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ABSTRACT: The cost of conducting conventional chronic bioassays with every potentially toxic 
compound found in marine ecosystems is prohibitive; therefore short-term toxicity tests which can 
be used for rapid screening were developed.  The tests employ cultured fish cells to measure lethal, 
sublethal or genotoxic effects of pure compounds and complex mixtures. The sensitivity of these 
tests has been  proven under  laboratory conditions; the following study used two of these tests, the 
anaphase aberration test and a cytotoxicity assay, under  field conditions. Sediment  was collected 
from 97 stations within Puget Sound, Washington. Serial washings of the sediment  in methanol and 
dichlorornethane yielded an organic extract which was dried, dissolved in DMSO and incubated as 
a series of dilutions with rainbow trout gonad (RTG-2) cells. The toxic effects of the extract were 
measured by examining the rate of cell proliferation and the percentage of damaged  anaphase  
figures. Anaphase figures were considered to be abnormal if they exhibi ted non-disjunctions, 
chromosome fragments, or chromosome bridges. A second cell line {bluegill fry, BF-2) was also 
tested for cell proliferation and was included because,  unlike the RTG-2 cell line, it contains little or 
no mixed function oxygenase activity. Of 97 stations tested, 35 showed no genotoxic activity, 42 
showed high genotoxic activity (P < .01) and the remainder  were intermediate.  Among the toxic 
sites were several deep water stations adjacent  to municipal sewage outfalls and four urban 
waterways contaminated by industrial and municipal effluents. Extracts from areas that showed 
genotoxic effects also inhibited cell proliferation and were cytotoxic to RTG-2 cells. Few effects 
were noted in the MFO deficient BF-2 cells. Short term in vitro tests provide aquatic toxicologists 
with a versatile and cost effective tool for screening complex environments.  Through these tests one 
can identify compounds or geographic regions that exhibit  high cytotoxic or genotoxic potential. 

I N T R O D U C T I O N  

P u g e t  S o u n d ,  l o c a t e d  in  t h e  s t a t e  of W a s h i n g t o n  (USA), is a f j o r d l i k e  b a s i n  t ha t  is 

c o n n e c t e d  to t h e  N o r t h  Pac i f i c  O c e a n  by  t h e  St ra i t  of J u a n  d e  Fuca .  C i r c u l a t i o n  in  P u g e t  

S o u n d  is e s t u a r i n e  in  na tu r e ,  b e i n g  d r i v e n  b y  f r e s h w a t e r  inpu t s ,  g r a v i t a t i o n a l  c o n v e c -  

t ion,  t i de s  a n d  w i n d s .  Th is  d y n a m i c  p a t t e r n  of c i r c u l a t i o n  in  an  a r e a  o t h e r w i s e  p r o t e c t e d  

f rom e n v i r o n m e n t a l  e x t r e m e s  h a s  l e d  to t h e  d e v e l o p m e n t  of a p r o d u c t i v e  a n d  d i v e r s e  

e c o s y s t e m .  T h e  h i g h  p roduc t i v i t y ,  s t r a t e g i c  l oca t ion ,  a n d  n a t u r a l  b e a u t y  of P u g e t  S o u n d  

c o m b i n e  to fo rm a k e y  e c o n o m i c  r e s o u r c e  in  t h e  Pac i f i c  N o r t h w e s t  r e g i o n  of t h e  U n i t e d  

Sta tes ,  a n d  as  a c o n s e q u e n c e  of its i m p o r t a n c e  to t h e  f i she r i e s ,  t r a n s p o r t a t i o n ,  d e f e n c e  

a n d  r e c r e a t i o n a l  i n d u s t r i e s  of t h e  a r e a  th i s  b o d y  of w a t e r  h a s  r e c e i v e d  i n t e n s i v e  s t u d y  

over  t he  pas t  d e c a d e .  

Ou t  of th is  s t u d y  h a s  g r o w n  a n  a w a r e n e s s  t h a t  s o m e  p o r t i o n s  of P u g e t  S o u n d  are  

h e a v i l y  c o n t a m i n a t e d  w i t h  toxic  c h e m i c a l s  (Dex te r  e t  al., 1981). Th i s  r e a l i z a t i o n  h a s  
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come both directly, through m e a s u r e m e n t  of con taminan t  levels in sediment ,  water and 
biota, and  indirectly,  through the detect ion of pathological  changes  present  in resident 
fish species. Al though a variety of pathological  condit ions have b e e n  found in Puget 
Sound fishes (e.g. fin erosion, increased  parasi te  load, branchia l  inflammation),  particu- 
lar a t tent ion has b e e n  focused on the presence  of hepatocel lu lar  and cholangiocel lular  
carc inomas in  certain species be long ing  to the p leuronec t id  family of flatfish (McCain et 
al., 1977; Pierce et al., 1978). The inc idence  of these neoplasms  appears  to be geographi-  
cally focal with affected fish occurr ing only in those port ions of Puget  Sound that are 
pr imary recipients  of mun ic ipa l  or industr ia l  effluent. 

Al though the ev idence  strongly suggests  that a l ink  exists be tween  the presence of 
these tumors and  exposure to chemical  contaminants ,  a clear cause and effect relation- 
ship has b e e n  difficult to prove. The enormous  array of chemicals  present  in marine  
water  and  sediment ,  the gene t ic  and  physiological  diversity found among  wild fish and 
the f requent ly  long la tent  per iod exis t ing be tween  tumor in i t ia t ion and  tumor production 
make  in vivo laboratory tes t ing a formidable  under tak ing .  

The difficulties inheren t  in app ly ing  t radi t ional  bioassay techniques  to the solution 
of this p rob lem prompted  us to ask whether  an in  vitro approach might  be used to detect 
the presence  of genotoxic, and  thereby potent ia l ly  mutagen ic  or carcinogenic,  com- 
pounds  in  mar ine  sediments .  If such a t echn ique  were feasible we hypothesized that it 
could be used as a rapid and inexpens ive  sc reen ing  mechan i sm for ident i fying those 
sed iments  and  sed iment  fractions mer i t ing  more in tens ive  analyt ical  and  biological  
testing. 

In the current  s tudy cul tured fish cells were used to test organic  extracts of sediment  
collected from 97 sites wi th in  Puget  Sound. The use of fish cell cultures al lowed 
observat ion of toxic effects directly on cells by e l imina t ing  the in f luence  of the inte-  
grated defense mechan i sms  found in  an intact  an imal  (e.g. excretion, detoxification, 
storage, nonspecif ic  b inding) .  Tes t ing  in the present  s tudy focused on two endpoints :  
cell reproduct ion (both inh ib i t ion  of cell proliferation and  cell death) and  induct ion of 
anaphase  aberrat ions.  The results of this s tudy indica ted  that in  vitro assays us ing 
cul tured fish cells could be used to effectively identify areas wi th in  Puget  Sound which 
conta ined  sed iments  bea r ing  high cytotoxic or genotoxic potential .  

MATERIALS AND METHODS 

C o 11 e c t i o n s i t e s. Sed iment  was collected from 97 sites wi thin  Puget Sound 
(Fig. 1). Special  emphas is  was p laced  on u rban ized  embaymen t s  and  estuaries adjacent  
to the cities of Seatt le (Elliott Bay, 18 sites}, Tacoma (Commencemen t  Bay, 6 sites}, and  
Bremerton (Sinclair  Inlet, 12 sites}, and  on indus t r ia l ized  waterways feeding  into Elliott 
Bay (East and  West Waterways  and  upper  Duwamish  river, 19 sites) and  Commencemen t  
Bay (Blair, City, Sitcum and  Hylebos Waterways,  31 sites). A non - u r ba n i z e d  reference 
area (Port Madison,  6 sites} and  a reference area located outside of central  Puget Sound 
(Birch Bay, 5 sites} were  also included.  

S e d i m e n t c o 11 e c t i o n. Sediment  samples  were collected us ing  a 0.1 square 
meter  van  Veen  grab modif ied with top screens and  rubber  flaps to min imize  surface 
sed iment  dis turbance.  Sediments  were removed by means  of a scoop us ing  a polyethy- 
lene  bag  stretched over an  a l u m i n i u m  frame. From 3-5  kg (wet weight) of sediment  was 
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Fig. 1. Urban embayments and waterways in Puget Sound, Washington, USA, from which sediment 
samples were collected. Numbers indicate the number of stations located within each site. 

Reference areas were located north of the boundaries of this chart and are not shown 

col lected and immed ia t e ly  h o m o g e n i z e d  by thorough kneading .  Al iquots  were  transfer- 

red to solvent  r insed glass jars (475 ml) wi th  teflon cap l iners and then frozen, 
P r e p a r a t i o n  o f  s e d i m e n t  e x t r a c t s .  Each sample  was  thawed,  

r eho mogen i zed  by careful  st irring and an a l iquot  (approximate ly  150 g wet  weight )  was  

transferred to a tared, so lvent -c leaned ,  s tainless  s teel  cent r i fuge  bot t le  (315 ml) for 

we igh ing .  The  sample  was  then ser ial ly  ex t rac ted  wi th  pes t i c ide -g rade  solvents  us ing  

the procedure  of Mal ins  et al. (1980) as summar ized  below.  

Methanol  (50 ml) was  added  to each  bottle,  which  was  t ight ly  capped  and shaken  for 
2 rain fol lowed by cent r i fugat ion  at 2000 rpm for 5 min. The  c lear  solvent  was decan t ed  

into a 1 1 separatory funnel.  The  procedure  was r epea ted  twice  and the extracts were  

combined.  
One hundred  ml of a d i ch lo rome thane /me than o l  (2 : 1 v/v) solution were  added  to 

the centr ifuge bottle and shaken  vigorously  for 2 rain. The  bott le  was then  p laced  in a 

shaker table for 18 h, the sed imen t  was set t led by cent r i fugat ion  (2000 rpm, 5 min) and 

the solvent  was decan ted  and combined  wi th  the me thano l  extract. A second 100 ml 
al iquot  of the d i ch lo rome thane /me thano l  was  added,  the bot t le  shaken  and p laced  on 

the shaker  table  for 6 h and the solvent  decan t ed  after centr i fugat ion.  
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The  r e m a i n i n g  s ed imen t  was shaken  vigorously  (2 min) with d ich loromethane  
(30 ml), cen t r i fuged  and the solvent  decanted .  Dich lo romethane  (100 ml) was again 

added,  the bot t le  was shaken  on a shaker  table  (18 h), cen t r i fuged  and the solvent 
decanted .  The  p rocedure  was r epea ted  us ing  30 ml d ich lo romethane  and the sediment  

was  then  discarded.  
In a separatory  funnel  500 ml dis t i l led wate r  were  added  to the combined  solvents. 

The  funnel  was swir led and inver ted  with f requent  ven t ing  for 2 min. The phases  were  

a l lowed  to separa te  and  the d i ch lo romethane  layer  was d ra ined  into a separatory funnel. 

The  aqueous  layer  was  reex t rac ted  twice  with  d i ch lo romethane  (20 ml) and the remain-  
der  was discarded.  This p rocedure  was  r epea t ed  twice.  

The  combined  d ich lo romethane  fractions were  d ra ined  through 20 g of combusted  
and w a s h e d  anhydrous  sodium sulfate and d i scharged  into a Kuderna-Danish  flask 

(500 ml) wi th  a 15 ml receiver .  Boi l ing chips were  added  to the flask and a 3-ball  Snyder 
co lumn was p laced  on top. The  so lvent  vo lume  was r educed  to 5 ml on a hot water  bath. 

W h e n  cooled  the sides w e r e  r insed into the r ece ive r  wi th  d ich loromethane .  The  contents 

of the  r ece ive r  w e r e  quan t i t a t ive ly  t ransferred to a tared conical  centr i fuge tube and the 
sample  was  t aken  almost  to dryness on a hot water  bath. The centr i fuge tubes were  

wr apped  in a l u m i n i u m  foil, p l aced  in a dessicator  wi th  their  s toppers open  s l ight ly and 
stored unti l  a constant  we igh t  was  ach ieved  upon  r e w e i g h i n g  the tube. The  we igh t  was 

the amount  of ex t rac tab le  organic  material .  

Extracts were  t rea ted  with  1 ml spec t rophotometr ic  grade  d imethylsul foxide  

(DMSO) for 24 h wi th  f requen t  st irr ing on a vortex mixer.  The  DMSO was then removed  

to a glass vial  and used  as a stock solution. Based on dry weight ,  the samples  were  
d i lu ted  to a concent ra t ion  of 20 m g / m l  (5 ~1 = 100 pg). Both the stock solution and 
20 m g / m l  solut ion w e r e  stored in the dark under  n i t rogen unti l  app l ied  to the cell  

cultures. 
Since not all of the ext rac ted  mater ia l  dissolved in the DMSO, the tubes were  

r e w e i g h e d  at the comple t ion  of tes t ing to es t imate  the amount  ac tual ly  app l i ed  to the 

cell  cultures.  
C e l l  p r o l i f e r a t i o n .  Rainbow trout gonad  (RTG-2) cells were  cul tured in 

Eag le ' s  m i n i m u m  essent ia l  m e d i u m  (MEM) supp l e m e n te d  with  10 % fetal bovine  serum 

(FBS), g lu t amine  (100 raM), non-essent ia l  amino  acids (1 raM), sodium bicarbonate  

(8.9 mM), pen ic i l l in  (15 uni ts /ml)  and s t reptomycin  (15 btg/ml). A pH of 7.0-7.3 was 

ma in t a ined  by cul t ivat ion in 5 % carbon dioxide.  For each  of 97 sed iment  extracts, 
5 x 104 cel ls  were  p la ted  onto the  wel l s  of a Costar  dish (24 wel ls /d ish ;  2 cm 2 wells) and 

the u n k n o w n  extract  added  to a final concentra t ion  of 100, 50, 10 and 1 ~g/ml of culture 
m e d i u m  (0.5 % D M S O  total for all concentrat ions).  The cells were  exposed to the 

extracts  for 72 h (18 C). The  m a x i m u m  to lerable  (non-toxic) concentra t ion  of sed iment  

extract  was  de t e r mined  by the p resence  of ac t ive ly  d iv id ing  cells  (mitotic figures), as 

seen  in the l iv ing  cultures w h e n  e x a m i n e d  wi th  a phase  contrast microscope.  This 
m a x i m u m  non-toxic  concentra t ion  as wel l  as one lower  di lut ion were  used for the final 

cell  exposures  and anaphase  scoring. 

M F O  a c t i v a t i o n .  Based on the results of the cell  prol i ferat ion studies 22 

stations were  se lec ted  for further testing. These  stations rep resen ted  a range  of relat ive 
toxicity scores and  were  t aken  from most  of the major  geog raph ic  areas. 

For this study ra inbow trout gonad  (RTG-2) cells which  possess an act ive MFO 
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system, and b lueg i l l  fry cells  (BF-2), wh ich  do not have  an act ive  MFO system, w e r e  

cultured in Leibovitz  L-15 m e d i u m  (pH 7.1-7.3) s u p p l e m e n t e d  with  10 % fetal calf serum 

and antibiotics.  The  cells  w e r e  s e e d e d  into C o m i n g  2 square  cm mul t iwe l l  p la tes  at 
densi t ies  of 20,000 (RTG-2) and 90,000 (BF-2) cel ls  pe r  we l l  and incuba ted  at 18 and 25 C 

respect ively.  After the cells  had  se t t led  and at tached,  six di lut ions of each  extract  w e r e  

prepared  in dupl ica te  in the cul ture m e d i u m  and added  to the cell  cultures. These  
dilutions were  based  on the total organic  we igh t  of the samples  and were  la ter  corrected 

to reflect the concentra t ions  of soluble extract. Final  extract  concentra t ions  were  deter-  

mined  by first expos ing  cell  cul tures to a range  of concentra t ions  to de t e rmine  the 

h ighes t  non-toxic dose which  permi t ted  cell  proliferat ion.  This h igh  dose was then  used 
to make  all subsequen t  di lut ions to which  the cultures wou ld  u l t imate ly  be  exposed.  

Control cultures consis ted of six repl ica tes  of un t rea ted  cells, six repl ica tes  of solvent  
(0.5 % DMSO) t reated cells, two repl ica tes  of an extract ion blank,  wh ich  consis ted of 

residues of all of the solvents  used  dur ing  sed imen t  extraction,  and six repl ica tes  of 
0.5 pg/ml  benzo(a)pyrene  (BAP) t rea ted  cel ls  for compar ison  wi th  a known  toxicant.  

After a 96-h exposure  per iod the cul tures  w e r e  r insed once with  buffered  sal ine  

(pH 7.1) to remove  any una t tached  dead  cells. The  r ema in ing  l ive cells were  r e m o v e d  for 

counting by the addi t ion of 0 .01% EDTA/t ryps in  to each cul ture well .  The  total number  

of cells in each wel l  was de t e rmined  us ing  an e lect ronic  par t ic le  counter  (Coulter, Mode l  

ZBI). 
Mean  n u m b e r  of cells for each  t rea tment  was  compared  to the m e a n  control va lues  

(96 h controls = 100 %) and any concent ra t ion  which  reduced  the final  cell  count  by 

20 % (equivalent  to 2 s tandard  devia t ions  of the m e a n  and thus r ep resen t ing  95 % 

conf idence limits) or more was cons idered  inhibitory.  W h e n  cell  numbers  at the end  of 
96 h were  be low the start ing cell  number ,  that  concent ra t ion  of extract  was  cons idered  to 

be cytotoxic (i.e. p roduced  cell  death). 

A n a p h a s e a b e r r a t i o n s. Based on the results of the cel l  prol i fera t ion studies, 

work ing  dilut ions of the 97 extracts were  prepared .  RTG-2 cells from stock cultures were  

grown us ing the methods  descr ibed  for cell  prol i fera t ion studies and p la ted  onto acid 
c leaned  glass slides in 1 ml of cul ture medium.  The slides were  then  incuba ted  over-  

night  in square Petri p la tes  and the appropr ia te  sample  extract  was  added  to the cul ture 

med ium the fo l lowing morning.  Two sl ides per  di lut ion of each  extract  were  then  
incuba ted  for 48 h at 18 C, fo l lowing which  the s l ides were  r e m o v e d  from the cul ture  

medium,  rinsed, f ixed in me thano l  : acet ic  acid (3 : 1) for 1 h, air dr ied  and s ta ined with  

3 % Giemsa  stain in Sorenson 's  buffer  (pH 6.8). A m i n i m u m  of 100 anaphases  per  s l ide 

were  microscopical ly  e x a m i n e d  (470 x magnif ica t ion)  for each  sed imen t  concentra t ion  
and the pe rcen t age  of normal  and aberrant  anaphases  were  recorded.  Controls  consis ted 

of: (1) a set of un t rea ted  cells, (2) a set t rea ted  with 0.5 % spec t rophotometr ic  g rade  

DMSO, and {3) a set t rea ted  with  0.25 ~tg/ml benzo(a)pyrene.  From these  controls, 
de terminat ions  were  made  of the spontaneous  background  leve l  of anaphase  aberra-  

tions, the effect, if any, of the solvent  used  in exposures,  and w h e th e r  the system 

responded  to a concentra t ion of known mu tagen  previous ly  shown to be capable  of 

producing  h igh  levels  of aberrat ions in these  cells. 
Throughout  the exper iments  the var ious  types of aberra t ions  obse rved  w e r e  clas- 

sified on the basis of previous ly  descr ibed  abnormal i t i es  (Nichols et al., 1977; Kocan et  

al., 1982). 
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RESULTS 

C e l l  p r o l i f e r a t i o n  

T h e  c o n c e n t r a t i o n s  of s e d i m e n t  ex t r ac t  w h i c h  e x h i b i t e d  i n h i b i t o r y  e f fec t s  on  the  

p r o l i f e r a t i o n  of c u l t u r e d  RTG-2 ce l l s  r a n g e d  f rom 0.75 ~ g / m l  to 40 ~ g / m l  w i t h  76 % of the  

e x t r a c t s  s h o w i n g  i n h i b i t o r y  ac t iv i ty  b e t w e e n  1 a n d  15 ~g /ml .  All  e x t r a c t s  w e r e  toxic  a n d  

l e t h a l  at  c o n c e n t r a t i o n s  o v e r  40 ~g/ml .  

A r e l a t i v e  tox ic i ty  s co re  of 0 - 5  w a s  a s s i g n e d  to e a c h  s t a t i on  b a s e d  on  the  c o n c e n t r a -  

t i on  at  w h i c h  t h e  s e d i m e n t  e x t r a c t  w a s  tox ic  to RTG-2  cel ls .  T h e  s c o r e s  w e r e  a s s i g n e d  as 

fo l lows :  5 = h i g h l y  i n h i b i t o r y  (toxic at  0 -1  ~g/ml) ,  4 = h i g h l y  i n h i b i t o r y  (toxic at 

1 .1-5  ~tg/ml), 3 = i n h i b i t o r y  ( toxic a t  5 . 1 -10  pg /ml ) ,  2 ------ i n h i b i t o r y  ( toxic at  10.1-15 pg /  

ml),  1 = s l i g h t l y  i n h i b i t o r y  ( toxic at  15 .1 -20  ~g/ml) ,  0 = q u e s t i o n a b l e  e f fec t  ( toxic at  

2 0 - 4 0  ~g/ml) .  

Of  t h e  97 s t a t i o n s  t e s t e d  30 w e r e  h i g h l y  i n h i b i t o r y  (Score  of 4-5) ,  43 w e r e  i n h i b i t o r y  

(Score  of 2-3)  a n d  23 w e r e  s l i g h t l y  i n h i b i t o r y  (Score  of 0-1) .  T h e  h i g h l y  tox ic  s t a t ions  

w e r e  no t  c l u s t e r e d  w i t h i n  a g i v e n  area ,  b u t  r a t h e r  w e r e  f o u n d  in  a va r i e ty  of s i tes  

Table 1. Effect of Puget Sound sediment  extracts on proliferation of rainbow trout gonad (RTG-2) 
cells 

Site No. of Highly Moderately Slightly 
stations inhibitory inhibitory inhibitory 

(score 4-5) * (score 2-3) (score 0-1) 

Seattle 

Elliott Bay 18 10" * * 4 4 
West Waterway 4 1 2 1 
East Waterway 4 0 3 1 
Duwamish River 11 3 7 1 

Tacoma 

Commencement  Bay 6 3 3 0 
Hylebos Waterway 13 * * 1 7 4 
Blair Waterway 9 4 3 2 
Sitcum Waterway 4 1 3 0 
City Waterway 4 I 0 3 
Puyallup River 1 0 1 0 

Bremerton 

Sinclair Inlet 12 0 5 7 

Reference Areas 

Port Madison 6 3 3 0 
Birch Bay 5 3 2 0 

• Score of 4-5 = toxic at concentrations of 0-5 ~g/ml; score of 2-3 ~ toxic at concentrations of 
5.1-15 p.g/ml; score of 0-1 = toxic at concentrations of 15.1-40 ptg/ml 

* * Data were not recorded for one station 
* * * Values indicate the number  of stations at each location 
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inc luding  the reference  areas. Table  1 summar izes  the re la t ive  inhibi tory effects of the 

various sed imen t  extracts. 

M F O  a c t i v a t i o n  

Based on the results  of the cell  prol i ferat ion studies, 22 stations wi th  toxici ty scores 
ranging  from 0-4 were  se lec ted  for further tes t ing  us ing  two cell  l ines  ra ther  than one. 

Table  2 summar izes  the results  from control cul ture  repl icat ion.  Untrea ted ,  D M S O  

treated and extract ion b lank  t rea ted  cultures of both RTG-2 (MFO posit ive) and BF-2 

(MFO negat ive)  cells exh ib i t ed  an approximate ly  150 % increase  in cell  n u m b e r  after 96 

hours incubation.  Benzo(a)pyrene had no effect on BF-2 cells, but  it r educed  prol i ferat ion 

of RTG-2 cells by approx imate ly  60 %, thereby  ind ica t ing  the abi l i ty  of RTG-2 cells to 

metabol ize  (via the MFO system) this inert  compound  and form toxic products.  

Table 2. Summary of cell proliferation in control cultures (including standard deviations) 

Number of cells after 96 h (% increase) 
Cell line Number of 

cells at start Untreated DMSO Extraction BAP 
control control blank control 

RTG-2 20,000 

BF-2 90,000 

49,000 50,300 45,400 31,800 
+ 4,100 _+ 4,100 
(145 %) (151%) (127 %) (59 %) 

240,000 252,000 242,000 246,000 
_+ 30,000 ___ 30,000 
(167 %) (180 %) (169 %) (173 %) 

A rela t ive  toxicity score of 0-5 was  ass igned  to each  station based  on the concentra-  
tion at which the sed iment  extract  from that  station was toxic to cells. The  scoring system 

was the same as that used  in the cell  prol i ferat ion studies wi th  the fo l lowing modif ica-  

tions: 2 = toxic at 10-19.9 btg/ml, 1 = toxic at 20 ~tg/ml and above,  0 = no effect. 
BF-2 cultures showed little response  to any of the 22 sed imen t  extracts (Table 3). 

Signif icant  decreases  in cell  prol i ferat ion were  observed  at only five stations and then  

only at the h ighes t  concentra t ion  tes ted (50-69 ~tg/ml). In contrast  RTG-2 cul tures  

exhib i ted  reduct ions  in cell  numbers  re la t ive  to controls at all  stations and showed  a 
typical  dose response to increas ing  concentra t ions  of extract  (Fig. 2). The  concent ra t ions  

of sed iment  extract  which  exhib i ted  toxic effects on RTG-2 cells  r anged  from 0.87-69 ~g/  

ml (Table 3). 

As noted in the cel l  prol i ferat ion studies, stat ions con ta in ing  toxic extracts  did not  
cluster wi th in  urban  waters,  but  ra ther  were  found equa l ly  in u rban  and re fe rence  areas. 

A n a p h a s e  a b e r r a t i o n s  

Basel ine levels  of abnormal i t ies  were  de t e rmin e d  by e x a m i n i n g  100 anaphase  cells 
from 10 separate  un t rea ted  or solvent  t rea ted  cultures. From these 1,000 cells  a m e a n  

abnormal i ty  f requency  of 11.5 % (standard dev ia t ion  3.02) was found. By us ing  two 
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Table  3. Compara t ive  effect of Puget  Sound sed imen t  extracts on proliferation of M F O +  (RTG-2) 
and  MFO--  (BF-2) cells 

Site Sediment  concentrat ion tested (~tg/ml) Relative toxicity score 
RTG-2 BF-2 

Seattle 

Elliott Bay 

West  Waterway 
East Wate rway  
D u w a m i s h  River 

Tacoma 

C o m m e n c e m e n t  Bay 
Hylebos Waterway 

Blair Waterway 

Sitcum Waterway 
City Waterway 

Bremerton 

Sinclair Inlet 

A 0.8 4.2 8.4 21 42 63" 3 0 
B 0.6 2.8 5.6 14 28 42 1 0 
C 0.8 4.0 8.1 20 40 61 3 0 
D 0,6 3.1 6.3 16 32 47 2 0 
E 0,9 4.6 9.2 23 46 ~'-9~ * * 4 1 

0.5 2.5 5.1 13 26 38 2 0 
0.5 2.7 5.3 13 27 40 4 0 

A 0.6 2,9 5.9 15 30 44 4 0 
B 0.4 1.9 3.9 8 20 29 4 0 

0,5 2.4 4.8 12 24 36 1 0 
A 0.6 2.8 5.7 14 29 43 1 0 
B 0.3 1.8 3.5 9 18 26 2 0 
C 0.4 1,8 3.6 9 I5 27 2 0 
D 0.4 1,9 3.9 10 20 29 1 0 
A 0.9 4,4 8.7 22 44 ~-~-* * 5 1 
B 0.4 2.2 4.3 11 22 32 4 0 

0.7 3.4 6.7 17 34 ~ *  * 2 1 
A 0.8 4.3 8.5 21 43 ~-~* * 1 1 
B 0.9 4.5 8.9 22 45 67 1 0 

A 0.5 2.7 5.3 13 27 40 2 0 
B 0.5 2.8 5.5 14 28 41 4 0 

Reference Areas 

Port Madison  0.7 3.7 7.3 18 37 ~ * ° 2 1 

• Under l ined  va lues  are those which  were  toxic for RTG-2 ceils 
* * Boxed va lues  are those which  were  toxic for BF-2 ceils 

s t a n d a r d  d e v i a t i o n s  f r o m  t h e  m e a n  to r e p r e s e n t  a 0 .05 c o n f i d e n c e  l imi t ,  a n d  t h r e e  

s t a n d a r d  d e v i a t i o n s  to r e p r e s e n t  a 0.01 c o n f i d e n c e  l imi t ,  a s s e s s m e n t s  w e r e  m a d e  as  

f o l l o w s :  a n a p h a s e  a b n o r m a l i t y  f r e q u e n c i e s  of  1 8 - 2 0  % (P --< 0.05) w e r e  c o n s i d e r e d  to b e  

s i g n i f i c a n t  a n d  f r e q u e n c i e s  of 2 1 %  or  g r e a t e r  (P ----- 0.01) w e r e  c o n s i d e r e d  to b e  h i g h l y  

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

t h a t  w e r e  p r e v i o u s l y  p e r f o r m e d  o n  t h i s  ce l l  l i n e  u s i n g  s e v e r a l  k n o w n  m u t a g e n i c /  

c a r c i n o g e n i c  c o m p o u n d s  ( K o c a n  e t  al., 1982), A b n o r m a l i t y  f r e q u e n c i e s  of 17 % or l o w e r  

w e r e  n o t  c o n s i d e r e d  to b e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l  v a l u e s .  T h e  r e s u l t  of 

e x p o s u r e  of t h e  R T G - 2  c e l l s  to t h e  p o s i t i v e  c o n t r o l  [0.25 ~g  b e n z o ( a ) p y r e n e  p e r  m l  of 

c u l t u r e  m e d i u m ]  w a s  a n  a n a p h a s e  a b e r r a t i o n  f r e q u e n c y  of 5 0 - 6 5  %.  

T h e  c l a s s i f i c a t i o n  of a b n o r m a l  a n a p h a s e s  f o l l o w e d  t h a t  p r e s e n t e d  b y  N i c h o l s  e t  al. 

(1977). S i n c e  t h e  s i g n i f i c a n c e  of t h e  v a r i o u s  f o r m s  of a b e r r a t i o n  is  n o t  k n o w n ,  t h e  
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INHIBITION OF CELL DIVISION 
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Fig. 2. Comparat ive effect of Puget  Sound sed iment  extracts on proliferation of ra inbow trout gonad 
{RTG-2) and bluegi l l  fry (BF-2) cells. Representat ive data  t aken  from a s ingle  station (Duwamish 
River) i l lustrate the dose response  of MFO + cells (RTG-2) to increas ing concentra t ions  of extract, as 

well  as the absence  of a close response in MFO--  cells (BF-2) 

a b e r r a t i o n s  w e r e  r e c o r d e d  as  f a l l i n g  i n to  o n e  of t w o  m a j o r  g r o u p i n g s :  c h r o m o s o m a l  

f r a g m e n t s ,  c h r o m o s o m a l  b r i d g e s .  

Of t h e  97 s t a t i o n s  t e s t e d  h i g h l y  s i g n i f i c a n t  (P _< 0.01) i n c r e a s e s  in  m i t o t i c  d a m a g e  

w e r e  o b s e r v e d  i n  43 s e d i m e n t  s a m p l e s ,  s i g n i f i c a n t  (P _< 0.05) i n c r e a s e s  w e r e  f o u n d  i n  18 

s a m p l e s ,  a n d  n o  c h a n g e s  w e r e  f o u n d  in  36 s a m p l e s .  A r e a s  of h i g h e s t  g e n o t o x i c i t y  w e r e  

c l u s t e r e d  p r i m a r i l y  i n  t h e  h e a v i l y  i n d u s t r i a l i z e d  u r b a n  a r e a s ,  w i t h  o n l y  1 of 11 r e f e r e n c e  

s i t es  b e i n g  h i g h l y  s i g n i f i c a n t  ( T a b l e  4). 

D I S C U S S I O N  

T h e  d a t a  o b t a i n e d  d u r i n g  t h i s  s t u d y  c l e a r l y  i n d i c a t e d  t h a t  e x t r a c t s  of s e d i m e n t s  

c o l l e c t e d  f rom a n u m b e r  of l o c a t i o n s  in  P u g e t  S o u n d  w e r e  c a p a b l e  of c a u s i n g  c y t o t o x i c -  

i ty a n d  c h r o m o s o m a l  d a m a g e  in  c u l t u r e d  f i sh  cel ls .  

C e l l  p r o l i f e r a t i o n  

A l t h o u g h  76  % of t h e  s e d i m e n t  e x t r a c t s  w e r e  i n h i b i t o r y  to R T G - 2  ce l l  p r o l i f e r a t i o n  

a t  c o n c e n t r a t i o n s  of 1 - 1 5  ~ g / m l  ( tox ic i ty  s c o r e  of 2 -4) ,  o n l y  42  % of t h e  s t a t i o n s  s h o w e d  a 

p o s i t i v e  c o r r e l a t i o n  b e t w e e n  c y t o t o x i c i t y  a n d  g e n o t o x i c  i n j u r y  ( a n a p h a s e  a b e r r a t i o n s ) .  

Fu r the r ,  s t a t i o n s  w i t h  h i g h  c y t o t o x i c  p o t e n t i a l  w e r e  f o u n d  i n  e q u a l  f r e q u e n c y  i n  r e l a -  

t i ve ly  c l e a n  a n d  in  h i g h l y  c o n t a m i n a t e d  a reas .  It a p p e a r s  t h a t  t h e  c y t o t o x i c i t y  a s s a y  

m e a s u r e s  a w i d e  v a r i e t y  of m u t a g e n i c  a n d  n o n - m u t a g e n i c  c o m p o u n d s  t h a t  c a n  i n h i b i t  

ce l l  p r o l i f e r a t i o n  or c a u s e  ce l l  d e a t h .  T h e  fac t  t h a t  ce l l  p r o l i f e r a t i o n  w a s  i n h i b i t e d  b y  

e x t r a c t s  f rom m a n y  d i f f e r e n t  s i t e s  d o e s  n o t  i n d i c a t e  t h a t  t h e  s a m e  c o m p o u n d s  a r e  p r e s e n t  
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Table  4. Effect of Puget  Sound sed iment  extracts on induct ion of anaphase  aberrat ions in rainbow 
trout gonad (RTG-2) cells 

Site No. stations Highly Significant  Not 
significant  (P < 0.05) significant 
(P<O.01) 

Seatt le 

Elliott Bay 18 11 * 1 6 
West Waterway 4 1 1 2 
East Waterway 4 0 3 1 
Duwamish  River 11 4 3 4 

Tacoma 

C o m m e n c e m e n t  Bay 6 1 1 4 
Hylebos Waterway 13 7 1 5 
Blair Waterway 9 6 1 2 
Sitcum Waterway 4 1 1 2 
City Waterway 4 4 0 0 
Puyal lup River 1 0 1 0 

Bremerton 

Sinclair  Inlet  12 7 1 4 

Reference Areas 

Port Madison 6 0 2 4 
Birch Bay 5 1 2 2 

* Values  indicate  the n u m b e r  of stations at each location 

a t  e a c h  s i te .  F r o m  t h e  a v a i l a b l e  d a t a  i t  m u s t  b e  a s s u m e d  t h a t  two  d i s t i n c t  c a u s e  a n d  e f fec t  

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

a s s o c i a t i o n  b e t w e e n  t h e  t w o  c a n  b e  m a d e  w i t h o u t  f u r t h e r  s tudy ,  

M F O  a c t i v a t i o n  

T h e  d a t a  o b t a i n e d  f r o m  t h i s  p o r t i o n  of t h e  s t u d y  i n d i c a t e d  t h a t  a l l  22 s e d i m e n t  
e x t r a c t s  t e s t e d  w e r e  c a p a b l e  of a d v e r s e l y  a f f e c t i n g  t h e  in  v i t ro  r e p r o d u c t i v e  c a p a c i t y  of 

f i sh  ce l l s  p r o v i d e d  t h a t  t h e  ce l l s  p o s s e s s e d  a n  a c t i v e  m i x e d  f u n c t i o n  o x i d a s e  e n z y m e  

s y s t e m .  T h e  b l u e g i l l  (BF-2) ce l l s  w h i c h  d i d  n o t  p o s s e s s  a n  a c t i v e  M F O  s y s t e m  w e r e  

a f f e c t e d  o n l y  b y  t h e  h i g h e s t  c o n c e n t r a t i o n s  of e x t r a c t s  f rom f ive  s t a t ions .  T h e  h i g h  

c o n c e n t r a t i o n s  of o r g a n i c  m a t e r i a l  c o m p r i s i n g  t h e s e  p o s i t i v e  e x p o s u r e  l e v e l s  ( 5 0 - 6 9  ~ g /  

ml)  in  t h e  BF-2  ce l l s  a n d  t h e  a b s e n c e  of a d o s e  r e s p o n s e  s u g g e s t e d  t h a t  n o n - s p e c i f i c  

t o x i c i t y  r a t h e r  t h a n  i n h i b i t i o n  of c e l l u l a r  r e p r o d u c t i o n  w a s  t h e  cause .  T h e  o b v i o u s  dose  

r e s p o n s e  to i n c r e a s i n g  c o n c e n t r a t i o n s  of e x t r a c t  i n  t h e  r a i n b o w  t r o u t  ce l l s  (RTG-2)  w h i c h  

p o s s e s s e d  a n  a c t i v e  M F O  s y s t e m  s u g g e s t e d  a t r u e  a d v e r s e  b u t  s u b l e t h a l  e f fec t  o n  ce l l  

p r o l i f e r a t i o n .  T h i s  e f fec t  a p p a r e n t l y  r e s u l t e d  f r o m  e n z y m a t i c  c o n v e r s i o n  of o t h e r w i s e  

i n e r t  c o m p o u n d s  i n  t h e  e x t r a c t  to  t ox i c  i n t e r m e d i a t e s  ( C h a m b e r s  & Y a r b r o u g h ,  1976; 

S t e g e m a n ,  1981). 
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The difference in response that  was observed b e t w e e n  these two cell l ines  repre-  
sents an  excel lent  example  of how two s imilar  test systems can produce confl ict ing 
results fol lowing exposure to the same compound.  The results suggest ,  on a whole  
organism level, that different species, life cycle stages or popula t ions  wi th in  a species 
might  also respond dissimilar ly to exposure to a g iven  compound  as a consequence  of 
the presence or absence of modify ing  enzyme systems. 

Al though they are not specific to par t icular  classes of compounds,  the suble tha l  
responses detected in the cul tured fish cells serve as sensi t ive direct tests of sed iment  
toxicity. If t ransla ted to effects at the whole  an ima l  level,  these responses  might  result  in  
such subtle effects as low hatching  weight,  reduced  growth, incomple te  organ develop-  
ment  or reduct ion in  v iable  gamete  production. 

A n a p h a s e  a b e r r a t i o n s  

Since earlier s tudies have  demons t ra ted  that anaphase  aberra t ions  result  specifi- 
cally from exposure of act ively d iv id ing  cells to genotoxic agents  (Kocan et al., 1982}, it is 
reasonable  to assume that  the damage  seen  in  this s tudy resul ted from exposure to 
similar agents  in Puget  Sound sediment .  

The data collected in this s tudy showed that the areas of highest  genotoxic potent ia l  
were clustered in the u rban  e m b a y m e n t s  and  waterways where  the inc idence  of 
neoplast ic and pre-neoplas t ic  l iver lesions has b e e n  noted in  benth ic  fishes. With in  a 
g iven site (e.g. Elliott Bay} certain subareas  were seen  to conta in  a h igh proport ion of 
s ignif icant ly genotoxic stations whi le  other subareas  were  p redominan t ly  negat ive .  O n  
the basis of these data, one could develop a map  of the site and  focus future research on a 
restricted n u m b e r  of stations. 

Among the 43 stations which had high genotoxic potential ,  one was located wi th in  a 
reference area (Birch Bay}. Further  s tudy revealed  that the site was ad jacent  to a series of 
storm drains which collect agr icul tural  and  res ident ia l  runoff. 

The ul t imate  long- term effect on an  o rgan i sm of exposure to low levels of genotoxic  
agents  could manifest  itself in the form of reduced  growth rate, shor tened life span  or 
neoplas ia  (Beardmore, 1980}. If germ cells were  select ively affected one migh t  see 
reduced  fecundity,  dominan t  lethal  muta t ions  or bir th defects; if embryonic  tissues were  
selectively affected one might  see juven i l e  mortality, teratogenesis ,  low ha tch ing  weight  
or later tumor deve lopment  (S innhuber  et al., 1977}. The deve lopment  in recent  years of 
short-term, in vitro cytogenet ic  assays such as the Ames test (Ames, 1972), the sister 
chromated exchange  test (Latt, 1974} and  others has provided toxicologists with tools 
that will  help to unrave l  the causes of env i ronmen ta l ly  med ia ted  diseases whose bases  
lie in  damage  to genes  or to chromosomes. These  t echn iques  have a l ready b e e n  adapted  
by some aquat ic  toxicologists for use with fish (Kl igerman et al., 1975; Kocan et al., 1979; 
Longwell  & Hughes,  1980; C h a p m a n  et al., 1982; Landolt  & Kocan, 1983; Hose et al., 
1982) and  inver tebrates  (Pesch & Pesch, 1980; Battaglia  et al., 1980; Dixon & Clark, 1982; 
Beardmore, 1980). Further  re f inement  of exis t ing assays and  deve lopmen t  of ne w  ones 
will provide aquat ic  toxicologists with a rapid, cost effective approach to the study of the 
complex mixtures found in  water, sed iment  and  the surface microlayer.  

At present  it would be a formidable  task to relate observat ion of any  of the above 
ment ioned  changes  in  fish collected from Puget  Sound to specific genotoxic  agents .  The 
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s e d i m e n t  e x t r a c t i o n  p r o c e d u r e  u s e d  in  th i s  s t u d y  w a s  l i m i t e d  to o r g a n i c  c o m p o u n d s ;  

thus ,  t h e  e f f ec t s  of i n o r g a n i c  s u b s t a n c e s  (e.g. me t a l s )  a n d  p h y s i c a l  a g e n t s  w e r e  u n d e t e c t -  

ab l e ,  as w e r e  s y n e r g i s t i c  e f fec t s  b e t w e e n  o r g a n i c  a n d  i n o r g a n i c  c o m p o u n d s .  

In sp i t e  of t he  l i m i t a t i o n s  of t h e  p r o c e d u r e ,  w e  fee l  t h a t  in  vi t ro  cy to log ica l  tes t  

s y s t e m s  of fe r  m a r i n e  t o x i c o l o g i s t s  a use fu l ,  s e n s i t i v e ,  i n e x p e n s i v e  tool  w h i c h  c a n  be  

i n c o r p o r a t e d  in to  a b a t t e r y  of t e s t s  a i m e d  at  u n r a v e l i n g  t h e  c o m p l e x  c a u s e s  of e n v i r o n -  

m e n t a l l y  m e d i a t e d  d i s e a s e s  of f ish,  
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