,11- 10
hexachloroundecance
(CuHiCly)
MC-C 12H19_5C15_5 1 -“C-dodecane C |2H19Cls 14
C2H;5Cls 31
Ci2H1,Cly 50
Ci2H;6Cls 5
Ci4H249Cls 1,13-tetradecadiene 1,2,13,14-tetrachiortetradecance 10.5
(C14H26Cle)
x,1,2,13,14-pentachlorotetradecance 743
(Ci4H25Cls)
xy,1,2,13,14- 14.2
hexachlorotetradecance
(C14aH24Cls)
xY,,z1,2,13,14- 1.0
heptachlorotetradecance
_(CiHnCly)
“C-C1Hz3Clss  1-'C-tetradecane C1H2sCLy 0.2
C14H2sCls 4.4
CieH24Cls 34
C1Hx»Cl, 45
C |4H22C13 14
CH>;Cly 1.9

A The positions of chlorine atoms designated with an x or y are unknown.
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contained unreacted alkene starting material but no PCAs and was discarded. F2 and F3
contained the PCAs and were combined. After Florisil clean-up, greater than 99% of the
standards were found to be PCAs based on chromatograms generated by gas
chromatography (GC) with an electron capture detector (ECD) which matched GC-
negative ion MS chromatograms conformed as PCAs. GC conditions are described in
Chapter S.

The free radically chlorinated PCAs were synthesized using two methods. The C,-
PCA was provided by A. Bergman (Stockholm University), and was synthesized using a
method which has been described previously (Bergman et al. 1981). The Cyo and Ci4-
PCAs were synthesized by adding a quantity of SO,Cl, into the respective n-alkanes that
would provide the desired chlorination (i.e. ~ 6-7 Cl per alkane). The alkanes and SO,Cl;
were combined in a small glass flask (250 plL) and exposed to UV light for one hour. Un-
reacted alkane and SO,Cl; were removed from the standard using the Florisil methods
described above. After Florisil clean-up, greater than 99% of the standards were found to
be PCAs based on chromatograms generated by GC-ECD which matched GC-NIMS
chromatograms confirmed as PCAs. Radiopurity was checked by HPLC and was found to
be greater than 99%. Samples were injected on a Varian 5000 liquid chromatograph (Varian
Canada Inc., Mississauga, ON, Canada) equipped with a Prep Nova pak HR C-18 column
(Waters Division of Millipore, Milford, MA, USA), an autosampler and an automated fraction
collector. The mobile phase used for the PCAs consisted of 90% acetonitrile and 10% water; 3

minute fractions were collected over a 60 minute period. Fractions were counted using LSC.
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‘H-labelled 2,3,7,8-TCDD with specific activity of 223 DPM-pg" was obtained
from Chemsyn Science Laboratories, Lenexa, KS, USA. This TCDD standard was found

to be 99.5% radiochemically pure after purification by HPLC.

7.3.2 Adult Japanese medaka

Adult Japanese medaka (Oryzias latipes) were purchased from the Carolina
Biological Company (Burlington, NC, USA). Japanese medaka were housed in glass
aquaria (n = 3, 40 L aquariums) with approximately 20 adults per aquaria at a ratio of 3
females to 2 males. The aquaria had flow-through water (UV and carbon dechlorinated
City of Winnipeg tap water), maintained at 20-25°C. During non-breeding periods, the
photoperiod was 12:12 h ratio of light:dark and the fish were fed Tetra Standard Mix
freshwater tropical food (Tetra Werke, Melke, Federal Republic of Germany) once daily.
During breeding periods, the photoperiod was changed to a 16:8 h ratio of light:dark, and
the fish were fed Tetra Standard Mix freshwater tropical food and newly hatched brine

shrimp once daily.

7.3.3 Egg collection

Eggs were collected from individual females approximately 1 h after the lights
came on. Eggs were placed in medaka rearing solution (0.10 g NaCl, 0.03 g KCl, 0.04 g
CaCl, 0.16 g MgSO,, 0.0001 g methylene blue and 100 mL distilled water). Unfertilised
eggs were discarded, and all remaining fertilized eggs from different parents were mixed to

avoid individual fish effects prior to placing in exposure vessels.
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7.3.4 Exposure vessels and concentrations

Eggs were exposed to the PCAs or TCDD individually in 1.8 mL GC vials with
Teflon lined caps (Supelco, Bellefonte, PA, USA). Before adding the egg, PCAs and
TCDD, dissolved in DCM:hexane, were added to the vials and the solvents were allowed
to evaporate for 24 hours. Control treatments had 100 ul. of DCM:hexane added to each
vial, an amount of solvent which was greater than that present in any treatment vial, and
allowed to evaporate for 24 h. One mL of rearing solution was added to each vial, and the
vials were sonicated for 30 min and allowed to stand overnight in an incubator at 25°C
(Blue M Electric Company, Blue Island, I, USA). One egg was added to each vial.

Four to seven exposure concentrations were established for each PCA and TCDD
(Table 7.2). The PCA concentrations were based on their water solubility (WS), as well as
1/100, 1/10, 10X and 100X the WS. The 100X WS exposure could not be performed for
the Ci2H,55Cls.s because there was not sufficient standard. The WS of the C,;H;sCls and
C-C\HxCls were from Drouillard et al. (1998), and the WS of the remaining PCAs were
estimated based on WS of PCAs reported in Drouillard et al. (1998). Due to the
hydrophobic nature of the PCAs, the majority of the PCAs should partition onto the GC
vial glass. The partitioning ratio of the three “C-PCAs, at three concentrations (n = 3),
between rearing solution and glass were determined and used for establishing the amount
of PCA needed to achieve the desired rearing solution concentrations. TCDD
concentrations were based on past Japanese medaka embryo toxicity results (Wisk and

Cooper 1990a; Metcalfe et al. 1997).
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Table 7.2: Concentrations (mean t 1 SE), and larvae bioconcentration factors (BCF), of PCAs and TCDD in water, egg and larvae from

Japanese medaka experiments. The symbol (-) represents samples where concentrations were not determined.

amount of nominal measured estimated egg larvae
PCA added  water conc. water conc. water conc. conc. cong. larvae
PCA (ng) (ng:miy* (ng-ml)® (ng:ml")° ugg"’ (uggh’ BCF®
CioHi5.5Cls s 35 6.3 - 59 - - -
350 63 - 62 - - -
3500 630 - 460 - - -
35000 6300 - 2700 - - -
350000 63000 - 9600 - - -
"“C-C1oHis3Cls7 28 5.0 474092 - 8.1 12£25 2600
280 50 50+74 - - 100+ 4.8 2000
2800 500 370 £ 20 - - 1000 £ 100 2700
28000 5000 2200 + 140 - - 3000 £ 130 1400
140000 25000 5100 + 690 - 2500 3500 + 300 690
280000 50000 7700 + 620 - 4100 + 870 -
CnHxCly 32 58 - 5.4 - -
320 58 - 57 - -
3200 580 - 420 - -
32000 5800 - 2500 - -
320000 58000 - 8900 - -
"*C-CizH105Cls s 33 0.50 0.70 £ 0.030 - - 0.74 +0.09 1100
33 5.0 96117 - 54 7.1£14 740
330 50 55+£79 - - 62 5.5 1100
3300 500 270 £ 43 - 360 £ 13 460 1700
Ci14H24.9Cls 13 1.0 - 29 - -
130 10 - 25 - -
1300 100 - 250 - -
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13000 1000 - 880 - -
130000 10000 - 3400 - -
MC-ClH233Clsy 6.2 0.50 1.4+0.16 - 0.94+0.21 0.24 170
62 5.0 12420 - 8.4+0.8 82+1.5 680
620 50 120 £ 32 . 63+3.9 45+ 13 380
6200 500 420 + 78 - 110£1.0 84 + 19 200
62000 5000 1600 + 260 - 72 5183 32
*H-TCDD 1 0.0013 +0.0001 - 0.00049 + -
0.00018
5 0.0017 £ 0.0001 - 0.00085 + -
0.000044
20 0.0017 + 0.0001 - 0.0016 + -
0.00016
30 0.0037 + 0.0004 - 0.0023 + .
0.00088
50 0.011 +0.0025 - 0.0056 + 0.0081 + 740
0.00067 0.0025
100 0.036 + 0,012 - 0.015+0,011  0.011 +0.0047 310
100 0.031 £ 0.007 - 0.0067 + 0.025 0.0072 + 230
0.0014

A The nominal water concentration of the PCAs was estimated based on the partitioning behavior of the *C-PCAs between
rearing solution and the glass of the exposure vessel (see Section 7.3.4). For non-labeled PCAs the nominal water
concentration has been estimated based on the partition behavior of the “C-PCA. The nominal water concentrations of
CioHis.5Cls.s and C;HyoCly were based on the partitioning behavior of '*CoH,s3Cls 7 and the nominal water
concentrations of C4Hzs ¢Cls., were based on the partitioning behavior of Cy4H,33Cls 7. The partitioning of the TCDD
was not determined.

B The measured water concentrations of the '“C-PCAs were determined by liquid scintillation counting and for the non-labeled
PCAs by GC-ECD (see section 7.3.5).
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€ The estimated water concentration of the non-labeled PCAs was based on the ratio between the measured and nominal water
concentrations of the '“C-PCAs. The CyoH,ssCls.s and C11Hz0Cls water concentratiops were estimated based on
C0Hs3Clg 7 and the C14HasoCls water concentrations were based on C4Hz3 3Cls 7.

D The larvae and egg concentrations could only be determined for the **C-PCA exposures.

E The larvae BCF = larvae concentration (ng-g™', wet weight) / measured water concentration (ng:mi™).
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Ten vials were established for each concentration. One control group (10 vials)
was established for every S treatments. Eggs were added to the vials on the day of
fertilization, and were maintained at 25°C throughout the experiment. During the first 10
days of exposure, vials were checked daily. For days 11-20 vials were checked every other
day. Embryos were observed through the GC vial glass using a dissecting microscope.
Stages of development of the embryo were evaluated based on The Japanese Medaka [ts

Care and Development pamphlet provided by Carolina Biological Supply Company.

7.3.5 Determination of water, egg and larvae concentrations

Water, or rearing solution, concentrations of the 4C.PCAs and the *H-TCDD were
determined by transferring the rearing solution of a vial (n = S), minus the egg or fish, to a
scintillation vial (7 mL) using a disposable glass pipette. Following the transfer, the glass
pipette was rinsed once with toluene and the toluene was added to the scintillation vial.
Four mL of Fluor (Atormnlight, Dupont Chemical Company, Boston, MA, USA) was added to
each vial for "“C or *H counting. Due to detection limit problems, only the water concentrations
of the “C-PCAs were determined. Water concentrations of the non-labeled PCAs were
estimated based on the partition behavior of the *C-PCAs (Table 7.2).

Owing to detection limit problems, PCA concentrations in eggs and larvae were only
determined in the '“C-PCA exposures. Fish and eggs were removed from the exposure vessel,
placed in clean distilled water, transferred to a scintillation vial and allowed to dry over night.
The dried egg or fish was then pulverized with a stainless steel spatula, 1 mL of toluene was
added, and the wvials were sonicated for 30 min. Following sonication, S mL of fluor

(Atomlight) was added for **C and *H counting.
g
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Vials were counted on a Beckman LS 7500 liquid scintillation counter (LSC)
(Beckman Instruments Inc., Irvine, CA, USA). “C and *H counts were corrected for quench
using a quench curve prepared from “C- or *H-toluene (Dupont Chemical Company), and

were automatically corrected for background by the LSC.

7.4 Results

7.4.1 Water, egg and fish concentrations

Measured water concentrations of the “C-PCAs were close to the desired
concentrations for the lower exposure concentrations (< 1,000 ng-mL") but were lower
than expected for the higher exposure concentrations (> 1,000 ng-mL™) (Table 7.2). The
higher exposure concentrations (> 1,000 ng:mL™") were well beyond the water solubility of
these compounds, and therefore a large percentage of PCA added to these vials was
probably sorbed to the glass vial and were not in solution. GC-ECD chromatograms of the
non-radiolabeled PCAs standards and extracts from water were similar (Figures 7.3, 7.4
and 7.5).

Larvae and eggs from the same treatment and concentration level had similar '“C-
PCA and *H-TCDD concentrations, suggesting that these chemicals readily diffuse
through the chorion (i.e., egg shell) (Table 7.2). With the exception of the very highest
exposure, concentrations in the larvae increased in proportion to the water concentrations

(Table 7.2).
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Figure 7.3 GC-ECD chromatograms of the CoH,ssCls.s standard and extracts from water
exposures collected on day 20.
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Figure 7.4 GC-ECD chromatograms of the C;Hx»Cl; standard and extracts from water
exposures collected on day 20.
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Figure 7.5 GC-ECD chromatograms of the C;4H2sCls; standard and extracts from water
exposures collected on day 20.

167



7.4.2 Effects of PCAs on Japanese medaka eggs

Exposure of the Medaka eggs to CioH;ssClss and CioH;s3Cls; at the highest
concentrations (9600 and 7700 ng-mL™, respectively) resulted in 100% mortality in the
eggs (Table 7.3). All eggs died on the second day of exposure to the C,oH,s3Clss, with
little or no recognizable development (Figure 7.6). Identical results were produced when
this exposure was repeated two days later. Eggs from the CioH;ssClss exposure died
between days 10 and 12. These embryos appeared to develop normally with no indication
of lesions or toxic stress, unlike eggs exposed to TCDD (see below), and then died
suddenly (Figure 7.7). No significant amount of deaths or recognizable lesions occurred in
eggs from any of the other PCA exposures (Table 7.3).

Larvae which were exposed to higher concentrations (> 200 ng-mL™") of the two
Cio-, the C;;- and C12-PCAs were lethargic, with little or no movement, but all had a heart
beat which signified that the larvae were alive (Table 7.3). In many of these cases, the
larvae had extremely large yolk sacs (Figure 7.8). These effects were not observed in any
control treatment larvae nor larvae exposed to any concentration of the C,4-PCAs.

Hatching success varied between PCA treatments and control, and in almost all
cases un-hatched eggs were still alive on the last observation day (day 20). A majority of
the eggs had hatched when the vials were checked 20 days after the last observation day.
All larvae which were not sacrificed for concentration determinations survived until they
were killed (> 3 d), although no recovery from lethargic behavior was observed for any

larvae during this time.
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Figure 7.6 Micrographs (mag. ~44X) of a Japanese medaka egg, 2 days after fertilization,
exposed to CyH;s3Cls7 at a water concentration of 7700 ng'ml”'. The cloudy
section between the two oil globules is the dead embryo.
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Figure 7.7 Micrographs (mag. ~ 44X) of Japanese medaka eggs, 11 days after fertilization.
A. Control egg. B. Egg exposed to CcH,ssCls.s at a water concentration of 9600
ng'mi”. This embryo is dead.




Figure 7.8 Micrographs of Japanese medaka larvae, 1 day post-hatch. A. Control larvae
(mag. ~ 20X). B. Larvae (mag. ~ 44X) exposed to C;cH,;ssCls.s at a water
concentration of 2700 ng-ml™". Note the large distended yolk sac.




7.4.3 Effects of TCDD on Japanese medaka eggs

TCDD produced toxic effects in the Japanese medaka at water and tissue
concentrations that were orders of magnitude lower than the lowest PCA concentration
used. The most common effect was the migration of the oil globule away from the head
(Figure 7.9), which was observed in the embryos at all but the lowest TCDD concentration
(Table 7.3). Other effects observed include thinning of blood vessels between the head and
oil globule (Figure 7.9), slowing of blood flow, collections of blood in the body or yolk
sac, low amounts of blood (i.e., transparent blood), and death (Figure 7.10) (Table 7.3).
Based on the migration of the oil globule away from the head of the larvae, the lowest
observable effects concentration (ng-ml™) is 0.0017, which corresponds to a tissue
concentration of 0.49 ng-g”. Based on these results, the LCsp value for TCDD would be

between 0.0017 and 0.0037 ng-™.

7.5 Discussion

These results represent the first work on PCA toxicity using PCAs of specific
carbon chain lengths and known chlorine content. The Cyo-, Cy;- and C,-PCAs produced
toxic effects in eggs and larvae but only at extremely high exposure and tissue
concentrations. No effects were observed in eggs exposed to C;4s-PCAs, despite using
similar water concentrations to the Cyo-, C11- and C,,-PCAs exposures. These results are
consistent with the suggestion that the toxicity of PCAs increases with decreasing carbon
chain length (Willis 1994, Government of Canada 1993). It was clear from the low
bioconcentration factors that the C,4,-PCA are not as readily accumulated by the eggs as

the shorter chain PCAs. This could be an artifact due to an overestimation of the true
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Figure 7.9 Micrographs (mag. ~ 44X) of Japanese medaka eggs, 11 days after fertilization.
A. Control egg. B. Egg exposed to TCDD at a water concentration of 50 pg-ml™.
Note the movement of the oil globule at the opposite pole of the head and the thin
and irregular blood vessels surrounding the yolk sac in the TCDD treated egg.
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Figure 7.10 Micrographs (mag. ~44X) of a Japanese medaka egg, 20 days after
fertilization, exposed to TCDD at a water concentration of 20 pg'ml”. Note that
the head is protruding from the egg although the larva is dead.
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bioavailable water concentrations of the C,,-PCAs because they are more hydrophobic.
Consideration should be given to the dynamics of PCAs when comparing the toxicities of
PCAs with different carbon chain lengths and chlorine content determined using water
exposure experiments.

These results are similar to results from past work, where PCA toxicity tests
exposing fish in water have failed to produce mortalities (Madeley and Maddock 1983c;
1983d; 1983e; 1983f; Linden et al. 1979). Results from this work are also consistent with
the only other study to examine PCA toxicity to fish eggs or larvae (Hill and Maddock
19832 and 1983b). Sheepshead minnow (Cyprinodon variegatus) embryos (eggs) and
larvae were exposed to a short chain commercial PCA formulation (Cjo.13, 58% Cl) for 32
days at a range of water concentrations (2.4 to 620 pg-L™") to determine its effect on
hatchability of eggs, and survival and growth of the larvae. At the concentrations tested,
the PCAs had no statistically significant effect on hatchability of the eggs or survival of the
larvae. Larvae from the highest exposure concentration (620 ng-L"') tested, had reduced
growth compared to the acetone control group. Based on this reduced growth, the
“observed effect concentration (OEC)” for this PCA was reported as 620.5 pg-L™, and the
no observable effect concentration (NOEC) was set at 280 ug-L™'. These results are in
excellent agreement with LOEC and NOEC values determined for short chain (Cj.13) PCA
used in this study (Table 7.4).

Hatching success (by day 20) was low for many of the treatments, and was well
below the hatching success reported in other studies on Japanese medaka eggs (Wisk and
Cooper 1990a; Wisk and Cooper 1990b; Harris et al. 1994a; Harris et al. 1994b; Metcalfe

et al. 1997). The average time of hatching (> 15 d) was also longer than what is normally
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Table 7.4 Lowest observable effect concentrations (LOEC) and no observable effect
concentration (NOEC) for PCAs and TCDD generated with Japanese medaka

embryos.

LOEC* NOEC
Chemical ng-mL"! ng-mL™*
CioH15.5Cls s 460 62
CioHi153Cls 7 370 S0
C11H2CL 420 57
C12H19.5Clg s 55 9.6
C14H249Cls 1 > 3400 3400
Ci1dHz3Cls 7 > 1600 1600
TCDD 0.0017 0.0013

A LOEC and NOEC were based on any effect in egg or larvae.
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expected (11-13 d). However, it is unlikely that this is due to exposure to the PCAs as
there was no clear relationship with exposure concentration and control treatments were
also low. As well, most of the eggs had hatched when the vials were checked 20 days after
the final observation day (40 days after fertilization).

The mechanism of acute toxicity of PCAs appears to be narcosis. Most of the
concentrations used in these experiments were well above estimated LCso values for PCAs
(Table 7.5), determined from equations with K.w developed by Smith and Craig (1983)
using rainbow trout (Oncorhynchus mykiss) exposed to a range of narcotic compounds.
Similar relationships developed by Veith et al. (1983), using the fathead minnow
(Pimephales promelas), yield LCso concentrations for PCAs that are much higher than
those of Smith and Craig (1983) and higher than all but the highest PCA exposure
concentrations used in these experiments (Table 7.5). However, with the exception of the
highest exposure concentration of C;4H,49Cls;, PCA water concentrations which exceed
the LCso numbers generated from Veith et al. (1983) produced larvae that were lethargic
or had no movement at all, suggesting a narcotic state. Further, we calculated the body
concentrations that would cause narcosis assuming that all chemicals cause narcosis at
body concentrations of 2 to 8 umol/g (McCarty 1986; Sijm et al. 1993). In all cases where
CioH;53Clsy concentrations exceeded these calculated tissue concentrations, larvae
appeared to be in a narcotic state. No larva exposed to the Cy4H23Cls7 achieved these
narcotic tissue concentrations, and none of the larvae exhibited any signs of narcosis.
Further evidence that the acute toxic mechanism of PCAs is narcosis is the lack of effects

in the embryos prior to death and the lack of effects at high but not narcotic exposure and
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Table 7.5 Estimated LCs values based on K. assuming the chemical is a narcotic and
tissue concentrations required to cause a narcotic effect for PCAs and TCDD.

low estimate of high estimate of
narcotic tissue narcotic tissue
LCso LCso concentration concentration

chemical (gm')*  (ngml’)° (uggh° (uggh°
CioHi5.5Cls s 98 2500 73 290
CioH153Cls 7 93 2500 74 300
CuH20CL 17 2000 58 230
Ci2H195Cls s 47 2700 78 310
Ci4H25.5Cls 1 3.6 2500 74 300
C1aH23Cls s 2.5 2900 85 340
TCDD 42 2200 64 260

A The LCs, values were estimated based on the equation log LCsq = -0.88 log Ko -
1.9 (Smith and Craig 1983) and assuming the chemical is a narcotic .

B The LCso values were estimated based on the equation log LCso = -0.94 log Kow
+ 0.94 log (0.000068 K +1) - 1.25 (Veith et al. 1983) and assuming the
chemical is a narcotic .

€ The low and high estimate of narcotic tissue concentrations are based on narcosis
occurring at concentrations of 2 to 8 umol-g™ (McCarty 1986; van Wezel
et al. 1996).
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tissue concentrations. Narcosis is believed to be an all-or-nothing effect and it is believed
that a “critical concentration” of narcotic toxin within the target tissue must be reached
before toxicity occurs (Abernethy et al. 1988).

In contrast to the PCAs, TCDD caused effects and death in the eggs at
concentrations which were orders of magnitude lower than the PCA exposures, as well as
calculated narcotic water and tissue concentrations (Tables 7.3 and 7.5). These resuits are
not s1'1rprising, because TCDD is an extremely toxic chemical with specific modes of action
(Safe 1990; Safe 1992). The LCs determined for TCDD in this study is in the range
reported in other studies for TCDD using Japanese medaka eggs (Wisk and Cooper
1990a; Wisk and Cooper 1990b; Metcalfe et al. 1997). As well, Wisk and Cooper (1990a)
reported an EDs of 0.24 ng-g’l for TCDD equilivalents in larvae, which is similar to the
concentration in eggs at the LOEC in this study. Wisk and Cooper (1990a) also observed
many of the same lesions as were observed in this study, including slowing and cessation
of blood flow throughout the animal, and collections of blood.

LCs values for the PCAs are at least 3 to 6 orders of magnitude higher than those
observed for chlorinated dioxin and furan congeners, polychlorinated biphenyl congeners
(PCB) or polychlorinated diphenyl ether congeners (PCDE) using Japanese medaka eggs
(Table 7.6). These high LCs values resulted in extremely low toxic equivalency factors
(TEF) for the PCAs, which may overestimate the true TEFs of some of the PCAs because
no toxic effects were observed. TEFs are commonly used to assess the toxic potential of a
compound and to assess the overall toxicity of an organism’s organochlorine burden (Safe

1990). It should be noted that these TEFs were based on acute toxicity (LCse) and not on
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Table 7.6 LCso values (survival day 20) and toxic equivalency factors (TEFs) for PCAs,
TCDD and a number of other hydrophobic organochlorine compounds generated

with Japanese medaka embryos.
LCso LCSO
Chemical ng-mL"! pmol-mL"* TEF* ref.®
CioHi5.5Cls. s > 2700 > 7400 < 0.0000024 1
<9600 < 26000 > 0.00000068
Ci10H153Clg 1 > 5100 > 14000 < 0.0000013 1
<7700 < 21000 > 0.00000086
C11H20Cls > 8900 > 30000 < 0.00000058 1
CizH195Cls s > 270 > 690 < 0.000026 1
C1H249Cls > 3400 >9100 < (0.0000019 1
Ci4sHz233Clg 7 > 1600 >3700 < 0.0000047 1
2,3,7,8-TCDD >0.0017 >0.005 <34 1
<0.0037 <0.011 > 1.5
2,3,7,8-TCDD 0.009 0.028 0.63 2
2,3,7,8-TCDD 0.013 0.040 0.44 3
2,3,7,8-TCDF 0.016 0.052 0.34 3
1,2,3,7,8-PCDD 0.027 0.076 0.23 3
1,2,3,4,7,8-HCDD 29 7.4 0.0024 3
2,3,7,8-TCDD 0.020 0.062 0.29 4
CB 126 0.215 0.66 0.027 4
CB 81 16 55 0.00032 4
CB 77 > 250 > 860 0.000021 4
2,3,7,8-TCDD 0.0057 0.018 1 S
PCDE #105 10.8 31.8 0.00054 5
PCDE #77 170.6 557 0.000030 5
PCDE #118 605.2 1,780 0.0000095 5
PCDE #71 > 2,500 > 8,169 < 0.0000021 5

A TEFs were calculated as the ratio of the LCsq of each chemical (pmol-mi™) to the
LCso of TCDD (pmol-ml™) from reference 5.

B References: 1 - this work; 2 - Wisk and Cooper 1990b; 3 - Wisk and Cooper
1990a; 4 - Harris et al. 1994; S - Metcalfe et al. 1997.
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more commonly used criteria such as carcinogenicity studies or Ah receptor-mediated
responses (Safe 1990). TEFs were generated assuming that TCDD has a TEF of 1, which
is a common method for calculating TEFs.

The major objective of this work was to compare the toxicity of PCAs of different
carbon chain length, chlorine content and chlorine position. The acute toxic mechanism of
the PCAs used in this experiment appears to be narcosis. Narcosis will occur at tissue
concentrations of 2 to 8 pmol-g™ (McCarty 1986; van Wezel et al. 1996), and therefore as
molecular weight increases, the tissue concentration required to cause narcosis increases.
The LCsos of narcotic chemicals decrease with increasing K, (Smith and Craig 1983;
Veith et al. 1983). Therefore, the concentrations of PCAs required to cause narcosis will
be greater for PCAs with longer carbon chain lengths and greater chlorine contents
because these cause an increase in molecular weight and K, (Sijm and Sinnige 1995).

It appears that chlorine substitution on the terminal carbons of PCAs does not
significantly increase or decrease the toxicity of Cio- and C4-PCAs. It would also appear
that none of the PCAs used in these experiments are significantly more or less toxic than
commercial PCA formulations. The majority of published reports, based almost exclusively
on commercial PCA formulations, have found that PCAs have very low acute toxicities to
fish (Thompson and Madeley 1983a; Thompson and Madeley 1983c; Madeley and
Thompson 1983c; Madeley and Maddock 1983 c; Madeley and Maddock 1983 d; Madeley

and Maddock 1983 e; Linden et al. 1979; Tomy et al. 1998).
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7.5 Conclusions and Summary

We have reported the first acute toxicity data for PCAs of a specific carbon chain
length (Cyo, Cy1, Ci2 and C,4) and chlorine content using the Japanese medaka embryo
toxicity assay. Extremely high concentrations of CioH;ssCss and C;oH;s3Cls7 (9600 and
7700 ng'ml”, respectively) caused 100% mortality in eggs, but no other significant
mortalities or lesions were observed at lower concentrations, or in any eggs exposed to the
other PCAs. Larvae which had tissue concentrations above the threshold for narcosis (2 to
8 umol/g) were lethargic with little or no movement. Those larvae which did not achieve
this concentration appeared normal and active. These results suggest that the acute toxic
mechanism of PCAs is narcosis and that chlorine substitution on the terminal carbons of
PCAs does not significantly increase or decrease the toxicity of Cy- and C14-PCAs. TCDD
caused lesions and death in the medaka eggs at water and tissue concentrations which
were orders of magnitude less than the PCA concentrations.

These experiments only begin the process of evaluating the toxicity of individual
PCAs congeners. Synthesizing all the possible PCA congeners is a monumental task and
would produce such a large number of compounds as to make it impossible to test them
all. However, these results do begin the task of identifying which, if any, PCA congeners
are more toxic and what PCA characteristics cause toxicity. More highly chlorinated PCAs
and long chain PCAs need to be tested to provide a more complete examination of PCA

toxicity to aquatic organisms.
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8. EXAMINATION OF THE BEHA VIOR AND THE LIVER, POSTERIOR
KIDNEY AND THYROID HISTOLOGY OF JUVENILE RAINBOW TROUT
(Oncorhynchus mykiss) EXPOSED TO HIGH DIETARY CONCENTRATIONS OF

Clo-, Cu—, Cu- AND CerOLYCHLORINATED n-ALKANES

8.1 Abstract
Juvenile rainbow trout (Oncorhynchus mykiss) were exposed to high dietary
concentrations of 6 polychlorinated n-alkane (PCAs) standards (CioHis5.5Cs.5, CioHi53Cls 7,
C11H20Cls, C12H95Cls.s, C14H249Clsy and C14H233Cls7) for 21 and 85 days to assess their
effects on behavior and liver, posterior kidney and thyroid histology. This is the first
histological work using PCAs of known carbon chain length and chlorine content and the
first effort to examine the histolopathology of fish exposed to PCAs. PCAs, also known as
chlorinated paraffins, are complex industrial products for which there is a lack of
toxicological data on individual congeners. With the exception of trout exposed to
C14H245Cls;, many of the trout exposed to the PCAs showed a lack of, or a slowed startle
response, loss of equilibrium and dark coloration. These responses are indicative of a
narcotic mode-of-action. Histopathological lesions were observed in the liver of trout
exposed to C,oH,s3Cls 7 at dietary concentrations of 13. ug-g'and tissue concentrations of
0.92 + 0.24 ug-g". These multi-focal lesions included coagulative necrosis of hepatocytes

with associated pigmented macrophage proliferation. These changes are an established
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biomarker of contaminant exposure in fish. A single trout from this group also had
significant histopathological effects in the kidney, which included muiltiple foci of necrotic,
desquamating tubules with extensive accumulation of debris. No lesions were found in the
liver or kidney of trout exposed to the other PCAs, or in any thyroid tissue. The relative
hepatocyte size of all PCA exposed trout were smaller than control trout, although only a
few were statistically significant. It would appear that PCA toxicity is inversely related to
carbon chain length, which has been observed in similar studies using mammals. These
results suggest that histopathological effects would only occur at extremely high exposure
and tissue concentrations of PCAs, but at levels which are well beyond those observed in

wild fish or invertebrates.

8.2 Introduction

Polychlorinated n-alkanes (PCAs) with carbon chains between 10 and 30 are used
for a variety of industrial applications including lubricating additives, flame retardants,
adhesives, sealants and a number of other miscellaneous applications (Windrath and
Stevenson 1985; Government of Canada 1993; Willis et al. 1994). Commercial PCA
formulations, also know as chlorinated paraffins (CPs), are classified as short (Ciq.13),
medium (C,4.17) and long (Cis.30) with varying amounts of chlorination (~35-70% by
weight). Annual world production of PCA is estimated at greater than 300 kilotonnes, and
they remain one of the last high molecular weight organochlorines in production and use in
North America and western Europe (Swedish National Chemicals Inspectorate 1991).
PCAs are prevalent in the environment, although until recently it has been difficult to

measure PCAs in environmental matrices (biota, sediment, water, etc) (Tomy 1997). For
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example, short chain (C,.13) PCAs were among the most prominent OCs in aquatic and
terrestrial biota from Sweden (Jansson et al. 1993) and sediment from mid-latitude and
arctic lakes (Tomy et al. 1997b). Because they are produced with free radical chlorination,
a single PCA formulation consists of thousands of different compounds, or congeners,
with a range of physical-chemical properties (Tomy et al. 1998). Currently, there is a lack
of PCA standards with single carbon chain length and chlorine number and/or position.

_ The toxicity of PCAs to aquatic organisms appears to be low, however a majority
of these data has been generated with water exposures using commercial PCA products
and death as a toxicological endpoint (Thompson and Madeley 1983c; Madeley and
Maddock 1983b; Madeley and Maddock 1983c; Linden et al. 1979; Tomy et al. 1998).
Water exposures are problematic because PCAs are very hydrophobic, and in many cases,
effects concentrations reported (e.g. LCso or no observable effects concentrations
(NOEC)) are above the nominal exposure concentrations used in the experiment
(Thompson and Madeley 1983a; Thompson and Madeley 1983b; Thompson and Madeley
1983c; Tomy et al. 1998). Researchers have also reported cloudy water in some studies,
due to extremely high concentrations, and the deaths reported may be due a mechanical
effect (coating of the organism) and not a toxic effect (Thompson and Madeley 1983c;
Madeley and Thompson 1983c). The use of commercial PCA formulations is also
problematic because the individual compounds in a commercial PCAs will differ from what
is found in the environment due to different rates of degradation, biotransformation and
bioaccumulation. Therefore, evaluating the toxicological significance of environmental
PCA concentrations is difficult. Death as a toxicological endpoint also presents problems

because sub-lethal effects are missed, although a number of studies have reported growth
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effects and reduced feeding (Madeley and Thompson 1983c; Hill and Maddock 1983b),
and it is difficult to achieve death via water for very hydrophobic compounds. Also, many
of these studies have been short term ( < 28 d) and chronic effects in aquatic organisms
have not been studied. This is of concern because a number of sub-lethal effects have been
observed in mammals and mammalian cell lines, including peroxisomal proliferation in the
liver (Wyatt et al. 1993; Elcombe 1994) and inhibition of gap junction intercellular
communication (Kato and Kenne 1996).

There is very little information on the toxic mechanisms of PCAs, although a
review of PCA toxiological data suggests that the acute toxic mechanism of PCA is
narcosis (Tomy et al. 1998). Therefore, there is a gap in knowledge regarding the toxic
mechanism of PCAs, a lack of toxicity data on PCAs of a single carbon chain length and
chlorine content, and a lack of data on sub-lethal effects in aquatic organisms. To address
these data gaps, juvenile rainbow trout were exposed to high dietary concentrations of 6
PCAs, with single carbon chain lengths (C,o, C1y, Ci2 and C,4) and known chlorine content
to assess their short term (21 days) effects on behavior and their short and long term (85
days) effects on the histology of the liver, posterior kidney and thyroid. The trout were
exposed to high concentration in an attempt to achieve lethal concentrations. Dietary
exposures were chosen to avoid problems with high water concentrations. Behavioral
monitoring was chosen because it has shown considerable promise as a screening tool to
identify the mode of action of various industrial chemicals (McKim et al. 1987). The
advantage of behavioral monitoring is that it does not interfere with the other toxicological
testing. Histopathological alterations are the net result of adverse biochemical and

physiological changes in an organism, and represent a higher level toxic response (Hinton
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and Lauren 1990a; Hinton et al. 1992). The liver, kidney and thyroid were chosen for
histological work because there is evidence, based on mammalian studies, that these are
target organs of PCA toxicity (Serrone et al. 1987; Bucher et al. 1987, Elcombe et al.
1994;). As well, there is a fairly large data base of toxicological effects of contaminants on
the liver and thyroid of fish. Although there is limited data on the toxic effects of
contaminants on fish kidney, its function suggests that it may be an important target organ

(Hinton et al. 1992).

8.3 Methods and Materials

8.3.1 Chemicals

Six PCAs were synthesized for this experiment; three by chlorination of an alkene
starting material (1,5,9-decatriene; 1,10-undecadiene; and 1,13-tetradecadiene) (Figure 8.1)
(Sigma-Aldrich, Oakville, ON), and three by free radical chlorination of a ‘*C-labeled alkane
starting material (Cio and C.4) (Table 8.1) (Sigma, St. Louis, MO). There were fewer
individual PCA compounds produced from the alkene starting material than the alkane
starting material (Table 8.1 and Figure 8.2). Also, PCAs produced from the alkenes had
chlorines substituted at the double bonds, providing information on chlorine positions. A
list of the starting materials, the PCA formed and their relative abundance in the standards
is found in Table 8.1.

PCA congeners were synthesized by bubbling SO.Cl,, at room temperature, into
neat solutions of the respective n-alkanes, contained in a flask wrapped in aluminium foil
to exclude light. In the absence of light, these conditions were expected to lead,

predominantly, to chlorine addition at the double bond(s). Reaction mixtures were shaken
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with NaOH (0.05M), the aqueous phase was then removed and then the organic phase was
dried with MgSQ,. The drying agent was removed by filteration. In addition to the
expected products formed by chlorine additions to each bond, a number of by-products
were formed that resuited from free radical substitution of hydrogen atom(s) by chlorine
atom(s) (Figures 8.1 and 8.2). Un-reacted starting material and SO,Cl, were removed from the
PCAs using Florisil column chromatography (8 g, 1.2% deactivated). PCAs were eluted
from the Florisil column by successive elution using 38 ml of hexane (F1), 42 ml
dichloromethane (DCM): hexane (15:85)(F2), and 52 ml of DCM: hexane (1:1)(F3). F1
contained un-reacted alkene starting material but no PCAs and was discarded. F2 and F3
contained the PCAs and were combined. After Florisil clean-up, greater than 99% of the
products were found to be PCAs based on chromatograms generated by gas
chromatography (GC) with an electron capture detector (ECD) and GC-negative ion MS.
GC conditions are described in Chapter S.

The free radically chlorinated PCAs were synthesized using 2 methods. The C2-
PCA was provided by A. Bergman (Stockholm University), and was synthesized using a
method which has been described previously (Bergman et al. 1981). The Cjo and Cj4-
PCAs were synthesized by adding a quantity of SO,Cl; into the respective n-alkanes that
would provide the desired chlorination (i.e. ~ 6-7 Cl per alkane). The alkanes and SO,Cl,
were combined in a small glass flask (250 uL) and exposed to UV light for one hour. Un-
reacted alkane and SO,Cl; was removed from the standard using the Florisil methods
describe above. After Florisil clean-up, greater than 99% of the standards were found to be

PCAs based on GC-ECD and GC-NIMS. Radio purity was checked by HPLC and was
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Table 8.1 PCAs used in juvenile rainbow trout toxicity tests.

PCA standard starting material PCA formed* % in
standard
CioH5.5Cls s 1,5,9-decatriene 1,2,5,6,9,10-hexachlorodecance 55
(C10H16Cle)
x,1,2,5,6,9,10-hexachlorodecance 41
(CioH1sCly)
x,y,1,2,5,6,9,10-hexachlorodecance 4
(C10H14Clg)
¥C-C1oHs53Cls 7 1-"*C-decane C1oH1sCly 0.1
C [0H17Cls 4.1
. CioH16Cls 37
CioHisCly 45
CioH14Clg 12
CioHi13Cly 1.5
Ci1iH13.4Clsg 1,10-undecadiene x,1,2,10,11-pentachloroundecance 40
(C11H15Cls)
x,y,1,2,10,11-hexachloroundecance 49
(CuH;sCls)
X,y,z1,2,10,11-hexachloroundecance 10
(CuHi:Cly)
“C-C;sz,sCls_s l-“C-dodecane C12H|9Cls 14
C12H5Cls 31
CoH,,Cl, 50
Ci12H;6Cls 5
C14H245Cls 1,13- 1,2,13,14-tetrachlortetradecance 11
tetradecadiene (C1eH26CLy)
x,1,2,13,14-pentachlorotetradecance 74
(C14H25Cls)
x.y,1,2,13,14-hexachlorotetradecance 14
(CisH24Cle)
x,y,,z1,2,13,14- 1.0
heptachlorotetradecance
(C1aH23Cly)
“¥C-Ci4HpiCls;  1-"C-tetradecane C1aHa26Cly 0.2
C14H2sCls 44
Ci1sH24Cls 34
C 14HB Cl7 45
CidH2Clg 14
CiaH2:1Clo 1.9

A The positions of chlorine atoms designated with an x or y are unknown.
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1,5,9-decatriene

1,10-undecadiene

D AR W AAANAAL
l S02CI2 l SO2CI2
cl LA CI\/\/\/\/\El + Cl
Cl Cl I Ci Cl
1,2,5,6,9,10-hexachlorodecane 1,2,x,9,10-pentachioroundecane
(C1oH16Clg) (C11H19Cl5)
+ +
Cl Cl Cl Cl Cl
SANSANs + 200
T T o] o]
1.2,x,5,6,9,10-heptachlorodecane 1,2,x,y,9,10-hexachloroundecane
(C10H15Cl7) (C11H18Clg)
+ +
Cl Cl Cl Cl Cl
SoAAAANAAs + 30
[Ty 2 i o]
1,2,x,y,5,6,9,10-octachlorodecane 1.2,x,y,2,9,10-heptachloroundecane
(C10H14Cls) (C11H18ClI7)
1,13-tetradecadiene
W AN
l S02CI2
Cl Cl
\CT\/\/\/\/\/EI
1,2,13,14-tetrachlorotetradecane
(C14H26Cl4)
+
Cl o]
\Cl/\/\/\/\NEI + Cl
1.2,x,13,14-pentachlorotetradecane
(C14H25Cls)
+
Cl Cl
\CI/\/\N\/\/EI + 2Cl

1,2,x,y,13,14-hexachlorotetradecane
(C14H24Clg)
+

Cl
Cl

Cl
\/\/\/\/\/\/(\;l + 3Cl

1,2,x,y,z,13,14-heptachlorotetradecane
(C14H23CI7)

Figure 8.1 Polychlorinated alkanes and their alkene starting material used in rainbow trout

toxicity tests.
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Cls Cls Cls Clz Cls

0.1

C10H15.3Cle.7
standard‘

4

C1oH15.5CI657
standard |

GC-ECD response (volts)

o
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25 : 30 : 35 : E 45
retention time (min)
Figure 8.2 GC-ECD chromatograms of the C;oH,s3Cls 7 standard (top), a free-radically

chlorinated decane product, and of the C;oHssClss standard (bottom), a
chlorinated alkene product.
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found to be greater than 99%. The specific activities (dpm'ng™) of the CioHis3Cls7,

Ci2H16.5Cls s, and C14Hx3Cls 7 were 42.3, 94.2 and 88.3, respectively.

8.3.2 Food preparation and experimental protocol

Food was spiked by suspending a known quantity of each PCA standard in 100 ml of
hexane and 50 g of commercial fish food (Martin’s Feed Mills Ltd., Elmira, ON, Canada) and
slowly evaporating to dryness. Food was air-dried for 24 hours and stored at 10°C. The fish
food consisted of 41% protein, 14% lipid and 3% fiber. Concentrations in the food were
determined by the same analytical techniques used to determine levels in the rainbow trout
tissue (see below), and are found in Table 8.2. Control food was treated in an identical manner,
but without the addition of a chlorinated alkane compound.

Juvenile rainbow trout (Oncorhynchus mykiss)(initial weights 2 g) were exposed to
three concentrations of each PCA (Table 8.2), along with 3 control groups. The daily rate of
feeding was equal to 1.5% of the mean weight of the rainbow trout. Ten rainbow trout were
used for each treatment and were housed in separate 10, 20 or 40 L glass aquarium with flow-
through UV and carbon dechlorinated City of Winnipeg tap water (11°C). After 21 days of
exposure, all the trout from the two highest exposure concentrations, and 2 control groups,
were euthanized and 5 trout were designated for histological examination and 5 for
determination of PCA concentrations. Three fish were sacrificed from the low exposure groups
and the last control group for possible histological examination. The remaining fish (from the
low exposure group) were exposed for an additional 61 days (85 days in total). On day 85, 4
fish were sacrificed for histological examination and three for determination of PCA

concentrations.

195



Table 8.2 Concentrations (mean + 1 standard error, wet weight) of PCAs in food and rainbow trout. Concentrations were not

determined in liver, GI tract and carcass of rainbow trout exposed to non-labeled PCAs.

.

exposure
length food conc. whole fish conc, liver conc. GI tract conc. carcass conc.

PCA (days) (nggh (rgg?) (ngg) (ugg) (ugg™")
CioHis.sCle s 85 0.87 0.10 £0.029 - - -

21 12 0.84+0.14 - - -

21 62 0.92 +0.45 - - -
“C-C1oH53Cls 7 85 0.84 +0.65 0.099 + 0.036 0.43 £ 0.11 0.44 +0.29 0.079 £ 0.035

21 1340.21 0.92 +0.24 0.50 £ 0.24 1.6+0.22 0.47 £ 0.089

21 74 + 23 3.0+1.0 0.76 £ 0.20 9.6+2.0 211092
CiH2ClL4 85 3.7 0.10+0.015 - - -

21 53 55+1.1 - - .

21 290 4.0+0.50 - - -
“C-C12Hi9.5Cls s 85 1.9 £ 0.042 0.14 + 0,041 0.17 £ 0.069 0.42 +0.12 0.098 + 0.029

21 14+0.11 0.79 £0.15 0.53 +0.23 2.5+0.61 0.61 £ 0.099

21 58+1.5 1.140.30 0.50 + 0,052 41115 0.71+0.16
C14H24Cls,, 85 0.082 0.018 + 0.0027 - - -

21 0.78 0.11 £0.0018 . - -

21 29 0.028 + 0.0079 - - -
“C-Cy4H235Cls 7 85 5.7 £0.061 0.57+0.18 41 +0.060 1.8+0.74 0.45+0.12

21 29 +0.51 1.3+0.33 0.67 £0.10 36112 1.1£0.21

21 78 +1.0 0.22 +0.057 0.33 +.098 12+0.19 0.15 +0.048
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8.3.3 Extraction and analysis of PCAs

For extraction and analysis of *C, fish samples were frozen, freeze dried and weighed
prior to extraction. To extract "C, samples were homogenized in toluene, centrifuged, and the
supernatant was then used to determine 'C by adding a fraction of the toluene to fluor
(Atomlight, Dupont Chemical Company, Boston, MA, USA), and counting on a Beckman LS
7500 liquid scintillation counter (LSC) (Beckman Instruments Inc., Irvine, CA, USA). “C
counts were corrected for quench using a quench curve prepared from '“C-toluene (Dupont
Chemical Company), and were automatically corrected for background by the LSC. Lipids
were determined gravimetrically using 1 ml of the supernatant.

Extraction and analysis of non-radiolabeled PCAs were identical to the methods
used by Fisk et al. (1997). In brief: carcass samples were freeze dried and homogenized in
toluene, and OCN was added as a recovery standard. The extracts were exchanged into
hexane, and a portion was used to determine lipids gravimetrically. Lipids were removed
from the sample by gel permeation chromatography. The lipid-free eluate, containing the
PCAs and other organochlorines, was evaporated to 1 m! and applied to a Florisil column
(8 g, 1.2% deactivated). PCAs were eluted from the Florisil column by successive elution
using 38 ml of hexane (F1), 42 ml dichloromethane (DCM): hexane (15:85)(F2), and 52
ml of DCM: hexane (1:1)(F3). F1 contained polychlorinated biphenyls and a number of
other potentially interfering organochlorine compounds, but no PCAs and was discarded.
F2 and F3 contained the PCAs and were combined, evaporated, transferred to 2,2,4-
trimethyl pentane and were diluted to 10 ml prior to GC analysis.

PCA standards were used as external standards for quantification of food and fish

samples using a GC equipped with an electron capture detector (ECD). The response of all
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the PCAs in the standard were combined and compared with fish and food extracts.
Samples were analyzed on a Varian 3600-GC equipped with a 60 m x 0.25 mm DB-5
column and an ®Ni-ECD. The carrier gas was H;. Responses of the PCAs were monitored
by analyzing standards after every 4 samples. The limits of detection for each PCA

standard were approximately 1 ng-g" by GC-ECD.

8.3.4 Behavioral Monitoring

Behavioral monitoring was carried out daily during the 21 day exposures. The
general behavior, coloration and body conditions were checked, followed by tapping the
aquarium to observe the startle response behavior. Fish were then fed and their feeding
habits were observed until the food was consumed or 5 min had passed. If food had not
been consumed within S min, the aquarium was checked periodically over the next 2 hours
to see if the food had been consumed. Behavioral data were compared with those

described by McKim et al. (1987).

8.3.5 Tissue Processing and Staining

After being euthanized, the peritonel wall of rainbow trout were split open to
expose the internal organs, and their jaws were cut at the corners, to expose thyroid tissue,
and were fixed in Bouin’s fixative for 48 hours and stored in 70% ethanol. Liver, posterior
kidney and thyroid tissue was excised from the trout, and then rinsed in 4 changes of 70%
ethanol and stored until processing.

Tissues were processed in an automated tissue processor (IL MUP Tissue

Processor) using an ethanol/butanol series and embedded in Tissue Prep II paraffin.
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Tissues were then embedded in paraffin and sectioned at 6 um for liver, 7 um for posterior
kidney and 7 um for thyroid.

Liver, posterior kidney and thyroid were stained for light microscopy and basic
histopathological analyses with hematoxylin and eosin. All chemicals were obtained from
Fisher Scientific (Fisher Scientific, Edmonton, AB), with the exception of phosphotungstic
acid which was obtained from Sigma Chemicals (Sigma Chemical, St. Louis, MO). The
protocol employed followed the method described in Edwards (1950). Briefly, the
procedure involved routine clearing and rehydration, staining in Harris’ hematoxylin,
differentiation in a 0.33% solution of phosphotungstic acid followed by treatment in a
0.33% solution of sodium citrate, counterstaining in aqueous Eosin Y, dehydration, and
clearing. Slides were mounted using Cyto-seal and 1 2 mm glass coverslips.

Photomicrographs were taken on a Zeiss bright field microscope with a built in

camera, using Ilford PANF 135 film (ISO 50/18° DX).

8.3.6 Histological Examinations and Histomorphological Measurements

Only tissue from trout exposed to the medium (21 days of exposure) and low (85
days of exposure) concentrations were examined for histopathological effects and
histomorphological measurements. Liver, posterior kidney and thyroid tissue from three
trout from each of these PCA-treatment groups, along with two control groups, were
examined.

To perform histomorphological measurements, microscope images were projected
onto a Summagraphics Bit Pad (Summagraphics, Fairfield, CT, USA) and measured with

Sigma-Scan Version 3.90 (Jandel Scientific, Corte Madera, CA, USA).
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8.3.6.1 Liver. For each fish, the hepatocyte nuclear diameter was the mean of a minimum
of 50, randomly selected, spherical nuclei (Figure 8.3). Relative hepatocyte size were
determined by counting the number of cells (by counting nuclei) in two areas (38,000 um?)
of liver parenchyma which appeared “normal”. The relative hepatocyte size was equal to
the total area (80,000 um?) divided by the number of hepatocytes in both fields. Areas
were_chosen that had few structures other than hepatocytes. The nucleus : cytoplasm area
ratio was determined by dividing the hepatocyte nuclear area (TT-r%) by the cytoplasm area
minus the nuclear area. It should be noted that these methods may not give an accurate
indication of hepatocyte size heterogeneity (C. Metcalfe, personal communication). This

would affect the relative hypatocyte size and nucleus-cytoplasm ratios.

8.3.6.2 Posterior kidney. Tubule epithelium heights were determined by randomly
selecting 15 cross sections from the second segment of the proximal tubule (P2) (Figure
8.4). The mean of two epithelial cell heights, which were opposite one another, were
measured for each cross section by measuring from the brush border to the outer
membrane of the cell. Cells were measured from the basement membrane to the tip of the

luminal brush borders.
8.3.6.3 Thyroid. The cells heights of thyroid epithelium were measured in a total of 15

follicles per fish (Figure 8.5). Measurements were made at 4 points within each follicle at

90 degrees from one another.
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Figure 8.3 Micrograph (mag. 400X) of liver from a control rainbow trout. N: hepatocyte
nucleus, G: glycogen or lipid, S: sinusiod, cord or lamina between arrows.
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Figure 8.4 Micrograph (mag. X 400) of posterior kidney from a control rainbow trout. P1:
first segment of proximal tubule; P2: second segment of proximal tubule; B: brush
border, H: hematopoietic tissue.
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Figure 8.5 Micrograph (mag X 400) of thyroid from control rainbow trout. TF: thyroid
follicle; E: thyroid epithelium; C: colloid, V: vacuole.
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8.3.7 Statistical analysis
Histological morphometrics means of PCA treatments were compared with the
control using analysis of variance and a Dunnett pairwise comparison test. All statistics

were performed with SYSTAT for Windows, Version S (SYSTAT, Evanston, IL, USA).

8.4 Results
8.4.1 Fish weight and LSI
Mean fish weights (n = 3) and liver somatic indices did not vary between PCA

treatment trout and control trout after 21 and 85 days (Table 8.3).

8.4.2 PCA concentrations in food and fish

With the exception of the C,4H,49Cls7 treatments, PCA concentrations in food
were consistent between the various PCA treatments (Table 8.2). Fish from a number of
the high concentration exposures fed inconsistently (Table 8.4), which resulted in tissue
concentrations that were lower, or similar, to tissue concentrations in medium
concentration exposures. The relative composition of individual PCAs remained consistent

between standards, food extracts and trout extracts (Figures 8.6, 8.7 and 8.8).

8.4.3 Fish Behavior and general appearance

Observations on the behavior of the rainbow trout during the 21 exposures are
summarized in Table 8.4. Trout behavior in the three control aquarium was similar and
was used as normal behavior for evaluation of PCA treatment trout. Trout from the lowest

exposures of all PCAs exhibited similar behavior to the control fish. With the exception of
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Clz7 Cls

C10H15.5Cl6.5

0.5 standard

C10H15.5CI6.5
food extract

C10H15.5Cle.5 rainbow
trout extract

GC-ECD response (volts)

25 30 35 § é 40
retention time (min)

Figure 8.6 GC-ECD chromatograms of the C;oHs5s5Clss standard (top), extracts of food
spiked with CioHssClss (middle), and extracts of rainbow trout exposed to the
CioH,5.5Cls s spiked food for 85 days (bottom).
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Ci1H18.4CI5.6
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05 C11H18.4Cls6
| food extract

GC-ECD response (volts)

; : C11H18.4Cls.6 rainbow
6.1 trout extract

3/ ' 45

retention time (min)

Figure 8.7 GC-ECD chromatograms of the C;,H,5Clss standard (top), extracts of food

spiked with C;1H,34Clss (middle), and extracts of rainbow trout exposed to the
C11H15.4Cls s spiked food for 85 days (bottom).
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Figure 8.8 GC-ECD chromatograms of the C,(H249Cls.; standard (top), extracts of food
spiked with Ci4H249Cls1 (middle), and extracts of rainbow trout exposed to the
C1eH249Cls; spiked food for 85 days (bottom).
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Table 8.3 Fish weights, liver somatic indices (LSI) and lipid contents of rainbow trout

exposed to PCAs for 21 and 85 days.

exp. conc.  exp. Length fish weight LSI
PCA (ng-g™") (d) (&) (%)
control - 21 2.9 +0.40 1.3 +£0.04
- 85

CioH55Cls s 0.87 85 54+ 1.6 1.1£0.12
12 21 2.5+0.24 1.1 £0.04

62 21 2.4 +0.26 1.0 £0.02

*C-CoH153Cls 7 0.84 85 6.5+ 1.6 1.0 £0.06
13 21 24+044 1.2+0.08

- 74 21 1.9+0.17 1.0 +0.05
C1H13.4Cls¢ 1.8 85 84+1.2 0.94 + 0.06
2.6 21 28+0.18 1.4 £0.09

14 21 2.4+037 1.0 £0.02

14C-C12H,9.5Cls 1.9 85 50+14 1.0 £ 0.08
14 21 2.8 +0.81 1.2+0.09

58 21 3.0+0.49 1.0+0.07

Ci4H249Cls 0.082 85 6.1+£20 1.0 +0.09
0.78 21 2.8+0.29 1.1 £0.05

29 21 23+0.14 1.1 £0.06

“C-C14H23Cls 7 5.7 85 46+1.5 1.2+0.11
29 21 24+024 1.2+0.11

78 21 2.0 £0.63 1.0+£0.07
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Table 8.4 General behavior of rainbow trout exposed to PCAs of varying concentrations over 21 days.

Treatment Conc. General Tap response Coloration Feeding behavior Feeding time
(uggh) behavior
control 1 - -calm, active -quick, normal normal aggressively fed <1 min
swimming reaction
control 2 - -calm, active -quick, normal normal aggressively fed <1 min
swimming reaction
control 3 - -calm, active -quick, normal normal aggressively fed <1 min
swimming reaction
CioHi5.5Cls 0.87 -calm, active -quick, normal normal aggressively fed <] min
swimming reaction
12 -calm, active -quick normal normal -fed aggressively on <5 min
swimming reaction most days
-beginning on day 21  -after day 16 some
a number of trout trout did not
appeared to have dis- response to tapping
equilibrium
62 -generally calm, active -quick, normal -4 trout -trout did not feed -beginning on
swimming but some reaction on most developed aggressively beginning  day 4 > 5 min
trout had low activity days dark lower on day 2 and by day 5 and not all
-some aggressive -some slow jaws and 3 few fish were feeding food was
behavior response behavior trout consumed
started on day 5 developed
dark backs on
day 18
“C-CioH;s3Clg7  0.84 -calm, active -quick, normal normal ~aggressively fed <1 min
swimming reaction
13 -calm, active ~quick, normal normal -trout began spitting out  -after day 4 >
swimming reaction on most their food on day 4 5 min
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high

-beginning on day 7,
all but 1 trout remain
at bottom of aquarium
with little activity

-beginning on day 4 -3 trout
all trout showed a developed
weak response to dark

tapping coloration on
stomach on
day 15
-all but 1
trout were
dark by day
15

-all but one trout - > 5 min and
stopped feeding onday  not all food
3 was consumed
beginning on
day 3
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the Ci4H2sCl, abnormal behavior was observed in rainbow trout from the medium
concentration exposures. The most common modification in behavior was a slowed
response, or no response at all, to tapping on the aquarium glass, and less aggressive
feeding or a stoppage of feeding on certain days. Other changes included a loss of
equilibrium and dark coloration. Onset of these changes varied between the PCA
treatments. Trout from the highest exposure treatments exhibited many of the same
behavior modifications as the medium exposure treatments but the onset of these effects
began earlier. Also, trout from the highest exposure treatments did not feed aggressively

and in many cases fish stopped feeding completely.

8.4.4 Rainbow trout liver

The liver of teleosts is not arranged in distinct lobes, as it is in mammals. The
histology of the lobules are not as well defined as they are in higher vertebrates, and are
identified by the central veins and hepatic triads (Yasutake and Wales 1983). Hepatocytes
are arranged as tubules of cells (cords) with their apices directed toward the central bile
canaliculus and/or bile preductule. The tissue morphology is complicated with branching
tunneled mazes of sinusoids, which take the place of capillaries, suspended in an intricate
network of connecting cells. Blood enters the sinusoids and moves through hepatocytes
which remove nutrients and xenobiotics. Bile is then secreted into the central bile
canaliculus and ultimately flows into the gallbladder (Heath 1995).

The major functions of the liver include: interconversion of foodstuffs; storage of

glycogen; removal and metabolism of foreign chemicals in the blood; formation of bile;
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synthesis of many plasma proteins; synthesis of cholesterol for use in steroid hormones and
cell membranes; exocrine pancreatic secretion; and metabolism of hormones (Heath 1995).

Hepatocytes are the most common liver cell of fish (~ 80% of all liver cells)
(Hinton and and Lauren 1990) and were the predominant cell observed in the rainbow
trout of this study (Figure 8.3). Hepatocytes were arranged in cords, which were two cells
thick, and cords were arranged around sinusoids (Figure 8.3).
8.4.5 Rainbow trout posterior kidney

The kidneys of rainbow trout are found along the dorsal position along the length
of the body cavity. Although they appear to be a single unit, rainbow trout kidney are
composed of two completely fused sections, each with its own mesonephric duct. These
ducts leave the kidney and unite to form the common urinary duct and bladder. The
anterior section of the kidney, the head, is composed entirely of hematopoietic tissue while
the posterior section of the kidney is embedded with tubules or nephrons. Rainbow trout
have a typical freshwater glomerular nephron that consists of the following regions: a renal
corpuscle; short neck segment; two morphologically distinct segments of the proximal
tubule; a variably present intermediate segment; distal segment; and a collecting duct
system terminating in the mesonephric duct (Hendricks 1983).

The major functions of the rainbow trout kidney, and most other freshwater
teleosts, is conservation of salts and the elimination of excess water. The kidney is also
involved in urine pH, glucose reabsorption, and excretion of nitrogenous compounds

(Hickman and Trump 1969). Note that most nitrogenous waste is eliminated via the gills.
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Histologically, the posterior kidney is composed of hematopoietic tissue embedded
with nephrons. The first (P1) and second (P2) segments of the proximal tubules were
commonly observed in the rainbow trout posterior kidney (Figure 8.4). Both proximal
tubule segments have a brush border and are differentiated by intensity of staining (P2 stain
darker) and nucleus position (P2 nucleus are centrally located in the cell). Surrounding the

proximal tubules are hematopoietic tissue: (Figure 8.4).

8.4.6 Rainbow trout thyroid

The thyroid is part of the endocrine system, the basic components of which are
similar in fish and higher vertebrates (Gorbman 1969). The thyroid tissue of the rainbow
trout consists of glandular follicles scattered throughout the ventral aorta and branchial
arteries that supply the gills. The center of each follicle is filled with colloid, which is a
reserve of the protein-bound form of the thyroid hormone. The surrounding epithelial cells
are either flattened, cuboidal, or columnar, depending on their activity. Tall, columnar
epithelium cells with basophilic colloid containing vacuole-like spaces are indicative of an
active thyroid gland (Yasutake and Wales 1983).

The thyroid gland secrete thyroxine (T,) and triiodothyronine (T3;), hormones
which are essential for many functions including: maturation; proper functioning of the
nervous system; and the accumulation and storage of iodine (Gorbman 1969; Yasutake
and Wales 1983; Peakall 1995). The thyroid is also a source of calcitonin, a polypeptide

hormone involved in calcium homeostasis (Peakall 1995).
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The thyroid follicles of rainbow trout in this study were filled with colloid, and
vacuoles were present in the colloid, and epithelium cells appeared to be columnar (Figure

8.5). This would suggest that the thyroid glands of the rainbow trout were active.

8.4.7 Histological Morphometrics for 21 day exposures

Histological evaluations were only performed on the rainbow trout exposed to the
medium concentrations because these trout fed more consistently than treatments with
higher exposures, and for a number of the PCAs had achieved higher tissue concentrations
(Table 8.2). Histological morphometrics are summarized in Table 8.5. Hepatocyte nuclear
diameter, posterior kidney proximal tubule epithelium cell height and thyroid epithelium
cell height did not vary between the PCA treatment trout and control trout (ANOVA,
Dunnett’s pairwise comparison, p > 0.05). The relative hepatocyte size of the CioH,;s.sCls s,
Ci2H)95Clss and Ci4H3Cls 7 trout were significantly smaller than the control (ANOVA,
Dunnett’s pairwise comparison, p < 0.05), but these characteristics in trout exposed to the
other PCAs did not vary from the control (ANOVA, Dunnett’s pairwise comparison, p >
0.05). The nucleus : cytoplasm ratio of heptaocytes was significantly greater in
CioHis.5Clgs trout than the control trout (ANOVA, Dunnett’s pairwise comparison, p >
0.05), but did not vary between the other PCA treatment trout and control trout

(ANOVA, Dunnett’s pairwise comparison, p > 0.05).
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Figure 8.9 Micrographs (top mag. 100X, bottom mag X400) of liver from a rainbow trout
exposed to C;oH,;s3Cls 7 for 21 days at dietary concentrations of 13 pg-g'. H: areas
of normal hepatocytes; L: focal coagulative necrosis of hepatocytes; PM:
pigmented macrophage; P: pyknotic nucleus.
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Figure 8.10 Micrograph (mag X250) of posterior kidney from a rainbow trout exposed to
CioHs3Cls7 for 21 days at dietary concentrations of 13 ug-g". P1: first segment of
proximal tubule (normal); P2: second segment of proximal tubule (normal); N:
necrotic tubules (either P1 or P2); PN: pyknotic nucleus; D: debris.
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Table 8.5 Histological morphometrics (mean + 1 standard error, n = 3) of liver, kidney and thyroid tissue from rainbow trout exposed to
PCAs for 21 days. Exposure concentrations for each PCA are the medium concentration found in Table 8.1. Treatment means

which significantly differ from the control mean are indicated by an (* or **)(ANOVA, Dunnett pairwise comparison, * p <
0.05, ** p<0.1).

liver
kidney proximal
hepatocyte nuclear  relative hepatocyte  nucleus : cytoplasm tubule (P2) thyroid epithelium
diameter size area epithelium cell height cell height

PCA (um) (um?) (um’) (um) (um)
control 5.51+0.174 160 +1.27 0.175 + 0.012 18.4+1.36 3.57 +0.307
CioHis:sClg s 5.61 +0.0859 118 +6.47* 0.270 + 0,0305* 18.2 +0.581 4.40 +0.421
"C-C1oHis5Cls 2 5.53 + 0.293 135+ 12.1 0.216 £ 0.0079 14.8 £ 0.928 2.92 +0.422
CuHis.4Cls 5.63 +0.134 149 + 10.9 0.240 + 0.0202 16.7+1.71 3.34 + 0.209
14C-C)2H)9.5Cls s 5.30 £ 0.0361 123 +2.34* 0.219 £ 0.0036 16.5+1.16 3.95 + 0.0407
Ci4H245Cls., 5.58 +0.102 134+ 12.6 0.228 + 0,0215 14.4 +£0.351 3.93 +£0.145
"C-C1H23Clss 5.20 +0.162 116 + 4.28* 0.226 +0.0184 15.1 £0.233 3.26 £0.155
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8.4.8 Histological Morphometrics for 85 day exposures

Histoiogical morphometrics for the long term exposures are summarized in Table
8.6. No significant differences were found between the control trout and PCA treatment
trout for any of the morphometric measurements (ANOVA, Dunnett’s pairwise
comparison, p > 0.05). Although only marginally significant, trout exposed to the
Ci0H,53Cls 7 had smaller hepatocyte nuclear diameters and relative hepatocyte sizes than
control trout (ANOVA, Dunnett’s pairwise comparison, p < 0.1). Trout exposed to
Ci14H3Cls 7 also had marginally significantly smaller relative hepatocyte size than control

trout (ANOVA, Dunnett’s pairwise comparison, p < 0.1).

8.4.9 General Histological Evaluation of liver, thyroid and posterior kidney

With the exception of trout exposed to CioH;s3Cls7 at the medium concentration,
the liver and posterior kidney of all trout exposed to medium and low concentrations of
the PCAs, did not appear to have any overt lesions. No overt lesions were observed in any
thyroid glands. Note that trout exposed to the highest PCA concentrations were not
examined and more comprehensive evaluations are needed.

Trout exposed to the C,oHis53Clss had focal coagulative necrosis of hepatocytes
with associated pigmented macrophage proliferation and pyknotic nuclei (i.e. shrunken and
dark) (Figure 8.9). These lesions occurred in multiple foci. One trout from the medium
concentration C;oH;s3Cls7 exposure also had significant histopathologies in the posterior
kidney (Figure 8.10). The most profound alterations were multiple foci of necrotic,
desquamating tubules with extensive accumulation of debris in the tubule lumens. Other

alterations included excessive pigmentation, debris in the lumens of tubules and
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mesonephric ducts, sites of peritubular inflammation (nephritis) and less severely damaged

tubules (pyknosis).

8.5 Discussion

This study represents one of the first attempts at examining the toxic mode of
action and sub-lethal effects of PCAs in fish. In general, PCAs appear to have low acute
toxicity to rainbow trout with minimal histopathological responses in the liver, posterior
kidney and thyroid.

The acute toxic mode of action of PCAs in aquatic organisms would appear to be
narcosis. The reduced or non-existent response to the glass tapping, loss of equilibrium
and evidence of dark coloration in the trout exposed to the PCAs are all behavioral and
morphological responses indicative of a narcotic mode-of-action (McKim et al. 1987).
However, tissue concentrations of the PCAs are not nearly high enough to cause narcosis
(Table 8.7). Because we exposed the trout to the PCAs via food, unhealthy trout could
avoid the exposure by a cessation of feeding. It would appear likely that, unless force fed
by methods such as a gavage or at extremely high dietary concentrations, narcosis could
not be achieved by exposure via food.

Narcotic-like behavior has also been observed in bleak (Alburnus alburnus), a
marine fish, when exposed to high concentrations of commercial PCA products in food
(Svanberg et al. 1978, Bengtsson et al. 1979, Bengtsson et al. 1982), and in rainbow trout
exposed to high water concentrations of a commercial PCA (Cyo.13)(Swigert and Bowman

1986a, 1986b). Further evidence for a narcotic mode of action are the high concentrations
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Table 8.6 Histological morphometrics (mean + 1 standard error, n = 3) of liver, kidney and thyroid tissue from rainbow trout exposed to
PCAs for 82 days. Exposure concentrations for each PCA are the low concentration found, in Table 8.1. Treatment means which
significantly differ from the control mean are indicated by an (* or **)(ANOVA, Dunnett pairwise comparison, * p < 0.05, ** p

<0.1).
liver
kidney proximal
hepatocyte nuclear  relative hepatocyte  nucleus : cytoplasm tubule epithelium cell  thyroid epithelium
diameter size area height cell height
PCA (um) (um’) (um?) (m) (um)
control 5.81 £ 0.0470 183 £10.1 0.171 £0.0106 17.0+£1.22 3.73 £ 0.629
CioHissCls.s 5.40 +0.165 155 + 7.39 0.174 + 0.00350 16.9 + 0,991 3.64 + 0.241
“C-C1oHy51Cls 7 5.30 £ 0.216** 146 + 8.05** 0.179 £ 0.00610 18.1 £0.323 3.84 £ 0.140
CiiHi5.4Clss 5.41 £0.0751 160 + 10.7 0.169 + 0.0127 19.0 +1.36 3.560 + 0.238
“C-Ci2Hi95Clss 5.48 10,142 154 + 8.41 0.184 +0.0214 17.7 + 0.441 3.886 + 0.320
Ci4H245Cls,) 5.63 £0.149 151+ 13.8 0.200 £ 0.0112 16.6 + 0.586 4.04 +0.259
MC-CyHpsClss  5.60 £0.0451 147 £ 0.693** 0.201 + 000300 16.0 + 0.186 4,03 £0.190
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used in numerous toxicity tests which have not elicited a toxic response in invertebrates
(Madeley and Thompson 1983a, 1983b, 1983c, 1083d), fish (Madeley and Maddock
1983f, 1983c, 1983d, 1983e, Linden et al. 1979, chapter 7) birds (SDS Biotech 1984, as
reported in Willis et al. 1993, Madeley and Birtley 1980; Linden et al. 1983) and mammals
(Howard et al. 1975, Birtley et al. 1980, Serrone et al. 1987).

There have been a small number of studies which have examined the
histopathological effects of PCAs in mammals, but in most cases the exposure durations
were longer (13 weeks to 2 yrs) and the exposure concentrations were higher (5-5,000
ug-g”) than in this work, making comparisons tenuous.

Obvious histopathological lesions were only found in trout exposed to C,oH;53Cls.+
at concentrations of 13 pg-g”, although some morphometric changes in the liver were
observed in trout exposed to the other PCAs. It should be stressed that a more
comprehensive evaluation of all tissue is needed and is currently in progress. Because the
exposure and tissue concentrations were fairly similar between the PCA treatments, the
effects observed in the CoH;s3Cls7 exposed trout suggest that this compound is more
toxic than the other PCAs. This is consistent with past work on PCAs, where toxicity is
considered to be inversely related to carbon chain length and potentially chlorine content
(Bucher et al. 1987; Serrone et al. 1987).

Although few histopathological effects were observed in the rainbow trout exposed
to the PCAs, a majority of these were found in the liver. Notable coagulative necrosis of
the hepatocytes was observed in rainbow trout exposed to C,;oH;s3Cls;. Hepatocyte

necrosis has also been observed in rats exposed to high concentrations of commercial PCA
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Table 8.7 Highest mean tissue concentrations of PCAs measured in the rainbow trout and
tissue concentrations required to cause narcosis assuming 2 to 8 pumol-g" causes

narcosis (McCarty 1986).
low estimate of high estimate of
highest mean narcotic tissue narcotic tissue
concentration measured concentration concentration
chemical (ugg?h) (uggh (uggh)
CioH15.5Cls s 092 +0.45 73 290
CioHi53Cls 7 30£1.0 74 300
C11H2Cly 55+1.1 58 230
Ciz2H,95Cls s 1.1£0.30 78 310
Ci14Has5Cls 0.028 +0.0079 74 300
C14Hz33Clss 1.3+£0.33 85 340
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formulations. Bucher et al. (1987) observed slight to minimal necrosis in the livers of rats
exposed to a Cio.13-PCA (60% Cl) for 2 years at concentrations of 125-625 ug-g™-d™".
Single-cell necrosis was observed in the hepatic lobes of male and female rats exposed for
13 weeks to 5,000 ug-g*-d" of a Ci4.17-PCA (52% Cl)(Poon et al. 1995). Hepatocellular
hypertrophy, evidence of previous necrosis, was observed in rats exposed to a Cyo.13-PCA
(58% Cl) at concentrations of 100-625 ug-g™.d" for 90 days (Serrone et al. 1987).
Morphometric changes in the liver of PCA-exposed trout were also observed.
Smaller relative hepatocyte size was observed in all PCA treated trout compared with the
control trout, although only a few of these differences were statistical significant. Only 3
fish were examined per treatment, and a larger sample size may have provided a more
powerful statistical comparison. Although hepatocyte morphometric measurements have
never been measured previously in PCA exposed organisms, published data suggests that
PCA can cause an increase in hepatocyte size, which is not consistent with the reduced
hepatocytes sizes observed in the PCA-exposed rainbow trout. Bucher et al. (1987)
observed significantly fewer hepatocytes per given microscope field, suggesting larger
hepatocytes, in rats exposed to a Cio.;3-PCA (60% Cl) for 2 years at concentrations of
125-625 ug-g™'-d™". Increases in liver weights, which is the most co‘mmon effect observed in
PCA-exposed rats, could be a function of larger hepatocytes caused by peroxisome and
smooth endoplasmic reticulum proliferation (Nilsen et al. 1981; Wyatt et al.1993). The
smaller hepatocytes observed in the rainbow trout in this study do not appear to be due to
decreases in food consumption, as most trout in the medium and low exposures fed
consistently throughout the experiments. Also, fish weights and LSI did not vary between

control and PCA-exposed trout.
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No obvious morphometric changes in the posterior kidney were found in trout
exposed to any of the PCA treatments, and with the exception of one trout exposed to
Ci0H\53Cls 7 all posterior kidney appeared normal and healthy. As stated above, this needs
to be confirmed by a more extensive evaluation. Significant histopathological changes have
been observed in rats exposed to commercial PCA formulations although at higher
exposure concentrations and longer exposure periods than were used in this experiment.
Rats exposed to 100-625 ug-g’-d" of a Ci.13-PCA (58% Cl) for 90 days had high
incidences of trace-to-mild chronic nephritis and increased pigmentation of the renal
tubules (Serrone et al. 1987). Focal dilation of the tubules of the inner medulla of the
posterior kidney with focal pyknosis of epithelial nuclei were observed in female rats
exposed to a Ci4.17-PCA (52% Cl) for 13 weeks at concentrations between 50 and 5,000
ug-g'-d', although the effects were minimal (Poon et al. 1995). Bucher observed
nephropathy and increased pigmentation of the posterior kidney in rats exposed daily to
Ci0-13-PCA (60% CI) and Cjo.25 (43% CIl) for 2 years at concentrations ranging from 312
to 3750 pg-g". These results are consistent with lesions observed in one trout exposed
CioH,s53Cls7 at food concentrations of 13 pg-g™ or approximately 0.6 ug-g™'-d™".

No obvious lesions or morphometric changes were seen in the thyroid of PCA
exposed trout, although this needs to be confirmed by a more extensive evaluation.
Histopathological effects have been observed in the thyroid of rats exposed to higher
concentrations of commercial PCA formulations. Poon et al. (1995) observed reduced
follicle size and collapsed angularity, increased epithelium cell height, and cytoplasmic
vacuolation and nuclear vesiculation in epithelium cells in rats exposed for 13 weeks to 50

to 5,000 ug-g’-d’ of a Cre17-PCA (52% CI). These changes were generally minimal to
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mild in nature. Hypertrophy and hyperplasia of the thyroid has been reported in rats
exposed to a Cio.13-PCA (60% Cl) for 90 days at concentrations of 100-625 ug-g'-d”
(Serrone et al. 1987). Histopathological effects may have been observed in the trout if
PCA exposures were longer and/or at greater concentrations.

Three of the PCAs used in this experiment, C;cH;ssCss, Ci1H2Cls and
CuH249Cls.1, had chlorine substituted at two terminal carbons on both ends of the carbon
chain. The other three PCAs, CioH;s3Cls7, Ci12H)s.5Cls.s and C4H233Cls 7 probably did not,
assuming free radical chlorination does not form 1,2 substitutions. This allows an
examination of effect of chlorine position on the toxicity of PCAs. It does not appear that
the terminal chlorinated PCAs were any less or more toxic than the PCAs which are not
chlorinated on the terminal carbons, although further research is needed to validate this
statement.

These results suggest that histopathological effects would only occur at extremely
high exposure and tissue concentrations, and at levels which are well beyond those
observed in wild fish or invertebrates (Jansson et al. 1993, Fisk et al. 1996b, Tomy et al.
1997). However, this statement should be taken with caution. Only a small subset all of all
the PCAs were tested, and more PCAs should be examined. Longer exposures are needed
to assess the chronic effects of PCAs, using a range of species. As only 5 morphometric
parameters and three tissues were examined, it is possible that PCAs may influence other
aspects of histology. Lastly, PCAs may disrupt other physiological and/or biochemical

processes in aquatic organisms which do not cause a histological change.
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8.6 Summary and Conclusions

This work represents one of the first attempts at examining the toxic mode-of-
action and sub-lethal effects of PCAs on fish. It is also the first research on the histological
effects of PCAs in fish, the first histological data of any kind using PCAs with a single
carbon chain length and known chlorine, and the first histological morphometric
measurements in organisms exposed to PCAs. The behavior of rainbow trout exposed to
high dietary concentrations of all but the C;H2Cls; PCA, were consistent with a
narcotic mode-of-action. Overt histopathological lesions were observed in the liver and
kidney of rainbow trout exposed to high dietary concentrations of C,oH;s3Cls; for 21
days, but no obvious lesions were found in the rainbow trout exposed to the other PCAs
or to any of the PCAs at lower concentrations for 85 days. This histological work needs to
be verified. Histological morphometric changes, hepatocyte size, were also observed in the
livers of rainbow trout exposed to all PCAs for 21 days. No changes were observed in the
rainbow trout exposed to the same PCAs at lower concentrations for 85 days. It would
appear that the sub-lethal toxicity of PCAs is inversely related to the carbon chain length.
The results of this study suggest that the acute toxicity of PCAs to fish is very low,
although PCAs may cause histological changes at extremely high dietary concentrations.
More work is needed to verfy these resuits and to examine the effects of longer term

exposure to PCAs.
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9. GENERAL DISCUSSION

The objectives of this thesis were to examine the dietary accumulation, sediment
bioavailability, and the toxicity of individual PCAs of single carbon chain lengths and
known chiorine content. These types of data are necessary to examine the fate and
dynamics of chemicals in the environment and for risk and exposure assessments.
However, these data are lacking for PCAs. The dietary accumulation of PCAs was
examined using rainbow trout exposed to PCA-spiked food using established experimental
protocols. The dietary accumulation of a range of recalcitrant hydrophobic
organochlorines was also examined using these same experimental protocols. This
provided data for compounds which have been shown to bioaccumulate and biomagnify in
the environment, which could be compared to the PCA data. It also provided information
on the biotransformation of PCAs. The sediment bioavailability was studied by exposing
oligochaetes to sediment spiked with PCAs. The toxicity of PCAs was examined by
exposing Japanese medaka eggs and juvenile rainbow trout to high water and dietary
concentrations, respectively.

The dynamics, fate and effects of polychlorinated n-alkanes (PCAs) in the aquatic
environment are expected to vary with carbon chain length and chlorine content.
Commercial formulations of PCAs, e.g. Cerelor 49 (Cip.13, 49% Cl), are composed of
thousands of compounds which vary in carbon chain length and chlorine content.

Individual PCA compounds will have different rates of biodegradation, bioavailability, and
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bioaccumulation, resulting in different relative combinations of individual PCAs at various
trophic levels. Changes in PCA abundance have been observed in invertebrates and fish
from the Detroit River and western basin of Lake Erie relative to commercial products
(Tomy et al. 1997). These shifts in congener patterns are analogous to what has been
observed with polychlorinated biphenyls (PCB) in aquatic food webs (Oliver and Niimi
1988; Koslowski et al. 1994). Therefore, hazard and/or risk assessment of PCAs in the
environment based on data generated using commercial formulations of PCAs has proven
difficult.

The number of potential PCA compounds in the environment may number in the
10,000s. However, it is impossible to examine the biodegradation, bioavailability,
bioaccumulation and toxicity of each of these PCA compounds. If the risk of PCAs to
wildlife and man are to be assessed, it is necessary to examine a range of PCA compounds
which vary in carbon chain length and chlorine content and develop relationships based on
these physical-chemical properties. For example, characteristics of PCAs which may result
in greater bioaccumulation or toxicity need to be identified and used for risk and hazard
assessment, and government regulation.

It is clear from the PCA dietary accumulation and sediment bioavailability studies
from this work that the bioaccumulation of PCAs is directly influenced by carbon chain
length and chlorine content. This combination of physical properties directly influences
physical-chemical properties and biotransformation rates in aquatic organisms, and
ultimately influence PCA bioaccumulation and fate in aquatic systems.

The octanol-water partition coefficient (K.w) of PCAs is positively correlated with

carbon chain length and chlorine content (Sijm and Sinnige 1995). Greater K results in
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longer chemical half lives in aquatic organisms because these hydrophobic chemicals
partition predominantly into lipids, and have slow elimination rates out of lipids. Slow
elimination rates result in higher biomagnification or BMF values. However, as was shown
with a range of hydrophobic organochlorines (Chapter 4), the experimental protocol used
for these dietary accumulation studies may underestimate the half lives of very
hydrophobic compounds (log Ko > 7.0). Therefore, the relationship observed for PCA
half lives and carbon chain length may be less accurate for the very hydrophobic PCAs (i.e.
PCAs with long carbon chain and high chlorine content).

All of the PCAs have K,ws which are in a range that should result in
biomagnification in aquatic food chains (log Ko > 5.0), but not all PCAs had BMFs >1.
However, it appears that all PCAs are also susceptible to biotransformation in rainbow
trout and oligochaetes, which reduces the half life, and subsequently the BMF and BSAF,
of these chemicals. The susceptibility of PCAs to biotransformation may decrease with
increasing chlorine content and carbon chain length, and the low and medium chlorinated
short chain PCAs appear to be metabolized sufficiently so that biomagnification is unlikely.

More highly chlorinated (> ~ 60% Cl), medium chain PCAs do not appear likely to
biomagnify despite very high Kous (log Kow > 7.0) and relatively low biotransformation
rates. Extremely hydrophobic compounds tend to have low bioavailability from sediment
and food (Opperhuizen et al. 1985; Loonen et al. 1997). This could be due to a
combination of the strong binding of these hydrophobic compounds to food lipids and
sediment organic matter and/or the large molecular size of hydrophobic compounds which

may lead to steric hindrance in passing through biological membranes (Opperhuizen et al.
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1985). Although we did not examine any long chain PCAs (> Ci¢), these extremely large
and hydrophobic compounds are likely to have low bioavailability and bioaccumulation.

Short carbon chain (Cio.13), highly chlorinated (> 60% Cl) PCAs and medium
carbon chain (C,4.,35), low and medium chlorinated (< 60% CI) PCAs have the greatest
potential for bioaccumulation in aquatic ecosystems. These compounds had biota sediment
accumulation factors and biomagnification factors which were > 1, implying potential for
magnjfication of concentrations from sediment to benthic invertebrates and between
various trophic steps. These PCAs have higher K, and lower biotransformation rates in
aquatic organisms, producing longer half lives and higher BSAFs and BMFs.

A majority of the aquatic toxicity data for PCAs indicate that these compounds
have low acute toxicity. The data generated with Japanese medaka embryo toxicity assays
and experiments with juvenile rainbow trout support the findings that acute toxicity of
PCAs is low. These results also indicate that the mode-of-action of PCA toxicity is
narcosis. Narcosis will occur at tissue concentrations of 2 to 8 pmol-g™" (McCarty 1986;
van Wezel et al. 1996), so that as molecular weight increases the tissue concentration
required to cause narcosis increases. As well, the LCss of narcotic chemicals decrease
with increasing K,» (Smith and Criag 1983; Veith et al. 1983). Therefore, the
concentrations of PCAs which cause acute toxicity, or narcosis, will increase with
increasing carbon chain length and chlorine content. This is consistent with past work on
PCA toxicity using aqueous exposures. However, because water solubility of PCAs
decreases with increasing carbon chain length and chlorine content, water exposures result

in much greater tissue concentrations for shorter carbon chain and less chlorinated PCAs.
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This work has provided evidence that PCAs can cause sub-lethal effects in fish at
very high exposure concentrations. Lesions, which included extensive coagulative narcosis,
were found in the liver of rainbow trout exposed to the C;oH;s3Cls; at high dietary
concentrations. Although there were changes in liver cell morphometrics of rainbow trout
exposed to a slightly less chlorinated Cyo-PCA and a C;;- and C4-PCA, no lesions were
observed in any livers of rainbow trout exposed to a C;-PCA at similar dietary
concentrations. As well, lesions were observed in the kidney of one rainbow trout exposed
to the C,oH;s53Cls 7, but none were found in any other PCA exposed rainbow trout. These
results suggest that the acute sub-lethal effects of PCAs increase with decreasing carbon
chain length and increasing chlorine content. In studies with mammals, Bucher et al.
(1987) and Serrone et al. (1987) both concluded that PCA toxicity is inversely related to
carbon chain length and chlorine content.

PCAs were bioaccumulated from food and sediment by rainbow trout and
oligochaetes in laboratory experiments. Recalcitrant OCs, such as PCBs, were also found
to bioaccumulate in our laboratory exposures. Therefore, PCAs are likely to transfer from
sediment to benthic organisms and through aquatic food chains, although there are no data
from the environment to verify these results. Experimental data also suggested that some
PCAs may even biomagnify. Food chain transfer of PCAs varied with K. and carbon
chain length, and the relative abundance of PCA congeners, and the exposure to PCA
congeners should vary between various trophic levels.

Although environmental data are limited, PCAs have been found at relatively high
concentrations in lake sediment and in aquatic biota (~ 100’s ng-g" wet wt.) (Tomy et al.

1997a). However, results from this study suggest that the toxicological relevance of these
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ng-g" levels is probably low. It is unlikely that PCAs will cause any acute toxic effects on
aquatic organisms at ng'g”' levels because their mode-of-action is likely narcosis. Although
this work indicated that PCAs may cause sub-lethal effects, such as histopatholgical
lesions, effects only occurred at extremely high exposure concentrations (> 10 ug-g™) and
were not found in rainbow trout exposed for longer periods at lower exposure
concentrations. The concentrations required to cause the histopathological lesions are well
above concentrations to which any aquatic organism is likely exposed. The exception
could be a spill of PCAs directly into an aquatic system, but even in this case effects would

be hard to measure and large scale effects are unlikely.
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10. SUMMARY and CONCLUSIONS

This thesis has examined the bioaccumulation, sediment bioavailability and
biodegradation, and the toxicity of polychlorinated n-alkanes (PCAs). The results of this
work represent some of the first data for PCAs with a single carbon chain length and
known chlorine content. PCAs are complex industrial formulations which consist of
thousands of compounds with varying carbon chain length and chlorine content. To date, it
has not been possible to separate individual components from industrial PCA formulations,
and until recently there have not been any synthesized PCA standards available. Therefore
there has been a lack of any type of data for PCAs of single carbon chain lengths and
known chlorine content.

This research has generated assimilation efficiencies, half lives, and
biomagnification factors (BMFs) for 23 PCAs which have a range of carbon chain lengths
(Cio-, Cii-, Ciz-, Ci4- and Cy6) and chlorine contents (35-70% by weight) using juvenile
rainbow trout. The half lives (range from 7 to 75 days) and BMFs (range from 0.1 to 2.9)
of PCAs are positively correlated with carbon chain length and chlorine content. These
relationships appear to be driven by the hydrophobicity and biotransformation of the
PCAs.

Kow of PCAs is also positively correlated with carbon chain length and chlorine
content (Sijm and Sinnige 1995). Greater K,y results in longer chemical half lives in

aquatic organisms because these chemicals partition predominantly into, and have slow
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elimination rates out of, lipids. Slow elimination rates result in higher biomagnification or
BMF values.

All of the PCAs appeared to have been biotransformed by the rainbow trout;
however, susceptibility to biotransformation decreased with increasing chlorine content. A
significant portion of the total radioactivity in rainbow trout exposed to the '*C-PCAs was
not extractable by toluene, a non-polar solvent, implying that these compounds had been
biotransformed to more polar metabolites. The percentage of non-extractable e
decreased with increasing chlorine content for C,z- and Cs-PCAs. No relationship
between extractable and non-extractable '“C was obvious for the carbon chain lengths.
Based on half life-K.w relationships developed for a series of non-metabolized
organochlorines using juvenile rainbow trout (see below), a majority of the half lives of
PCAs were lower than expected for compounds of this range of Kow. Only PCAs with high
chlorine content had half lives which were similar to non-metabolized organochlorines of
similar K.

Highly chlorinated (>60% CI), short chain (Cj¢.13) and medium chlorinated (~50-
60% Cl), medium chain (Cis18) PCAs appear to have the longest half lives in aquatic
organisms and the greatest potential for biomagnification in aquatic food webs. Lower
chlorinated short chain PCAs are readily biotransformed and do not have sufficient half
lives to biomagnify. More highly chlorinated medium chain PCAs have low bioavailability
and hence low assimilation efficiency because of extremely high K,.s, and are not likely to
biomagnify. Additional research is needed on the bioaccumulation of long chain (Cis.30)
PCAs. Research on PCAs in aquatic food chains is needed to confirm laboratory results.

Biotransformation rates of PCAs are also needed for mammals which may readily
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metabolize PCAs and reduce their total burden. As well, information is needed on the
enzyme systems that are used to biotransform PCAs and the metabolites formed.

Ciz- and C,s-PCAs failed to elevate CYP 1Al enzyme activity as measured by
ethoxyresorufin-o-deethylase (EROD) activities in rainbow trout. CYP1Al is a mixed
function oxygenase (MFO) enzyme which is involved with biotransformation of xenobiotic
chemicals, and is used as a biomarker of organochlorine exposure. More work is needed
on the enzyme induction potential of PCAs in fish. There is evidence that PCAs can induce
phase I and I enzyme systems in mammals (Nilsen and Toftgard 1981; Nilsen et al. 1981;
Meijer et al. 1981; Poon et al. 1995).

This thesis also examined the dietary accumulation of a series of hydrophobic,
recalcitrant organochlorine compounds to develop relationships between K. and
assimilation efficiency, half life and BMF. Assimilation efficiency, half life and BMF all had
significant curvilinear relationships with K., with the highest values for chemicals with a
log K.w of approximately 7.0. Lower assimilation efficiencies have been reported for
compounds with a log Kow above 7.0 (Gobas et al. 1988), which have been attributed to
reduced bioavailability of the chemicals or steric hinderance in crossing biological
membranes (Opperhuizen et al. 1985). The lower assimilation efficiencies, and shorter half
lives of chemicals with log K,w greater than 7.0 resulted in a similar decline in BMF values.
A comparable relationship has been observed for hydrophobic organochlorines in Lake
Ontario salmonids (Oliver and Niimi 1988). Data from this work and other dietary
accumulation studies need to be compiled and used to develop quantitative structure
activity relationships (QSARs) for dietary accumulation of hydrophobic chemicals.

Currently, there have been few attempts to develop such QSARs despite the need for
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robust bioaccumulation relationships that predict the behavior of hydrophobic chemicals in
the aquatic environment.

The most surprising result of the K,.-bioaccumulation parameter relationship work
was the curvilinear relationship between organochlorine half life in rainbow trout and Kow.
As K, increases the ratio of chemical in lipids to water should increase and partitioning
out of lipid should decrease. Therefore, compounds with extremely high K, should have
long half lives. Possible explanations for this phenomenon include insufficient data,
inaccurate Kws, and dis-equilibrium between fish compartments. The latter explanation
implies that these results are an artifact of the experimental design. Clearly,
bioaccumulation parameters generated in laboratory experiments need to be used with
caution when applied to wild populations. More research is needed on the influence of
experimental protocol on laboratory-derived bioaccumulation parameters. Models that
predict the fate and dynamics of chemicals in the environment are often dependent on such
parameters.

Oligochaetes were found to readily accumulate PCAs from spiked sediment in
laboratory experiments. Biota sediment accumulation factors (BSAFs) for two Cj2- (6 and
10 Cl) and a Cs-PCA (3 Cl) were > 1, implying magnification of these PCAs between
sediment and benthic invertebrates. The BSAF of a higher chlorinated C;s-PCA (13 CI)
was < 1, suggesting that this chemical is less bioavailable to benthic invertebrates when
associated with sediment. This is likely due to the high hydrophobicity and strong sorption
of this chemical which inhibits the movement from sediment into the oligochaete via
interstitial water or gut absorption. PCA half lives in oligochaete (t;, = 12 - 33 d) were

shorter than what were observed in the rainbow trout. This may be due to the smaller size
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of the oligochaetes, which provides a greater surface-volume ratio and shorter routes for
chemicals to travel during depuration. More bioavailability data is needed for a range of
PCAs which vary in carbon chain length and chlorine content. Such data could be used to
develop relationships between bioavailability and carbon chain length and chlorine content.
On a broad scale, more information and understanding are needed on the dynamics of
hydrophobic organochiorines in sediment and on how physical properties of the sediment
can influence bioavailability.

Oligochaetes appear to be able to biotransform PCAs. A significant portion of the
total radioactivity in the oligochaetes was not extractable by toluene, implying that these
compounds have been biotransformed to a more polar metabolite. The percentage of non-
extractable '*C decreased with increasing chlorine content for Ci- and Cis-PCAs. No
relationship was obvious for the other carbon chain lengths. As with the rainbow trout,
research is required on the biotransformation of organochlorine compounds by
invertebrates. Information is also needed on the enzymes systems used to biotransform the
PCAs and the metabolites formed.

PCAs appear to be readily biodegraded in aerobic sediments. A significant portion
of the total radioactivity in sediments spiked with the *C-PCAs was not extractable by
non-polar solvents (toluene and dichloromethane) implying that these compounds have
been biodegraded to a more polar compound. Thirty two days after spiking the sediment,
only 23-40% of the lower chlorinated C;>- and C,s-PCAs (6 and 3 Cl, respectively) and
58-64% of the higher chlorinated C,,- and C,s-PCAs (10 and 13 Cl, respectively) were
extracted by toluene. PCA half lives in sediment ranged from 12-13 days for the lower

chlorinated C,z- and Cis-PCAs (6 and 3 ClI, respectively) to 30-58 days for the higher
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chlorinated C;2- and Cis-PCAs (10 and 13 CI, respectively). Therefore, it appears that
PCAs have short half lives in aerobic sediment and that half lives increase with increasing
chlorine content. Persistence in sediment is an important regulatory question for short
chain PCAs and more research is needed. A greater range of PCAs need to be studied so
that relationships between biodegradation and carbon chain length and chlorine content
can be more thoroughly examined. PCAs have been found on subsurface slices of lake
sediment cores (Tomy 1997a), indicating that research on the biodegradation of PCAs in
anaerobic sediments is also needed. The oligochaetes appeared to accumulate the
biodegraded PCAs; thus, information on the products of PCA degradation in sediments is
also needed.

PCAs have low acute toxicity and their mechanism of acute toxicity appears to be
narcosis. Effects were only observed in Japanese medaka eggs and larvae that had been
exposed to narcotic concentrations and had achieved tissue concentrations which would
cause narcosis. No effects were observed in medaka eggs or larvae which were exposed to
concentrations below the narcotic threshold. As well, rainbow trout exposed to high
concentrations of the same PCAs exhibited behavior that is indicative of a narcotic toxicity
mechanism although actual tissue concentrations were well below levels associated with
narcosis.

There was evidence that PCAs can cause sub-lethal effects in rainbow trout at high
dietary concentrations. Histopathological lesions were observed in liver and kidney of
rainbow trout exposed to a C,-PCA (average of 6.7 Cl) for 21 days. Morphometric
changes were observed in the livers of rainbow trout exposed high dietary concentrations

of a range of PCAs (Cjo-, Ci2- and C,4-PCAs) for 21 days. However, no histological
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effects were found in rainbow trout exposed to the same PCAs for 85 days at lower
concentrations. Additional work is needed to assess the potential for PCAs to cause

histological effects in fish with longer exposures (years).
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1)

2)

3)

11. CONTRIBUTION TO KNOWLEDGE

This work has produced the first bioaccumulation parameter data for PCAs of single
carbon chain lengths (Cyo, C11, Ci2, Ci4, and C,¢) and chlorine content. This data has
p;'ovided the first clear evidence that the bioaccumulation of PCAs can vary greatly
based on the carbon chain length and chlorine content, and that the relative abundance
of PCA congeners will vary greatly between different trophic levels or species. These
data has also shown that PCAs should move through aquatic food chains, and that

certain PCAs have the potential to biomagnify.

From the PCA bioaccumulation data, relationships have been created between half life,
assimilation efficiency, and biomagnification factor, and carbon chain length, chlorine
content and K., These relationships can be used to calculate bioaccumulation
parameters of PCAs which have not been studied. Bioaccumulation parameters are

needed for models that predict fate and dynamics of chemicals in the environment.
This work has produced the first laboratory derived bioaccumulation data on TCPMe,

TCPMeOH and three important toxaphene congeners. Bioaccumulation parameters are

needed for models that predict fate and dynamics of chemicals in the environment.
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4)

5)

6)

This work has produced one of the first bioaccumulation parameter-K.w relationships
developed from dietary accumulation data. These relationships can be used to predict
bioaccumulation parameter data for new compounds or compounds which lack
bioaccumulation data. It can also identify compounds which may be metabolized by
rainbow trout if half life and K.« data are available. The half life-K.. relationship has
also identified that laboratory derived half lives of very hydrophobic chemicals in fish

may be underestimated if exposure length is short.

This work has produced the first data of any kind on the bioavailability of sediment-
sorbed PCAs. These results have clearly demonstrated that PCAs in sediment are
bioavailable to, and accumulated by sediment ingesting benthic organisms. It has also
shown that the accumulation of PCAs from sediment will vary with carbon chain
length and that relative abundance of PCA congeners will vary greatly between

sediment and benthic invertebrates.

Reported PCA half lives in sediment represent some of the first data of this type, and
the first for PCAs with a single carbon chain length and known chlorine content. These
short sediment half lives suggest that PCAs are not as persistent in sediment as
originally believed, and have influenced the interpretation of PCA levels in sediment
cores. PCA persistence in the environment is considered a major data gap for

government regulation of short chain PCAs in Canada.
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7)

8)

This work has produced the first data on PCA toxicity using PCAs of a single carbon
chain length and chlorine content. This work has provided more evidence that the toxic

mode-of-action of PCAs is narcosis.

Histological examination of the liver, kidney and thyroid of rainbow trout exposed to
high dietary concentrations of PCAs is among the first data on sub-lethal effects of
PCAs in fish and the first histological examination of fish exposed to PCAs. The results
suggest that PCAs may create sub-lethal stress in fish populations at high exposure

concentrations.
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