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ABSTRACT: Steelhead trout (Salmo gairdneri) embryos were used as a model  to study some of the 
physiological and biochemical changes which occur following exposure to sublethal  levels of 
benzo(a)pyrene B(a)P, a known environmental  contaminant.  Embryos were exposed to B(a)P on day 
1, 15, or 25 post fertilization, corresponding to the pre-blastula, eyed stage and late organogenesis  
stage of development.  These times were chosen to determine whether  the age of the embryo at the 
time of exposure influenced their response to this model  compound. The changes  which were 
observed were related to the age of the embryo at the time of exposure but not to the concentration 
of the B(a)P to which they were exposed. It was found that the longer the embryo developed,  the 
more permeable  the eggs became, taking up twice to 10 times as much B(a)P on day 25 as they did 
on day 1. Embryos exposed later in development  were also able to excrete the metabolites of B(a)P 
through the egg membrane  10 times more rapidly than their counterparts which were exposed early 
during development.  Following hatching, the larvae from those groups exposed later in develop- 
ment contained 2 to 5 times as much B(a)P bound to or dissolved in the tissues than did those 
exposed on day 1. Hatching time was also modified by the times of exposure, with those exposed on 
days 15 and 25 hatching later and over a longer period of time than either the untreated or DMSO 
controls. Although physical abnormalit ies were rare, there appeared to be a consistent increase in 
the level of teratogenesis in those groups which were exposed early during development.  

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

O u r  i nab i l i t y  to d o c u m e n t  a c c u r a t e l y  t h e  c a u s e  of p o p u l a t i o n  d e c l i n e s  in  a q u a t i c  

s p e c i e s  is l a r g e l y  the  r e su l t  of t h e  i n a c c e s s a b i l i t y  of m o r i b u n d  i n d i v i d u a l s .  M a s s i v e ,  

s u d d e n  mor t a l i t y  is an  e x c e p t i o n  in  w h i c h  w e  c a n  f r e q u e n t l y  d e t e r m i n e  b o t h  t h e  c a u s e  of 

t he  d ie -of f  as  w e l l  as t h e  s o u r c e  of t h e  c a u s a t i v e  agen t ( s ) .  M o r e  f r e q u e n t l y ,  h o w e v e r ,  a 

s p e c i e s  g r a d u a l l y  d e c l i n e s  in  a b u n d a n c e  a n d  f ina l ly  d i s a p p e a r s  e n t i r e l y  f rom a n  a r e a  in  

w h i c h  it o n c e  f l ou r i shed .  T h e r e  is u s u a l l y  no  s h o r t a g e  of s p e c u l a t i o n  to e x p l a i n  t h e s e  

d e c l i n e s ,  s u c h  as ove r  e x p l o i t a t i o n ,  h a b i t a t  d e g r a d a t i o n ,  c o m p e t i t i o n  w i t h  i n t r o d u c e d  

s p e c i e s  a n d  r e c e n t l y  e v e n  t h e  E1 Nifio. H a r d  s c i en t i f i c  e v i d e n c e  h o w e v e r ,  is u s u a l l y  

l ack ing .  T h e  r e a s o n  for th i s  is t ha t  t h e  c a u s e  of s u c h  i n s i d i o u s  m o r t a l i t y  is g r e a t l y  

s e p a r a t e d  in  t i m e  f rom t h e  f ina l  r e c o g n i z a b l e  e f fec t  - t h e  loss  of a s p e c i e s  f rom its 

hab i t a t .  

Our  i n t e r e s t  in  th i s  s u b j e c t  h a s  c e n t r e d  l a r g e l y  on  t h e  n o n l e t h a l  d a m a g e  p r o d u c e d  in  

d e v e l o p i n g  f ish  e m b r y o s  as a r e su l t  of e x p o s u r e s  to tox ic  a g e n t s  d u r i n g  v a r i o u s  p e r i o d s  of 

t h e i r  e m b r y o n i c  d e v e l o p m e n t .  F r o m  t h e s e  s t u d i e s  w e  h a v e  s h o w n  tha t  f i sh  ce l l s  in  v i t ro  
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exhibi t  chromosomal  damage  (Kocan et al., 1982), as wel l  as deve lop ing  mutat ions 
(Kocan et al., 1981) much  as m a m m a l i a n  cells do. The chromosome damage  seen in vitro 
has also b e e n  verif ied in  vivo in  our laboratory by Liguori (Ph.d. Thesis, 1984) as well  as 
be ing  descr ibed unde r  na tura l  condit ions (Longwell  & Hughes,  1980). Kl igerman & 
Bloom (1976) and  Kl igerman  (1979) demons t ra ted  chromosomal  damage  of a different 
type (SCE) and  in  a different species, ind ica t ing  that  such suble thal  DNA damage  is not 

uncommon. 
In addition to physical defects observed in DNA, we have also seen changes in the 

capacity of trout embryos and fry to excrete xenobiotics, such as polycyclic aromatic 

hydrocarbons, following embryonic exposure. Biochemical alterations in enzyme func- 

tion have also been reported by several investigators working with embryonic fish of 

different species (Binder & Stegeman, 1980, 1983). 
All of these observations suggest that sublethal exposure of fish embryos to toxic 

substances may result in their inability to successfully compete with normal individuals 

at some later period in life due to persistent sublethal damage which occurred earlier. In 

order to clarify some of the causes and relationships of these early biochemical altera- 

tions, we examined the dynamics of embryo development and some of the critical 

processes associated with early life, after the embryos were exposed to a known toxic 

substance. The concentrations of toxin and methods of exposure were chosen to insure 

experimental uniformity and consistent uptake by the eggs, and in no way were 

intended to duplicate natural exposures. 

MATERIALS AND METHODS 

E x p e r i m e n t a l  e m b r y o s  

Stee lhead  trout (Salmo gairdneri) embryos were ob ta ined  from a s ingle  female 
which had re turned  to the Univers i ty  of Wash ing ton  exper imenta l  hatchery to spawn. 
Fol lowing fert i l izat ion by a s ingle  male  s teelhead,  the eggs were m a i n t a i n e d  in lots of 
100 in  net  egg chambers  su spended  in  a f low-through system of dechlor inated  city water 
at 10 °C. Tempera ture ,  water  flow and  chlorine were moni tored continuously.  

T e s t  c o m p o u n d  

14C-benzo(a)pyrene (14C-B(a)P) (Sp. Act. 58.5 mCi /mMol  - Amersham) was diluted 
with u n l a b e l l e d  B(a)P to make  a stock solution of 10btg/~tl in  spectrophotometric grade 
d imethylsu lphoxide  (DMSO). This solut ion was used  to make  final  exposure concentra-  
tions of 2~tg and  20btg/ml of water  (0.5% DMSO). The final  activity of 14C-B(a)P was 

0.23 t~Ci/tlg. 
Exposure of eggs consisted of a s ingle  24-h pulse  at one of the above concentrat ions 

in  0.5 ml of wa te r  per  egg. Immedia te ly  fol lowing exposure each group of eggs was 
extensively  washed  in f lowing water  to remove any  adher ing  B(a)P. A subsample  of 10 
14C-B(a)P l abe l l ed  eggs was removed fol lowing exposure to measure  the amount  of B(a)P 
which was taken  up. Radioactivity was de te rmined  by homogen iz ing  the entire egg and 
larva in  a scint i l la t ion vial, add ing  scint i l la t ion cocktail  and  count ing  the entire amount  
of activity in  the egg or larva on a Packard Tri Carb Liquid scint i l lat ion counter, Model 
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300. When  comparisons be tween  eggs or larvae con ta in ing  different amounts  of p igmen t  
were be ing  made,  quench ing  for each system was t aken  into account,  thus e l imina t ing  
any possibil i ty of error w h e n  compar ing  different types of tissue. 

E x p o s u r e s  

Three groups of 400 eggs each were exposed to u n l a b e l l e d  B(a)P (Sigma, Gold 
Lable) on day 1, day 15, and day 25 post fertilization. Controls consisted of 600 unt rea ted  
and  200 DI~SO treated eggs. The three exposure periods (early, mid  and  late develop-  
ment) correspond to pre-blas tu la  (day 1), eyed embryo  (day 15), and  late o rganogenes i s  
(day 25), and  serve to demonst ra te  whether  the stage of deve lopment  of the embryo 
inf luences  the outcome of exposure to B(a)P (Fig. 1). A paral le l  set of 50 eggs was 
exposed to 14C-B(a)P in  order to de te rmine  the rate of up take  of the test compound  at 
each exposure period. 

1 1 
yolk 

~-hotching J f -  resor Pti on - - i  

i / /  i ~ i 
55 45 55 65 

Days post fertilization 

Fig. 1. Trout embryo development and benzo(a)pyrene exposure schedule. Following fertilization, 
eggs were allowed to water harden for 24 h, after which they were exposed to B(a)P in water (0.5 % 
DMSO) for 24 h. On days 15 and 25 post fertilization, two additional groups of eggs were similarly 
exposed. Eggs were sampled following each exposure period and again just prior to hatching. After 
hatching, sac fry (larva and yolk) were also collected for analysis and for collection of excreted 

water soluble metabolites of B(a)P 

H a t c h i n g  

The effect of B(a)P on ha tch ing  was de te rmined  by recording the n u m b e r  of eggs 
which hatched each day unti l  all eggs were hatched.  Each of the t rea tment  groups and  
controls consisted of four repl icates of 100 eggs each. The four t rea tment  groups were: (1) 
unt rea ted  controls, (2) DMSO treated controls, (3) eggs exposed one day post ferti l ization 
(pre-blastula), (4) eggs exposed 15 days post fert i l ization (eyed stage), and  (5) eggs 
exposed 25 days post ferti l ization (late organogenesis) .  

M e t a b o l i s m / e x c r e t i o n  

Excretion of B(a)P metabol i tes  was  measured  by  two methods.  One  method deter-  
mined  the total radioactivity in each of 10 eggs sampled  fol lowing exposure  and  
washing (day 2), another  10 eggs sampled  just  prior to ha tch ing  (day 35), a set of 10 sac 
fry sampled immedia te ly  after ha tch ing  (day 37), and  10 f inger l ings  sampled  fol lowing 
total yolk resorption (day 70). By compar ing  the levels  of 14C-B(a)P in  each of these 
groups we could calculate  the amoun t  lost (excreted) du r ing  incubat ion ,  the amoun t  lost 
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at ha tch ing  (perivi tel l ine fluid) and  the amoun t  present  in  the larva and yolk after 
hatching.  By dissect ing the larva free from the yolk we could also de te rmine  the amount  
present  in  the yolk and  larva separately.  

A second method of de t e rmin ing  the amoun t  of l abe l led  test compound excreted by 
the deve lop ing  eggs was to place ind iv idua l  eggs in  small  vials and  cover them with a 
small  amoun t  of sterile water. By removing  the ent i re  vo lume of water  three t imes per 
week  and  rep lac ing  it with fresh sterile water, we could de te rmine  the amount  of 
l abe l l ed  compound  lost into the water  every three days. The accumula ted  counts 
throughout  incuba t ion  would  then  represent  the total amoun t  of labe l led  B(a)P lost from 
the t ime of exposure unt i l  hatching.  In this way  it was also possible to measure  the 
amoun t  of radioact ivi ty re leased with the per iv i te l l ine  fluids at the t ime of hatching.  

This same t echn ique  of i ncuba t ing  in  a closed system was also used to collect the 
excreted metabol i tes  of sac fry dur ing  the period of yolk resorption. During yolk 
resorpt ion fry were kept  in  a closed system where  the water  was collected three to four 
t imes per  week  and  replaced with fresh sterile water. This water  conta ined  all of the 
excreted mater ia l  from the deve lop ing  larvae and  was used to de te rmine  if any  differ- 
ences  in  metabol ic  capabi l i ty  had resul ted from exposure of the eggs at different 
deve lopmenta l  periods. 

Dur ing  the collect ion period, water  from each t rea tment  group was placed into a 
dark bottle, gassed with n i t rogen  and  frozen at -- 20 °C unt i l  it was extracted. Extractions 
consisted of a s ingle  hexane  extraction (4 hexane:  1 water) followed by centr i fugat ion at 
2000 rpm for 5 m in  to ensure  that the two layers were fully separated. Fol lowing the 
hexane  extract ion the water  layer was aga in  extracted twice with ethylacetate  (4:1). The 
hexane  extraction was in t ended  to remove any  nonpo la r  mater ia l  which might  have 
b e e n  presen t  and  the e thylacetate  to remove any  sl ightly polar metabol i tes  (Phase I 
reactants). 

An al iquot  of each water  sample  was also incuba ted  with [3-glucuronidase (1,000 
uni ts /ml)  and  sulphatase  (45 units /ml)  for 60 min  to deconjuga te  any  sulphate  or 
g lucuronic  acid conjugates  (Phase II reactants) which  might  be  present.  In this way we 
were able  to de te rmine  the relat ive amoun t  of soluble  uncon juga ted  and  conjugated  
metabol i tes  excreted by the various t rea tment  groups. 

T e r a t o g e n e s i s  

From the t ime of ha tch ing  unt i l  the yolk was fully resorbed, the four groups of sac fry 
were examined  three t imes per  week  unt i l  they were 60 days old. Dur ing  this period all 
an ima l s  which appeared  to be physical ly  or behav ioura l ly  abnormal  were removed and  
fixed in  10 % formalin for future classification. 

RESULTS 

U p t a k e  of B(a)P 

By us ing  14C-B(a)P it was possible  to measure  the amoun t  of B(a)P en te r ing  the trout 
eggs at each exposure period as wel l  as monitor  for the concentra t ion  of B(a)P in the 
exposure water, Tab le  1 summar izes  the concentra t ions  of B(a)P found in the eggs 
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Exposure concen- N Exposure day (post-fertilization) 
tration (~g/ml) 

1 15 25 

2 10 24 ± 2" 54 ± 10 59 ± 10 
20 10 83 ± 11 729 ± 123 664 ± 87 

* Values represent nanograrns (ng) of B(a)P for entire egg (i.e. yolk, embryo, chorion and 
perivitelline fluid ± S.D.) 

immedia te ly  after the 24-h exposure  period.  These  va lues  were  used  to ca lcula te  the 

percent  loss and re tent ion  p re sen t ed  la ter  in this sect ion unde r  "Excre t ion" .  It is ev iden t  
that the newly  fer t i l ized e g g  is not as p e r m e a b l e  to B(a)P in the form we  used  for 

exposure,  as are the more d e v e l o p e d  eggs.  
The actual  measu red  concentra t ions  of B(a)P in the water  at the start of exposure  

were  1.6-1.8 ~tg/ml for the 2 ~tg/ml exposure  water,  and 16.1-19.8 ~g/ml for the 20 ~tg/ml 
exposure water.  Fo l lowing  the 24-h exposure,  these concentra t ions  were  r educed  to 

1.4-1.6~tg/ml and 12.8-15.1~tg/ml: a 12% and 20% loss respect ively .  

E x c r e t i o n  

A distinct di f ference was observed  in the rate of excre t ion  of water  soluble  metabo-  

lites of B(a)P from embryos  exposed  ear ly  vs those exposed  late in d e v e l o p m e n t  (Fig. 2). 
Those exposed prior to blas tula  format ion excre te  only 2 to 3 % of the total amount  of 
B(a)P which  was in the e g g  fo l lowing exposure,  whi le  those exposed  late  in incuba t ion  

lost as much as 20 % of the total amount  or ig ina l ly  t aken  up dur ing  exposure.  The  group 

exposed 15 days fol lowing fer t i l izat ion (eyed stage), exh ib i t ed  an excre t ion  rate m i d w a y  
b e t w e e n  the early and late  exposure  groups. The loss of l abe l l ed  B(a)P which  occurred in 

the day 1 exposure  group took p lace  dur ing the ent ire  incuba t ion  per iod (30+ days), 

whi le  those exposed  late in d e v e l o p m e n t  had  only 10 to 15 days to excre te  the B(a)P prior 

to hatching.  Cons ider ing  this, the  per  day loss of B(a)P was  e v e n  more  spectacular  in the 
late exposure  group. This  expe r imen t  was  r epea t ed  wi th  three  separa te  e g g  lots from 
three different females,  and the results were  essent ia l ly  ident ica l  each  time. Likewise,  

the loss of soluble  B(a)P from the e g g  was the same w h e th e r  measu red  direct ly  by 
sampl ing  the incubat ion  water  or by measu r ing  the di f ference in radioact ivi ty  ins ide  the 

egg  from the t ime of exposure  unti l  just  prior to hatching.  In a subsequen t  expe r imen t  a 

s ingle  batch of eggs  was  split into two equa l  lots wi th  only one  be ing  fert i l ized.  Both 

groups were  exposed  to 14C-B(a)P and  a l l owed  to d e v e lo p  for 20 days, dur ing  which  eggs  

were  sampled  twice  per  week.  At the end  of the 20 days the radia t ion  levels  in the eggs  

from both groups was compared  and found to be  ident ical .  This ind ica ted  that  the small  

amount  of compound  lost from the eggs  exposed  ear ly  in d e v e l o p m e n t  was  not the result  
of embryo metabol i sm and excret ion,  s ince e v e n  eggs  which  con ta ined  no embryo  lost 

the same small  amount  dur ing  the same per iod (i.e. < 2 %). 
The  amount  of B(a)P in the per iv i t e l l ine  fluid at the t ime  of ha tch ing  also a p p e a r e d  

different in the ear ly  and later exposure  groups. Those  exposed  later  dur ing  deve lop-  
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DAY 1 EXPOSURE ~ p e r i v i t e i l i n e  
fluid 15% 

(pre-blostulo) ~ soc fry~ excreted 2 % 

DAY 15 EXPOSURE [ 

.p.erivitelline fluid 13% 

DAY 15 EXPOSURE [ i f / /~"~@..~excreted 9% 
(eyed embryo) 

perivitetline fluid 21% 

~ e x c r e t e d  18% 

DAY 25 EXPOSURE ~ x ' x ~ ~ i ,  ,~,,,....,............... 
(orgon0genesis) 

Fig, 2. Distribution of benzo(a)pyrene in trout eggs from exposure to hatching, B(a)P was identified 
in three components of the egg/embryo complex: (1) excretions out of the egg during embryo 
development up to the time of hatching; (2) losses along with perivitel l ine fluid at the time of 
hatching; (3) a component bound to or dissolved in the embryo/yolk, Embryos exposed later in 
development excreted considerably more of their B(a)P content than did those exposed early. 
Conversely, the amount present in the embryo/yolk was about 25 % greater in the early exposure 
group than in the late exposure group. Embryos exposed midway through development exhibited 

intermediate values in all three categories 

men t  aga in  re leased  more labe l led  compound  at the t ime of ha tching  than did those 
exposed early, 

Sac fry con t inued  to excrete l abe l l ed  soluble  compounds  into the water  throughout  
yolk resorption. Once  the yolk was totally resorbed and  the abdomina l  suture l ine closed 
(30 to 45 days post hatching),  no label  could be detected in the water  in which the fry 
were kept. 

H a t c h i n g  

Both day 15 and  day 25 exposures of trout eggs to B(a)P resul ted in  differences in the 
ha tch ing  dynamics  when  compared  to the un t rea ted  and  DMSO controls, Table  2 
summarizes  the ha tch ing  data from the 6 t rea tment  groups and  the controls. Eggs which 
were exposed early in deve lopment  exhibi ted  no statistical difference in ha tching  times 
w h e n  compared  to the controls. Those eggs exposed later in  deve lopment  began  
ha tch ing  later  than  ei ther  the early exposure group or the controls, and  took about  3 days 
longer  to hatch than  ei ther  of the other groups. No difference in ha tching  success was 
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Table 2. Mean hatching day of s tee lhead trout eggs treated with benzo(a)pyrene on days 1, 15 and 
25 post fertilization 

Exposure day Exposure Mean day to P <: * Mean day to 
(post- concentration 50 % hatch 90 % hatch 

fertilization) (ptg/ml) ( ± S,D.) ( ± S.D.) 

p<*  

Untreated 
control 

DMSO 
control 

15 

25 

39.8 ± 1,47 - 43.0 ± 2.37 

(0.5 %) 39.4 -- 1.14 NS 41.6 + 0.89 NS 

2 39.8 ± 2.98 NS 43.3 ± 4.72 NS 
20 39.0 ± 2.16 NS 42.5 ± 3.11 NS 

2 43.0 ± 1.41 .01 47.5 ± 2.38 .01 
20 43.0 ± 2.31 .01 47.3 ± 3.30 .05 

2 43.5 ± 3.32 .05 47.3 ± 3.30 .05 
20 41.8 ± 0.96 .05 45.5 ± 1.73 .05 

* ANOVA: 100 eggs/replicate;  controls = 6 replicates; treated = 4 replicates; DMSO = 2 repli- 
cates; NS = not significant (P >0.25) 

n o t e d  as a r e su l t  of e x p o s u r e  to B(a)P, e v e n  t h o u g h  s o m e  e g g s  w e r e  e x p o s e d  to 

c o n c e n t r a t i o n s  as  h i g h  as  20 btg/ml, a c o n c e n t r a t i o n  a b o u t  1000 t i m e s  g r e a t e r  t h a n  w o u l d  

n a t u r a l l y  b e  e n c o u n t e r e d .  Both  B(a)P c o n c e n t r a t i o n s  p r o d u c e d  the  s a m e  h a t c h i n g  p a t t e r n  

in  t h e i r  r e s p e c t i v e  t r e a t m e n t  g roup .  

Y o l k  a n d  l a r v a l  t i s s u e  

C o m p a r i s o n  of t h e  a m o u n t  of l a b e l l e d  c o m p o u n d  p r e s e n t  in  yo lk  a n d  l a rva l  t i s s u e  at  

t he  t i m e  of h a t c h i n g  s h o w e d  t h a t  t h e  yo lk  c o n t a i n e d  the  m a j o r i t y  of t h e  o r i g i n a l  e g g  

c o n t e n t  of l a b e l l e d  B(a)P. T a b l e  3 s u m m a r i z e s  t he  p e r c e n t  d i s t r i b u t i o n  of r a d i o a c t i v i t y  

Table 3. Concentration of B(a)P in embryo and yolk immediately post hatching 

Exposure 
concentration 

(~g/ml) 

N Exposure day (post-fertilization) 

1 15 25 

2 Embryo 5 1.3 _±_ 0.2" (6%)** 3,7 ± 1.4 (9%) 5.7 + 3.0(16%) 
Yolk 5 19 _ 2,1 (94%) 38 +_ 9.9(91%) 31 ± 2.5(84%) 

20 Embryo 5 5.0 ± 1.3(10%) 18 ± 3.2 (9%) 26 -- 4.5(22%) 
Yolk 5 44 ± 3.9 (90%) 183 ± 33 (91%) 93 - 30 (78%) 

* Values represent  nanograms (ng) of B(a)P bound to or dissolved in embryonic tissues or yolk 
(± S,D,} 

* * Values in ( ) represent  % of B(a)P in larvae or yolk relative to the total amount of B(a)P in 
larva + yolk (sac fry) at hatching 



500 R.M.  Kocan & M. L. Landolt  

levels detected in  yolk and  larval t issue at the t ime of hatching.  It is apparent  from these 
data that those embryos which were exposed earl ier  dur ing  incuba t ion  and  excreted less 
B(a)P than  did those exposed later, re ta ined  the extra labe l led  mater ia l  in the yolk (90 to 
94%) as compared  to those exposed on day 25 which re ta ined  much less (78 to 84%). 
From this it is apparen t  that the larvae which were exposed early accumula te  more B(a)P 
in  their  t issues at the t ime of ha tch ing  than  those exposed later in development .  By the 
t ime the yolk had b e e n  fully resorbed the fry from each exposure group conta ined the 
same level  of b o u n d  14C, regardless  of the t ime of their  exposure. 

M e t a b o l i s m / e x c r e t i o n  

Table  4 summarizes  the results of organic  extractions of waters in  which sac fry from 
the various exposure groups were held  unt i l  they had fully resorbed their yolk material.  
It is apparen t  that both sl ightly polar  and conjuga ted  forms of B(a)P metabol i tes  were 
excreted into the water. The large amoun t  of l abe l led  mater ia l  which remained  in the 

Table 4. Percent water soluble 14C-B(a)P excreted by sac fry 

Extraction procedure* Exposure day (post-fertilization) 

1 15 25 

Hexane (4 : 1) 90 93 97 
Ethylacetate (4 : 1) 71 63 55 
Ethylacetate (~-Glucuronidase/sulphatase) 52 43 36 

* Extractions done on water collected daily from 10 sac fry from each treatment group over a 
5-day period 

water  fol lowing organic  extraction and  ~-g lucuronidase / su lpha tase  deconjuga t ion  may 
represent  g lu ta th ione  conjugates  of B(a)P metaboli tes.  

There appears  to be  a re la t ionship  be tween  the t ime of exposure dur ing  develop- 
men t  and  the amoun t  of soluble  metabol i tes  subsequen t ly  excreted by the larva dur ing  
yolk resorption, with those exposed later excret ing larger  quant i t ies  of soluble and 
conjuga ted  material .  By the t ime the yolk is fully resorbed, however,  all of these 
differences disappear.  Both exposure groups (2 ~g and  20 ~g) exhibi ted the same patterns 

of solubility. 

T e r a t o g e n e s i s  

Among  the control fish (unexposed and  DMSO treated), less than 1% of the 600 
an imals  exhibi ted  any  type of physical  defect by the t ime they had totally resorbed their 
yolk. The t reated groups, however,  all showed increased  physical  defects by this t ime 
with the majori ty  appea r ing  in those an imals  treated early dur ing  their development .  
Table  5 summar izes  the data from the teratogenesis  evaluat ion.  

The majori ty of defects represen ted  in this exper iment  were ocular abnormali t ies ,  
cephal ic  deformity, spinal  deformity and  fin reduct ions or e l iminat ions.  
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Table 5. Teratogenic effects on fish embryos following exposure to benzo(a)pyrene. 

B(a)P No. exposed Post-fertilization % abnormal at 
concentration Exposure time hatching 

2 ~g/ml 100 day 1 6 
2 ~g/ml 100 day 25 1 

2 ~tg/ml 230 day 1 5 
2 ~g/ml 340 day 15 3 

20 ~tg/ml 290 day 1 13 
20 ~g/ml 280 day 15 I 1 
20 ~g/ml 280 day 25 4 

normal/DMSO 300 day I < 1 
normal/DMSO 300 day 25 < 1 

Day 1 = pre-blastula; day 15 ~ eyed stage (1st eye pigment); day 25 = late organogenesis; day 
35 = hatching 

DISCUSSION 

Unl ike  infect ious diseases,  gene t i c  and metabo l ic  d iseases  are usual ly  de tec tab le  
only w h e n  compara t ive  measu remen t s  can be  m a d e  from a s ingle  individual ,  and a we l l  

es tabl ished normal  base l ine  for those measu reme n t s  is ava i l ab le  for comparison.  
The data we  have  p resen ted  here  demonst ra te  that dramat ic  nonle tha l  devia t ions  

from the norm can occur in embryos  fo l lowing exposure  to a known  env i ronmen ta l  
contaminant.  Since no s ignif icant  mortal i ty  occurred in the test animals ,  and prec ise  

measurements  were  n e e d e d  on la rge  numbers  of ind iv idua l s  wi th  s imilar  gene t i c  

background,  it is un l ike ly  that  these  same changes  would  have  b e e n  de tec tab le  under  

natural  conditions.  It is not c lear  wha t  effect each  of the al terat ions we  obse rved  would  
have  on the survival  and reproduct ive  potent ia l  of the exposed  populat ion.  Based on 

what  is known of some of the enzyme  systems which  were  al tered,  there  p re sumab ly  

could be  dramat ic  effects at some later  per iod in the o rgan ism 's  deve lopment .  

It has b e e n  wel l  es tab l i shed  that  trout as we l l  as o ther  fish species  have  ac t ive  mixed  
function oxygenase  (MFO) and aryl hydrocarbon hydroxylase  (AHH) systems (Bend & 

James,  1978; Iwaoka et al., 1979; Pederson et al., 1976), a l though  the leve l  of act ivi ty 
varies by species.  This subject  is ex tens ive ly  r e v i e w e d  by S t e g e m a n  (1981). Since these 

enzymes  funct ion both to e l imina te  cer ta in  env i ronmen ta l  con taminants  as we l l  as 
endogenous  steroids, their  a l tera t ion could  pose serious p rob lems  to the organism.  The 

mechanism(s)  under ly ing  the a l te red  excretory pat terns  we  have  obse rved  have  not b e e n  
worked  out for fish, a l though they have  b e e n  e x a m i n e d  in severa l  m a m m a l i a n  systems 

(Lucier, 1981). It is not un l ike ly  that  there  are s imilar  counterpar ts  in fish. One  possibi l i ty  

is that exposure  of the embryo  in the pre-b las tu la  s tage results  in an inhibi t ion  or 

repress ion of the MFO or conjuga t ion  systems, the reby  reduc ing  the capaci ty  of the 
embryo  and fry to quickly  me tabo l i ze  and excre te  m a n y  xenobiot ics .  Al ternat ively ,  the 

p resence  of a funct ional  embryo  wi th  most of its organs and enzyme  systems intact  at the 

t ime of exposure  (organogenesis)  could result  in the induct ion  of these  systems (Binder & 
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S tegeman,  1983), thereby  increas ing  the capacity of the organism to excrete the foreign 
compound.  Those embryos  which were exposed as a pre-b las tu la  would  encounter  B(a)P 
only  via  the yolk, which  is be ing  resorbed, and  possibly  not respond the same as those 
which received total body  exposure.  Another  possibi l i ty is that different responses result  
from early and  late exposures, thus caus ing  each to respond differently than  would an  
unexposed  embryo. Whichever  the case, if these differences in  metabol ic  processing and 
excret ion of B(a)P persist  into later life, they could alter the organism's  abil i ty to deal 
with subsequen t  exposure to s imilar  compounds  and  its abil i ty to process endogenous  
compounds  such as steroids. 

As we have poin ted  out, the age of an  embryo at the t ime of exposure to a xenobiot ic  
in f luences  the u l t imate  capaci ty of the later  larva to excrete that compound  dur ing  yolk 
resorption. Those exposed early excrete the compound  more slowly than those exposed 
later  in  development .  Whether  rapid e l imina t ion  of xenobiot ics  is desirable  or not 
depends  on whether  the reduct ion in body bu rden  of the chemical  outweighs the rapid 
formation of act ivated in te rmedia te  compounds  which have the capacity to b ind  to 
protein  and  nucle ic  acid and  thereby to alter enzyme function, DNA stability, and 
ini t ia te  neoplasia .  

S i n n h u b e r  & Wales (1974) and  Wales et al. (1978) observed that the embryo 's  age at 
the t ime of exposure to aflatoxin in f luenced  the deve lopment  of tumors later  in  life. This 
could be exp la ined  by different rates of metabol i sm and excretion by the different ages 
of the embryos  at the t ime of exposure.  

It is clear that differences in body burden ,  excretory rate and  the form of the 
con juga ted  compounds  extends  beyond  ha tch ing  and  through yolk resorption. It has yet 
to be demonstrated,  however,  whether  these differences persist  when  the organism is 
exposed to s imilar  compounds  as it matures,  or whether  these enzymat ic  alterations 
u l t imate ly  affect the ind iv idua l  through behavioura l  modificat ion or hormonal  imba- 
lances  (Lorz et al., 1979). 

The changes  we observed in  ha tch ing  dynamics  may l ikewise  be related to altera- 
t ions in  enzyme systems which par t ia l ly  control hatching.  It has b e e n  well  es tabl ished 
(Blaxter, 1969) that ha tch ing  enzymes  are responsible  for the onset  of hatching and egg 
m e m b r a n e  disruption. It is also k n o w n  that a variety of env i ronmen ta l  factors, inc lud ing  
pollut ion,  can alter these enzymes  and  affect the ha tch ing  dynamics  of a species. 
Therefore, if polycyclic aromatics such as B(a)P can alter ha tch ing  g land  enzymes,  it 
could exp la in  the changes  we observed.  

Tera togenic  abnormal i t i es  are re la t ively rare in  n o n - i n b r e d  trout, but  appear  to 
increase  as a result  of exposure to B(a)P. The more obvious tera togenic  effects which we 
observed in  the t reated groups, would  p robab ly  lead to the death of the affected 
ind iv idua l s  in  their na tura l  habi ta t  through starvation and/or  predation.  It is l ikely that a 
n u m b e r  of ind iv idua l s  with only minor  defects escape detection, but  would  ul t imately  be 
lost from the popula t ion  due to behav ioura l  anomal ies  and  associated physical  defects. 
As Laale points  out (1981), the deve lop ing  fish embryo  is a sensi t ive organism which 
responds  to changes  in  its env i ronment ,  i nc lud i ng  chemical  pollution.  Skeletal  and 
cephal ic  abnormal i t i es  of newly  ha tched  fish, which  we encoun te red  most frequently,  
are be l i eved  by  some to result  from genet ic  al terat ions (SchrSder, 1969, 1973; and 
Nelson,  1977), which  can result  from exposure to B(a)P and  other polycyclic aromatic 
hydrocarbons.  Hose et al. (1981, 1982) showed that deve lop ing  flatfish eggs exposed to 



D e v e l o p i n g  f ish  e m b r y o s  e x p o s e d  to b e n z o ( a ) p y r e n e  503 

B(a)P o f t en  s u f f e r e d  f rom d e v e l o p m e n t a l  a b n o r m a l i t i e s  as  d i d  t h o s e  e m b r y o s  p r o d u c e d  

by  f e m a l e s  w h i c h  h a d  b e e n  e x p o s e d  to B(a)P p r io r  to e g g  l ay ing .  

A l t h o u g h  i n f e c t i o u s  d i s e a s e s  a r e  a s i g n i f i c a n t  fac tor  i n f l u e n c i n g  t h e  h e a l t h  a n d  

surv iva l  of a q u a t i c  o r g a n i s m s ,  t h e r e  is a m o r e  i n s i d i o u s  fo rm of d i s e a s e  w h i c h  r e s u l t s  

f rom e x p o s u r e  to s u b l e t h a l  t ox i c  s u b s t a n c e s  in  t h e  e n v i r o n m e n t .  T h o s e  o r g a n i s m s  w h i c h  

are  e x p o s e d ,  a n y  t i m e  f rom fe r t i l i z a t ion  to s e x u a l  ma tu r i ty ,  r u n  t h e  r i sk  of b e c o m i n g  

g e n e t i c a l l y  d a m a g e d ,  a n d  t h e r e b y  b e i n g  l ess  fit to r e s p o n d  to o t h e r  f o r m s  of e n v i r o n m e n -  

tal  insul t s ,  a n d  m o r e  se r ious ly ,  h a v i n g  a r e d u c e d  c a p a c i t y  to p r o d u c e  n o r m a l  h e a l t h y  

of f spr ing .  Ef fec t s  s u c h  as  i n d u c t i o n  a n d / o r  s u p p r e s s i o n  of e x i s t i n g  e n z y m e  s y s t e m s  

d u r i n g  e m b r y o n i c  d e v e l o p m e n t  a l so  p o s e  t h e  t h r e a t  of c o m p r o m i s i n g  a n  i n d i v i d u a l ' s  

ab i l i ty  to c o p e  w i t h  l a t e r  e x p o s u r e  to e n v i r o n m e n t a l  c o n t a m i n a n t s .  
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