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Abstract. Sediments from four inshore industrial sites and a 
reference site in the Great Lakes were extracted with or- 
ganic solvents to produce a crude extract, which was sepa- 
rated on alumina into two fractions: predominantly polycy- 
clic aromatic hydrocarbons; and predominantly nitrogen- 
containing polycyclic aromatic compounds. Crude extracts 
were redissolved in acetone and analyzed by gas chromatog- 
raphy and gas chromatography-mass spectrometry. The ace- 
tone-redissolved crude extracts from the four industrialized 
sites contained 5.6-313.3 p.g total polycyclic aromatic com- 
pounds/g sediment and 3.0-36.4 p~g other compounds/g sed- 
iment. In addition to the typical EPA priority pollutants, a 
substantial amount (228.7 ~zg/g sediment) of alkyl-polycy- 
clic-aromatic compounds was detected in sediments from 
one of the industrialized sites. Extracts from the reference 
site contained 1.55 p~g total polycyclic aromatic compounds/ 
g sediment. Medaka (Oryzias latipes) were exposed to mul- 
tiple pulse doses of acetone-redissolved extracts and frac- 
tions. Medaka were also exposed to a known carcinogen, 
methylazoxymethanol acetate, to verify that chemicals pro- 
duced tumors in the test fish. Acetone-redissolved extracts 
and fractions from contaminated sediments were toxic to 
medaka. Fin erosion and non-neoplastic liver abnormalities 
were more prevalent in medaka after exposure to acetone- 
redissolved extracts and fractions from contaminated sedi- 
ments. Neoplasms previously associated with chemical ex- 
posure in wild fishes were induced in medaka exposed to 
acetone-redissolved extracts and fractions from two of the 
contaminated sites, but not from the reference site or con- 
trois. These findings further support the hypothesis that 
chemical contaminants in sediments are involved in epi- 
zootics of neoplasms in wild fishes at contaminated sites. 

Fishes, particularly brown bullheads (Ictalurus nebulosus), 
from tributaries of the Great Lakes that are contaminated by 
polycyclic aromatic compounds (PACs) exhibit high inci- 
dences of neoplasms (Baumann et al. 1987; Baumann 1989; 
Black et al. 1980; Black 1983, 1984; Harshbarger and Clark 

1990). Extracts of sediments from several of these contami- 
nated tributaries were mutagenic in in vitro assays (Fa- 
bacher et al. 1988; Maccubbin et al. 1987; West et at. 1985, 
t986). 

Exposure of fishes to sediment-associated contaminants 
from Great Lakes tributaries in laboratory studies has also 
produced neoplasms and other abnormalities. Epidermal 
hyperplasia and multiple epidermal papillomas developed in 
some brown bullheads exposed by skin painting to PAC- 
containing sediment extracts from the Buffalo River, Erie 
County, New York (Black et al. 1985). In the same study, 
grossly visible nodules also developed in the livers of bull- 
heads fed a diet containing Buffalo River sediment extract, 
and one fish had a large cholangioma. In rainbow trout (On- 
corhynchus mykiss), hepatocellular neoplasms (basophilic 
focal alterations), eosinophilic focal alterations, and megalo- 
cytic hepatocytes were produced 12 months after microin- 
jection of sediment extracts from the Black River, but not 
the Buffalo River, into eyed-stage eggs; however, the inci- 
dence of these lesions was tow (Maccubbin et aL 1987). Sed- 
iment extract from Hamilton Harbour (an embayment in 
western Lake Ontario) containing high levels of polycyclic 
aromatic hydrocarbons (PAHs) was mutagenic in the Ames 
bacterial mutagenicity assay and induced hepatocellular car- 
cinomas in rainbow trout exposed by microinjection of di- 
methylsulfoxide (DMSO)-solubilized sediment extracts into 
sac-fry (Metcalfe et al. 1988). 

The present study was designed to further examine the 
role of chemicals in sediments in epizootics of neoplasms in 
Great Lakes fishes. Using a multiple pulse-dose protocol, 
medaka (Oryzias latipes) were exposed to the sediment ex- 
tracts and fractions from five Great Lakes tributaries that 
were characterized chemically and tested for mutagenicity 
in a prior study (Fabacher et al. 1988). Medaka were se- 
lected because of their small (<4 cm) size ( a longitudinal 
section of an entire fish can be placed on a microscope 
slide), history of use as a model for chemical carcinogenesis, 
and comparatively short (~6 months) latent period prior to 
tumor formation (Aoki and Matsudaira 1977; Harada et aL 
1988; Hatanaka et al. 1982; Hawkins et al. 1985, 1986, 
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1988a, 1988b, 1988; I s h i k a w a  et al. 1975; Metcaffe  1989). A 
s imilar  exposu re  p ro toco l  was  used  to d e m o n s t r a t e  the  he- 
pa t i c  c a r c i n o g e n i c i t y  o f  7 , 1 2 - d i m e t h y l b e n z [ a ] a n t h r a c e n e  
( D M B A )  in poeci l ids  (Schul tz  and  Schul tz  1982). Af te r  the  

e x p o s u r e s ,  the  f ish we re  per iodica l ly  sampled  for  carc ino-  
genic  effects ,  and  the  ex t r ac t s  and  f rac t ions  were  re -ana-  
lyzed  chemica l ly  to con f i rm  p rev ious  f indings  and  to docu-  
m e n t  the  na tu re  of  the  mate r ia l  de l ivered  to the  tes t  fish. 

Materials and Methods 

S e d i m e n t  Col lec t ion ,  Ex t rac t ion ,  Frac t iona t ion ,  
and  A n a l y s i s  

Composite samples of sediments were collected in 1984 from four 
contaminated Great Lakes tributaries: the Black River at Lorain, 
Ohio; the Cuyahoga River at Cleveland, Ohio; the Menominee 
River at Marinette, Michigan; and the Fox River at Green Bay, Wis- 
consin. Sediments from Munuscong Lake, Michigan, which re- 
ceived only small amounts of chemical pollution, served as refer- 
ence (Figure 1). Study sites were selected on the basis of where 
carcinogens were likely to be found in sediments as a result of in- 
dustrial activities. The Black River, heavily contaminated by PACs 
including known carcinogens, was included as a positive field con- 
trol. Composite sediment samples (about 35 L) were collected at 
each site with a Ponar dredge and frozen for later extraction and 
characterization. In the laboratory, the samples were air-dried, 
powdered in a blender, weighed, and extracted with organic sol- 
vents. The crude extracts were fractionated on neutral alumina to 
obtain A-2 (PAC) and A-3 (PACs containing nitrogen) fractions. 
Portions of the crude extract and fractions were packaged under 
nitrogen in sealed glass ampules for this study. Details of these pro- 
cedures and additional information about the sites are given in Fa- 
bacher et al. 1988. 

Stock solutions for fish exposures were prepared in acetone from 
the concentrated sediment extracts by opening the sealed glass am- 
pules under gold lighting and rinsing the tar-like contents repeatedly 
with acetone. Residues in the ampules were further dissolved by 
sonication in a Bransonic | 220 ultrasonic bath (Branson Cleaning 
Equipment Co., Shelton, CT) until no additional residues could be 
removed with acetone. Acetone supernatants were filtered through 
glass-fiber discs (Whatman Inc., Clifton, N J, GF-D, 3-p~m pore size) 
into foil-covered volumetric flasks. Acetone-insoluble residues were 
rinsed with methylene chloride into clean beakers and evaporated to 
dryness at room temperature. Additional acetone was added to the 
residues, sonication and filtration were repeated, and the filtered 
supernatants were added to the previous stocks. The remaining in- 
soluble residues were weighed, the weights of the redissolved 
solutes were determined by differences, and concentrations of the 
stock solutions were calculated. Stock volumes were adjusted with 
acetone and solutions were refrigerated in black Teflon | bottles 
until use. The extracts and fractions were redissolved in acetone 
and the resulting stock solution concentrations were determined 
(Table 1). 

Aliquots of stock solutions of acetone-redissolved crude extracts 
(ARCEs) were analyzed for PACs. During subsequent procedures, 
the ARCEs were stored in aluminum foil-wrapped containers in the 
dark and handled under low-light conditions to minimize photooxi- 
dation. All extracts, except those from Cuyahoga River sediments, 
contained small amounts of precipitate. The ARCEs were enriched 
by two consecutive gel permeation chromatography (GPC) proce- 
dures by two different instruments. The first consisted of an Auto- 
prep | 1001 (ABC Laboratories, Columbia, MO) with a 40-cm x 

Use of trade names does not constitute government endorsement. 

2.5-cm (id) column packed with 50 g of Bio-Beads | S-X3 resin, 
200-400 mesh (Bio-Rad Laboratories, Richmond, CA). The mobile 
phase was 1:1 (v:v) cyclohexane:dichloromethane pumped at 5 mL/ 
min. Each of the sediment extracts was loaded into a 5-mL sample 
loop. The second GPC apparatus was a modification of the first in 
which a Waters Model 6000 A pump (Waters Chromatography, Mil- 
ford, MA) had been substituted for the standard pump, and the ca- 
pacities of the sample loops had been reduced from 5.0 mL to 1.0 
mL. Two tandem columns (22-cm x 1-cm id) were each packed 
with 3.8 g of S-X3 (270-325 mesh). The mobile phase was 1:1 (v:v) 
cyclopentane:dichloromethane pumped at 1.3 mL/min. Through 
mixed separation mechanisms of size exclusion and adsorption, the 
GPC systems were used to remove interfering compounds such as 
aliphatic hydrocarbons, phthalate esters, and biogenic compounds, 
but selectively retain many classes of compounds of interest in- 
cluding PACs, polychlorinated biphenyls (PCBs), organochlorine 
pesticides, and phenols (Ribick et al. 1981). 

A Finnigan 4023 quadrupole GC/MS system equipped with a 30-m 
x 0.25-ram (id) DB-5 (0.25 I~m film thickness) capillary column was 
used to perform the separations for detailed qualitative and quanti- 
tative analyses. Initial mass calibration was performed according to 
the instrument company's specifications. About 1 ~L of the sedi- 
ment extracts (final volume 250 IxL) was direct-injected for GC/MS 
analyses. The GC oven was temperature-programmed for an initial 
temperature of 45~ held 1 rain, increased to 210~ at 7~ 
increased again to 295~ at 5~ then increased at 0.5~ to 
a final temperature of 300~ The GC/MS system acquired full-scan, 
m/z 35-550 electron ionization mass spectra at the rate of 1 scan/ 
s e c .  

Data from GC/MS analyses were processed with the INCOS ~ 
system. Mass spectra of the several hundred detected GC peaks 
were retrieved, the background was subtracted, and, when possible, 
the peaks were matched with the 42,000-compound National Insti- 
tute of Standards and Technology (NIST) spectral reference library 
(EPA/NIH Mass Spectral Data Base 1986). For peaks that did not 
match, mass spectral interpretation techniques were used. When 
possible, retention indices (Lee et al. 1981) were used to verify ten- 
tative identifications. 

Qual i ty  A s s u r a n c e  o f  E x t r a c t  A n a l y s e s  

Each 2-g equivalent of extract and a procedural blank for this study 
were spiked with 0.5 ~g/g of D4-1,2-dichlorobenzene and each of 
seven perdeuterated PAHs (naphthalene, acenaphthene, fluorene, 
anthracene, pyrene, benz[a]anthracene, and chrysene) immediately 
before enrichment with the first GPC and designated potential pro- 
cedural internal standards. To calibrate the elution profile of each 
GPC system and to assure chromatographic performance, bis(2-eth- 
ylhexyl)phthalate, 2,3,5,6,-tetrachloroterephthalic acid-dimethyl 
ester (Dacthal) and pyrene were analyzed with an inline UV de- 
tector (254 nm). A test mixture (Grob et al. 1978) containing 5 
ng/p~L of each compound was analyzed to evaluate both GC separa- 
tion and MS sensitivity. A standard mixture of 51 PACs and organo- 
chlorine pesticides and 10 perdeuterated compounds at 1.9-8.5 
ng/p,L was analyzed to facilitate qualitative GC/MS confirmations 
and to establish quantitative response factors. For other com- 
pounds, probable identifications were made by MS NIST Library 
match. Tentative identifications were made by mass spectral inter- 
pretation, and unknown compounds were characterized by scan 
time and molecular weight (Christman 1984). Concentrations of 
other compounds were estimated by ion response factors relative to 
internal standards (Ds-naphthalene and D10-pyrene). Detection 
limits were 0.01-0.02 p~g/g for individual PACs and 0.02-0.39 Ixg/g 
for individual organochlorine pesticides and other compounds. The 
detection limit for total PCBs was 0.2 I~g/g. The usual quantitation 
ion(s) responses for detection limits were/>5 x signal/noise. 

Identification of PACs with identical molecular weights was diffi- 
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Fig. 1. The Laurentian Great Lakes of 
North America indicating sites from 
which sediments were collected. 
1. Black R.; 2. Cuyahoga R.; 
3. Menominee R.; 4. Fox R.; 
5. Munuscong L. 

Table L Solubility of sediment extracts and fractions and concen- 
tration of acetone stock solutions 

Extract Concentration of 
Component solubilized stock solution 
and site (%) (mg/ml) 

Crude extracP 
Black R. 91 5.7 
Cuyahoga R. 87 7.0 
Fox R. 91 10,3 
Menominee R. 94 5.0 
Munuscong L. 85 3.5 

A-2 fraction 
Black R. 97 9.0 
Cuyahoga R. 89 4.0 
Fox R. 98 6.0 
Menominee R. 86 4.0 
Munuscong L. 87 1.0 

A-3 fraction 
Black R. 88 4.8 
Cuyahoga R. 89 4.0 
Fox R. 90 5.4 
Menominee R. 81 4.0 
Munuscong L. b __ 

a The amounts (g) of air-dried sediment extracted for Fabacher et al. 
(1988) were: Black River (BR), 1,350; Cuyahoga River (CR), 1,069; 
Fox River (FR), 687; Menominee River (MR), 1,628; Munuscong 
Lake (ML), 695. Resulting crude extracts (g) were: BR, 13.5; CR, 
9.1; FR, 13.8; MR, 8.2; ML, 0.7. Aliquots (g) used to prepare crude 
extract stock solutions were: BR, 1.4; CR, 1.4; FR, 1.4; MR, 0.9; 
ML, 0.1 
b Not enough produced 

cult whenever  mass spectra had similar fragmentation patterns. 
Some of these PACs were resolved by GC and identified by reten- 
tion time whereas others, which either could not be separated or for 
which standards were not available, were summed (Table 2). In a 
few instances, our identified compound names differed from names 

reported by Fabacher et al. (t988). For example, in contrast to the 
tentative identification (Fabacher et al. 1988) of MW 218 com- 
pounds as methyl-phenyl naphthalenes, we differentiated methyl- 
phenyl naphthalenes from benzonaphthofurans with NIST library 
spectra (Footnote m, Table 2). Similarly, Fabacher et al. (1988) ten- 
tatively reported MW 266 compounds as dibenzofluorenes; we 
called them either methyl-benzofluoranthenes/pyrenes (Footnote s) 
or dibenzofluorenes, depending on whether there was an abundant 
(M-l) + ion found (West et al. 1986). 

Only a few compounds were detected in the procedural blank. 
Biphenyl was present at 0.03 txg/g, whereas concentrations of 
naphthalene, fluorene, and phenanthrene were <0.t33 ~xg/g. Com- 
pounds detected at >0.03 p~g/g in the blank included tetrahydropy- 
ranone, dichlorocyclohexane, and saturated hydrocarbons.  The 
source of the tetrahydropyranone is unknown. We have determined 
that dichlorocyclohexane and saturated hydrocarbons are typical 
impurities in the solvents used. 

Quantitation was performed with a technique that self-corrected 
concentrations by recoveries of the internal standards. Although 
absolute recoveries of the internal standards were not determined~ 
recoveries of most spiked deuterated PAHs, relative to D~o-pyrene, 
were 61-115%, Despite efforts to minimize photolytic degradation, 
relative recoveries of the two photolytically-sensitive PAHs (Dl0- 
anthracene and Dlz-benz[a]anthracene ) ranged from <5% in the 
least contaminated ARCE to 110% in the most contaminated. Ac- 
companying the loss of the two PAHs was the tentative identifica- 
tion of two photodegradation products: Ds-anthracenedione in the 
procedural blank and in the two least contaminated ARCEs; and 
D~0-benz[a]anthracenedione in the least contaminated ARCE (Ta- 
ble 4). 

F i s h  E x p o s u r e s  

Methylazoxymethanol acetate (MAMA), a known carcinogen, was 
obtained from the Chemical Carcinogen Reference Standard Repos- 
itory, Division of Cancer Etiology, NCI/NIH, Bethesda, MD 20205 
(IIT Research Institute, Chicago, IL) for use as a positive control to 
verify that the test fish responded to chemicals with tumor forma- 
tion. A stock solution in water (3.26 mg/mL) was prepared and re- 
frigerated in a black Teflon | bottle. 
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Juvenile medaka were cultured at our laboratory according to 
methods provided with the brood stock (Carolina Biological Supply, 
Burlington, NC). Adult medaka were fed flake food (Tetra Min e, 
Tetra Werke, West Germany) and live brine shrimp (Artemia sa- 
lina); newly-hatched medaka were fed an infusoria (protozoan) cul- 
ture until they were large enough to eat brine shrimp.Vigorous 5-9 
d-old juveniles (<0.5 cm total length) with brine shrimp visible in 
their guts were separated 24 h before exposures. 

Pulse-dose exposures were conducted in a vented glove box. 
Each exposure consisted of 5-7 dosage groups: 3-5 doses of 
ARCEs or acetone-redissolved A2 (ARA-2F) and A 3 (ARA-3F) 
fractions; controls and carrier (acetone) controls; and positive 
(MAMA) controls. The concentrations of ARCEs, ARA-2Fs, and 
ARA-3Fs in the exposures (Table 5), chosen to avoid excessive mor- 
tality, were determined after conducting range-finding tests for 
acute toxicity. Because of the small quantity of Munuscong Lake 
extract produced, no ARA-3F was made, and only low doses could 
be made for the ARCE and ARA-2F exposures. Four 24-h pulse 
doses were conducted at weekly intervals for three replicate groups 
of 50 fish per dosage group. Each group was held in a separate ex- 
posure chamber (1000-mL beaker with stainless steel screen 
bottom) throughout the series of pulse doses. Exposure solutions 
were prepared by adding stock solutions to 1000 mL of water (equil- 
ibrated to 26~ in 2,000-mL beakers. One chamber from each dose 
group was transferred in well water from 50-L aquaria and sus- 
pended in exposure solution for 24 h. After this period, exposure 
chambers were removed from the exposure solution, rinsed gently, 
and returned to the 50-L aquaria. The fish were fed brine shrimp 
daily except during the exposures when they were not fed. This 
procedure was repeated for the other two sets of replicates at 2-d 
intervals, and the cycle of pulse doses was repeated weekly until 
each replicate had received four doses. Positive controls received a 
single 24-h exposure to 2 mg/L MAMA during the fourth pulse dose 
period. 

After exposure, survivors were transferred to clean exposure 
chambers and suspended in the holding aquaria at 26~ (one 
aquarium per dose group). After 30 d, fish were released from the 
exposure chambers into compartments in the aquaria separated by 
perforated plastic sheeting. Fish were transferred to clean aquaria 
about every 30 days. Samples of live fish were collected at 90-d 
intervals after exposure for external observations and histopatho- 
logical examination. Five fish per replicate were randomly netted, 
anesthetized in tricaine methanesulfonate (Finquel | Argent Chem- 
ical Co.), and preserved in Dietrich's fixative (29% ethanol, 10% 
formalin, and 2% glacial acetic acid in deionized water). Gross ex- 
ternal examinations for fin erosion were made with a binocular dis- 
secting microscope. Mortalities were noted during and after the ex- 
posure period. 

Tissues were prepared for histopathological analyses by adapting 
routine procedures (Sheehan and Hrapchak 1980). Fixed specimens 
were dehydrated through the standard ethanol series, cleared with 
xylene, and infiltrated and embedded in paraplast. The specimens 
were then mounted longitudinally on a rectangular embedding cas- 
sette clamped in a microtome chuck. Paraffin blocks were trimmed 
with the microtome blade until the mid-sagittal region of the spec- 
imen was exposed. Mid-sagittal sections (10 to 15 per specimen, 5 
~m thick) were cut and mounted on glass microslides, stained with 
Gill's hematoxylin, counterstained with Phloxine-Eosin, cover- 
slipped, cleaned, and labeled. Microslides were prescreened for 
quality and for the presence of the desired organs and tissues (espe- 
cially liver, pancreas, gut, spleen, gonad, swim bladder, kidney, 
heart, and brain). From each specimen, the three best microslides 
were selected for histopathologic evaluation. We designated baso- 
philic, eosinophilic, and clear cell foci as incipient neoplasms. 
These neoplasms are small (less than 1.0 mm in diameter), well-dif- 
ferentiated, noncompressive, enzyme-altered clonal populations of 
clear or amphophilic hepatocytes representing an early stage of (if 

not actually committed to progressing to) an obvious neoplasm. Ob- 
vious neoplasms have, in addition to tinctorial changes, varying de- 
grees of cytologic and pattern atypia (or both). Obvious neoplasms 
also have the possibility of compressive, invasive, and metastatic 
behavior and are often larger than t .0 mm in diameter. 

Data on frequency of fin erosion and liver abnormalities were an- 
alyzed with linear categorical models (Grizzle et aL 1969). The 
CATMOD procedure (SAS Institute 1987) was used to test for dif- 
ferences between extract treatment groups and controls. Because of 
the presence of zero frequencies, 0.1 was added to each raw fre- 
quency used in this analysis. 

Results and Discussion 

G C / M S  A n a l y s i s  o f  A c e t o n e - S o l u b i l i z e d  Crude  
S e d i m e n t  E x t r a c t s  

Polycyclic Aromatic Compounds (PACs): As reported by 
Fabacher et al. (1988), sediment extracts from the four con- 
taminated sites contained various amounts of PAC contami- 
nation that reflected the general degree of  contamination of 
the sediment and subtle differences in the composition of the 
organic fractions. Concentrations of PACs in sediments from 
Munuscong Lake, the reference site, were low; in contrast, 
the Black River contained both the highest concentrations 
and greatest variety of PACs and alkylated PACs. The A-2 
fraction from the Black River contained 12 PACs, including 
known carcinogens, at concentrations of 1.0 txg/g or greater 
(e.g., benzo[a]pyrene) and others (benzo[a]fiuorene, pery- 
lene and benzo[g,h,i]perylene) at 3.0 ttg/g or greater. Fa- 
bacher et al. (1988) also reported that in contrast to sediment 
extracts from the other collection sites, those from the Black 
River contained quantifiable total N-PACs. Most abundant 
among these were carbazole and several substituted carba- 

zoles. 
With GC/MS, we were able to detect and quantitate many 

more PACs in the ARCEs than Fabacher et al. (1988) re- 
ported on the basis of GC/FID quantitation and GC/MS con- 
firmation of alumina fractions 2 and 3 (Table 2), and included 
PAHs and PACs substituted with nitrogen, sulfur, or oxygen. 
In our study, the ARCE's  from the four industrialized sites 
contained 5.6-313.3 Ixg total PACs/g sediment and 3.0-36.4 
~xg other compounds/g sediment. The ARCE from the refer- 
ence site contained 1.55 Ixg total PACs/g sediment. We de- 
tected carbazole in all ARCEs except  Munuscong Lake, 
whereas Fabacher et al. (1988) reported carbazole only in 
the A-3 fraction of the Black River. We also found perylene, 
i ndeno[1 ,2 ,3 -c ,d ]pyrene ,  d ibenz [a ,h ] an th racene ,  and 
benzo[g,h,i]perylene in the Fox River sediment extract at 
concentrations />0.88 txg/g; these compounds were not re- 
ported by Fabacher et al. (1988). 

Many alkyl-subst i tuted PACs were also found in the 
ARCEs  (Table 2), which significantly increased the total 
PAC concentrations relative to the totals reported by Fa- 
bacher et al. (1988). For example, more than two-thirds of 
the PACs quantitated in the Fox River ARCE (228.7 Ixg/g 
sediment) were alkyl-substituted. Consequently, our PAC 
grand totals are highest for the Fox River (313.3 p~g/g--Table 
2). Although the contract  laboratory that performed the 
analyses for Fabacher et al. (1988) acknowledged the pres- 
ence of unresolved alkylated PACs, these compounds were 
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not reported, which resulted in a lower total for the Fox 
River (81.8 Ixg/g vs. 313.3 fxg/g in our study). The predomi- 
nance of unsubstituted PACs, many of which are EPA pri- 
ority pollutants (National Resources Defense Council, Inc., 
et al. V. Train, 1976, 1979; Federal Register, 1984) confirms 
previous findings that most of the PACs in the Black and 
Cuyahoga Rivers were combustion-derived. In contrast, the 
alkyl-PACs, which predominated in extracts from the Fox 
River, typically result from non-combustion sources such as 
petroleum and other fossil fuels. The full extent of the PACs 
in extracts containing such compounds may not be accu- 
rately assessed by analysis for only EPA priority pollutants. 

Despite the already noted differences between our anal- 
yses of ARCEs and previous analyses of alumina fractions 
(Fabacher et aL 1988) and the incomplete solubilization of 
the extracts by acetone (Table 1), some PAC concentrations 
were the same in both studies. For example, the concentra- 
tions of phenanthrene, fluoranthene, pyrene, and benz[a]- 
anthracene are in close agreement for the Cuyahoga River 
crude extracts and ARCEs. Concentrations of these four 
PACs differed slightly more in the Black River, Fox River 
and Munuscong Lake crude extracts and ARCEs, and dif- 
fered considerably for the Menominee River crude extracts 
and ARCEs. 

PCBs, Organochlorine Pesticides, and 
Other Compounds 

The GC/MS analyses included detection and estimation of 
concentrations of PCBs (Table 3). Total concentrations of 
PCBs containing 2-5 chlorines were highest in ARCEs from 
the Fox River, totaling an estimated 0.8-3.2 txg/g, and were 
followed closely by the total of PCBs containing 3-6 chlo- 
rines in the ARCE from the Cuyahoga River, which totaled 
an estimated 0.3-1.2 txg/g. PCBs were present at levels 
below the limit of quantitation (<0.2 Ixg/g) in the Black River 
ARCE and were not detected (<0.2 p.g/g) in either the Me- 
nominee River or Munuscong Lake ARCEs. In a separate 
study, total PCBs were detected by capillary GC with elec- 
tron capture detection at 0.75-0.99 jxg/g in sediment from 
the Fox River, 0.49 Ixg/g from the Cuyahoga River, and 0.04 
Ixg/g from the Menominee River (U. S. Fish and Wildlife Ser- 
vice, National Fisheries Contaminant Research Center, Co- 
lumbia, MO and National Fisheries Research Center-Great 
Lakes, Ann Arbor, MI, unpublished data). 

Few organochlorine pesticides were detected by GC/MS. 
In the Cuyahoga River ARCE, p,p'-DDE and two isomers of 
chlordane were present at concentrations near the limit of 
quantitation (~<0.05 ixg/g). No non-o-chloro-PCBs, polychlo- 
rinated dibenzofurans, or polychlorinated dioxins were de- 
tected by full-scan GC/MS. When a more sensitive and spe- 
cific procedure was used (Smith etal. 1984), many com- 
pounds  were de tec t ed  in sediments  f rom all four  
industrialized sites at concentrations of 0.01-40 ng/g (P. C. 
Baumann, U.S. Fish and Wildlife Service, National Fish- 
eries Contaminant Research Center Field Station, Co- 
lumbus, OH, 1990, unpublished data). 

More of other compounds were identified and character- 
ized by GC/MS in the Fox River ARCE than other sites 
(Table 4). These included several alk_yl-substituted diphenyl- 

methanes, which are PCB replacement compounds pre- 
viously identified in sediments from the Fox River (Pe~ 
terman and Delfino 1990). In contrast to PACs, most of 
which are metabolized by fishes to a large extent, these 
compounds bioaccumulate in fishes (Peterman and Delfino 
1990). Detection of all three cresol (methyl phenol) isomers 
and acetophenone in the Fox River ARCE is probably re- 
lated to the presence of paper mills (Wisconsin Department 
of Natural Resources 1978). 

Among the other detected compounds (Table 4) were oxi- 
dized PACs such as quinones, ketones, and alcohols. 
Anthraceneone, anthracene-dione, benz[a]anthraceneone, 
and benz[a]anthracene-dione are photodegradation products 
of anthracene and benz[a]anthracene, respectively, two of 
the PACs most sensitive to photooxidation. Some of these 
oxygen-containing PACs (O-PACs) were identified in several 
ARCEs. Anthracene-dione was detected in the ARCEs of 
sediment from the three most contaminated rivers. The 
presence of anthracene-dione suggests that some oxidation 
of native anthracene occurred prior to analysis because D10- 
anthracene was quantitatively recovered from the ARCEs. 
Ligocki and Pankow (1984) showed that D]0-anthracene in 
acetone photodegraded to Ds-anthracenedione. Other O- 
PACs tentatively identified in the Menominee River ARCE 
include fluorenol, fluoreneone, and phenanthrenol. We do 
not know whether these PAC-alcoho! breakdown products 
were present prior to sediment collection or were formed 
later. Also, the lower than previously reported (Fabacher et 
al. 1988) PAC concentrations for the Menominee River 
ARCE suggest that some PACs degraded, which may occur 
at - 20~ (Sverdrup etal. 1990). 

Despite uncertainties, the GC/MS analyses identified and 
quantitated numerous PACs, many of which were alkyl-sub- 
stituted. Although not identical, concentrations of some 
PACS in our GC/MS re-analyses were comparable to those 
reported by Fabacher et al. (1988). We also found PCBs and 
other previously unreported compounds in the ARCEs. The 
GC/MS analyses of the ARCEs also demonstrated that sedi- 
ments from the four industrialized sites contained residues 
of carcinogenic chemicals and that these carcinogens were 
delivered to the test fish through the exposure protocol. 

Toxicity and Carcinogenicity of  Sediment Extracts 

Toxicity: Mortality of medaka during the exposure period 
averaged 11% (range, 0-21%) in controls and carrier con- 
trois but was higher in many ARCE, ARA-2F, and ARA-3F 
exposures (Table 5). Mortality increased with dose level 
during the exposures to ARCEs and was high (15-45%) in 
fish exposed to all ARCEs except Munuscong Lake ARCE, 
which was much lower (1%). For the ARA-2Fs, exposure to 
0.5 mg/L from Munuscong Lake produced mortality that 
was similar to controls, whereas mortality was greatest in 
fish exposed to 1-2 mg/L from the Black and Fox Rivers. 
Concentrations of ARA-2Fs causing mortality were much 
lower than those used in the ARCE exposures (Table 5). No 
ARA-3Fs caused considerably greater mortality than that 
which occurred in controls. Post-exposure mortality was 
similar in controls,  MAMA exposures,  and ARCE, 
ARA-2F, and ARA-3F exposures and was probably due to 



26 D.L.  Fabacher et al. 

Table 3. Estimated concentrations (p,g/g sediment on a dry weight basis) of PCBs in acetone-redissolved crude extracts (ARCEs) from Great 
Lakes sediments. Number of congener peaks summed are listed in parentheses 

Collection site 

Compound name MW" Black R, Cuyahoga R. Fox R. Menominee R. Munuscong L. 

CI2-PCBs 222 b - -  

CI3-PCBs 256 - -  0.13 
(2) 

C14-PCBs 290 <0.03 r 0.24 
(I) (6) 

CIs-PCBs 324 <0.04 0.16 
(1) (6) 

CI6-PCBs 358 <0.04 0.10 
(1) (3) 

C17- to Cllo-PCBs d 392-494 - -  - -  

Estimated total: 
Concentration Range e 

0.26 
(2) 
0.55 

(3) 
0.58 

(8) 
0.19 

(6) 

<0.2 0.3-1.2 0.8-3.2 
(5) (17) (20) 

m 

m 

m 

m 

i 

B 

m 

"Molecular weight 
b Not detected 
c Detected below the limit of quantitation 
a CI7-PCBs, Cls-PCBs, Clg-PCBs and CI10-PCB were not detected in all samples. (Limits of Quantitation were 0.07, 0.07, 0.08, and 0.10 ~g/g, 
respectively) 
e Estimated total concentrations fall within ranges because quantitation did not include measured relative response factors from a compre- 
hensive PCB standard mixture 

overcrowding or poor water quality in holding tanks. No 
mortality occurred during the 24-h MAMA exposure (Ta- 
ble 5). 

Fin  E r o s i o n  a n d  N o n - N e o p l a s t i c  L i v e r  A b n o r m a l i t i e s  

Fin erosion was common in medaka exposed to extracts,  but 
was generally rare in controls (Table 6). Frequencies of fin 
erosion and liver abnormalities in controls and carrier con- 
trois were not significantly different within ARCE, ARA-2F 
and ARA-3F exposures;  the control frequencies were there- 
fore combined for statistical comparisons. Caudal and pec- 
toral fin erosion was most common in the ARCE exposures,  
with frequencies as high as 82% (Table 6). All ARCEs except 
Munuscong Lake produced significantly higher frequencies 
of caudal or pectoral  fin erosion than controls, and the inci- 
dence of erosion for both increased significantly after expo- 
sure to Black, Cuyahoga, and Menominee River ARCEs. 
Fin erosion has also been reported to occur in fishes ex- 
posed to crude and waste transformer oils (Minchew and 
Yarbrough 1977; Woodward et al. 1981; Mayer  et at. 1985). 
None of the ARA-2Fs or ARA-3Fs produced significant in- 
creases in fin erosion. 

Hepatic lipidosis and spongiosis hepatis occurred in both 
control and treated medaka (Table 6). We considered as pos- 
itive only modera te  and severe cases of  l ipidosis,  which 
consisted of large clusters or extensive areas of hepatocytes 
containing round, sharply defined cytoplasmic vacuoles that 
resembled  the fatty livers of medaka exper imental ly  ex- 
posed to die thylni t rosamine (DEN) (Hinton et al. 1988). 
Lipidosis frequency was increased significantly over con- 
trols by exposure to ARA-2Fs from all sites, and was also 
high in some ARCE and ARA-3F exposures,  although these 

were not significantly different from controls  (Table 6). 
ARCEs,  ARA-2Fs,  and ARA-3Fs from Fox and Black River 
sediments consistently produced high frequencies of lipi- 
dosis.  Although mild l ipidosis is a natural  and reversible 
condition of well-fed fishes (Halver 1972), the severity and 
uneven distribution of  lipidosis among treatments suggests a 
toxic influence of the extracts, especially the ARA-2Fs.  

Spongiosis hepatis, an irregular, intrahepatic, multilocular 
formation of  probable perisinusoidal cell origin (Bannasch et 
al. 1981), is a possible indicator of chemical exposure in 
fishes (Couch 1990). This condition, which occurred less 
frequently than lipidosis, was most prevalent in ARA-2F ex- 
posures,  although it was also common in all Fox River expo- 
sures (Table 6). The frequency of spongiosis hepatis was not 
significantly different from controls in any ARCE, ARA-2F,  
or ARA-3F  exposures ,  however  (Table 6). Other investi- 
gators have reported similar findings. Bunton (1990) found 
spongiosis hepatis in medaka exposed to DEN and, at low 
incidence, in controls. When Maccubbin et al. (1987) treated 
medaka eggs with a topical application of benzo[a]pyrene 
(BP) and N-methyl-N'-ni tro-N-nitrosoguanidine (MNNG) in 
DMSO (passive perchorionic exposure method), histopatho- 
logical analysis at 4 months postexposure revealed spon- 
giosis hepatis in about 60% of the fish that had received BP 
and about 50% of those exposed to MNNG. Controls had a 
low incidence (5%) of primarily the early stage of this lesion, 
and carrier (DMSO) controls had an incidence of about 24%. 
Maccubbin et al. (1987) observed only one tumor (a cholan- 
gioma) in medaka exposed to BP, and no definite neoplasms 
in response to river sediment extracts; however, medaka 
that had been exposed to Buffalo River sediment extract had 
spongiosis hepatis and eosinophilic foci of altered hepato- 
cytes. In the same study, MNNG, BP and Black River sedi- 
ment extract microinjected into the yolk sac of  late eyed- 
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Tab le  4. C o n c e n t r a t i o n s  (txg/g s e d i m e n t  on  a d ry  w e i g h t  basis)  o f  o t h e r  c o m p o u n d s  ident i f ied  o r  c h a r a c t e r i z e d  by  G C / M S  in a c e t o n e - r e d i s -  

s o l v e d  c r u d e  e x t r a c t s  ( A R C E s )  f r o m  G r e a t  L a k e s  s e d i m e n t s  

C o m p o u n d  n a m e  

Col lec t ion  site 

M W  a S C A N  b ID  r B l ack  R. C u y a h o g a  R. Fox  R. M e n o m i n e e  R. M u n u s c o n g  L.  

Creso l  ( m e t h y l  pheno l )  d 108 490 

Creso l  ( m e t h y l  pheno l )  108 515 

A c e t o p h e n o n e  120 535 
Creso l  (m e t hy l  pheno l )  108 540 

M e t h y l  a c e t o p h e n o n e  o r  C4-benzene  134 605 

C h l o r o - p h e n y l - i s o c y a n a t e  i 153 623 

C a m p h o r  o r  o t h e r  CIoH160 152 642 

M e t h y l  d i h y d r o - i n d e n e  or  e q u i v a l e n t  132 645 

Bor neo l  o r  o t h e r  C m H m O  154 668 

T e t r a h y d r o - 2 H - p y r a n - 2 - o l  o r  r e l a t e d  UJ 757 

C2-Dihydro - indene  o r  e q u i v a l e n t  146 774 

C2-Dihydro - indene  o r  e q u i v a l e n t  146 790 

M e t h y l  b e n z o t h i a z o l e  149 830 

D i c h l o r o - p h e n y l - i s o c y a n a t e  187 842 

C2-Tetralin ( C 2 - t e t r a h y d r o n a p h t h a l e n e )  160 859 

C3-Tetralin 174 883 

T e t r a h y d r o - 2 H - p y r a n - 2 - o l  o r  r e l a t ed  U 888 

Cs-Tetral in  174 905 

C3-Tetralin 174 945 

C2-Tetralin o r  e q u i v a l e n t  160 947 

C3-Tetralin 174 981 

B ipheny lo l  o r  d ipheny l  e t h e r  170 1056 

A r o m a t i c  c o m p o u n d  153 1084 

Alky l - subs t i t u t ed  a r o m a t i c  c o m p o u n d  188 1093 

Pyr ido [  ]kpyr imid in-one  147 1130 

Cg-Phenol  206 1178 

M e t h y l  t h i o - b e n z o t h i a z o l e  181 1178 

N a p h t h a l e n y l - e t h a n o n e  170 1190 

P h e n a t e n e  o r  s imi la r  P A H  166 1204 

2 -Ethy l  d i p h e n y l m e t h a n e  m 196 1211 

X a n t h e n e  o r  m e t h y l  d i b e n z o f u r a n  182 1225 

B e n z o t h i a z o l o n e  151 1241 

4 -E thy l  d i p h e n y l m e t h a n e  m 196 1244 

H e x e n y l  n a p h t h a l e n e  o r  e q u i v a l e n t  210 1258 

A r o m a t i c  c o m p o u n d  180 1258 

H e x a t h i e p a n e  (CH/S6)  206 t301 

F l u o r e n o l  182 1317 

A l k y l - s u b s t i t u t e d  c o m p o u n d  U 1346 

N a p h t h o [  ] t h i o p h e n e  or  e q u i v a l e n t  184 1387 

P h e n a n t h r e n o l  o r  e q u i v a l e n t  194 1399 

C16H14 206 1420 
A r o m a t i c  c o m p o u n d  204 1434 

A l k y l - s u b s t i t u t e d  a r o m a t i c  c o m p o u n d  U 1442 

A n t h r a c e n o n e ,  P h e n a n t h r e n o l  o r  o t h e r  194 1460 

F l u o r e n o n e  o r  e q u i v a l e n t  180 1473 

o -Te rpheny l  230 1495 

A l k y l - s u b s t i t u t e d  a r o m a t i c  c o m p o u n d  208 1501 

A l k y l - s u b s t i t u t e d  a r o m a t i c  c o m p o u n d  208 1507 

A l k y l - s u b s t i t u t e d  a r o m a t i c  c o m p o u n d  224 1510 

D s - A n t h r a c e n e - d i o n e  ~ 216 1533 

A n t h r a c e n e d i o n e  ~ 208 1542 

A lky l - subs t i t u t ed  a r o m a t i c  c o m p o u n d  224 1550 

Pheny l  i n d e n e - d i o n e  o r  e q u i v a l e n t  222 1629 

A l k y l - s u b s t i t u t e d  a r o m a t i c  c o m p o u n d  260 16,1.0 

T e t r a h y d r o - r e t e n e  p o r  o t h e r  CmH2z 238 1662 

A r o m a t i c  c o m p o u n d  208 1663 

A r o m a t i c  c o m p o u n d  U 1670 

A r o m a t i c  c o m p o u n d  222 1757 

ReteneP 234 1770 

A r o m a t i c  c o m p o u n d  (CmH16) 232 1803 

p e  f _ _  0 . 4 g  _ _  _ _  

P - -  - -  0.3 - -  - -  

P - -  - -  2. - -  - -  

P - -  - -  3. - -  - -  

T h - -  - -  0.3 - -  - -  

P 0.3 0,1 - -  - -  - -  

T - -  - -  0.9 - -  - -  

P - -  - -  0 .4 - -  - -  

T - -  - -  0.8 - -  - -  

UJ - -  - -  I0.  0.3 - -  

P - -  ---  0.3 - -  - -  

P - -  - -  0.6 - -  - -  

P - -  - -  - -  1. - -  

P 0.3 0.2 0.1 - -  - -  

P - -  - -  0.3 - -  - -  

P - -  - -  0.2 - -  - -  

U - -  - -  2. 0.1 - -  

P 0.1 - -  0.2 - -  - -  

P - -  - -  0.2 - -  - -  

T - -  - -  1. - -  - -  

T - -  - -  0.2 - -  - -  

T 0.2 0.1 1. - -  - -  

U - -  - -  0 .4 - -  - -  

U - -  - -  2. - -  - -  

T - -  0.2 - -  - -  - -  

T - -  - -  2. - -  - -  

T - -  - -  - -  < 0 . P  - -  

P - -  - -  - -  <0 .1  - -  

T 1 . . . . .  

T - -  - -  0.5 - -  - -  

P 0.1 0.1 - -  - -  - -  

P - -  - -  0.3 - -  - -  

T - -  - -  I. - -  - -  

T - -  0.3 - -  - -  - -  

U 0.3 . . . .  

P - -  - -  - -  <0 .1  - -  

P - -  - -  - -  0.2 - -  

U - -  - -  - -  I. - -  

T 0.2 . . . .  

T - -  - -  - -  < 0 . I  - -  

U - -  - -  0.5 - -  - -  

U 0.9 . . . .  

U - -  - -  I. - -  - -  

U - -  - -  - -  <0 .1  - -  

T - -  - -  - -  <0 .1  - -  

P - -  - -  - -  < 0 . I  - -  

U 0.1 0 . l  - -  - -  - -  

U 0.2 0.1 - -  - -  - -  

U 0.2 0.1 - -  - -  - -  

T - -  - -  - -  0 . 1  0 . 2  

P 0.6 0.6 0.3 - -  - -  

U 0.2 . . . .  

- -  - -  - -  <0 .1  - -  

U - -  - -  - -  2 .  - -  

T - -  0.3 0.8 - -  - -  

U 0.6 - -  0.5 - -  - -  

U - -  - -  0.3 - -  - -  

U - -  - -  0.3 - -  - -  

T 0.2 0.1 I. <0 .1  - -  

U - -  0.1 0.5 - -  - -  

( C o n t i n u e d  on  nex t  page)  
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Table 4. (cont 'd .)  

C o m p o u n d  name  

Collection site 

M W  a S C A N  b ID c Black R. Cuyahoga  R. Fox R. Menominee  R. M u n u s c o n g  L. 

Aromat ic  c o m p o u n d  218 1811 U - -  - -  0.1 - -  - -  
Aromat ic  compound  232 1837 U - -  - -  - -  <0.1 - -  
Alkyl-subst i tu ted aromatic  compound  252 1840 U - -  - -  - -  0.1 - -  
Benz[ ]an thracene-one  230 1902 T - -  - -  - -  0.1 - -  
Dioctyl Adipate 370 1926 P - -  - -  - -  3. - -  
Benz[ ]an thracene-one  230 1958 T - -  0,2 - -  0.1 - -  
Benz[de]anthracen-7-one 230 2040 T 0.4q - -  - -  0.3 - -  
Dlo-Benz[a]anthracene-dione r 268 2118 T . . . .  0.1 
Benz[a]an thracene-d ione  s 258 2127 T - -  0.1 - -  <0.1 - -  
Aromat ic  c o m p o u n d  254 2145 U - -  O. 1 - -  - -  - -  
Ni t rogen-conta ining PAC t 245 2237 U - -  - -  0.1 - -  - -  
PAC, possibly ClsH14Nz 258 2295 U - -  - -  0.2 - -  - -  
PAC, possibly CIsHI4N2 258 2330 U - -  - -  0.2 - -  - -  
PAC 268 2340 U 0.2 0.1 - -  - -  - -  
PAC, possibly C1sHI4Nz 258 2344 U - -  - -  0.2 - -  - -  
Aromat ic  compound  254 2358 U - -  - -  - -  0.1 - -  
a PAH 264 2483 U 0.2" 0.1 - -  - -  - -  

Total: 6.3 3.0 36.4 9.4 
N u m b e r  o f  compounds  (19) (18) (40) (23) 

a Molecular  weight 
b Scan number  of  GC/MS acquisi t ion,  equivalent  to GC/MS retention time in seconds  

Identification 
d C o m p o u n d s  with the same name  are different isomers  detected at different scan  number s  
e Probable identification by MS NIST Library match  
f Not  detected 
g C o m p o u n d s  were quant i ta ted to one significant place 
h Tentative identification by MS interpretat ion 
i Chem Abs t rac t s  #104-12-1, 3320-83-0, 2909-38-8, or 51134-03-3. Al though it is a chemical  intermediate ,  it may  also result  f rom a GC 

breakdown of tr ichlorocarbanil ide (Jungclaus et al. 1978) 
J U n k n o w n  
k Unspecif ied i somer  

Detected below the limit o f  quanti tat ion 
m A major  cons t i tuent  of  Santosol  R 100, a PCB replacement  dye solvent  mixture  used in carbonless  copy paper  (Peterman and Delfino, 1990) 
n A photolytic oxidat ion product  of  the internal s tandard,  Dl0-anthracene,  not  included in the total at the end of  the table 

~ A photolyt ic  oxidation product  of  an thracene  
P Wakeham et al. (1980) found certain PAHs in lake sediments  which could not  be attr ibuted to anthropogenic  sources  

q Repor ted  in prior s tudy at 1.8 
r A photolyt ic  oxidation product  of  the internal s tandard,  Dlz-benz[a]anthracene,  not  included in the total at the end of  the  table 

s A photolytic oxidat ion product  of  benz[a]anthracene  
t Polycyclic aromatic  compound  
u For the Black R. sample,  the  prior s tudy reported an unknown  MW 264 PAH as possibly cyclopenta[ghi]perylenes 

s t a g e  r a i n b o w  t r o u t  e g g s  i n d u c e d  l ive r  n e o p l a s m s ,  b u t  n o t  

s p o n g i o s i s  h e p a t i s .  

N e o p l a s m s  

MAMA:  C h o l a n g i o m a  w a s  d e t e c t e d  in t h r e e  M A M A - e x -  

p o s e d  m e d a k a  a t  D a y  90 (Table  7). O n e  o f  t h e s e  f i sh  a l so  h a d  

a b a s o p h i l i c  f o c u s  ( 0 . 4 - m m  d ia . ) ,  a n d  o n e  h a d  a h e p a t o c e l -  

l u l a r  c a r c i n o m a .  A t  D a y  180, n i n e  M A M A - e x p o s e d  f i sh  h a d  

o n e  o r  m o r e  i n c i p i e n t  n e o p l a s m s  o r  n e o p l a s m s ;  o n e  h a d  a 

c h o l a n g i o m a  a n d  a l s o  a h e m a n g i o p e r i c y t o m a  b e t w e e n  t h e  

l i v e r / c h o l a n g i o m a  a n d  t h e  a b d o m i n a l  s k i n ,  o n e  a c h o l a n -  

g i o m a  a n d  a s m a l l  f o c u s  o f  b a s o p h i l i c  h e p a t o c e l l u l a r  a l t e r -  

a t i o n ,  o n e  a 0 . 6 - m m  dia .  f o c u s  o f  b a s o p h i l i c  h e p a t o c e l l u l a r  

a l t e r a t i o n ,  a n d  t w o  o t h e r s  h a d  b o t h  h e p a t o c e l l u l a r  c a r c i -  

n o m a  a n d  c h o l a n g i o m a .  C h o l a n g i o m a  w a s  a l so  p r e s e n t  in 

t h r e e  o t h e r  f i sh ,  a n d  o n e  f i sh  h a d  a p e r i s i n u s o i d a l  cel l  n e o -  

p l a s m .  A v a r i e t y  o f  n e o p l a s m s  w e r e  a l s o  p r e s e n t  in M A M A -  

t r e a t e d  f i sh  a t  D a y  270.  T h r e e  f i sh  e a c h  h a d  a h e p a t o c e l l u l a r  

c a r c i n o m a ;  in  o n e  o f  t h e s e ,  t h e  n o r m a l  l i ve r  s h o w e d  t o x i c  

c h a n g e s  in t h e  f o r m  o f  h e p a t i c  l i p idos i s  a n d  n u m e r o u s  a r e a s  

o f  s p o n g i o s i s  h e p a t i s .  T h i s  f i sh  a l so  h a d  a h e m a n g i o p e r i c y -  

t o m a  o f  t h e  i n t e s t i n e .  A n o t h e r  f i sh  h a d  a l e i o m y o s a r c o m a  o f  

t h e  g u t  wa l l ,  a n d  t w o  o t h e r s  e a c h  h a d  a b a s o p h i l i c  f o c u s  o f  

h e p a t o c e l l u l a r  a l t e r a t i o n .  O n e  f i sh  h a d  t w o  t i n c t o r i a l l y  dif-  

f e r e n t  loc i  o f  h e p a t o c e l l u l a r  a l t e r a t i o n ;  o n e  w a s  b a s o p h i l i c  

( 0 . 5 - m m  in  d ia . )  a n d  t h e  o t h e r  w a s  e o s i n o p h i l i c  ( 0 . 6 - m m  in 
d ia . ) .  O n e  f i sh  h a d  b o t h  a 0 . 8 - r a m  alia. c l e a r  cel l  f o c u s  a n d  a 

1.0-mm dia .  b a s o p h i l i c  f o c u s  o f  h e p a t o c e l l u l a r  a l t e r a t i o n .  A t  

D a y  360,  e a c h  o f  t w o  M A M A - e x p o s e d  f i sh  h a d  a p o o r l y  to  

m o d e r a t e l y  d i f f e r e n t i a t e d  c h o l a n g i o m a .  
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Table 5. Summary of dosages, extract and fraction concentrations, 
and mortality in medaka exposures. Mean percent mortality during 
pulse-dose period (28 days) and post-exposure period (270 days for 
groups I-III;  360 days for groups tV and V) is adjusted for samples 
collected for histopathology 

Mortality (%) 

Exposure Concentration e Post- 
and dose (rag/L) Exposure exposure 

Exposure I 
Control a - -  15 50 
Carrier control b 4.0 g 21 53 
Black R. ARCE% 

low 2.8 15 57 
Black R. ARCE, 

medium 8.3 35 40 
Black R. ARCE, 

high 22.0 42 47 
Exposure II 

Control - -  0 47 
Carrier control 6.0 5 69 
MAMA 2.0 0 63 
Black R. ARCE, 

extra-high 33.0 40 46 
Fox R. ARCE, 

low l 1.0 15 57 
Fox R. ARCE, 

high 22.0 38 50 
Munuscong L. ARCE, 

low 5.0 1 46 
Exposure III 

Control - -  12 31 
Carrier control 8.0 7 34 
Cuyahoga R. ARCE, 

low 22.0 17 36 
Cuyahoga R. ARCE, 

high 40.0 45 25 
Menominee R. ARCE, 

low 11.0 22 30 
Menominee R. ARCE, 

high 40.0 41 41 

Mortality (%) 

Exposure Concentration f Post- 
and dose (rag/L) Exposure exposure 

Exposure IV 
Control --- 9 66 
Carrier control 0.5 13 53 
Black R., ARA-2F a 

fraction 1.0 33 50 
Cuyahoga R., ARA-2F 

fraction 2.0 24 53 
Fox R., ARA-2F 

fraction 2.0 3 t 62 
Menominee R., ARA-2F 

fraction 2.0 25 51 
Munuscong L., ARA-2F 

fraction 0.5 7 59 

Exposure V 
Control --- 14 52 
Carrier control 1.25 12 48 
Black R., ARA-3F ~ 

fraction 5.0 15 52 
Cuyahoga R., ARA-3F 

fraction 5.0 14 39 
Fox R., ARA-3F 

fraction 5.0 2t 50 
Menominee R., ARA-3F 

fraction 5.0 10 44 

Control fish in water alone 
b Carrier was acetone 
c Acetone-redissolved crude extract 
a Acetone-redissolved A-2 fraction 

Acetone-redissolved A-3 fraction 
f To calculate the ARCE water concentration (ng/L) of any com- 
pound listed in Tables 2-4, multiply its value in the table by the 
following conversion factors: Black R., low (0.28), medium (0.84), 
high (2.2), extra-high (3.4); Fox R., low (0.60), high (l.2); Munus- 
cong L., low (6.1); Cuyahoga R., low (2.6), high (4.8); Menominee 
R., low (2.2), high (8.0) 
g Carrier concentration expressed as mL/L 

Extracts and Fractions: All fish examined at Day 90 were 
essentially normal; there were no proliferative, parasitic, or 
infectious lesions. Of the fish sampled and examined after 
exposure to ARCEs, ARA-2Fs, and ARA-3Fs at Day 180, 
one fish from the Black River ARCE high dose had a eosino- 
philic focus of hepatocellular alteration; one treated with the 
high dose of Fox River ARCE had a hepatocellular ade- 
noma; one from the Black River ARA-2F exposure had a 
subtle, 0.15-ram dia. eosinophilic focus of hepatocellular al- 
teration; one from the Cuyahoga River ARA-3F exposure 
had a well-differentiated 0.15-mm dia. eosinophilic focus of 
hepatocellular alteration; one from the Fox River ARA-3F 
exposure had a cholangioma; and one carrier control fish 
had two eosinophilic foci of hepatocellular alteration (~<0.5 
mm dia.). Among the medaka exposed to extracts and frac- 
tions and examined at Day 270, one fish from the Cuyahoga 
River ARA-2F exposure had a 0.3-ram dia. eesinophilic 
focus of hepatocellular alteration that contained no mitoses 
but was lightly compressive. One fish from the Fox River 
ARA-2F exposure had a 0.5-mm dia. eosinophilic focus of 

hepatocellular alteration with no compression, no mitoses, 
and no lipid in the focus. One fish exposed to the high-dose 
Black River ARCE had a hepatocellular carcinoma charac- 
terized by a well-differentiated 3.5-mm dia. basophilic mass; 
this fish also had a 0.5-ram dia. basophilic focus to which 
normal liver conformed and which contained mitotic figures. 
Another fish exposed to the high dose of Black River ARCE 
had a hepatocellular carcinoma that appeared as two small 
lesions (0.6-ram dia. each). These lesions were characterized 
by hepatocytomegaly of two and three magnitude, a solid 
pattern, and a distinct, irregular, non-compressive boundary 
with normal liver; this was more atypia than simple alter- 
ation. One carrier control fish had two eosinophilic foci of 
hepatocellular alteration of 0.2- and 0.3-ram dia. Among the 
fish examined at Day 360, one from the Fox River ARA-3F 
exposure had a pancreatic duct cell adenoma that resembled 
the lesions reported by Thiyagarajah and Grizzle (1986) in 
Rivutus exposed to DEN. One fish from the control group 
had a disseminated lymphocytic lymphoma, a spontaneous 
lesion not attributable to chemical induction (Okihiro and 
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Table 6. Mean percentage of fin erosion and non-neoplastic liver abnormalities in medaka collected for histopathological analysis during the 
post-exposure period (days 90, 180, 270, 360) 

Type of abnormality 

Caudal Pectoral Hepatic Spongiosis 
Exposure fin erosion fin erosion lipidosis hepatis 

MAMA ~ 0 0 50 27 
ARCE br 

Control a 0 0 13 1 
Carrier control ~ 0 0 15 1 
Black R. 78 h 67 h 24 0 
Cuyahoga R. 82 h 62 h 8 0 
Fox R. 13 62 h 32 12 
Menominee R. 69 h 47 h 0 0 
Munuscong L. 0 0 5 0 

ARA-2F f 
Control 3 0 0 15 
Carrier control 2 0 13 7 
Black R. 5 5 30 h 13 
Cuyahoga R. 2 0 33 h 20 
Fox R. 20 5 20 h 10 
Menominee R. 0 0 30 h 13 
Munuscong L. 2 0 23 h 0 

ARA-3Fg 
Control 0 2 3 3 
Carrier control 2 2 13 0 
Black R. 5 5 17 3 
Cuyahoga R. 2 2 3 0 
Fox R. 0 0 7 13 
Menominee R. 0 0 0 7 
Munuscong L. i - -  - -  - -  

a Methylazoxymethanol acetate 
b Acetone-redissolved crude extract 
c High dose levels of crude extracts were used for analysis 
a Fish in water alone 

Fish in water and acetone 
f Acetone-redissolved A-2 fraction 
g Acetone-redissolved A-3 fraction 
h Significantly different from controls and carrier controls at (P ~ 0.05) 
i No A-3 fraction was produced in fractionation 

Hinton 1989, Harada et al. 1990, Battalora et  al. 1990). This 
lymphoma was the only spontaneous lesion observed among 
the 270 control fish examined (representing 0.37%). 

In the carrier controls there were four incipient neoplasms 
(two in each of two fish) among 285 fish examined (repre- 
senting 0.7%). These percentages of neoplasms and incipient 
neoplasms in controls are within the range reported else- 
where for spontaneous lesions in medaka (Hawkins et al. 

1988; Masahito et  al. 1989). There were no apparent neo- 
plasms in medaka that died during the exposure or post-ex- 
posure period. 

R e l a t i o n  to  P r e v i o u s  S tud i e s :  Fabacher et al. (1988) re- 
ported that the crude extracts and A-2 and A-3 fractions 
from all the contaminated industrial sites were mutagenic in 
the Chinese hamster ovary hypoxanthine-guanine phosphor- 
ibosyl transferase (CHO/HGPRT) assay for mutagenicity. 
Munuscong Lake had a dose-response relation (slope) that 
was marginally significant (P < 0.05) for the A-2 fraction, 
but the responses were not significantly different from con- 
trols. The Cuyahoga River sediment extracts were the most 
mutagenic in both the CHO/HGPRT and rat hepatocyte un- 
scheduled DNA synthesis assays. In our study, however, 

there were no neoplasms in medaka exposed to ARCE, 
ARA-2F, or ARA-3F from either Munuscong Lake or the 
Cuyahoga River. Our results further corroborate recent re- 
ports that in vitro assays for mutagenicity may not be as 
predictive of in v ivo chemical carcinogenicity as had been 
previously expected (Tennant et  al.  1987; Heddle 1988). 
Neoplasms induced by ARCEs from the Black and Fox 
rivers and ARA-3F from the Fox River included a hepato- 
cellular adenoma, a cholangioma, and several cases of hepa- 
tocellular carcinoma. These kinds of neoplasms have also 
been detected in wild fishes inhabiting the Black River and 
other PAC-contaminated sites (Baumann et  al. 1987; Bau- 
mann 1989). Fabacher et al. (1988) reported the presence of 
numerous carcinogenic PACs in sediments from these sites. 
Using GC/MS, we also detected components such as diben- 
zofluorenes and alkyl carbazoles in greater concentration in 
the Fox River than in the Black River ARCE (Table 2) that 
were not reported by Fabacher et al. (1988). Research by 
other investigators (Griest et  al. 1979; Severson et al. 1978) 
suggests that multialkylated PACs with more than three aro- 
matic tings contribute to the mutagenicity and tumor-initi- 
ating activity of complex PAC mixtures. Components such 
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Table 7. Incipient neoplasms and neoplasms in tissues of control 
and exposed medaka 

Days 
post-exposure 
and exposure Lesion 

Day 90 
MAMA a 

Day 180 
MAMA 

Carrier Control b 

Black R. ARCE r high 

Fox R. ARCE, high 
Black R., ARA-2F d 

Cuyahoga R., 
ARA-3F e 

Fox R., ARA-3F 
Day 270 

MAMA 

Carrier Control 

Black R. ARCE, high 

Cuyahoga R., ARA-2F 

Fox R., ARA-2F 

Day 360 
MAMA 
Control f 
Fox R., ARA-3F 

Cholangioma (3/15)g 
Hepatocellular alteration, basophilic 

focus h (1/15) 
Hepatocellular carcinoma (1/15) 

Cholangioma (7/15) 
Hemangiopericytoma (1/15) 
Hepatocellular carcinoma (2/15) 
Hepatocellular alteration, basophilic 

focus h (2/15) 
Pefisinusoidal cell neoplasm (1/15) 
Hepatocellutar alteration, 

eosinophilic focus h (2/45) 
Hepatocellular alteration, 

eosinophilic focus h (1/15) 
Hepatocellular adenoma (1/15) 
Hepatocellular alteration, 

eosinophilic focus h (1/15) 
Hepatocellular alteration, 

eosinophilic focus h (t/I 5) 
Cholangioma (1/15) 

Hemangiopericytoma (1/15) 
Hepatocellular carcinoma (3/15) 
Hepatocellular alteration, basophilic 

focus h (4/15) 
Hepatocellular alteration, clear cell 

focus ~ (1/15) 
Hepatocellular alteration, 

eosinophilic focus h (1/15) 
Leiomyosarcoma, intestine (1/15) 
Hepatocellular alteration, 

eosinophilic focus h (2/45) 
Hepatocellular alteration, basophilic 

focus h (1/15) 
Hepatocellular carcinoma (2/15) 
Hepatocellular alteration, 

eosinophilic focus h (1/15) 
Hepatocellular alteration, 

eosinophilic focus h (1/15) 

Cholangioma (2/7) 
Lymphoma (1/20) 
Pancreatic duct-cell adenoma (1/15) 

a Methylazoxymethanol acetate treated fish 
b Carrier Control fish in water and acetone 
c Acetone-redissolved crude extract 
d Acetone-redissolved A-2 fraction 

Acetone-redissolved A-3 fraction 
f Control fish in water alone 
g (Fish with lesions/number of fish in exposure group examined his- 
topathologically.) Some fish had more than one lesion and more 
than one type of lesion 
h Incipient neoplasm 

as these in the Fox River ARA-3F could, at least in part, 
have caused the neoplasms in medaka exposed to this frac- 
tion. The low frequency of neoplasms produced by our ex- 
posure protocol precluded rigorous statistical analysis or 
more detailed comparisons with previous findings. 

A literature search provided no references to any study 
where multiple pulse exposures of sediment extracts and 
fractions had been done with medaka.  In a study wi th  a 
single compound, Hawkins et al. (1988) exposed medaka to 
two 6-h exposures of water-borne benzo[a]pyrene. The first 
exposure  was conduc ted  on 6 - 1 0 - d a y  old medaka ;  the 
second exposure occurred 7 days later. With the high dose 
of  269 ~g/L for the first exposure  and 253 p~g/L for the 
second,  26 of 73 fish examined (36%.) had hepatocel!ular  
neoplasms 36-wk post-exposure that included 20 fish with 
hepatocellular adenomas and 6 with hepatocellular carci- 
nomas. In our study, the most hepatic neoplasms (2 of t5 
fish examined, 13%) occurred in fish exposed to the high- 
dose of Black R. ARCE. Because we had to dilute the sedi- 
ment extracts and fractions so that 50% or more of the fish 
survived the acute toxicity of the dosages (Table 5), the con- 
centration of individual compounds in the exposures was 
greatly reduced. For example, using the conversion factor 
(Table 5, Footnote f) for the high-dose of Black R. ARCE 
(2.2), the concentration of  benzo[a]pyrene in the exposure 
was about I0 ng/L (0.01 Ixg/L)--considerably less than the 
concentration in the study by Hawkins et al. (1988). The 
total PAC and other compounds in the high-dose of Black R. 
ARCE was only about 456 ng/L (0.456 ixg/L). Although we 
used four 24-h pulses and Hawkins et aL (t988) used two 6-h 
pulses, the high-dose of Black R. ARCE was remarkably 
potent in producing neoplasms in medaka. The high-dose of 
Fox R. ARCE and the Fox R. ARA-3F were also very po- 
tent; however, a review of Tables 2 - 4  discloses no pattern as 
to what component or components might be responsible for 
this potency, either singly or in combination. 

Presence  and Significance o f  Tumor Promoters  

Neoplasia in fish liver may be perceived as a multistage pro- 
cess  invo lv ing  in i t ia t ion ,  p r o m o t i o n ,  and p rog res s ion  
(Hinton 1989). Feral fishes may experience initiation as em- 
bryos, juveniles, or adults by exposure to initiating types of 
chemical contaminants (i.e., those which interact with the 
genome) in food, sediments,  the water  column, or more 
probably, a combination of these. Promotion of neoplasms 
may then result  by exposure  of the previously initiated 
fishes to promoting types of  chemical contaminants,  which 
cause cell proliferation. Chemicals from both biogenic and 
anthropogenic sources can be classified as initiators, pro- 
moters, or both (i.e., complete carcinogens). For example, 
Nunez et aL (1989) found that dietary 17 ~3-estradiol was an 
effective promoter  of hepatocarcinogenesis in aflatoxin-B 1 
exposed rainbow trout. These authors suggested that their 
observat ions  were par t icular ly  relevant  to neoplasms in 
fishes from polluted environments because such neoplasms 
may be a result of weak carcinogens (initiators) acting in 
combination with other contaminants that may promote the 
carcinogenic response. Similarly, Hinton (1989) suggested 
that when fishes previously initiated by carcinogens are ex- 
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posed to promoter  compounds within sediments or food, 
promotion of carcinogenesis is probable. Carbazole and Ar- 
oclor | 1254 enhanced the tumor response in rainbow trout 
when administered in the diet either before fry exposure or 
a f te r  e m b r y o  e x p o s u r e  to the  in i t i a to r  7 ,12-d imethy l -  
benz[a]anthracene (Hendricks, J. D., Department of Food 
Science and Technology, Oregon State University, Corvallis, 
Oregon, personal  communication, 1990). Thus, the presence 
and concentration of potential promoter  compounds such as 
PCBs, carbazole,  and alkyl-substituted diphenylmethanes in 
the ARCEs,  ARA-2Fs,  and ARA-3Fs we tested may have 
influenced the number of tumors induced in the medaka. 

N e o p l a s m s  in F ishes  and  Their R e l e v a n c e  to 
Env i ronmen ta l  Quali ty  

Mix (1986) concluded that although epizootics of tumors and 
neoplasms have been descr ibed in fish populat ions from 
many areas throughout the world, the evidence was not suf- 
ficient to prove that environmental pollutants are the uni- 
versal cause. In review, Mix concluded that experimental 
data implicating chemical contaminants in the environment 
for cancer-like conditions in fishes from some areas of Puget 
Sound (Washington),  the Fox River (Illinois), and Japan 
were adequate whereas the data purportedly supporting a 
chemical cause for highly publicized epizootics of tumors in 
fishes from the Buffalo River (Black 1982), Torch Lake  
(Black et al. 1982), and the Black River (Baumann et al. 
1982) were not of high quality. Mix further concluded that 
most of the latter studies were compromised by inadequate 
experimental designs and that additional research, particu- 
larly laboratory studies, are necessary to document any role 
of  chemical contaminants in these epizootics. In contrast,  
Metcalfe (1990) states in the preface of a special issue of The 
Science o f  the Total Environment comprising articles ad- 
dress ing chemica l  con taminan ts  and fish tumors ,  that  
"Polycycl ic  aromatic hydrocarbons (PAHs) are almost cer- 
tainly involved in the development of  tumors in feral fish 
populations inhabiting contaminated marine and freshwater 
ecosys tems."  Although the results of our study do not prove 
that contaminants in sediments from Great Lakes tributaries 
cause tumors in brown bullheads, the data support the hy- 
pothesis that contaminants are a causal factor for tumors in 
fishes from the Black River. The neoplasms induced in me- 
daka exposed to sediment extracts and fractions in our study 
were considerably fewer than expected based on field ob- 
servations of  the high incidence of neoplasms in brown bull- 
heads from the test sites. Nevertheless,  we suggest that our 
findings, particularly those from the Fox and Black rivers, 
and reports of others (Maccubbin et al. 1987; Metcalfe et al. 
1988; Metcalfe 1990) add further credence to a chemical eti- 
ology for neoplasia in fishes associated with contaminated 
sediments. 

Conclusions and Recommendations  

Investigators should be aware that sediment extracts may 
contain substantial amounts of alkyl-PACs that may not be 
detected or reported when analyzing for only typical EPA 

priority pollutant PACs, and that the presence of alkyl-PACs 
may alter the effects of the extracts in assays for toxicity, 
mutagenicity, or carcinogenicity. Our results and those of 
Hinton et al. (1988) and others suggest that the effects of 
chemical carcinogens on medaka can be either non-carcino- 
genic or carcinogenic. Non-carcinogenic responses include 
spongiosis hepatis, hepatic lipidosis, and acute cytotoxicity;  
carcinogenic responses include incipient and complete neo- 
plasms. In our study, the sediment extracts and fractions 
from many contaminated sites were non-carcinogenic in me- 
daka, but the Black River ARCE and Fox River ARA-3F 
induced carcinomas in some fish of types normally asso- 
ciated with chemical exposure in wild fishes, further sub- 
stantiating the hypothesis that contaminants in sediments 
are involved in epizootics  of  neoplasms in wild fishes at 
chemically contaminated sites. 

We suggest that if investigators consider  the multiple 
pulse method of dosing medaka with sediment extracts and 
fractions,  more than four multiple pulse doses should be 
used to help ensure that any promoters present are able to 
exert their effects. It is also recommended that investigators 
consider adding an initiator and promoter  to different ali- 
quots of sediment extracts or fractions to be tested for carci- 
nogenicity. The separate addition of an initiator or promoter  
may clarify any undetermined carcinogenic potential  be- 
cause if one or the other is lacking in the extract or fraction, 
the process of carcinogenesis may not proceed to comple- 
tion. 
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