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A s tudy  was c a r r i e d  o u t  on t h e  p a n c r e a t i c  i s l e t s  i n  

rainbow t r o u t ,  Salmo 'ga.ir'dn'e:ri Richards on, and a l s o  t h e  

e f f e c t s  o f  z i n c  p o l l u t i o n  upon i n s u l i n  s e c r e t i o n  i n  t h i s  

s p e c i e s .  

I n  t h e  f i r s t  exper iment ,  a  h i s t o l o g i c a l  s t u d y  of  t h e .  

p a n c r e a t i c  i s l e t s  was done i n  which po lypep t ide  hormone- 

p roduc ing  c e l l s  were l o c a l i z e d ,  u s i n g  immunocytochemical 

s t a i n i n g  t echn iques .  Four d i f f e r e n t  c e l l - t y p e s  were i d e n t i -  

f i e d  i n  this manner. These were t h e  i n s u l i n ,  s o m a t o s t a t i n ,  

p a n c r e a t i c  p o l y p e p t i d e  and g l u c a g o n / g a s t r i c  i n h i b i t o r y  

p o l y p e p t i d e  (GIP) c e l l s .  The glucagon/GIP c e l l  was des igna t ed  

t hus  a s  a n t i s e r a  t o  b o t h  hormones c r o s s - r e a c t e d  w i t h  a  common 

p o p u l a t i o n  of c e l l s .  A f i f t h  c e l l -  t y p e ,  commonly r e f e r r e d  

t o  a s  a  c l e a r  c e l l ,  was a l s o  i d e n t i f i e d  a l though  i t s  s e c r e t o r y  

p roduc t  i s  a s  y e t  undetermined.  

The second exper iment  i nvo lved  t h e  l o c a l i z a t i o n  o f  z i n c .  

w i t h i n  t h e  p a n c r e a t i c  i s l e t s  o f  Salmo g a i r d n e r i .  I n d i v i d u a l  

f i s h  were i n j e c t e d  w i t h  6 5 ~ n  and t h e  d i s t r i b u t i o n  of  t h e  i s o -  

t ope  w i t h i n  t h e  i s l e t s  was determined by au torad iography .  I t  

was found t h a t  t h e  i n s u l i n  c e l l s  accumulated approximately  

tw ice  as  much z i n c  p e r  u n i t  a r e a  a s  t h e  r e s t  of t h e  i s l e t  

t i s s u e .  I t  i s  presumed t h a t  t h i s  z i n c  i s  i nvo lved  w i t h  t h e  

c r y s t a l l i z a t i o n  and s t o r a g e  of i n s u l i n  w i t h i n  t h e  i n s u l i n  

c e l l s .  
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The t h i r d  experiment invo lved  a  s t u d y  on t h e  e f f e c t s  

of z i n c  upon carbohydra te  metabolism and i n s u l i n  s e c r e t  i o n  

i n  Salmo g a i r d n e r i .  An LCs0 s t udy  was f i r s t  done t o  

de te rmine  t h e  t o x i c i t y  o f  z i n c  t o  t h i s  s p e c i e s  i n  Vancouver 

w a t e r .  A 48-hour LCs0 o f  0.99 ppm of z i n c  w a s  e s t a b l i s h e d .  

The upper  and lower conf idence  l i m i t s  o f  t h i s  LCs0 were 1.73 

and 0.56 ppm r e s p e c t i v e l y .  A 31-day exposure  o f  Salmo 

g a i r d n e ~ i  t o  w a t e r  c o n t a i n i n g  0.081, 0.096, 0.352 and l e s s  

t h a n  0.04 [ c o n t r o l )  ppm of  z i n c  was t hen  conducted.  A t  a l l  

t h e  exper imenta l  c o n c e n t r a t i o n s  o f  z i n c ,  s i g n i f i c a n t  hyper-  

g lycemia r e s u l t e d  a f t e r  one day of  exposure.  I n  f i s h  

exposed t o  0.352 ppm of  z i n c  t h i s  hyperglycemia p e r s i s t e d  

u n t i l  day 5  and was accompanied by s e v e r e  m o r t a l i t i e s .  L iver  

glycogen and plasma i n s u l i n  l e v e l s  were moni tored i n  t h e  

c o n t r o l  and t h e  0.352 ppm z i n c  groups.  I n  t h e  expe r imen ta l  

g roup ,  t h e r e  was a  s i g n i f i c a n t  d e p l e t i o n  o f  l i v e r  glycogen 

on days 3  and 5. The l e v e l s  t h e n  became s i g n i f i c a n t l y  

h i g h e r  t han  c o n t r o l s  on day 9. Plasma i n s u l i n  l e v e l s  were 

s i g n i f i c a n t l y  lower i n  t h e  exper imenta l  group on days 2 ,  3  

and 7 and only  r e t u r n e d  t o  c o n t r o l  l e v e l s  on day 9 .  The 

changes i n  ca rbohydra te  metabolism and i n s u l i n  l e v e l s  a r e  

d i s c u s s e d  i n  r e l a t i o n  t o  i n c r e a s e d  plasma c o r t i c o s t e r o i d s  

and ca techolamines  a s  a r e s u l t  of z inc- induced  s t r e s s .  
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GENERAL INTRODUCTION 

Zinc is  a  n a t u r a l l y  o c c u r r i n g  t r a c e  me ta l  i n  Canadian 

f r e s h w a t e r  and is a l s o  impor t an t  i n  b i o l o g i c a l  sys tems.  I t  

i s  o f t e n  found i n  e l e v a t e d  c o n c e n t r a t i o n s  i n  w a t e r s  a d j a c e n t  

t o  s t r i p m i n i n g  and p u l p m i l l i n g  o p e r a t i o n s ,  r e s u l t i n g  i n  

s e v e r e  f i s h  m o r t a l i t i e s  (Sprague e t  a 1  1965).  Consequently,  - -* 9 

much r e s e a r c h  has  been devoted t o  t h e  t o x i c  a c t i o n  of  z i n c  

upon morphological  and p h y s i o l o g i c a l  pa rame te r s ,  u t i l i z i n g  

rainbow t r o u t ,  Salmo g a i r d n e r i  Richardson,  a s  t h e  t e s t  s p e c i e s  

because  o f  i t s  s e n s i t i v i t y  t o  z inc .  

A pr imary p h y s i o l o g i c a l  response  o f  Salmo g a i r d n e r i  t o  

z i n c  t o x i c i t y  i s  s t r e s s -  induced hyperglycemia (Watson 19 75) , 
which may invo lve  changes i n  plasma i n s u l i n ,  an impor t an t  

hormone i n  t e l e o s t  ca rbohydra te  metabolism ( I n c e  and Thorpe 

197713). These a l t e r a t i o n s  i n  t h e  l e v e l s  o f  plasma i n s u l i n  

may be  due t o  t h e  combined a c t i o n s  of  o t h e r  hormones, o r  t o  

t h e  d i r e c t  a c t i o n  of  z i n c  upon t h e  i n s u l i n  c e l l s ,  a s  i t  i s  

impor t an t  i n  i n s u l i n  s t o r a g e  i n  many v e r t e b r a t e s  (Petkov 1970).  

While a s s a y a b l e  i n s u l i n  has  been found i n  t h e  plasma of  

Salmo g i i r d n e r i  (Thorpe and Ince  l 9 7 6 ) ,  t h e  l o c a l i z a t i o n  o f  

t h e  i n s u l i n  c e l l s  and t h e i r  requirements  f o r  z i n c  have n o t  

y e t  been determined.  The re fo re ,  exper iments  were conducted 

t o  de te rmine  a)  t h e  l o c a l i z a t i o n  of  i n s u l i n  and o t h e r  c e l l  

t y p e s  w i t h i n  t h e  p a n c r e a t i c  i s l e t s  o f  Salmo g a i r d n e r i ,  



b) t h e  presence of z inc  wi th in  the  i n s u l i n  c e l l s ,  and c) t h e  - 
e f f e c t s  of zinc- induced hyperglycemia s t r e s s  upon i n s u l i n  

s e c r e t i o n  and glycogen metabolism i n  t h i s  spec ies .  



CHAPTER I 

The immunocytochemical l o c a l i z a t i o n  

o f  hormone-producing c e l l s  w i t h i n  t h e  

p a n c r e a t i c  i s l e t s  o f  

Salmo g a i r d n e r i  Richardson 



I n t r o d u c t i o n  

I n t e r e s t  i n  t h e  p a n c r e a t i c  i s l e t s  o f  t e l e o s t s  has  

grown cons ide rab ly  i n  t h e  l a s t  decade and t h e r e  i s  now a  

l a r g e  body o f  l i t e r a t u r e  on t h i s  s u b j e c t  (Br inn ,  1973,  

1975, Epple and Brinn., 1975, Epple and Lewis 1973, Johnson 

e t  a l . ,  1976,  Kle in  and Lange 19 77, Klein  and Van Noorden - -  
1978, Kobayashi -- e t  a l . ,  1976, Lange e t  a l . ,  1975 and Thomas -- 
1970, 1975) .  I n  much of  t h e  e a r l y  work, c e l l  t ypes  were 

i d e n t i f i e d  accord ing  t o  t h e i r  a f f i n i t y  f o r  t i n c t o r i a l  

s t a i n s .  I n  r e c e n t  y e a r s  however, many au tho r s  have r e l i e d  

upon immunocytochemical t echn iques  as t h e  means o f  c e l l  

i d e n t i f i c a t i o n  (Johnson e t  a l . ,  1976, Kle in  and Van Noorden -- 

1978, Lange e t  a l . ,  1975, Van Noorden and P a t e n t  1978).  -- 
A s  a  r e s u l t ,  t h e  i d e n t i t y  o f  a t  l e a s t  f o u r  c e l l  t ypes  has  

been confirmed.  These a r e  t h e  i n s u l i n  ( B )  c e l l ,  t h e  

glucagon (a) c e l l ,  t h e  s o m a t o s t a t i n  (D)  c e l l  and t h e  

p a n c r e a t i c  po lypep t ide  (F) c e l l .  I n  comparison, t h e  human 

p a n c r e a t i c  i s l e t s  a r e  comprised o f  t h e s e  same f o u r  c e l l  

t ypes .  

Fur thermore ,  a  f i f t h  c e l l  t ype ,  de s igna t ed  a s  a  c l e a r  

c e l l  on account  of  i t s  appearance under t h e  l i g h t  microscope,  

has  been i d e n t i f i e d  i n  t e l e o s t s  by a t  l e a s t  two l a b o r a t o r i e s  

(Kle in  and Lange 1977, Kobayashi e t  a l . ,  1976) .  S e c r e t o r y  -- 

granu le s  have been observed i n  t h e s e  c l e a r  c e l l s ,  a l though  

t h e i r  c o n t e n t  i s  n o t  known. 



The p a n c r e a t i c  i s l e t s  of t h e  Rainbow Trou t ,  Salmo 

g a i r d n e r i  (Richardson) ,  have r e c e i v e d  only  cu r so ry  a t t e n -  

t i o n  i n  t h e  l i t e r a t u r e  t o  d a t e  [Brinn 1973, Epple and Br inn  

1975) and t h e i r  h i s t o l o g y  h a s  n o t  been s t u d i e d .  

The purpose of  t h i s  s t u d y  was t o  map t h e  p a n c r e a t i c  

i s l e t s  of  Salmo g a i r d n e r i ,  u s i n g  t h e  b e s t  h i s t o l o g i c a l  

t e chn iques  a v a i l a b l e .  These i nc luded  bo th  t i n c t o r i a l  

s t a i n s  which were no t ed  f o r  t h e i r  a f f i n i t y  f o r  i n d i v i d u a l  

c e l l  t y p e s ,  and t h e  p e r o x i d a s e  a n t i - p e r o k i d a s e  (PAP) s t a i n -  

i n g  technique  developed by S t e r n b e r g e r  (1974). 

K a t e r i a l s  and Methods 

J u v e n i l e  Rainbow and S t e e l h e a d  Trou t ,  Salmo g a i r d n e r i  

(Richardson) , ob ta ined  from t h e  Abbotsford Hatchery ,  Abbotsf o rd ,  

B .  C . ,  were main ta ined  i n  7 6 0 - l i t e r  f i b r e g l a s s  t anks  s u p p l i e d  

w i t h  d e c h l o r i n a t e d  t a p  w a t e r  (6  - 1 2 '  C ) .  The l i g h t i n g  was 

a d j u s t e d  t o  a  n a t u r a l  pho toper iod  (Vancouver) and t h e  f i s h  

were f e d  - ad l i b i t u m  d a i l y  w i t h  Oregon Moist P e l l e t s .  T i s s u e  

was c o l l e c t e d  by f i r s t  s t u n n i n g  t h e  f i s h  (20 - 50 g) w i t h  a 

blow t o  t h e  head and then  immediately removing t h e  i s l e t  

organ and i n t e s t i n e .  

His to logy .  T i s s u e s  were f i x e d  i n  e i t h e r  Bouin 's  f l u i d ,  

Bouin-Hollande s o l u t i o n  o r  3% Glutara ldehyde b u f f e r e d  w i t h  

0.1M cacody la t e  t o  pH 7 . 4 .  Bouin 's  and Bouin-Hollande- 

f i x e d  t i s s u e s  were dehydra ted  i n  graded e t h a n o l s ,  c l e a r e d  



i n  t o l u e n e  and embedded i n  p a r a p l a s t  (56 '  C ) .  T i s s u e s  

f i x e d  i n  g l u t a r a l d e h y d e  w e r e d e h y d r a t e d i n  graded e t h a n o l s ,  

c l e a r e d  i n  a b s o l u t e  e t h a n o l  and embedded i n  S p u r r ' s  low- 

v i s c o s i t y  embedding media.  The c l e a r i n g  s t a g e  which 

normally employs p ropylene  ox ide  was omi t t ed ,  s i n c e  t h i s  

s o l v e n t  ha s  been found t o  reduce  subsequent  immunoreact iv i ty  

of  f i d e d  endocr ine  t i s s u e  t o  s p e c i f i c  a n t i b o d i e s  (VanNoorden 

and Pearse -1974)  . ~ a r a p l a s  t-embedded . t i s s u e  was s e c t i o n e d  

on a  r o t a r y  microtome ( 4  p) whereas S p u r r t s  embedded t i s s u e  

was s e c t i o n e d  on an LKB Ultramicrotome ( 0 . 5  v ) .  A l l  

s e c t i o n s  were mounted on g e l a t i n i z e d  g l a s s  s l i d e s .  P r i o r  

t o  s t a i n i n g ,  p a r a p l a s  t embedded s e c t i o n s  were dewaxed i n  

t o luene  and r ehydra t ed .  S e c t i o n s  embedded i n  Spur r  ' s  

media were a l s o  r e h y d r a t e d  a f t e r  removing t h e  r e s i n  w i t h  

sodium methoxide acco rd ing  t o  Mayoret - * a 1  9 1961) .  

I s l e t  t i s s u e  was s t a i n e d  f o r  i n s u l i n  c e l l s  w i t h  a ldehyde 

f u c h s i n  fo l l owing  permanganate o x i d a t i o n  ( S c o t t  1952) ,  f o r  

glucagon c e l l s  by Gr ime l iu s '  (1968) s i l v e r  impregnat ion 

technique  and f o r  s o m a t o s t a t i n  c e l l s  by t h e  s i l v e r  impregna- 

t i o n  procedure  d e s c r i b e d  by Hellman and He l l e r s t rom (1960) .  

Following t h e  s t a i n i n g  p rocedure s ,  a l l  s l i d e s  were dehydra t ed ,  

c l e a r e d  i n  t o l u e n e  and mounted under g l a s s  c o v e r s l i p s  w i t h  

permount ( F i s h e r  Sc .  Co..) . 



Immunocytochemis t r y  

I s l e t  organs  from bo th  rainbow and s t e e l h e a d  t r o u t  were 

s t a i n e d  accord ing  t o  t h e  PAP immunocytochemical t echn ique  of 

S t e r n b e r g e r  (1974) a f t e r  t h e  a p p l i c a t i o n  of one o f  t h e  

fol lowing pr imary a n t i s e r a :  guinea p i g  a n t i - p o r c i n e  

i n s u l i n  serum (GP-APIS, D r .  R. A. Pederson,  U. B .  C.), 

r a b b i t  a n t i - p o r c i n e  glucagon serum (E-APGS, D r .  B. A. 

McKeown, S. F. U.) , r a b b i t  a n t i - s o m a t o s t a t i n  serum (R-ASS, 

D r .  C. McIntosh, U. B.  C. ) ,  r a b b i t  a n t i - p o r c i n e  g a s t r i c  

i n h i b i t o r y  p o l y p e p t i a e  serum (R-APGIPS , D r .  J. C.  Brown, 

U. B .  C.) and r a b b i t  a n t i - b o v i n e  p a n c r e a t i c  po lypep t ide  

serum (R-ABPPS, D r .  R. E. Chance, E l i  L i l l y  Labs Ltd . ,  

I nd i ana ,  U. S .  A.). The d i l u t i o n s  o f  primary a n t i s e r a  used 

( d i l u t e d  w i t h  0.15 M NaCl which conta ined  0.05 M T r i s - H C 1  

b u f f e r  and 1% normal g o a t  serum, pH 7.6) were GP-APIS 

1 / 2 0 0 ,  R-APGS 1/700,  R-APGIPS 1/200,  R-ASS 1/200 and 

R-ABPPS 1/200. A n t i s e r a  could  g e n e r a l l y  be  used a t  a  much 

h i g h e r  d i l u t i o n  on Bouinl  s- f  i xed  m a t e r i a l  t han  on g l u t a r -  

a ldehyde- f ixed  m a t e r i a l .  

A l l  pr imary a n t i s e r a  were app l i ed  ove rn igh t  a t  4' C. 

Goat a n t i - r a b b i t  gamma g l o b u l i n  serum was then a p p l i e d  

(1/10 d i l .  f o r  1 0  min. a t  2 2 O  C) followed by r a b b i t  p e r o x i -  

dase  a n t i - p e r o x i d a s e  serum (Miles Yeda, Ltd.)  a t  a  1/50 

d i l u t i o n  f o r  10 min. a t  2 Z 0  C.  



A f t e r  each an t i s e rum a p p l i c a t i o n ,  t h e  s l i d e s  were 

washed f o r  a t  l e a s t  10 minutes i n  T r i s - b u f f e r e d  s a l i n e  

(0.15 M NaCl c o n t a i n i n g  0 .05 M Tris-HC1 b u f f e r ,  pH 7 . 6 ) .  

The s i t e s  o f  p e r o x i d a s e  a c t i v i t y  were t hen  v i s u a l i z e d  by 

t r a n s f e r r i n g  t h e  s l i d e s  t o  0.01% H 0 c o n t a i n i n g  0.025% 2 2 
(W/V) 3 , 3 -  diaminobenzidene (Graham and Karnovsky , 1966) . 
The s l i d e s  were t h e n  p o s t - f i x e d  i n  0.1% 0s04 ,  washed 

thoroughly  i n  d i s t i l l e d  w a t e r ,  dehydra ted  and mounted w i t h  

Permount ( F i s h e r  Sc.  Co). 

S e v e r a l  c o n t r o l  p rocedu re s  were c a r r i e d  o u t  t o  conf i rm 

t h e  s p e c i f i c i t y  of  an t ibody  b ind ing .  These i n c l u d e d  t h e  

a p p l i c a t i o n  o f  a non-immune serum a s  pr imary a n t i s e r u m ,  

t h e  omiss ion  o f  t h e  pr imary an t i s e rum s t e p  a l t o g e t h e r  and 

t h e  s a t u r a t i o n  o f  t h e  pr imary an t i s e rum w i t h  i t s  comple- 

ment a n t i g e n  p r i o r  t o  a p p l i c a t i o n  ( s a t u r a t i o n  was always 

c a r r i e d  o u t  o v e r n i g h t  a t  4' C) . Because glucagon and 

GIP a n t i s e r a  have been shown t o  b i n d  t o  and s t a i n  a  common 

c e l l  t y p e  i n  t h e  r a t  (Smith e t  a l . ,  ~ l977), a d d i t i o n a l  c o n t r o l  -- 
procedures  were c a r r i e d  o u t  f o r  t h e  GIP an t i s e rum,  which ha s  

been w e l l  c h a r a c t e r i z e d  and found t o  be  n o n - r e a c t i v e  w i t h  

glucagon under  radioimmunoassay c o n d i t i o n s  (Brown, p e r s  . 
comm.). I n d i v i d u a l  a l i q u o t s  of  GIP a n t i s e r a  were s a t u r a t e d  

w i t h  e i t h e r  g lucagon (Sigma) o r  GIP (Dr. J. C. Brown). 

To r e t a r d  any mo lecu l a r  deg rada t i on  of  t h e  glucagon and GIP 

t h e  d i l u e n t  b u f f e r  c o n t a i n e d  1200 K .  I .  U . / m l .  o f  T r a s y l o l  

(Boehr inger  Inge lhe im  Ltd . )  and 0.05 M benzamidine (Sigma). 



The s a t u r a t i o n  was c a r r i e d  o u t  a t  4 O  C f o r  e i t h e r  f o u r  hours  

o r  ove rn igh t .  The s a t u r a t e d  a n t i s e r a  were t hen  a p p l i e d  t o  

t i s s u e  s e c t i o n s  f o r  one hour  a f t e r  which t ime t h e  PAP pro-  

cedure  was fol lowed.  The a p p l i c a t i o n  of  t h e  pr imary a n t i -  

s e r a  f o r  only  one hour  was .found t o  b e  a  good a l t e r n a t i v e  

t o  t h e  o v e r n i g h t  a p p l i c a t i o n .  Non-sa tura ted  GIP an t i s e rum 

was a l s o  main ta ined  a t  4 O  C a l o n g s i d e  t h e  s a t u r a t i n g  a n t i -  

s e r a .  Th is  s e rved  a s  a  c o n t r o l  a g a i n s t  any p s k e n t i a l  

f a i l u r e  of  t h e  PAP technique .  

A l l  s t a i n e d  m a t e r i a l  was microphotographed ( C a r l  

Ze i ss  , Photomicroscope) u s i n g  Kodak Panatomic X f i l m .  

Resu l t s  

Some o f  t h e  p a n c r e a t i c  i s l e t s  o f  Salmo g a i r d n e r i  were 

found t o  be concen t r a t ed  i n t o  an i s l e t  organ t h a t  i s  

l o c a t e d  a longs ide  t h e  w a l l  o f  t h e  g a l l  b l a d d e r .  Other  

i s l e t s  were a l s o  found i n  t h e  c u r v a t u r e  o f  t h e  s p l e e n ,  

d i s p e r s e d  i n  exoc r ine  p a n c r e a t i c  t i s s u e .  The i s l e t  organ 

c o n s i s t e d  of s e v e r a l  i s l e t s  fu sed  t o g e t h e r  and surrounded 

by a  capsu l e  o f  exoc r ine  p a n c r e a t i c  t i s s u e .  The most 

c o n s e r v a t i v e  arrangement c o n s i s t e d  of  a  s i n g l e ,  l a r g e  i s l e t  

su r rounded  by exoc r ine  t i s s u e .  I n  t h i s  ca se  t h e r e  was no 

i n v a s i o n  and subsequent  s u b d i v i s i o n  of  t h e  i s l e t  by exo- 

c r i n e  t i s s u e .  I n  more extreme c a s e s ,  t h e  exoc r ine  t i s s u e  



had invaded t h e  i s l e t  t o  such an e x t e n t  t h a t  t h e  l a t t e r  

had been subdivided i n t o  i t s  ind iv idua l  component i s l e t s .  

The s i n g l e ,  l a r g e  i s l e t  arrangement was seen t o  predominate 

i n  the  smal l e r  f i s h  ( <  30 grams) while t h e  subdivided i s l e t  

arrangement was more p reva len t  i n  f i s h  g r e a t e r  than  30 

grams. 

Histology. Aldehyde fuchsin was found c o n s i s t e n t l y  t o  be 

the  most r e l i a b l e  o f  the  s t a i n i n g  methods used. A l a r g e  

number of i n s u l i n  c e l l s  were revealed by t h i s  s t a i n i n g  

method. These c e l l s  were arranged i n  simple aggregates  o r  

i n  cords t h a t  v a r i e d  i n  length.  The i n s u l i n  c e l l s  occurred 

i n  most p a r t s  of  t h e  i s l e t  bu t  were never found on t h e  

extreme per iphery .  Morphologically, the  i n s u l i n  c e l l s  

a r e  e l l i p t i c a l  i n  appearance and t he  nucleus i s  s i t u a t e d  a t  t h e  

pole  d i s t a l  t o  t h e  c a p i l l a r i e s .  In  glutaraldehyde -f ixed,  

resin-embedded t i s s u e ,  t h e  c e l l s  appeared q u i t e  g ranu la r .  

The use of f r e s h  paraldehyde i n  the  p repara t ion  of t h e  

s t a i n  was found t o  be e s s e n t i a l  f o r  dense s t a i n i n g ,  thus 

confirming Gairdner 's  (1969) recommendations. 

The s i l v e r  impregnation procedure of Grimelius (1968) 

was u n r e l i a b l e ,  b u t  o f t en  revealed a  populat ion of  c e l l s .  

Although these  c e l l s  were not confirmed as  being glucagon 

c e l l s  (by s t a i n i n g  the  adjacent  s e c t i o n  us ing  t h e  PAP 

technique) t h e i r  p a t t e r n  of d i s t r i b u t i o n  wi th in  the  i s l e t  



was s i m i l a r  t o  t h a t  of t h e  glucagon c e l l s .  M a t e r i a l  f i x e d  

w i t h  g lu t a r a ldehyde  and embedded i n  S p u r r t s  media r evea l ed  

t h a t  t h e s e  c e l l s  took up t h e  s t a i n  i n  two d i f f e r e n t  ways. 

One group o f  c e l l s  s t a i n e d  a  deep reddish-brown wh i l e  t h e  

second group e x h i b i t e d  g r a n u l a r  b l a c k  s t a i n i n g .  The 

r e d d i s h  brown c e l l s  a l s o  appeared t o  be  t h e  s m a l l e r  of  t h e  

two types .  

The s i l v e r  impregnation procedure  o f  Hellman and 

H e l l e r s  trom (1960) s t a i n e d  some c e l l s .  However, t h e i r  

numbers were fewer t h a n  t h e  p o p u l a t i o n  o f  c e l l s  r evea l ed  

by t h e  PAP technique u s i n g  a n t i - s o m a t o s t a t i n  serum. 

I n  a l l  specimens t h a t  were examined, l a r g e  numbers o f  

o v a l ,  c l e a r  c e l l s  were observed.  These c e l l s  g e n e r a l l y  

demonstrated no a f f i n i t y  f o r  any s t a i n s .  However they 

were s t a i n e d  n o n - s p e c i f i c a l l y  by G r i m e l i u s l s  (1968) 

technique ,  showing marked g r a n u l a t i o n .  I n d i v i d u a l  l a r g e  

g ranu le s  appeared t o  be  s c a t t e r e d  s p a r s e l y  throughout  t h e  

cytoplasm which may e x p l a i n  t h e  g e n e r a l  l ack  o f  a f f i n i t y  

of t h e s e  c e l l s  f o r  o t h e r  s t a i n s .  These c e l l s  appeared 

l a r g e r  and more prominent i n  s t e e l h e a d  than i n  rainbow t r o u t .  

Immunocytochemistry. The pe rox idase -  an t i -peroxidase  

technique  (PAP) was found t o  be  bo th  s p e c i f i c  and r e l i a b l e  

i n  i t s  s t a i n i n g  o f  i n d i v i d u a l  c e l l  types .  Non-spec i f ic  

background s t a i n i n g ,  which i n e v i t a b l y  r e s u l t e d  when t e s t i n g  



Figu re  1. A) A p o r t i o n  of t h e  i s l e t  t i s s u e  s t a i n e d  immuno- 

cy tochemica l ly  f o r  i n s u l i n  c e l l s .  Note t h a t  

t h e  c e l l s  ( d a r k  s t a i n i n g )  appear  q u i t e  granu- 

l a r  and occur  i n  c l u s t e r s  o r  co rds .  G lu t a r -  

aldehyde f i x e d ,  r e s i n  embedded. X350 

B) A h i g h e r  m a g n i f i c a t i o n  o f  t h e  i s l e t  t i s s u e  a l s o  

s t a i n e d  f o r  . i n s u l i n  c e l l s .  T i s sue  p r e p a r a t i o n  

same a s  i n  "A" . X560 

C) I s l e t  t i s s u e  s t a i n e d  immunocytochemically f o r  

s o m a t o s t a t i n  c e l l s .  These c e l l s  form "halos" 

i n s i d e  of  which i n s u l i n  c e l l s  may be found. 

A l l  of  t h e  i s l e t  t i s s u e  i s  surrounded by exo- 

c r i n e  (EX) t i s s u e .  Bouin 's  f i x e d ,  p a r a f f i n  

embedded. X260 

D) One i s o l a t e d  i s l e t  surrounded by exoc r ine  (EX) 

t i s s u e  and s t a i n e d  f o r  somatos ta in  c e l l s .  The 

"halo" arrangement o f  t h e  c e l l s  i s  e v i d e n t  

h e r e .  I n s u l i n  ( I )  c e l l s  a r e  l o c a t e d  w i t h i n  

t h e  "halo". A v e i n  (V) i s  s i t u a t e d  i n  t h e  

upper r i g h t  co rne r .  T i s sue  p r e p a r a t i o n  same 

a s  i n  "C". X450. 





a  new primary an t i se rum,  could  be  reduced,  b u t  n o t  u s u a l l y  

e l imina t ed ,  by d i l u t i n g  t h e  ant iserum.  P r e - t r e a t i n g  a l l  

s e c t i o n s  w i t h  u n d i l u t e d  normal goa t  serum, f o r  10 minutes  

a t  room temperature ,  a l s o  reduced background s t a i n i n g  as 

w e l l  a s  s h o r t e n i n g  t h e  washing t imes o f  t h e  s l i d e s .  This  

procedure  appa ren t ly  b locks  a l l  n o n - s p e c i f i c  b ind ing  s i t e s  

on the  t i s s u e  s e c t i o n s  t o  which t h e  goa t  a n t i - r a b b i t  gamma 

g l o b u l i n  serum (secondary ant iserum) tends  t o  b i n d  (Smith, 

p e r s .  comm.). 

A n t i - i n s u l i n  serum r e a c t e d  s p e c i f i c a l l y  w i t h  t h e  a l d e -  
I 

hyde fuchs in  p o s i t i v e  c e l l s .  There was a  h igh  i n t e n s i t y  o f  

s t a i n i n g  i n  Bouin ls  f i x e d  t i s s u e  and a  complete absence o f  

background s t a i n i n g  a t  even low d i l u t i o n s .  Lower d i l u t i o n s  

o f  ant iserum were r e q u i r e d  i n  g lu t a r a ldehyde - f ixed  t i s s u e  

and t h e  i n s u l i n  c e l l s  appeared q u i t e  g ranu la r  i n  such 

m a t e r i a l . ( F i g u r e  1 ~ ) .  C a p i l l a r i e s  were more p r e v a l e n t  

amongst t h e  i n s u l i n  c e l l s  t han  any o t h e r  c e l l  type .  

S t a i n i n g  w i t h  a n t i - s o m a t o s t a t i n  serum revea l ed  a  

popu la t ion  o f  c e l l s  t h a t  was always c l o s e l y  a s s o c i a t e d  w i t h  

t he  i n s u l i n  c e l l s  (F igs .  ~c,D'). Each aggrega te  of i n s u l i n  

c e l l s  was found t o  b e  surrounded by an i n t e r m i t t e n t  ' h a l o '  

o f  soma tos t a t i n  c e l l s .  These c e l l s  were e l l i p s o i d a l  i n  

shape,  t h e  nucleus  s i t u a t e d  a t  one po le  whi le  t h e  o t h e r  



Figure 2 .  A comparison of glucagon c e l l s  i n  the  i s l e t  t i s s u e  

of Steelhead and Rainbow Trout.  

A) A p o r t i o n  of S tee lhead  i s l e t  t i s s u e  s t a i n e d  

immunohistochemically f o r  glucagon c e l l s .  

Although t h e  c e l l s  appear t o  be randomly 

s c a t t e r e d ,  they  do form s e v e r a l  c i r c l e s  i n  which 

i n s u l i n  and somatos ta t in  c e l l s  may be found 

(arrow). X370 

B) A po r t ion  of  S tee lhead  ( >  30 g) i s l e t  t i s s u e  

i n t o  which t h e r e  has been an invasion of exo- 

c r i n e  t i s s u e  (EX). Note the  l a r g e  c l e a r  c e l l s  

conta in ing  a  granular  cytoplasm (arrow) . X370 

C) A p o r t i o n  of t h e  i s l e t  t i s s u e  from Rainbow Trout 

a l s o  s t a i n e d  f o r  g lucagon.ce l l s .  These c e l l s  

a r e  s i m i l a r  i n  shape and d i s t r i b u t i o n  t o  t h e  

Stee lhead .  (EX) Exocrine t i s s u e .  X370 

D) Rainbow i s l e t  t i s s u e  s t a i n e d  f o r  glucagon c e l l s  

and e x h i b i t i n g  l a r g e ,  d i s t i n c t l y  granular  c l e a r  

c e l l s  (arrow). A t  t h e  base of the  arrow a r e  a  

c l u s t e r  of i n s u l i n  c e l l s  surrounded by glucagon 

and c l e a r  c e l l s .  X550 

A l l  t i s s u e  was glutaraldehyde,  f i x e d ,  r e s i n  embedded. 





p o l e  t a p e r e d  t o  a p o i n t .  

S t a i n i n g  wi th  an t i -g lucagon  serum revea l ed  a  popula-  

t i o n  of  c e l l s  t h a t  waS conf ined  t o  t h e  pe r iphe ry  o f  t h e  

i s  l e t .  However p e r i o d i c a l l y  t h e s e  c e l l s  were observed t o  

have invaded t h e  c e n t r e  of  t h e  i s l e t  (F igure  2 B ) .  The 

glucagon c e l l s  were always found e n c i r c l i n g  groups o f  

i n s u l i n  and s o m a t o s t a t i n  c e l l s .  A s  was observed w i t h  t h e  

Grimelius (1968) s i l v e r  impregnation technique ,  u s e  o f  t h e  

PAP technique  w i t h  an t i -g lucagon  serum r e s u l t e d  i n  some 

c e l l s  s t a i n i n g  more dense ly  t han  o t h e r s .  There were ve ry  

few c a p i l l a r i e s  found amongst t h e  glucagon c e l l s .  

Anti-GIP serum w a s  found t o  cause s t a i n i n g  i n  t h e  

glucagon c e l l s  a s  w e l l .  Examination o f  s e r i a l  s e c t i o n s  

s t a i n e d  w i t h  a n t i s e r a  t o  glucagon and GIP, confirmed t h a t  

bo th  o f  t h e s e  a n t i s e r a  r e a c t e d  wi th  a  common popu la t ion  o f  

c e l l s  ( F i g s .  ~ c , D ) .  

S t a i n i n g  w i t h  a n t i - p a n c r e a t i c  po lypept ide  serum 

revea l ed  a  very sma l l  popu la t ion  of  c e l l s  (F igs .  3 A , B ) .  

These p a n c r e a t i c  po lypep t ide  c e l l s  were found on t h e  extreme 

pe r iphe ry  of  t h e  i s l e t ,  between t h e  glucagon c e l l s  and t h e  

connec t ive  t i s s u e  capsu le .  Here t h e  c e l l s  formed a  s i n g l e  

l a y e r  w i t h  p e r i o d i c  i n t e r r u p t i o n s .  Occas iona l ly ,  t h e s e  

c e l l s  were found invading t h e  c e n t r e  of t h e  i s l e t ,  b u t  n o t  

t o  t h e  e x t e n t  observed f o r  t h e  glucagon c e l l s .  The pancre-  

a t i c  po lypep t ide  c e l l s  were i r r e g u l a r  i n  shape and had many 



Figure  3 .  A) I s l e t  t i s s u e  s t a i n e d  immunocytochemically f o r  

p a n c r e a t i c  po lypep t ide  c e l l s .  The c e l l s  (dark  

s t a i n i n g )  a r e  con f ined  t o  t h e  i s l e t  p e r i p h e r y .  

(EX) exoc r ine  t i s s u e .  Glu ta ra ldehyde  f i x e d ,  

r e s i n  embedded. XI75 

B) I s l e t  t i s s u e  s t a i n e d  f o r  p a n c r e a t i c  p o l y p e p t i d e  

c e l l s .  Note t h e  g r a n u l a r  n a t u r e  o f  t h e  dark  

s t a i n i n g  c e l l s .  T i s sue  p r e p a r a t i o n  same a s  i n  

"A". X410 . 

C) I s l e t  t i s s u e  s t a i n e d  immunocytochemically f o r  

glucagon c e l l s . s h o w i n g  a  s i n g l e  i s l e t .  Bouin 's  

f i x e d ,  p a r a f f i n  embedded. X365 

D) S e c t i o n  immediately a d j a c e n t  t o  "C" and s t a i n e d  

immunocytochemically f o r  GIP c e l l s .  T i s s u e  

p r e p a r a t i o n  same a s  i n  "C". X365 





cytop lasmic  p roces ses .  

Although none o f  t h e  a n t i s e r a  used r e a c t e d  s p e c i f i -  

c a l l y  w i t h  t h e  c l e a r  c e l l s ,  some n o n - s p e c i f i c  s t a i n i n g  

r e s u l t e d  a f t e r  s t a i n i n g  wi th  an t i -g lucagon  and ant i -GIP 

serum. Both of  t h e s e  a n t i s e r a  r evea l ed  a g r a n u l a r  m a t e r i a l  

w i t h i n  t h e  c l e a r  c e l l s  t h a t  was n o t  e v i d e n t  i n  uns t a ined  

s e c t i o n s  ( F i g s .  2 B , D ) .  The g r a n u l a r  m a t e r i a l  was s i m i l a r  t o  

t h a t  r e v e a l e d  n o n - s p e c i f i c a l l y  by t h e  Grimelius (1968) 

s i l v e r  impregnation technique .  This n o n - s p e c i f i c  s t a i n i n g  

cou ld  be  reduced,  b u t .  n o t  e l i m i n a t e d ,  by d i l u t i n g  t h e  a n t i -  

serum f u r t h e r  and i t  was only observed i n  g lu t a r a ldehyde  

f i x e d ,  r e s i n  embedded m a t e r i a l .  

When s t a n d a r d  c o n t r o l  procedures  were c a r r i e d  o u t ,  

n e g a t i v e  s t a i n i n g  r e s u l t e d  i n  a l l  c a se s .  When t h e  GIP 

an t i se rum was s a t u r a t e d  wi th  glucagon,  nega t ive  s t a i n i n g  

a l s o  r e s u l t e d  a f t e r  e i t h e r  f o u r  hours  of s a t u r a t i o n  o r  

ove rn igh t  s a t u r a t i o n .  The c o n t r o l  an t i se rum t h a t  was 

t r e a t e d  s i m i l a r l y ,  b u t  which d i d  no t  r e c e i v e  any a n t i g e n ,  

demonstra ted no d e t e r i o r a t i o n .  

Discuss ion  

The i s l e t  organ of Salmo g a i r d n e r i  c o n s i s t s  of a t  - 

l e a s t  f o u r  d i f f e r e n t  endocr ine  c e l l s ,  each o f  which 

occupies  a  unique p o s i t i o n  w i t h i n  t h e  i s l e t .  These a r e  



Figure 4 .  The fusion of ind iv idua l  p a n c r e a t i c  i s l e t s  t o  form 

t h e  i s l e t  organ i n  Salmo g a i r d n e r i .  The c e l l  

types i n  each i s l e t  a r e  d i s t r i b u t e d  i n  an i d e n t i c a l  

fashion t h a t  i s  maintained upon t h e i r  being i n t e -  

g ra ted  i n t o  t h e  i s l e t  organ. The d i s t r i b u t i v e  

p a t t e r n  of each c e l l  type was determined as a  

r e s u l t  of extensive observat ions on s e v e r a l  i s l e t  

organs. The frequencies  of  each c e l l  type were 

assessed  sub j e r t i v e l y  and do not  r e f l e c t  a c t u a l  

c e l l  counts. The i s l e t  organ shown i s  representa-  

t i v e  of f i s h  under 30 grams i n  which the re  has 

been no invasion by exocrine t i s s u e .  
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t h e  i n s u l i n  c e l l s ,  t h e  glucagon /GIP c e l l ,  t h e  s t o m a t o s t a t i n  

c e l l  and t h e  p a n c r e a t i c  p o l y p e p t i d e  c e l l .  Although each 

c e l l  does i n  f a c t  occupy a s p e c i f i c  l o c a t i o n  i n  t h e  i s l e t  

o rgan ,  a t  f i r s t  g lance  t h i s  does n o t  appear t o  b e  t h e  ca se .  

For example, t h e  glucagon/GIP c e l l s  which a r e  g e n e r a l l y  

p e r i p h e r a l l y  l o c a t e d ,  f r e q u e n t l y  invade t h e  c e n t r e  of  t h e  

i s l e t  organ.  F u r t h e r  mic roscop ica l  obse rva t ions  r e v e a l e d  

t h a t  t h e  i s l e t  organ a c t u a l l y  c o n s i s t s  o f  s e v e r a l  i n d i v i d u a l  

p a n c r e a t i c  i s l e t s  t h a t  have f u s e d  t o g e t h e r  and then  been 

encapsu l a t ed  by exoc r ine  t i s s u e ,  

F igure  4 i l l u s t r a t e s  t h e  manner i n  which t h e s e  i n d i v i d u a l  

i s l e t s  f u s e  t o  form an i s l e t  organ.  The c e l l  types  i n  each 

i s l e t  a r e  d i s t r i b u t e d  i n  an i d e n t i c a l  f a s h i o n  t h a t  i s  main- 

t a i n e d  upon t h e  i s l e t s  be ing  i n t e g r a t e d  i n t o  t h e  i s l e t  organ.  

I t  i s  a  r e s u l t  of  i s l e t  f u s i o n ,  t h a t  a  p o r t i o n  of  t h e  

glucagon/GIP c e l l s  from each i s l e t  become i n c o r p o r a t e d  i n t o  

t h e  c e n t r e  of t h e  i s l e t  organ.  

I t  i s  n o t  known a t  what p o i n t  i n  t h e  e a r l y  l i f e  h i s t o r y  

t h e  i s l e t  organ i s  formed o r  when t h e  i n t e g r a t i o n  o f  t h e  

i s l e t s  i s  a t  a  maximum. However, i n  s m a l l e r  f i s h  ( <  30 g) 

t h e  i s l e t  organ i s  very  compact,  w h i l e  i n  l a r g e r  f i s h  

( 30 g) t h e r e  may be c o n s i d e r a b l e  i nvas ion  and s u b d i v i s i o n  

of  t h e  i s l e t  organ by e x o c r i n e  t i s s u e .  

The anatomical  s u b s t r u c t u r e  r e p o r t e d  h e r e  f o r  'Salmo 



g a i r d n e r i  has  n o t  been r e p o r t e d  i n  o t h e r  t e l e o s t s  t o  d a t e .  

I s l e t  f u s i o n  has  on ly  r e c e n t l y  been r e p o r t e d  i n  t h e  human 

p a n c r e a t i c  i s l e t s  (Unger e t  a l . ,  1978). 

Although each o f  t h e  c e l l  t y p e s  desc r ibed  i n  Salmo 

g a i r d n e r i  has  been i d e n t i f i e d  immunohistochemically i n  

o t h e r  t e l e o s t s  (Johnson e x  a. , 1976, Klein  and Van Noorden 

1978, Lange e t  - a 1  -- 9 1975 and Van Noorden and P a t e n t  1978) ,  

t h i s  i s  t h e  f i r s t  r e p o r t e d  i d e n t i f i c a t i o n  of  f o u r  c e l l  

types  and t h e i r  s e c r e t o r y  p roduc t s  i n  one s p e c i e s ,  u s i n g  

t h i s  t echn ique .  The d i s t r i b u t i v e  p a t t e r n  o f  t h e s e  c e l l  

t ypes  may d i f f e r  r ad i ca l - l y  between s p e c i e s .  I n  t h e  

channel  c a t f i s h ,  I c t a l u r u s  p u n c t a t a ,  f o r  example (Johnson 

e t  -- a l . ,  1976) t h e r e  is no  obvious  p a t t e r n  o f  c e l l  t ype  

d i s t r i b u t i o n  . However, t h e  d i s t r i b u t i o n  of 

i s l e t  c e l l s  ( i n s u l i n ,  glucagon and somatos ta in  c e l l s )  i s  

similar f o r  Salmo g a i r d n e r i ,  Cot tus  corp ius  (Fa lkner  1961) , 
Gadus - c a l l a r i a s  (Thomas 19 70) and Limanda limanda (Thomas 

1975) .  The s i g n i f i c a n c e  of  i s l e t  c e l l  d i s t r i b u t i o n  p a t t e r n s  

and anatomical  a s s o c i a t i o n s  between c e l l  types  i s  s p e c u l a -  

t i v e  a t  b e s t .  I n  Salmo g a i r d n e r i  f o r  example, t h e  somato- 

s t a t i n  c e l l s  a r e  c l o s e l y  a s s o c i a t e d  ana tomica l ly  w i t h  t h e  

i n s u l i n  c e l l s  and t h e  r e g i o n  around t h e s e  c e l l s  i s  ex t en -  

s i v e l y  v a s c u l a r i z e d .  I n  mammals, h e t e r o c e l l u l a r  r e g i o n s ,  

i n  which i n s u l i n ,  glucagon and s o m a t o s t a t i n  c e l l s  a r e  i n  

c l o s e  p rox imi ty  t o  one a n o t h e r  (Orc i  and Unger, 1975) and 



which a r e  h i g h l y  v a s c u l a r i z e d  and i n n e r v a t e d  ( F u j i t a  e t  a l . ,  

1976) ,  have been i d e n t i f i e d .  I t  has  been sugges t ed  t h a t  

coo rd ina t ed  s e c r e t i o n  o f  p a n c r e a t i c  hormones may b e  f a c i l i -  

t a t e d  by t h e s e  h e t e r o c e l l u l a r  r eg ions  (Unger e t  - a 1  -* 1978) .  

The v a s c u l a r  networks around t h e  i n s u l i n  and s o m a t o s t a t i n  

c e l l s  i n  Salmo g a i r d n e r i  may i n  f a c t  be t h e  s i t e s  of  i s l e t  -- 

organ h e t e r o c e l l u l a r  r e g i o n s .  V a s c u l a r i z a t i o n  of  t h e  i s l e t  

t i s s u e  i n  Salmo g a i r d n e r i  occu r s  almost  e x c l u s i v e l y  i n  t h e  -- 

r eg ions  o f  t h e s e  two c e l l  t y p e s ,  which however a r e  i n  c l o s e  

p rox imi ty  t o  t h e  c l e a r  c e l l s  and a r e  surrounded by glucagon/ 

/GIP c e l l s .  As i n  t e l e o s t s ,  t h e  c e l l u l a r  d i s t r i b u t i o n  

p a t t e r n s  i n  mammalian i s l e t s  a l s o  d i f f e r  between s p e c i e s ,  

b u t  a  h e t e r o c e l l u l a r  r eg ion  has  been n e v e r t h e l e s s  i d e n t i -  

f i e d  i n  each s p e c i e s  (Orc i  and Unger 1975).  This  r e g i o n  

might pe rmi t  i n t e r c e l l u l a r  communication and coo rd ina t ed  

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

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

may only  r e f l e c t  s p e c i e s  d i v e r s i t y  and no t  n e c e s s a r i l y  any 

fundamental  change i n  is  l e t  physiology.  

On a  comparative b a s i s ,  Salmo g a i r d n e r i  has  a s  many 

p a n c r e a t i c  hormones a s  man ( P e l l e t i e r  1977).  However, 

t h e i r  modes of  a c t i o n  and s e c r e t i o n  s t i l l  remain t h e  sub- 

j e c t  o f  c o n s i d e r a b l e  con t rove r sy .  I n s u l i n  has  been  p u r i -  

f i e d  from s e v e r a l  t e l e o s t s  (Grant  and Reid 1968, Neuman 



and Humbel 1969, Neuman - e t  -* a1 9 1969) and t h e  subsequent  

development o f  radioimmunoassays employing t e l e o s t  i n s u l i n  

components (Noe e t  - -* a 1  9 1977, P a t e n t  and Foa 1971, Thorpe 

and Ince 1976) have g r e a t l y  a s s i s t e d  t h e  i n v e s t i g a t i o n s  

on t e l e o s t  i s l e t  phys io logy .  Cod i n s u l i n  lowers plasma 

g lucose  and amino a c i d  n i t r o g e n  l e v e l s  i n  Esox l u c i u s  (Thorpe 

and Ince  1974) a s  w e l l  a s  c h o l e s t e r o l  l e v e l s  i n  Angu i l l a  

a n g u i l l a  ( I n c e  and Thorpe 1974).  The s t u d i e s  by Thorpe and 

Ince  (1974) a l s o  p o i n t  o u t  t h e  importance o f  u s i n g  a t  l e a s t  

t e l e o s t  i n s u l i n ,  i f  n o t  s p e c i e s  s p e c i f i c  i n s u l i n ,  when 

i n v e s t i g a t i n g  i t s  physiology i n  f i s h e s .  They found t h a t  

bovine i n s u l i n  e x e r t e d  only hypoaminoacidemic e f f e c t s  i n  

Angui l la  a n g u i l l a ,  a t  t h e  same dose l e v e l  ( 2  I .  U./kg) a t  

which cod i n s u l i n  lowered plasma g lucose ,  amino a c i d  

n i t r o g e n  and c h o l e s t e r o l  l e v e l s  ( I n c e  and Thorpe 1974) .  

S t u d i e s  on glucagon physiology i n  f i s h e s  have employed 

mammalian glucagon e x c l u s i v e l y ,  due t o  t h e  u n a v a i l a b i l i t y  

a s  y e t  o f  t h e  t e l e o s t  hormone. I n  a l l  s p e c i e s  under s t u d y ,  

glucagon invoked s i g n i f i c a n t  hyperglycemic responses  a t  

doses ranging from 50 pg/kg t o  2 mg/kg (Chan and Woo 1978, 

Ince  and Thorpe 1977, I n u i  and Yokote 1977, Larsson and 

Lewander 1972, Wagner and McKeown; unpublished obse rva t ions )  . 
Any e f f e c t s  o f  mammalian glucagon upon amino a c i d  metabolism 

a r e  q u e s t i o n a b l e ,  however. O f  a l l  t h e  forementioned 



s t u d i e s  only  - Angu i l l a  j aponica  responded w i t h  lowered amino 

a c i d  n i t r o g e n  l e v e l s ,  and only a f t e r  r epea t ed  i n j e c t i o n s  

(500 pg/kg/4 hours)  over  twelve hours  ( I n u i  and Yokote 

1977).  Glucagon a l s o  e l e v a t e s  f r e e  f a t t y  a c i d  l e v e l s  i n  

Esox l u c i u s  ( I n c e  and Thorpe 1975) , b u t  n o t  i n  Angu i l l a  

a n g u i l l a  (Larsson  and Lewander 1972)  . 
Somatos t a t i n  e f f e c t s  upon t h e  endocr ine  pancreas  i n  

t e l e o s t s  have no t  been g iven  s e r i o u s  a t t e n t i o n  t o  d a t e .  

One s tudy  has  demonstra ted t h a t  soma tos t a t i n  i n h i b i t s  

i n s u l i n  r e l e a s e  i n  t h e  h a g f i s h ,  E p a t r e t a t u s  s t o u t i  

(S tewar t  e t  -- a l .  1978) .  The hormone demonstra tes  a  s i m i l a r  

a c t i v i t y  i n  mammals (Vale e t  a l .  , 1975) . 
The physiology o f  p a n c r e a t i c  po lypep t ide  has  n o t  

been i n v e s t i g a t e d  i n  t e l e o s t s  as  y e t .  I n  f a c t  i t s  t r u e  

f u n c t i o n  i n  mammals i s  n o t  known (Floyd e t  -- a l .  1978).  

Due t o  t h e  f a c t  t h a t  glucagon was s u c c e s s f u l  i n  b lock-  

i n g  an t i -GIP  serum s t a i n i n g ,  t h e  s i g n i f i c a n c e  of  bo th  a n t i -  

GIP and an t i -g lucagon  serum c r o s s - r e a c t i n g  w i t h  a  common 

c e l l  type  cannot be  p r o p e r l y  eva lua t ed .  Glucagon has  been 

found t o  no t  c r o s s - r e a c t  w i t h  t h i s  same ant i -GIP serum 

under radioimmunoassay cond i t i ons  (Brown, p e r s .  comm.) . 
S i m i l a r l y ,  immunohistochemical s t u d i e s  c a r r i e d  o u t  on r a t  

i s l e t s  (Fujimoto -- e t  a l .  - 1978, Smith e t  -- a l .  1977) 

demonstra ted no c r o s s - r e a c t i v i t y  f o r  t h i s  an t i se rum wi th  

glucagon added f o r  c o n t r o l  p rocedures .  I n  t h e  l i g h t  o f  



t h i s  ev idence ,  t h e  r e s u l t s  r e p o r t e d  h e r e  a r e  c o n t r a d i c t o r y .  

I n  t h e  f i r s t  twenty-nine amino a c i d s  o f  t h e  GIP 

molecu le ,  t h e r e  a r e  s e v e r a l  sequences which a r e  a l s o  

common t o  glucagon (Brown e t  a l .  1 9 7 5 ) .  I t  may t h e r e f o r e  -- 
be  p o s s i b l e  t h a t ,  d e s p i t e  any p r e c a u t i o n s  taken ,  some 

a l t e r a t i o n  of  t h e  glucagon molecule occu r red  t o  pe rmi t  i t s  

c r o s s  - r e a c t i v i t y  w i th  t h e  an t i -GIP  serum. This  change may 

have occur red  as  a  r e s u l t  o f  enzymes s t i l l  a c t i v e  i n  t h e  

e x o c r i n e  p o r t i o n  of  t h e  t i s s u e  s e c t i o n s  used .  Another 

p o s s i b i l i t y  i s  t h a t  t h e  glucagon may have blocked t h e  a n t i -  

GIP serum i n  some manner o t h e r  t han  by b i n d i n g  t o  t h e  a n t i -  

body. C l e a r l y ,  f u r t h e r  s t u d i e s  need t o  be  c a r r i e d  o u t  t o  

v e r i f y  t h e  d e s i g n a t i o n  o f  t h i s  c e l l  type  i n  t h e  endocr ine  

pancreas  o f  -- Salmo g a i r d n e r i ,  as a  glucagon/GIP c e l l .  

The p re sence  of a  d i s t i n c t  popu la t ion  o f  c l e a r  c e l l s  

i n  Salmo g a i r d n e r i  m e r i t s  f u r t h e r  i n v e s t i g a t i o n  o f  t h i s  

c e l l  type.  Clear  c e l l s  were f i r s t  d e s c r i b e d  i n  t h e  gu inea  

p i g  by Bensley (1911). They have no c o u n t e r p a r t  i n  o t h e r  

mammals, b u t  a r e  found f r e q u e n t l y  i n  t e l e o s t  p a n c r e a t i c  

i s l e t s  (Brinn 1973).  They have no t  been recognized  a s  a  

d i s t i n c t  endocr ine  c e l l  y e t ,  on account o f  c o n f l i c t i n g  

r e p o r t s .  Br inn (1973) main ta ins  t h a t  t h e i r  numbers vary 

w i t h  t h e  f i x a t i v e  employed and t h a t  they  may i n  f a c t  be  

glucagon c e l l s .  He f u r t h e r  s t a t e s  t h a t  t h e  c l e a r  c e l l s  

cannot be  "considered a s  comprising a  s i g n i f i c a n t  p ropor -  



t ion.,  i f  any,  of t h e  Brockmann body ( i s l e t  organ)  endocr ine  

c e l l  popula t ion" .  Although t h e  c l e a r  c e l l s  d i d  n o t  s t a i n  

s p e c i f i c a l l y  i n  Salmo g a i r d n e r i  by any method employed, 

t hey  d i d  s t a i n  n o n - s p e c i f i c a l l y  fo l l owing  Gr imel ius l  

(1968) s i l v e r  impregnat ion and t h e  PAP technique  f o r  g luca-  

gon and GIP. A g r a n u l a r  cytoplasm was r e v e a l e d  i n  t h e  c l e a r  

c e l l s  f o l l owing  t h e s e  two s t a i n i n g  t echn iques .  That  t h i s  

g r a n u l a r  m a t e r i a l  r e p r e s e n t s  a  s e c r e t o r y  g r a n u l e  popu la t i on  

i s  s p e c u l a t i v e  a t  b e s t .  However, i n  Fugu r u b r i p e s  

(Kobayashi -- e t  a l .  1976) and Xiphophorus h e l l e r i  (K le in  and 

Lange l 9 7 7 ) ,  c l e a r  c e l l s  which were a l s o  u n s t a i n a b l e ,  had 

a  d i s t i n c t  s e c r e t o r y  g ranu le  p o p u l a t i o n  when viewed under 

t h e  e l e c t r o n  microscope.  I n  Salmo g a i r d n e r i ,  c l e a r  c e l l s  

were n o t  e a s i l y  d i s c e r n e d  i n  Bou in l s  f i x e d  t i s s u e ,  whereas 

t hey  were immediately i d e n t i f i a b l e  i n  g lu t a r a ldehyde  f i x e d ,  

r e s i n  embedded t i s s u e .  The con t rove r sy  over  t h e i r  e x i s t e n c e  

may be  due i n  p a r t  t o  t h e  d i f f e r e n t  methods of  t i s s u e  

p r e p a r a t i o n  employed. 

The d i f f i c u l t i e s  encounte red  h e r e  i n  t h e  use  of  

t i n c t o r i a l  s t a i n s ,  may be due i n  p a r t  t o  t h e  l a c k  o f  

s p e c i f i c i t y  o f  t h e s e  s t a i n s ,  f o r  t h e  p e p t i d e  hormones 

i n  each  c e l l  type .  Epple and Lewis (1973) main ta in -  t h a t  a l d e -  

hyde f u c h s i n  s t a i n s  on ly  t h e  g r a n u l a r  membranes. The same i s  



t r u e  f o r  Grimel ius '  (1968) s i l v e r  impregnat ion technique  

( V a s s a l l o  e t  a l .  1971).  Hellman and H e l l e r s t r o m l s  (1960) 

s t a i n  f o r  s o m a t o s t a t i n  c e l l s  i s  n o t  even unders tood (K le in  

and Lange 1977) . Furthermore ,  t h e s e  s t a i n i n g  t echn iques  

have been opt imized i n  o t h e r  l a b o r a t o r i e s ,  u s i n g  o t h e r  

s p e c i e s  ( g e n e r a l l y  mammals) . 
Although many s t a i n i n g  t echn iques  may b e  fo l lowed  

ve rba t im ,  many more r e q u i r e  exper iment ing  t o  op t imize  t h e i r  

u se .  I t  i s  f o r  t h e s e  r ea sons  t h a t  t h e  PAP technique  appears  

t o  b e  a  more p r e f e r a b l e  a l t e r n a t i v e .  Although t e l e o s t  c e l l  

t y p e s  l o c a l i z e d  w i th  a n t i b o d i e s  t o  mammalian hormones must 

be  q u a l i f i e d  i n  terms o f  i d e n t i t y ,  t h e  r e a c t i o n  i s  under-  

s t o o d ,  accep t ab l e  c o n t r o l  p rocedures  can be  c a r r i e d  o u t  

and t h e  f i n a l  p roduc t  has  e x c e l l e n t  c o n t r a s t  f o r  pho tographic  

r ep roduc t ion .  



CHAPTER I1 

The l o c a l i z a t i o n  o f  z i n c  w i t h i n  t h e  

p a n c r e a t i c  i s l e t s  o f  Salmo g a i r d n e r i  u s ing  



I n t r o d u c t i o n  

The r o l e  of z i n c  i n  t h e  p a n c r e a t i c  i s l e t s  has  been 

deba ted  by many a u t h o r s  i n  t h e  p a s t  (Maske 1957, Voigt  1958, 

P h i l  1967, Petkovand Galabowa, 1968) , Petkov,  1970) and i t  i s  now 

known t o  be  bound t o  s t o r e d  i n s u l i n  w i t h i n  t h e  i n s u l i n  c e l l s  

(Gre ider  - e t  * a 1  9 1969, Howell - e t  -* a 1  7 1969).  However, t h e  

importance of z inc  i n  i n s u l i n  s t o r a g e  i s  poo r ly  unders tood .  

I n  c u l t u r e d  mouse i s l e t s  f o r  example, t h e  removal of  z i n c  

from t h e  i n c u b a t i o n  media does  n o t  i n t e r f e r e  a p p r e c i a b l y  w i t h  

e i t h e r  i n s u l i n  b i o s y n t h e s i s  o r  s t o r a g e  (Howell e t  a l . ,  1978) .  -- 
Furthermore ,  z i n c  is  more p r e v a l e n t  i n  t h e  glucagon c e l l s  i n  

t h e  r a t  and i t  i s  a l t o g e t h e r  absen t  from t h e  i s l e t s  o f  b o t h  

sheep and c a t t l e  (Petkov 1970) .  The re fo re ,  i t  appears  t h a t  

z i n c  i s  n o t  a  requ i rement  of a l l  v e r t e b r a t e  i n s u l i n  c e l l s  and 

t h a t  i n  t h o s e  s p e c i e s  l a c k i n g  z i n c ,  i t  has  most l i k e l y  been 

supp lan t ed  by ano the r  heavy me ta l  (Eetkov 1970).  

I n  t e l e o s t s ,  z i n c  has  been found i n  t h e  i n s u l i n  c e l l s  o f  

Gadus c a l l a r i a s  (Grant  e t  * a 1  9 1971) and i n  t h e  i s l e t s  o f  

Cot tus  s c o r p i u s  (Falkmer -- e t  a l . ,  1970) ,  b u t  i t s  r o l e  i n  t h e  

p a n c r e a t i c  i s l e t s  has  n o t  been i n v e s t i g a t e d .  I n  Salmo 

g a i r d n e r i ,  t h e  i s l e t  o rgan  a l s o  c o n t a i n s  z i n c  (Sze to ,  p e r s .  

comm.) however, i t s  o r i g i n  ( exoc r ine  o r  endocr ine)  has  n o t  

y e t  been determined,  

The purpose of t h i s  s t u d y  was t o  determine i f  z i n c  i s  

found i n  t h e  i n s u l i n  c e l l s  of  Salmo g a i r d n e r i ,  u s i n g  a  modi- 



f i e d  v e r s i o n  of T i m m l s  (1958) s i l v e r - s u l p h i d e  t echn ique  i n  

comb i n a t i o n  w i t h  6 5 ~ n  au torad iography .  

M a t e r i a l s  and Methods 

Rainbow t r o u t ,  Salmo g a i r d n e r i  Richardson,  were o b t a i n e d  

and main ta ined  a s  d e s c r i b e d  i n  Chapter  1. A t  t h e  s t a r t  of  t h e  

exper iment ,  f o u r  groups (N = 2 o r  3) of f i s h  (20 - 40 grams) 

were t r a n s f e r r e d  t o  i n d i v i d u a l ,  f i v e  g a l l o n  g l a s s  a q u a r i a  

c o n t a i n i n g  z i n c - f r e e  wa te r .  Th is  wate r  was p repa red  by 

adding NaC1, K C 1 ,  CaCX2 and MgS04 t o  g l a s s  d i s t i l l e d  w a t e r  

i n  q u a n i t i e s  e q u i v a l e n t  t o  t h o s e  found i n  Burnaby t a p  wa te r .  

Th i s  wate r  was determined t o  be  z i n c  f r e e  (<  40 ppb) by a tomic  

a b s o r p t i o n  spec t rophotomet ry  {Pye Unicam, Model SP 191 ) .  The 

f i s h  were n o t  f e d  d u r i n g  t h e  experiment and t h e  t anks  were 

f l u s h e d  d a i l y  w i t h  f r e s h ,  z i n c - f r e e  wa te r .  Kept i n  t h i s  w a t e r ,  

t h e  normal l o s s e s  of  z i n c  v i a  t h e  u r i n e  and f e c e s  would t a k e  

p l a c e  w i thou t  be ing  r e p l a c e d .  The f i s h  were main ta ined  i n  

t h e s e  t anks  f o r  t e n  days d u r i n g  which t ime each f i s h  r e c e i v e d  

an  i n t r a p e r i t o n e a l  g lucose  i n j e c t i o n  e q u i v a l e n t  t o  t h e i r  t o t a l  

plasma g lucose  every  second day. T o t a l  plasma g lucose  c a l c u -  

l a t i o n s  were made based upon a  hema toc r i t  of  4 2 %  (Watson 1975) 

and a  t o t a l  b lood volume e q u a l l i n g  3% of body weigh t  

(Randle 1 9 6 0 ) .  The s p e c i f i c  g r a v i t y  of  plasma was 

cons ide red  t o  b e  1.0 f o r  t h e s e  c a l c u l a t i o n s .  



A s  i n s u l i n  i n  t e l e o s t s  i s  s e c r e t e d  i n  response t o  

r a i s e d  plasma glucose l e v e l s  ( Ince 1979, Ince and Thorpe 

1977b), these  i n j e c t i o n s  served t o  increase  the  turnover  

r a t e  of p a n c r e a t i c  i n s u l i n  and any zinc p resen t  w i t h i n  t h e  

i n s u l i n  c e l l s .  S i m i l a r l y ,  an increased turnover r a t e  would 

a l s o  be expected f o ~  any z inc  p resen t  i n  t h e  glucagon c e l l s .  

During condi t ions  of s t a r v a t i o n ,  the  s e c r e t o r y  a c t i v i t i e s  of 

c e l l s  which syn thes ize  gluconeogenic hormones, such as  gluca-  

gon, a r e  probably increased  t o  maintain normal plasma glucose 

l e v e l s .  Therefore,  by inc reas ing  the  turnover r a t e  of pancre- 

a t i c  z inc  and by l i m i t i n g  the  sources of replacement,  a  

percentage of an i n j e c t i o n  of 6 5 ~ n  should e n t e r  t h e  pancreas 

t o  f u l f i l l  r e a l  phys io log ica l  needs. 

Af te r  t e n  days each f i s h  i n  groups 2 ,  3 and 4 rece ived  

an i n t r a p e r i t o n e a l  i n j e c t i o n  of 6 5 ~ n  as zinc c h l o r i d e  ( 1  v C i /  

pg, sp.  a c t . )  equiva lent  t o  0.9 vCi/gram body weight.  The 

6 5 ~ n  came s o l u b i l i z e d  i n  0 . 1 N  H C 1  which was n e u t r a l i z e d  wi th  

1 N  NaOH before  use.  The 6 5 ~ n  was allowed t o  be a s s i m i l a t e d  

i n  t h e  body t i s s u e s  f o r  48 hours .  Fish i n  group 1 rece ived  

a  s a l i n e  i n j e c t i o n .  

Tissue Prepara t ion .  The i s l e t  organs from f i s h  i n  Groups 

1, 2 and 4 were processed according t o  a  modified ve r s ion  

(Popham and Webs t e r  1976) of T i m m l s  (1958) s i l v e r - s u l p h i d e  

method f o r  l o c a l i z a t i o n  of heavy metals .  The f i s h  were 



stunned by a  blow t o  t h e  head and the  i s l e t  organ, which i s  

a t t ached  t o  t h e  wa l l  of the  g a l l  b ladder ,  was removed. 

Each i s l e t  organ was placed i n  a  sepa ra te  t e s t  tube conta in-  

ing  5  m l s .  of  ice-cold  3% glutaraldehyde i n  0.1 M cacodyla te ,  

pH 7 . 4 ,  f o r  t e n  minutes ( i n  a l l  succeeding s t e p s  t h e  i s l e t  

organs were t r e a t e d  i n  t e s t  tubes containing 5 m l s .  of each 

s o l u t i o n ) .  They were then  t r a n s f e r r e d  t o  1% (Y/V) ammonium 

sulphide  f o r  13  minutes followed by f r e s h  g lu tara ldehyde  f o r  

s i x  hours.  The i s l e t  organs were then t r e a t e d  wi th  f r e s h  

ammonium sulphide  f o r  -16 hours.  The t i s s u e s  were then r i n s e d  

i n  d i s t i l l e d  water  ( t h r e e  changes f o r  a  t o t a l  of 60 minutes) 

t o  remove a l l  of the  r e s i d u a l  su lphide .  I s l e t  organs from 

Groups 1 and 2 were then dehydrated i n  graded e t h a n o l ,  

c l e a r e d  i n  propylene oxide and embedded i n  S p u r r t s  epoxy 

r e s i n .  I s l e t  organs from Group 4 were developed wi th  a  

modified ( P h i l  and Falkmer, 1967) Timmts (1958) developer 

according t o  Popham and Webster (1976). The developer was 

prepared by adding 34 mg. of quinol  t o  20 m l s .  of 30% (W/V) 

gum a r a b i c  conta in ing  1 0 %  (W/V) sucrose.  The pH of  t h e  

s o l u t i o n  was ad jus ted  t o  4.0 wi th  10% c i t r i c  acid.  Immediately 

before  use ,  0.2 mls. of 10% s i l v e r  n i t r a t e  was added i n  

complete darkness .  Each i s l e t  organ was diced i n t o  0.5 mm 

cubes and r i n s e d  f u r t h e r  with d i s t i l l e d  water .  The cubes 

were then t r a n s f e r r e d  t o  t h e  developer f o r  90  minutes with 

cons tant  a g i t a t i o n .  Following development, the  t i s s u e s  were 



r i n s e d  w e l l  i n  d i s t i l l e d  wa te r ,  dehydrated,  c l e a r e d  and 

embedded i n  S p u r r t s  r e s i n .  

I s l e t  organs from\Group 3 were f i x e d  i n  t h r e e  changes 

of i ce -co ld  3% glutaraldehyde f o r  a t o t a l  of s i x  hours and 

then washed, dehydrated,  c l e a r e d  and embedded i n  S p u r r l s  r e s i n .  

The i n i t i a l  a c t i v i t y  of each i s l e t  organ and the  

a c t i v i t y  remaining i n  each of the  s o l u t i o n s  used were determined 

i n  a gamma w e l l  counter  (Nuclear Chicago) by counting t h e  t e s t  

tube  and i t s  contents .  For each s t e p  i n  a  given procedure,  

t h e  percentage of the  i n i t i a l  6 5 ~ n  a c t i v i t y  leached i n t o  t h e  

so lua ion  used and the  leaching r a t e  were c a l c u l a t e d .  Table I 

compares t h e  leaching of 6 5 ~ n  from i s l e t  organs t r e a t e d  with 

g lu tara ldehyde  and ammonium sulphide  versus g lu tara ldehyde  

alone.  Table I1 shows t h e  e f f e c t s  of development upon 

ammonium s u l p h i d e - p r e c i p i t a t e d  6 5 ~ n .  

Autoradiography. The i s l e t  organs from Group 2 ,  i n  which t h e  

6 5 ~ n  had been p r e c i p i t a t e d  b u t  which had no t  been developed, 

were used f o r  autoradiography. I n i t i a l l y ,  1.0 v - sec t ions  were 

c u t  using wet g l a s s  knives and then were f l a t t e n e d  onto 

s l i d e s  on a drop of water  wi th  g e n t l e  hea t .  However, on 

process ing  t h e s e  s l i d e s  f o r  autoradiography, a l l  of t h e  radio-  

a c t i v i t y  was found t o  have leached out  of the  s e c t i o n s  and 

onto t h e  s l i d e s .  Therefore,  1.0 p-sec t ions  were c u t  on a  

Porter-Blume LKB Ultramicrotome using dry g l a s s  knives and 

t h e  s e c t i o n s  were f l a t t e n e d  onto s l i d e s  with a  drop of  acetone. 



No l e a c h i n g  was observed u s i n g  t h i s  t echn ique .  The s l i d e s  

were  t h e n  carbon-coated t o  minimize chemography ( S e c h r i s t  

and Upson, 1974) and dipped v e r t i c a l l y  i n  Kodak NTB-2 Nuclear  

Track Emulsion a t  45' C ,  and t h e n  were hung v e r t i c a l l y  

o v e r n i g h t  t o  d r y  i n  a  l i g h t - p r o o f  box c o n t a i n i n g  d r i e r i t e .  

The n e x t  day,  t h e  s l i d e s  were t aped  t o  t h e  bottom of  b l a c k  

p l a s t i c  s l i d e  boxes (2 p e r  box) which were t hen  s e a l e d  w i t h  

b l a c k  t a p e  and s t o r e d  a t  4" C .  The humidi ty  was k e p t  t o  a  

minimum by a  v i a l  o f  d r i e r i t e ,  which was t aped  i n s i d e  t h e  

t o p  of  each  box. 

The autoradiograms were developed between 2 4  and 106 

days a f t e r  d ipp ing .  The s l i d e s  were developed i n  Kodak D-19 

deve lope r  f o r  f o u r  minutes a t  18' C ,  s t opped  i n  30% sodium 

t h i o s u l p h a t e  f o r  f i f t e e n  minutes ,  r i n s e d  i n  running wa te r  

f o r  t h i r t y  minutes and t h e n  a i r  d r i e d .  The s l i d e s  were 

d ipped  i n  complete da rknes s ,  w h i l e  t h e  boxing,  development and 

s t o p p i n g  procedures  were c a r r i e d  o u t  under Wrat ten No. 2 

i l l u m i n a t i o n .  

Con t ro l  procedures  i nc luded  p r e p a r i n g  autoradiograms 

w i t h  ' c o l d 1  s e c t i o n s  from t h e  i s l e t  organs  i n  Group 1 and 

d e l i b e r a t e l y  fogging some of  t h e  pos i t i v e  autoradiograms t o  

t e s t  f o r  l a t e n t  image f a d i n g  (Rogers 1973) .  

Gra in  Counting. Microscopic  o b s e r v a t i o n s  on t h e  i s l e t  o f  t h i s  

s p e c i e s  r e v e a l e d  t h a t  t h e  i n s u l i n  c e l l s  appear  much d a r k e r  t han  

t h e  o t h e r  c e l l  types  when viewed under phase c o n t r a s t  micro- 



Figu re  5 .  A) An u n s t a i n e d  s e c t i o n  ,of i s l e t  t i s s u e  from 
. . . . . . . . . . . 

. . Salino 'ga i rdne ' r i  viewe'd under  phase  c o n t r a s  t 

microscopy. The i n s u l i n  c e l l s  (arrows) a r e  

e a s i l y  i d e n t i f i a b l e  i n  t h i s  p r e p a r a t i o n .  

Glutara ldehyde f i x e d ,  r e s i n  embedded. X365 

B) The same s e c t i o n  a s  i n  "A1' s t a i n e d  wi th  a l d e -  

hyde fuchs in .  Note t h a t  t h e  same c e l l s  a r e  

s t a i n e d  (arrows) . X365 

C) A developed autoradiogram showing t h e  d i s t r i -  

b u t i o n  of g r a i n s  ove r  t h e  i s l e t  t i s s u e .  The 

g r a i n s  a r e  c o n c e n t r a t e d  over  s p e c i f i c  l o c i  

(arrows].  X445 

D) The same s e c t i o n  a s  i n  "C" i n  which t h e  emul- 

s i o n  has been removed and t h e  s e c t i o n  s t a i n e d  

w i t h  aldehyde f u c h s i n .  Note t h a t  t h e  l o c a t i o n  

of t h e  i n s u l i n  c e l l s  (arrows) corresponds  t o  

a r e a s  unde r ly ing  t h e  g r a i n  concen t r a t i ons  i n  

"C1'. Gluta ra ldehyde  f i x e d ,  r e s i n  embedded. 

X445 





scopy (F ig .  1 )  and t h u s  cou ld  b e  i d e n t i f i e d  i n  an u n s t a i n e d  

s e c t i o n .  These were conf i rmed t o  be  i n s u l i n  c e l l s  by t h e i r  

s e l e c t i v e  s t a i n i n g  w i t h  a ldehyde f u c h s i n ,  which i s  s p e c i f i c  

f o r  i n s u l i n  c e l l s  i n  Salmo g a i r d n e ~ i  (Chapter  1 ) .  This  

proved t o  be u s e f u l  a s ,  upon viewing t h e  autoradiograms,  

i t  was ev iden t  t h a t  t h e  g r a i n s  were more p r e v a l e n t  over  t h e  

d a r k e r ,  i n s u l i n  c e l l s .  T h e r e f o r e ,  a s  t h e  g r a i n s  ove r  t h e  

o t h e r  c e l l s  appeared t o  b e  d i s t r i b u t e d  a t  random, i t  was 

dec ided  t o  compare t h e  g r a i n  d e n s i t y  over  t h e  i n s u l i n  c e l l s  

w i t h  t h a t  over  t h e  ' n o n - i n s u l i n '  c e l l s .  This  was accomplished 

as fo l l ows .  

Areas o f  va ry ing  g r a i n  d e n s i t y  on t h e  autoradiograms 

were photographed ( C a r l  Z e i s s ,  Photomicroscope) w i t h  t h e  

g r a i n s  i n  focus ,  a t  powers o f  l O O X  and 160X. The n u c l e a r  

t r a c k  emulsion was t h e n  removed w i t h  0.5% potass ium hydroxide  

(Rogers 1973) and t h e  r e s i n  was d i s s o l v e d  from t h e  s e c t i o n s  

w i t h  sodium methoxide ( M a y o r e t a l  1961).  T h e s l i d e s w e r e t h e n  - -- ' 
s t a i n e d  w i t h  aldehyde f u c h s i n  ( S c o t t  1952) and mounted w i t h  

Permount ( F i s h e r  Sc. Co.) . These s t a i n e d  s l i d e s  were t hen  

re-photographed i n  t h e  same l o c a t i o n s  and a t  t h e  same 

m a g n i f i c a t i o n s  as b e f o r e .  A micrometer  s c a l e  mounted on 

a s l i d e  (Car l  Ze i ss )  was a l s o  photographed a t  t h e s e  magni- 

f i c a t i o n s .  A l l  o f  t h e  n e g a t i v e s  were then  p r i n t e d  t h e  same 

s i z e  ( 5  x 7 i n c h e s ) .  The photos  of  t h e  micrometer s c a l e  

were used t o  c o n s t r u c t  a  g r i d  of  squa re s  on c l e a r  p l a s t i c .  



2 The a r e a  enc losed  by each g r i d  s q u a r e  equaled 400 run for 

photographs  t aken  a t  l O O X  and 156 m 2 f o r  t hose  t aken  a t  160X. 

To count  g r a i n s  over  a ldehyde f u c h s i n  p o s i t i v e ,  

i n s u l i n  c e l l s ,  t h e  g r i d  was f i r s t  t aped  i n  p l a c e  over  a  

photograph of  t h e  s t a i n e d  s e c t i o n .  The i n s u l i n  c e l l s  were 

t hen  o u t l i n e d  on t h e  p l a s t i c  w i t h  a  marking pen. S e v e r a l  

r e f e r e n c e  p o i n t s  which were common i n  bo th  photographs  

( g e n e r a l l y  c a p i l l a r i e s )  were t r a c e d  over a s  w e l l ,  b u t  i n  

a n o t h e r  co lour .  The g r i d  was t h e n  removed, r e - p o s i t i o n e d  

ove r  t h e  photograph o f  t h e  u n s t a i n e d  s e c t i o n  (w i th  t h e  

a s s i s t a n c e  o f  t h e  r e f e r e n c e  p o i n t s )  and secu red  i n  p l a c e .  

The g r i d  squa re s  w i t h i n  t h e  i n s u l i n  c e l l  r eg ions  and over  

t h e  n o n - i n s u l i n  c e l l  r e g i o n s  were then  counted f o r  t o t a l  

g r a i n s .  To e l i m i n a t e  any p o s s i b l e  s u b j e c t i v e n e s s  i n  t h e  

s e l e c t i o n  of  g r i d  s q u a r e s ,  t h e  whole photograph was counted  

i n  each ca se .  

Because a l l  o f  t h e  autoradiograms from Group 2 exh i -  

b i t e d  i d e n t i c a l  p a t t e r n s  o f  g r a i n  d i s t r i b u t i o n ,  on ly  a  few 

s e c t i o n s  were counted.  However, t h e  i s l e t  organ c o n s i s t s  o f  

numerous s m a l l e r  i s l e t s  f u s e d  t o g e t h e r  and,  t h e r e f o r e ,  each 

s e c t i o n  t h a t  was counted a c t u a l l y  r ep re sen t ed  a  l a r g e  'number 

o f  i s l e t s .  For t h e  f i r s t  i s l e t  o rgan ,  a  t o t a l  of  251 g r i d  

squa re s  (77,800 pnL) o v e r l y i n g  t h e  i s l e t  t i s s u e  were counted.  

2  
For t h e  second i s l e t  o rgan ,  2 4 8  g r i d  squares  (38,700 pm ) 

o v e r l y i n g  t h e  i s l e t  t i s s u e  were counted.  A l l  o f  t h e  d a t a  were 



a d j u s t e d  s o  t h a t  g r a i n  d e n s i t y  i s  expressed  a s  t h e  number o f  

g ra ins /400  urn2 F u r t h e r  i n fo rma t ion  on t h e  g r a i n  coun t ing  

may be found i n  Table  111. 

R e s u l t s  

Of t h e  t o t a l  a c t i v i t y  i n j e c t e d  i n t o  each f i s h  3.9s1.59% 

( N  = 8) was t aken  up by t h e  i s l e t  organ. This r e p r e s e n t s  a  

s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  t o t a l  as  t h e  i s l e t  o rgan  weighs 

only  a  few mi l l i g r ams  i n  t h e s e  f i s h .  

The t r e a t m e n t  o f  t i s s u e s  i n  Group 2 w i th  ammonium 

s u l p h i d e  (wi thout  development) r e s u l t e d  i n  a  mean t o t a l  l o s s  

o f  49.98% o f  t h e  i n i t i a l  6 5 ~ n  a c t i v i t y  compared w i t h  68.05% 

f o r  t h e  t i s s u e s  f i x e d  i n  g lu t a r a ldehyde  a lone  (See Tab le  I ) .  

Most o f  t h i s  a c t i v i t y  was l o s t  du r ing  t h e  f i r s t  f i v e  s t e p s  

of  t i s s u e  p r e p a r a t i o n  ( f i x a t i o n  t o  wa te r  wash).  I n  s t e p  I ,  

t h e  g lu t a r a ldehyde  f i x a t i o n  r e s u l t e d  i n  double t h e  l e a c h i n g  

r a t e  of  6 5 ~ n  from Group 3  t i s s u e s  compared w i t h  Groups 2 and 4 .  

I n  s t e p  2 ,  t h e  l e a c h i n g  r a t e  f o r  Groups 2 and 4  i n  ammonium 

s u l p h i d e  was g r e a t e r  t h a n  t h a t  o f  t h e  Group 3  t i s s u e s  i n  

g lu t a r a ldehyde .  H e r e a f t e r ,  t h e  l e a c h i n g  r a t e s  d e c l i n e d  i n  a l l  

groups b u t  p e r s i s t e d  much longe r  i n  ammonium s u l p h i d e  t r e a t e d  

t i s s u e s .  Of t h e  6 5 ~ n  l o s t  i n  t o t a l  by t h e  s u l p h i d e  t r e a t e d  

t i s s u e s ,  43.8% was l o s t  d u r i n g  s t e p s  1 - 5. For Group 3 ,  

6 4 % ,  of t h e  68% l o s t  i n  t o t a l  was l o s t  du r ing  t h e  same sequence.  
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Comparatively l i t t l e  a c t i v i t y  was l o s t  dur ing  t h e  dehydra- 

t i o n  and embedding ( s t e p s  8  - 16) i n  e i t h e r  group 2 (6.18%) 

o r  group 3  (3 .93%).  

The subsequent  development of  Group 4  (Table 11) r e s u l t e d  

i n  t h e  f u r t h e r  l o s s  o f  53.14% o f  t h e  i n i t i a l  6 5 ~ n  a c t i v i t y .  

Leaching occur red  p r i m a r i l y  du r ing  t h e  development and subse-  

quent  washing of  t h e  t i s s u e s .  When t h e s e  l o s s e s  a r e  combined 

w i t h  t h o s e  i n  s t e p s  1 - 5,  a  t o t a l  l o s s  o f  96.64% o f  t h e  

i n i t i a l  6 5 ~ n  i n  t h e  t i s s u e s  i s  ob ta ined .  This  c l e a r l y  

demonstra tes  t h a t  t h e  z i n c  is  d i s p l a c e d  from t h e  t i s s u e  dur ing  

development. 

Grain  count ing  r evea l ed  a  pronounced c o n c e n t r a t i o n  of  

g r a i n s  over  t h e  i n s u l i n  c e l l s  (Table 111) .  I n  t h e  f i r s t  

i s l e t  organ t h e  i n s u l i n  c e l l s  had a  g r a i n  d e n s i t y  o f  34.05 

compared w i t h  1 4 . 0 1  f o r  t h e  n o n - i n s u l i n  c e l l s .  This  r e p r e -  

s e n t s  a  2.4 f o l d  d i f f e r e n c e  i n  g r a i n  d e n s i t y .  I n  t h e  second 

i s l e t  o rgan ,  t h e  i n s u l i n  c e l l s  had a  g r a i n  d e n s i t y  o f  32.74 

compared w i t h  16.56 f o r  t h e  n o n - i n s u l i n  c e l l s .  This  

r e p r e s e n t s  a  1.97 f o l d  d i f f e r e n c e  i n  d e n s i t y .  

Of t h e  c e l l s  comprising t h e  n o n - i n s u l i n  c e l l  f r a c t i o n  

(glucagon/GIP, s o m a t o s t a t i n ,  p a n c r e a t i c  po lypept iPe  and c l e a r  

c e l l s )  only  t h e  c l e a r  c e l l s  tended t o  accumulate z inc .  

However, t h i s  was o b s e r v e d ' i n  only  some c e l l s .  
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Discuss ion  

Zinc has  been l o c a l i z e d  h i s  tochemica l ly  w i t h  d i t h i z o n e  

(Mager e t  a l . ,  1953, McNary 1954, Rixon and W h i t f i e l d  l 9 5 8 ) ,  

T i m m t s  (1958) s i l v e r  s u l p h i d e  method, and mod i f i ca t i ons  t h e r e -  

of (Haug 1967, Okamoto and Kawanashi 1966, P h i l  1967, P h i l  

and Falkmer 1967) and by au torad iography  w i t h  6 5 ~ n  (Bawden 

and Hammarstrom 1977, McIssac 1955) .  Di th izone  i s  r e p u t e d  

t o  be  s p e c i f i c  f o r  z i n c  (Mager e t  a l . ,  1953),  however Petkov 

(1970) main ta ins  t h a t  z i n c  p r e s e n t  i n  t i g h t l y  bound enzyme- 

m e t a l  complexes, escapes  d e t e c t i o n  by t h i s  method. The s i l v e r  

s u l p h i d e  method p r e c i p i t a t e s  a l l  heavy meta l s  and t h e r e f o r e  

cannot  be cons idered  a s  be-ing s p e c i f i c  f o r  z i n c -  However, 

au torad iography  can p r o v i d e  an  a c c u r a t e  d i s t r i b u t i o n  p a t t e r n  

of heavy me ta l s  i n  t i s s u e s ,  i f  d i f f u s i o n  of t h e  i s o t o p e  d u r i n g  

t i s s u e  p r e p a r a t i o n  can b e  minimized. Both f r e e z e  s u b s t i t u t i o n  

( G i e l i n k  e t  a l . ,  1966) and f r e e z e  d ry ing  fol lowed by vacuum 

embedding (Wilske and Ross, 1965) have been used s u c c e s s f u l l y  

i n  t h e  autoradiography o f  d i f f u s i b l e  subs t ances .  I n  t h i s  

s t udy ,  t h e  s i l v e r  s u l p h i d e  t echn ique  was combined w i t h  au to-  

rad iography  i n  an a t t emp t  t o  l o c a l i z e  z i n c  i n  t h e  p a n c r e a t i c  

i s l e t s  o f  Salmo - g a i r d n e r i .  

With t h e  s i l v e r  s u l p h i d e  t echn ique ,  t h e  s u l p h i d e  

pene t r a t e s .  t h e  t i s s u e  where i t  b inds  t o  heavy me ta l s ,  

r ende r ing  them i n s o l u b l e .  I f  t h e  t i s s u e  i s  t hen  t r e a t e d  w i t h  



a  developer conta in ing  s i l v e r  n i t r a t e ,  the  sulphide-metal  

complexes ca ta lyze  t h e  reduct ion  of i o n i c  s i l v e r  t o  

molecular s i l v e r ,  which then  c o a t s  each sulphide-metal  

complex (Brunk - e t  -* a1 1968). The r e s u l t i n g  s i l v e r  g ra ins  

a r e  v i s i b l e  i n  the  l i g h t  microscope and the  method has a l s o  

been adapted f o r  use i n  t h e  e l e c t r o n  microscope (Haug 1967, 

Okamoto and Kawanashi 1966, P h i l  1967, Popham and Webster 

1976). The t i s s u e  may be f i x e d  b r i e f l y  before  su lphide  

t reatment  (Haug 1967, Popham and Webster 1976) o r  su lphide  

t reatment  may be combined wi th  f i x a t i o n  (Brunk - e t  -- a 1  9 1968, 

P h i l  1967, P h i l  and Falkmer 1966) with s i m i l a r  r e s u l t s .  

In  t h i s  s tudy t h e  t i s s u e  was t r e a t e d  with ammonium 

sulphide  fol lowing a  b r i e f  f i x a t i o n .  Severa l  of t h e  i s l e t  

organs were a l s o  developed t o  determine the  f a t e  of t h e  

sulphide-metal  complex. The r e s u l t s  showed t h a t  ammonium- 

su lphide  t reatment  reduces t o  some ex ten t  (18%) t h e  leaching  

of 6 5 ~ n  from p a n c r e a t i c  i s l e t  t i s s u e .  However, t h i s  reduct ion  

i n  leaching  obtained wi th  su lph ide  t reatment  cannot a l l  be 

a t t r i b u t e d  t o  su lphide  p r e c i p i t a t i o n ,  because i n  s t e p  1, the  

leabhing r a t e  of Group 3 (un t rea ted)  t i s s u e s  i n  g l u t a r a l d e -  

hyde was double t h a t  of  Groups 2 and 4 which were a l s o  i n  

glutaraldehyde.  The Group 3 t i s s u e s  l o s t  a  f u r t h e r  11% of 

t h e i r  i n i t i a l  a c t i v i t y  due t o  t h i s  excessive leaching. 

Therefore,  t h e  18% reduct ion  i n  leaching obtained wi th  

su lphide  t reatment  i s  a c t u a l l y  a  7% reduct ion and i n  s p i t e  of 



t h i s  t rea tment ,  49.98% of t h e  i n i t i a l  a c t i v i t y  was s t i l l  l o s t .  

One can only s p e c u l a t e  about the  sources of t h e  l e a c h a t e  

i n  t h i s  experiment. I t  may represen t  t h a t  f r a c t i o n  of t h e  

z inc  which i s  loose ly  bound o r  even unbound wi th in  t h e  cyto-  

plasm and t h e r e f o r e  most s u s c e p t i b l e  t o  leaching.  I n  a d d i t i o n ,  

t h e  z inc  may have leached from t h e  c e l l s  and plasma of t h e  

i s l e t  organ mic roc i rcu la t ion  o r  from t h e  exocrine p a n c r e a t i c  

ducts .  This is  an important ques t ion  t h a t  r equ i res  f u r t h e r  

s t u d i e s  t o  be resolved.  

The subsequent development of sulphide t r e a t e d  t i s s u e s  

r e s u l t e d  i n  t h e  l o s s  of almost a l l  (96.94%) of t h e  i n i t i a l  

a c t i v i t y .  I t  appears then t h a t  the  zinc i s  a c t u a l l y  d i s -  

p laced ,  perhaps by t h e  s i l v e r ,  during development, which 

c o n t r a d i c t s  Brunk and co-workers (1968), who s t a t e d  t h a t  t h e  

suiphide-metal  complex is coated with s i l v e r  -- i n  s i t u .  

Popham and Webster (1976) found t h a t  while  embedding 

undeveloped su lphide  t r e a t e d  t i s s u e s  i n  epoxy r e s i n  a l a r g e  

propor t ion  of  t h e  sulphide-metal  complexes were l o s t .  

They a t t r i b u t e d  t h i s  t o  t h e  oxida t ion  of the  complex by t h e  

r e s i n .  P h i l  (1967) a l s o  encountered losses  during embedding, 

Resul ts  repor ted  he re  s u b s t a n t i a t e  i n  p a r t  these  e a r l i e r  

f indings  . There were l o s s e s  during the  embedding p rocess ,  

b u t  these  occurred i n  both  t h e  un t rea ted  (3.93%) and ammo- 

nium sulphide  t r e a t e d  (6.18%) . t i s s u e s .  However, when su lphide  

t r e a t e d  t i s s u e  was sec t ioned ,  ex tens ive  leaching was observed 



from s e c t i o n s  t h a t  were c u t  on wet g l a s s  kn ives .  Th i s  problem 

was e l i m i n a t e d  by u s i n g  d r y  kn ives  and by f l a t t e n i n g  t h e  

s e c t i o n s  w i t h  ace tone .  The re fo re ,  t h e  su lph ide -me ta l  complex 

does appear  t o  b e  d e - s t a b i l i z e d  by t h e  embedding p r o c e s s .  

However, t h e  o n s e t  o f  l e a c h i n g  (dur ing embedding o r  s e c t i o n -  

ing)  may be  determined by t h e  r e s i n  and o r g a n i c  s o l v e n t  

employed. Consequent ly ,  i t  may be a d v i s a b l e  t o  develop t h e  

t i s s u e  b e f o r e  embedding i t ,  when u s i n g  t h e  s i l v e r  s u l p h i d e  

technique .  

The r e s u l t s  demons t ra te  c o n c l u s i v e l y  t h e  p re sence  o f  

z i n c  w i t h i n  t h e  i n s u l i n  c e l l s  of Salmo g a i r d n e r i .  Twice t h e  

number of g r a i n s  were found over  t h e s e  c e l l s  a s  compared w i t h  

t h e  n o n - i n s u l i n  c e l l s .  Th is  may r e f l e c t  a  p r e f e r e n t i a l  up take  

of  z i n c  by t h e  i n s u l i n  c e l l s  o r  t h e  s e l e c t i v e  l e a c h i n g  o f  

z i n c  from t h e  non- i n s u l i n  c e l l s  dur ing  t i s s u e  p r o c e s s i n g .  

However, t h e  l a t t e r  would imply t h a t  z i n c  i s  l e s s  t i g h t l y -  

bound i n  t h e s e  c e l l  t y p e s ,  which remains t o  b e  proven.  

I n  f r a c t i o n a t e d  i s l e t  t i s s u e  from t h e  t e l e o s t ,  Gadus 

c a l l a r i a s ,  32% of t h e  d e t e c t a b l e  z i n c  was found i n  a s s o c i a t i o n  

w i t h  t h e  s e c r e t o r y  g r a n u l e s  wh i l e  t h e  remainder was found 

p r i m a r i l y  i n  t h e  c y t o s o l  and n u c l e a r  f r a c t i o n s  (Grant  - e t  -a a 1  9 

1971).  The re fo re ,  it may be  assumed t h a t  t h e  z i n c  i n  t h e  

i n s u l i n  c e l l s  o f  Salmo g a i r d n e r i  i s  involved w i t h  i n s u l i n  

s t o r a g e ,  a s  i n  o t h e r  v e r t e b r a t e s  (Greider  -- e t  a l . ,  1969,  

Howell -- e t  a l . ,  1969).  I n  t h o s e  c l e a r  c e l l s  which accumulated 



z inc ,  t h e  gra ins  were o f t e n  observed d i r e c t l y  over t h e  

nucleus.  The non-granular z inc  may be assoc ia ted  wi th  

enzyme a c t i v i t y  (Petkov and Galabowa, 1968) . 



CHAPTER I11 

The e f f e c t s  o f  z inc- induced  

hyperglycemia .on ca rbohydra te  metabolism 

and i n s u l i n  s e c r e t i o n  i n  Salmo 

g a i r d n e r i  Richardson 



Introduction 

The e f f e c t s  of env i ronmenta l  p o l l u t a n t s  on t e l e o s t  

phys io logy  have been e v a l u a t e d  through changes i n  h e m a t o c r i t ,  

growth r a t e ,  ca rbohydra te  r e s e r v e s ,  serum e l e c t r o l y t e s  and 

plasma g lucose  and c o r t i c o s t e r o i d s ,  t o  name a  few. Many o f  

t h e s e  changes have been a t t r i b u t e d  t o  s t r e s s  owing t o  t h e  

exposure  o f  t h e  f i s h  t o  noxious  o r  harmful  subs t ances  i n  t h e  

w a t e r  ( C r a n d a l l  and Goodnight 1962, 1963,  S i l b e r g e l d  1974, 

Watson and McKeown 1976a,  b)  . S u b l e t h a l  c o n c e n t r a t i o n s  o f  

z i n c ,  a  common p o l l u t a n t ,  have caused hyperglycemia i n  r a i n -  

bow t r o u t ,  Salmo g a i r d n e r i  Richardson (Watson and McKeown, 

1976a) .  While t h i s  has  been a t t r i b u t e d  t o  s t r e s s  and i n c r e a s e d  

c o r t i c o s t e r o i d  p roduc t ion ,  i t  may a l s o  be  due t o  a  d i r e c t  

e f f e c t  o f  z i n c  upon carbohydra te  metabolism. The i n s u l i n  

c e l l s  o f  Salmo g a i r d n e r i  c o n t a i n  z i n c ,  which i s  involved  w i t h  

i n s u l i n  s t o r a g e  i n  many v e r t e b r a t e s  (Gre ide r  e t  a l . ,  1969, -- 
Howell - e t  -* a 1  3 1969, Petkov 1970) .  T h e r e f o r e ,  exposure  t o  

z i n c  may a l s o  have a  d i r e c t  e f f e c t  upon i n s u l i n  s t o r a g e  and 

s e c r e t i o n .  This  s t udy  was des igned  t o  de te rmine  t h e  e f f e c t s  

o f  z inc- induced  hyperglycemia upon i n s u l i n  s e c r e t i o n  and 

ca rbohydra t e  metabolism i n  Salmo g a i r d n e r i .  

I n  a  p r ev ious  s t u d y ,  Watson (1975) exposed rainbow t r o u t  

t o  s u b l e t h a l  z i n c  c o n c e n t r a t i o n s  f o r  80 days .  Plasma g lucose  

was f i r s t  moni tored a f t e r  one week of  exposure and s i g n i f i c a n t  

e l e v a t i o n s  were observed among z i n c - t r e a t e d  f i s h .  I n  t h i s  

s t u d y ,  rainbow t r o u t  were exposed t o  t h r e e  c o n c e n t r a t i o n s  of  



z i n c ,  i n c l u d i n g  a c o n t r o l  ( <  40 ppb ~n* ' )  f o r  up t o  31 days.  

Plasma g lucose  was monitored every  second day f o r  t h e  f i r s t  

11 days,  and then  every f i v e  days t h e r e a f t e r .  With a g lucose  

p r o f i l e  f o r  each group,  i n fo rma t ion  such a s  t h e  onse t  o f  

hyperglycemic s t r e s s  (which may occur  b e f o r e  seven days) could 

be  r e a d i l y  obta ined.  Those f i s h  demonstra t ing t h e  most s e v e r e  

hyperglycemia were then  ana lyzed  a long  w i t h  t h e  c o n t r o l s  f o r  

changes i n  plasma i n s u l i n  and l i v e r  glycogen. 

While many acu te  t o x i c i t y  s t u d i e s  w i t h  z i n c  have been 

done on rainbow t r o u t ,  it was neces sa ry  t o  determine t h e  

s e n s i t i v i t y  of t h i s  s t o c k  t o  z i n c  i n  Burnaby wa te r  b e f o r e  

doing t h e  long-term exposure.  Therefore  an acu te  t o x i c i t y  

s t u d y  w a s  done t o  determine t h e  48-hour L C s 0 .  This t a s k  was 

f a c i l i t a t e d  cons iderab ly  w i t h  t h e  knowledge of  p r e v i o u s l y  

r e p o r t e d  LCs0  d a t a  f o r  rainbow t r o u t ,  exposured t o  z i n c  under 

s i m i l a r  cond i t i ons  o f  wa te r  t empera ture  and hardness .  Once 

t h e  LCs0 was determined,  sub- l e t h a l  and l e t h a l  concen t r a t i ons  

were d e r i v e d  f o r  t h e  long- term exposure.  

M a t e r i a l s  and Methods 

Rainbow t r o u t ,  Salmo g a i r d n e r i  Richardson,  were ob ta ined  

and main ta ined  as  d e s c r i b e d  i n  Chapter  1. 

Acute T o x i c i t y  of Zinc. A 48-hour LCs0 was c a r r i e d  o u t  i n  

760 1, flow-through f i b r e - g l a s s  t a n k s ,  t o  determine t h e  a c u t e  

t o x i c i t y  o f  z i n c  i n  Burnaby w a t e r .  A d i l u t i n g  appa ra tus ,  



d e s c r i b e d  by Watson (1975) , was const ructec  d f o r  each o f  t h r e e  

t a n k s ,  t o  e n s u r e  t h e  d e l i v e r y  of  a  f i x e d  c o n c e n t r a t i o n  of 

z i n c  through t h e  w a t e r  supply .  The wa te r  t o  each t a n k  was 

s u p p l i e d  by a s i n g l e  f i b r e - g l a s s  headtank (120 1 )  which was 

c o n t i n u a l l y  r e p l e t e d  w i t h  d e c h l o r i n a t e d  Burnaby t a p  w a t e r .  

Th is  head tank  s e r v e d  t o  ma in t a in  a  c o n s t a n t  w a t e r  p r e s s u r e  

and f low r a t e  (2.5 l /min. )  f o r  a l l  d i l u t i n g  a p p a r a t u s .  The 

d i l u t i o n  f a c t o r  o f  each appa ra tu s  was c a l c u l a t e d  (Watson 1975) 

u s i n g  a  s t o c k  s o l u t i o n  of  z i n c  (100 ppm) . These d i l u t i o n  

f a c t o r s  were t h e n  used  t o  determine t h e  c o n c e n t r a t i o n  of z i n c  

s u l p h a t e  needed i n  each d i l u t i n g  appa ra tu s  t o  ach i eve  t h e  

d e s i r e d  t ank  c o n c e n t r a t i o n .  Three t e s t  c o n c e n t r a t i o n s  were 

used  t o  de te rmine  t h e  LCs0 va lue  and a  f o u r t h  t ank  (wa te r  

a l s o  s u p p l i e d  by t h e  headtank)  s e r v e d  a s  a  c o n t r o l .  

Due t o  t h e  l e n g t h  o f  t h e  replacement t lme o f  t h e  t ank  

w a t e r  (9 .5  hou r s )  i t  was n o t  p o s s i b l e  t o  a c c l i m a t e  t h e  f i s h  

t o  t h e  t e s t  t a n k s  and t h e n  s t a r t  t h e  d i l u t o r s .  T h e r e f o r e ,  

t h e  f i s h  were main ta ined  i n  s i m i l a r  t anks  and i n  t h e  same 

room f o r  t h e i r  a c c l i m a t i o n  p e r i o d  ( 2  months).  To commence 

t h e  t o x i c i t y  s t u d y ,  t h e  d i l u t o r s  were s t a r t e d  and t h e  w a t e r  

i n  a l l  t anks  was al lowed t o  reach t h e  t e s t  c o n c e n t r a t i o n s ,  

determined by a tomic  a d s o r p t i o n  spectrophotometry  (Pye Unicam 

Model SP 191) .  Ten f i s h  were t hen  randomly s e l e c t e d  and 

p l a c e d  i n  each t ank .  The f i s h  were n o t  f e d  du r ing  t h e  e x p e r i -  

ment. The t a n k s  were examined a t  hou r ly  i n t e r v a l s  f o r  t h e  



f i r s t  e i g h t  hours  and then  every  f o u r  hours  t h e r e a f t e r .  F i sh  

were cons ide red  t o  b e  dead when t h e r e  was no o p e r c u l a r  move- 

ment and no response  t o  handl ing .  These f i s h  were removed 

from t h e  t anks  and weighed. An a n a l y s i s  o f  v a r i a n c e  was 

performed on t h e  weigh ts  o f  t h e  f i s h  from each t e s t  tank.  

Temperature,  pH, ha rdnes s ,  oxygen and z i n c  c o n c e n t r a t i o n  were 

determined once each du r ing  t h e  f i r s t  and second day o f  t h e  

exper iment .  Oxygen was measured by t h e  Winkler  method, hard-  

n e s s  by t h e  EDTA t i t r i m e t r i c  method (Taras  - e t  * a 1  9 1971) ,  

and z i n c  by a tomic  a d s o r p t i o n  spec t rophotomet ry .  The p h y s i c a l  

and chemical  p r o p e r t i e s  o f  t h e  w a t e r  may b e  found i n  Table  I V .  

The p e r c e n t  m o r t a l i t i e s  a f t e r  48 hours  were p l o t t e d  a g a i n s t  

z i n c  c o n c e n t r a t i o n s  on log-probl i t  pape r .  A r e g r e s s i o n  l i n e  

was t hen  drawn through t h e s e  p o i n t s  and t e s t e d  f o r  goodness 

o f  f i t .  The LCs0 was t hen  d e r i v e d  from t h i s  l i n e  and t h e  95% 

conf idence  l i m i t s  were c a l c u l a t e d ,  accord ing  t o  L i t c h f i e l d  

and Wilcoxon (1949) . 

Long. Eor t h e  p r o t e c t i o n  o f  f i s h  and o t h e r  

forms of a q u a t i c  l i f e ,  t h e  c o n c e n t r a t i o n  o f  z i n c  i n  t h e  w a t e r  

shou ld  n o t  exceed 1/100 o f  t h e  LCs0 v a l u e  a t  any t ime.  This  

ensu re s  a  s a f e  c o n c e n t r a t i o n  of z i n c ,  i n c l u d i n g  an  al lowance 

f o r  s u b l e t h a l  e f f e c t s .  However, t o  e s t a b l i s h  s t r i c t l y  sub-  

l e t h a l  c o n c e n t r a t i o n s ,  t h e  z i n c  c o n t e n t  o f  t h e  w a t e r  should  

n o t  exceed 1/10 of  t h e  v a l u e .  This  ensu re s  a g a i n s t  

m o r t a l i t y ,  b u t  n o t  s u b - l e t h a l  e f f e c t s  (On ta r io  M i n i s t r y  of  
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t h e  Environment 1974).  For t h e  long  term exposure (31  days ) ,  

z i n c  concen t r a t i ons  t h a t  were above and below 1/10 of t h e  

48-hour LCs0 of  0.99 ppm were d e s i r e d .  Four t anks  were used 

i n  t h e  exper iment ,  t h r e e  c o n t a i n i n g  t e s t  concen t r a t i ons  o f  

z i n c  (0.081,  0.096 and 0.352 ppm) and t h e  f o u r t h  s e r v i n g  a s  

t h e  c o n t r o l  (< 0.04 ppm o f  z inc )  . 
Eighty  f i s h  w i t h  a  mean l e n g t h  of  20.5k2.7 cm ( s t a n d a r d  

d e v i a t i o n )  were p l aced  i n  each t ank  and then  a l lowed t o  

acc l ima te  f o r  two months. The tanks  were t h e  same as  t hose  

u sed  i n  t h e  LC50 experiment and were s u p p l i e d  w i t h  d e c h l o r i -  

n a t e d  t a p  wa te r .  Water a n l y s e s  f o r  t empera ture ,  pH, ha rdness ,  

ozygen and z i n c  were done on each day t h a t  f i s h  were sampled 

(days 1, 2 ,  3 ,  5 ,  7 ,  9 ,  11, 16 ,  2 1 ,  26 and 31).  The p h y s i c a l  

and chemical  c h a r a c t e r i s t i c s  o f  t h e  wa te r  a r e  shown i n  

Table  V. The f i s h  were f e d  d a i l y  ad l i b i t u m  w i t h  Oregon - 
Moist P e l l e t s .  Following t h e  acc l ima t ion  p e r i o d ,  each d i l u t o r  

was s e t  up t o  d e l i v e r  ZnS04 through t h e  wa te r  supply  t o  

ach ieve  t h e  d e s i r e d  t a n k  c o n c e n t r a t i o n s .  Because of  t h e  l a r g e  

number o f  f i s h  t o  be  sampled from each tank  (8) on any g iven  

day,  Tanks 1 (0.081 ppm) and 3  (0.352 ppm) were s t a r t e d  one 

day i n  advance of Tanks 2 (0.096 ppm) and 4 ( c o n t r o l ) .  I t  was 

cons ide red  t h a t  any p h y s i o l o g i c a l  d i f f e r e n c e s  t h a t  might occur  

over  24 hours  a s  a  r e s u l t  of  monthly o r  c i r c a n n u a l  rhythms 

would be  n e g l i g i b l e .  On t h e  sampling days e i g h t  f i s h  were 

removed from each t a n k  except  on day 2 ,  when f i v e  f i s h  were 
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removed from tanks  3  and 4  r e s p e c t i v e l y .  To minimize t h e  

e f f e c t s  o f  c i r c a d i a n  rhythms, a l l  sampling was done a t  t h e  

same t ime of  day (9:30 - 11:30 h r s . )  . Furthermore,  f i s h  were 

removed a l t e r n a t e l y  from each of  t h e  two tanks  be ing  sampled 

from. 

Each f i s h  was n e t t e d  and a  blood sample was t a k e n  from 

t h e  cauda l  a r t e r y  w i t h  a  s y r i n g e  r i n s e d  i n  6% potass ium 

o x a l a t e .  The f i s h  were t hen  s tunned  by a  blow t o  t h e  head 

and t h e  l i v e r  and i s l e t  organ were removed. These t i s s u e s  

were immediately f r o z e n  i n  a s l u r r y  of dry  i c e  and ace tone  

and then  s t o r e d  i n  capped v i a l s  a t  -20' C .  The b lood  was 

c e n t r i f u g e d ,  t h e  plasma decanted and then  s t o r e d  a l s o  a t  

-20IQ C. 

Plasma g lucose  was assayed  i n  d u p l i c a t e  f o r  each f i s h  on 

1 0  ~1 a l i q u o t s  of  p lasma,  u s ing  t h e  Hexokinase-Glucose-6- 

Phosphate Dehydrogenase assay  k i t  (Sigma) . A s i n g l e  plasma 

b lank  de t e rmina t ion  was a l s o  made f o r  each sample t o  e l i m i n a t e  

e r r o r s  a r i s i n g  from t h e  v a r i a b l e  t u r b i d i t y  o f  t h e  plasma. 

Glucose va lues  were r ead  from a  s t a n d a r d  curve (30 - 250 mg%) 

a f t e r  t h e  s u b t r a c t i o n  of  t h e  b lank  va lues .  The d a t a  were 

analyzed by t h e  Student-Newman-Keuls t e s t  and groups were con- 

s i d e r e d  t o  be  s i g n i f i c a n t l y  d i f f e r e n t  i f  P < 0.05. 

L iver  glycogen was measured enzymat ica l ly  i n  each f i s h  

from tanks  3  (0.352 ppm) and 4  ( c o n t r o l )  on days 1, 3 ,  5 ,  7 

and 9 ,  accord ing  t o  Murat and S e r f a t y  ( l 9 7 4 ) ,  w i t h  minor 



m o d i f i c a t i o n s .  These a u t h o r s  found i t  neces sa ry  t o  a s say  f o r  

endogenous g lucose-6-phospha te  i n  t h e  l i v e r  homogenate b e f o r e  

h y d r o l y s i s  w i t h  qloglucosidase . They t h e n  s u b t r a c t e d  t h i s  . 
amount from t h e  f i n a l  g lucose  de t e rmina t ion  t o  g ive  a more 

a c c u r a t e  measurement o f  l i v e r  glycogen.  I n  Salmo g a i r d n e r i ,  

t h e  c o n c e n t r a t i o n  of g lucose-6-phosphate  i n  t h e  honogenate 

b e f o r e  h y d r o l y s i s  was found t o  be  l e s s  t han  0.1% and t h i s  s t e p  

was t h e r e f o r e  omi t t ed .  The g lucose  l i b e r a t e d  by h y d r o l y s i s  

was assayed  i n  d u p l i c a t e  as b e f o r e .  The d a t a  were i n t e r p r e t e d  

by a n a l y s i s  o f  v a r i a n c e  and groups were cons ide red  s i g n i f i t  

c a n t l y  d i f f e r e n t  i f  P '< 0.05. 

Plasma i n s u l i n  d e t e r m i n a t i o n s  were made f o r  each f i s h  

from Tanks 3 (0.352 ppm) and 4 ( c o n t r o l )  on days 1, 2 ,  3 ,  5,  

7  and 9. I n s u l i n  w a s  measured by a  c h a r c o a l  s e p a r a t i o n  r a d i o -  

immunoassay u s i n g  an an t ibody  gene ra t ed  i n  gu inea  p i g s  a g a i n s t  

a n g l e r f i s h  (Lophius p i s c a t o r u s )  i n s u l i n  (John3on e t  a 1  1977) - -* 9 

and a n g l e r f i s h  i n s u l i n  f o r  t h e  l a b e l l e d  a n t i g e n  and u n l a b e l l e d  

s t a n d a r d s .  Both components were s u p p l i e d  by D r .  G. E .  Bauer,  

Dept. o f  Anatomy, U n i v e r s i t y  o f  Minnesota,  Minneapol is ,  - 

The i n s u l i n  was i o d i n a t e d  ( I 2 % ,  11-17 mCi/ug, sp .  a c t . ,  

Amersham) by t h e  Chloramine-T procedure  (Greenwood e t  a l . ,  -- 

1963) excep t  t h a t  t h e  o x i d a t i o n  was al lowed t o  p roceed  f o r  

on ly  t h i r t y  seconds .  The l a b e l l e d  i n s u l i n  was s e p a r a t e d  

from t h e  f r e e  i o d i d e  w i t h  QUSO (mic ro f ine  s i l i c a ,  G32, 



Phi lade lph ia  Quartz Co.). The QUSO (20 mg) was added t o  

t h e  i o d i n a t i o n  mixture wi th  1 .8  m l  of 0.04 M phosphate 

b u f f e r ,  pH 7.5,  t o  give a  t o t a l  volume of approximately 2 

m l .  The mixture was vortexed f o r  t h i r t y  seconds and then 

cen t r i fuged  a t  1000 g  f o r  one minute. The superna tan t  was 

decanted,  and t h e  p e l l e t  w a s  re-suspended and washed (twice) 

wi th  2 m l  o f  phosphate b u f f e r .  The f i n a l  p e l l e t  was then r e -  

suspended i n  5  m l  of  HC1-Ethanol (50 m l  Ethanol ,  1 7  m l  H Z O ,  

1 m l ,  conc. HC1) and vortexed f o r  t h i r t y  seconds.  Then 2 m l  

of d i s t i l l e d  water  were added and t h e  mixture cen t r i fuged  

a t  1000 g  f o r  t e n  minutes. The supernatant  conta in ing  t h e  

l a b e l l e d  i n s u l i n  was decanted and s t o r e d  a t  -20 '  C. The 

incorpora t ion  of was approximately 30%. 

The condi t ions  of  the  radioimmunoassay were s i m i l a r  t o  

those descr ibed  by Thorpe and Ince (1976). The d i l u e n t  used 

was a  0.04 M phosphate b u f f e r ,  pH 7 . 5 ,  conta in ing  1% bovine 

serum albumin (BSA). Standard curves were s e t  up t o  d e t e r -  

mine t h e  optimum antibody t i t r e  and l a b e l  concent ra t ion .  For 

t h e  assay ,  10,000 cpm p e r  tube and an antibody d i l u t i o n  of 

1:16,000 i n i t i a l  and l:8O ,000 f i n a l  were chosen. Under these  

cond i t ions ,  40% binding of the  l a b e l  was obta ined  i n  the  

absence of un labe l l ed  i n s u l i n .  

Disequi l ibr ium condi t ions  were chosen f o r  t h e  assay. 

To c o n s t r u c t  a  s t andard  curve ( f i g u r e  6 ) ,  50 v l  of  each 

s t andard  (0 .31  - 20 ng/ml) and 25 v 1  of cha rcoa l -ex t rac ted  

t r o u t  plasma were added t o  12x75 mm g l a s s  t e s t  tubes along 



Figure 6 .  Standard curve f o r  measuring plasma i n s u l i n  i n  

rainbow t r o u t  using a n g l e r f i s h  i n s u l i n  and a n t i -  

s e r a  generated i n  guinea p i g s  a g a i n s t  a n g l e r f i s h  

i n s u l i n .  The minimum d e t e c t a b l e  q u a n t i t y  o f  i n -  

s u l i n  i s  0.31 ng/ml; a t  t h i s  concent ra t ion  t h e r e  

i s  a  s i g n i f i c a n t  (P < 0.05, S t u d e n t ' s  T-Test) 

displacement of the  l a b e l l e d  ant igen .  



log insulin (ng/ml) 



w i t h  100 u 1  o f  a n t i s e r a  (1:16,000) and 225 u l  o f  d i l u e n t  

b u f f e r .  These tubes  were e q u i l i b r a t e d  f o r  24 hours  a t  4' C 

a t  which t ime 100 p 1  of  l a b e l l e d  i n s u l i n  (10,000 cpm/100 u1) 

were added. The tubes  were a l lowed t o  e q u i l i b r a t e  a  f u r t h e r  

18  hours  a t  4 '  C and then  t h e  an t ibody  bound, l a b e l l e d  

i n s u l i n  was s e p a r a t e d  from t h e  unbound, l a b e l l e d  i n s u l i n  

w i t h  dex t r an -coa t ed  cha rcoa l .  The cha rcoa l  w a s  p r epa red  by 

adding 5  g  o f  a c t i v a t e d  c h a r c o a l  ( N o r i t  A) t o  1 0 0  m l  of  

0.04 M phosphate  b u f f e r ,  pH 7.5,  c o n t a i n i n g  0.5% Dextran 

(Sigma). The s o l u t i o n  was s t i r r e d  ove rn igh t  b e f o r e  use .  

Each tube  r e c e i v e d  200 p 1  o f  t h e  dex t r an -cha rcoa l ,  was 

vo r t exed  and then  al lowed t o  s i t  f o r  t e n  minutes a t  4' C .  

They were t hen  c e n t r i f u g e d  t o  1000 g  f o r  30 minutes ,  t h e  

s u p e r n a t a n t  decanted and t h e  t ubes  counted i n  a  gamma w e l l  

c o u n t e r  (Nuclear  Chicago). The ze ro - s t anda rd  tubes  con ta ined  

50 p 1  o f  d i l u e n t  b u f f e r  i n s t e a d  o f  an i n s u l i n  s t a n d a r d .  

S i m i l a r l y ,  f o r  t h e  n o n - s p e c i f i c  b i n d i n g  (NSB) t u b e s ,  t h e  

an t i se rum and i n s u l i n  s t a n d a r d  a l i q u o t s  were r ep l aced  by 

e q u i v a l e n t  volumes of  b u f f e r .  The l i m i t s  o f  d e t e c t i o n  o f  t h e  

a s say  were 0.31 ng/ml. 

For t h e  de t e rmina t ion  o f  plasma i n s u l i n ,  25 v 1  a l i q u o t s  

o f  plasma were added t o  t e s t  tubes  con ta in ing  1 0 0  v 1  of  a n t i -  

serum (1:16,000) and 275 v l  of d i l u e n t  b u f f e r .  These tubes  

were t hen  t r e a t e d  i d e n t i c a l l y  t o  t h e  s t a n d a r d  curve tubes .  

A l l  p o i n t s  on t h e  s t a n d a r d  curve and a l l  plasma i n s u l i n  d e t e r -  



minat ions  were done i n  d u p l i c a t e .  Plasma samples which con- 

t a i n e d  l e s s  t h a n  0.31 ng/ml o f  i n s u l i n  were a s s igned  concen- 

t r a t i o n s  accord ing  t o  t h e i r  %B/Bo va lue .  Sbmples which had a 

%B/Bo va lue  between 100 and 97.5% were cons ide red  t o  c o n t a i n  

0.15 ng/ml, w h i l e  samples between 97.5 and 95% con ta ined  

0.31 ng/ml. I n  t h i s  way, a l l  samples cou ld  t h e n  b e  t r e a t e d  

s t a t i s t i c a l l y .  

Cha rcoa l - ex t r ac t ed  plasma was added t o  t h e  s t a n d a r d  

curve  t ubes  t o  e q u a l i z e  t h e i r  p r o t e i n  c o n c e n t r a t i o n  w i t h  

t h a t  o f  t h e  unknown t u b e s .  Th is  was p repa red  by mixing 

h e p a r i n i z e d  t r o u t  plasma w i t h  N o r i t  A ( 1  g/ml) f o r  one hour .  

The cha rcoa l  was t hen  removed by c e n t r i f u g a t i o n  and f i l t r a -  

t i o n  ( M i l l i p o r e  (U.  S .  A.) L td . ,  t ype  HA, p o r e  s i z e  0.45 s l )  . 
The s p e c i f i c i t y  o f  t h e  a s s a y  f o r  plasma i n s u l i n  i n  t r o u t  

was determined by p a r a l l e l i s m  s t u d i e s .  S e r i a l  d i l u t i o n s  

( 1 / 1  t o  1 /8)  o f  t r o u t  plasma and a n g l e r f i s h  i n s u l i n ,  made 

up i n  c h a r c o a l - e x t r a c t e d  t r o u t  p lasma,  were assayed  and t h e  

r e s u l t s  were p l o t t e d  on a  l o g - l o g i t  p l o t .  A r e g r e s s i o n  l i n e  

w a s  then  c a l c u l a t e d  f o r  each s e t  o f  p o i n t s  and t h e  s l o p e s  were 

compared us ing  t h e  S t u d e n t ' s  t - t e s t  (Zar  1974) .  The s l o p e s  

were cons ide red  s i g n i f i c a n t l y  d i f f e r e n t  i f  P < 0.05. 

Recovery s t u d i e s ,  i n  which a n g l e r f i s h  i n s u l i n  (1.25 ng/ml) 

was added t o  t r o u t  p lasma,  were a l s o  done. 

C o r r e l a t i o n  a n a l y s e s  (Za r  1974) were performed between 

plasma g lucose  and l i v e r  g lycogen ,  plasma g lucose  and i n s u l i n  

and plasma i n s u l i n  and l i v e r  glycogen.  



R e s u l t s  

LCs0. The r e g r e s s i o n  l i n e  w a s  determined t o  be a  good f i t  

(P  < 0.01) and 48-hour LCs0 o f  0.99 ppm o f  z i n c  was d e r i v e d  

from t h i s  l i n e  ( F i g .  7) .  The upper  and lower conf idence  

l i m i t s  of  t h e  LCSO were 1 .73  and 0.56 ppm r e s p e c t i v e l y .  No 

d i f f e r e n c e s  were found between t h e  weigh ts  o f  t h e  f i s h  from 

each t e s t  t ank  (P > 0.05) .  

Long Term Exposure. No m o r t a l i t i e s  occur red  i n  Tanks 1, 2 

and 4  du r ing  t h e  exper iment .  I n  Tank 3 (0.352 ppm z inc )  

m o r t a l i t i e s  commenced a f t e r  twen ty - fou r  hours  and con t inued  

u n t i l  day 7.  The f i s h  i n  Tank 3  were d e p l e t e d  by day 9  

because  of  sampling and m o r t a l i t i e s .  

The mean plasma g lucose  l e v e l s  f o r  each group df  f i s h  

a r c  shown i n  Figure 8. A t  0.081 ppm of  z i n c ,  plasma g lucose  

ranged from 57.5 (day 26) t o  89.0 mg% (day 16) and was 

s i g n i f i c a n t l y  h i g h e r  t h a n  c o n t r o l s  on day 1 only .  A t  0.96 

ppm of  z i n c ,  plasma g lucose  ranged from 51 (day 3) t o  123 mg% 

(day 21) and was s i g n i f i c a n t l y  h i g h e r  t han  c o n t r o l  l e v e l s  on 

days 1 and 16. A t  0.352 ppm o f  z i n c ,  g lucose  l e v e l s  ranged 

from 81 (day 9) t o  151  mg% (day 5) and were s i g n i f i c a n t l y  

h i g h e r  t han  c o n t r o l s  on days 1, 2 ,  3  and 5. I n  t h i s  group 

g lucose  l e v e l s  r o s e  from days 1 t o  5. T h e r e a f t e r ,  t h e  

l e v e l s  d e c l i n e d  u n t i l  day 9 .  The plasma g lucose  response  of  

t h e  f i s h  exposed t o  z i n c  a t  t h i s  c o n c e n t r a t i o n  was extremely 



Figu re  7.  The . a c u t e  t o x i c i t y  of z i n c  t o  rainbow t r o u t  a f t e r  

48 hours .  Ten f i s h  were used  a t  each c o n c e n t r a t i o n  

o f  z i n c  (0 .40,  0.95 and 1.36 ppm) . A 48-hour LCs0 

of  0.99 ppm o f  z i n c  was d e r i v e d  from t h e  r e g r e s s i o n  

t ime.  The upper  and lower conf idence  l i m i t s  o f  t h e  

were 1 .73  and 0.56 ppm r e s p e c t i v e l y .  
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Figure 8. The mean plasma glucose l e v e l s  ( +  s tandard  e r r o r )  

f o r  Salmo g a i r d n e r i  exposed t o  d i f f e r e n t  concentra-  

t i o n s  o f  z i n c  fox up t o  31 days. S i g n i f i c a n t  dif- 

ferences  from c o n t r o l  l e v e l s  a r e  a s  fol lows:  0.081 

pprn z inc  group, day 1 (0 .05) ;  0.096 pprn z i n c  group, 

day 1 10.01),  day 16  (0.05);  0.352 pprn z i n c  group, 

day 1, 2 and 5 (0 .01) ,  day 3 (0.05) .  Also, on  days 

3 and 5,  t h e  0.352 pprn group was s i g n i f i c a n t l y  d i f -  

f e r e n t  than  t h e  0.081 and 0.096 pprn groups (0 .05) .  

O n  day 21 ,  t h e  0.096 ppm group was s i g n i f i c a n t l y  d i f -  

f e r e n t  than  t h e  0.081 pprn group (0 .05) .  Plasma glucose 

l e v e l s  i n  t h e  c o n t r o l s  on day 7 were s i g n i f i c a n t l y  

h igher  than  c o n t r o l  l e v e l s  on days 5  (0.001) and 

9  (0.005) .  S i m i l a r l y ,  on day 21 ,  g lucose  l e v e l s  i n  

t h e  c o n t r o l s  were s i g n i f i c a n t l y  higher  (0.001) than  

c o n t r o l  l e v e l s  on days 16 and 25. 

N = 7 o r  8 i n  a l l  cases  except f o r  groups on day 2 

( N  = 5 ) ,  f o r  t h e  0.352 pprn group on day 9  ( N  = 3) 

and f o r  t h e  0  .O96 pprn group on day 7 (N = 1) . 

NOTE: Af te r  day 11, t h e  s c a l e  changes t o  i n t e r v a l s  

of  f i v e  days.  





v a r i a b l e  a s  i n d i c a t e d  by t h e  l a r g e  s t a n d a r d  e r r o r s  on days 3 

and 5. I n  t h e  c o n t r o l  group,  plasma g lucose  ranged from 3 7  

t o  101 mg% and peaked tw ice  du r ing  t h e  exper iment ;  on day 7  

(March 19) and day 2 1  ( A p r i l  2 ) .  These peaks  were o f  e q u a l  

h e i g h t  (101 and 102 mg% r e s p e c t i v e l y )  and were e x a c t l y  

f o u r t e e n  days a p a r t .  Plasma g lucose  on day 7 was s i g n i f i -  

c a n t l y  h i g h e r  t h a n  l e v e l s  on days 5  (p c 0.001) and 9  (p  < 

0  .OO5) . S i m i l a r l y ,  on day 2 1  g lucose  l e v e l s  were s i g n i f i c a n t l y  

h i g h e r  (p < 0.001) t han  on days 16 and 25. Plasma g lucose  

i n c r e a s e d  i n  a s t e p w i s e  manner p r eced ing  each peak and then  

dropped o f f  s h a r p l y  a f t e r w a r d s .  These peaks may be  p a r t  o f  

a  monthly g lucose  c y c l e  i n  Salmo g a i r d n e r i .  F u r t h e r  ev idence  

of t h i s  i s  t h e  s i m i l a r i t y  i n  g lucose  p r o f i l e s  between t h e  

expe r imen ta l  and c o n t r o l  groups between days 11 and 31. 

There i s  a g e n e r a l  r i s e  i n  plasma g lucose  f o r  a l l  groups a f t e r  

day 11. I n  t h e  c o n t r o l s ,  g lucose  peaks on day 2 1  (103 mg%), 

drops  t o  57 mg% on day 26 and remains s t a b l e  u n t i l  day 31. 

I n  t h e  0.096 ppm group,  t h e  r i s e  i n  plasma g lucose  occu r s  

e a r l i e r  w i t h  l e v e l s  s i g n i f i c a n t l y  h i g h e r  t han  c o n t r o l s  on 

day 16 b u t  t h e  peak (123 mg%) a l s o  occurs  on day 2 1 .  I n  

t h e  0.081 ppm group,  t h e  peak (89 mg%) occu r s  on day 16 

i n s t e a d .  For b o t h  z i n c - t r e a t e d  groups ,  plasma g lucose  drops 

t o  c o n t r o l  l e v e l s  on day 26 and remains r e l a t i v e l y  s t a b l e  

u n t i l  t h e  t e r m i n a t i o n  o f  t h e  experiment.  

L ive r  glycogen l e v e l s  f o r  t h e  c o n t r o l s  and t h e  0.352 ppm 

z i n c  group a r e  shown i n  F igu re  9. L ive r  glycogen ranged 



Figure  9 .  The mean l i v e r  glycogen l e v e l s  ( 2  s t a n d a r d  e r r o r )  

f o r  c o n t r o l  and z inc-  t r e a t e d  (0.352 ppm) rainbow 

t r o u t  over  n i n e  days.  Glycogen l e v e l s  i n  t h e  

z i n c - t r e a t e d  f i s h  as compared t o  c o n t r o l  f i s h  

a r e  s i g n i f i c a n t l y  lower on days 3 and 5 (p  < 0.05) 

and s i g n i f i c a n t l y  h i g h e r  on day 9 (p  < 0.005).  

N = 8 i n  a l l  cases  except  on day 9 (N = 3) . 
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from 2 . 4  t o  4.8% i n  t h e  c o n t r o l s  w i t h  t h e  h i g h e s t  l e v e l s  

o c c u r r i n g  on day 3 .  A t  0.352 ppm of  z i n c ,  glycogen ranged 

from 1.7 t o  8.7% and was s i g n i f i c a n t l y  lower t han  c o n t r o l s  

on days 3  and 5. Glycogen l e v e l s  dropped p r o g r e s s i v e l y  from 

t h e  f i r s t  day o f  z inc  exposure u n t i l  day 5. T h e r e a f t e r  they 

r o s e  t o  h i g h l y  s i g n i f i c a n t  l e v e l s  (P < 0.005) on day 9.  

The radioimmunoassay was determined t o  be  s p e c i f i c  f o r  

i n s u l i n  i n  Salmo' g a i r d n e r i  by p a r a l l e l i s m  s t u d i e s .  No 

s i g n i f i c a n t  d i f f e r e n c e s  (P > 0.05) were found between t h e  

s l o p e s  of  s e r i a l l y  d i l u t e d  t r o u t  plasma and a n g l e r f i s h  

i n s u l i n .  Recovery o f  a n g l e r f i s h  i n s u l i n  added t o  t r o u t  

plasma was 88 - 9 4 % .  

Plasma i n s u l i n  l e v e l s  f o r  t h e  c o n t r o l  and t h e  0.352 

ppm z i n c  group over  t h e  f i r s t  n i n e  days o f  t h e  experiment 

a r e  shown i n  Figure  10. I n s u l i n  l e v e l s  a r e  lower i n  f i s h  

exposed t o  0, 35 ppm o f  z i n c  over  t h e  f i r s t  seven days ,  w i th  

s i g n i f i c a n t  d i f f e r e n c e s  o c c u r r i n g  on days 2 ,  3  and 7.  On 

day 9 ,  t h e  l e v e l s  a r e  t h e  same i n  bo th  groups. I n  t h e  c o n t r o l  

group,  plasma i n s u l i n  ranged from 1.4 t o  4.5 ng/ml and i n  

t h e  z i n c  t r e a t e d  group from 0.17 t o  3.6 ng/ml. The p r o f i l e s  

of plasma i n s u l i n  were very similar f o r  bo th  groups over  t h e  

f i r s t  seven days. 

No s i g n i f i c a n t  c o r r e l a t i o n s  (P > 0.05) were found 

between any of t h e  parameters  t e s t e d .  



1 

Figure 1 0 .  The mean [k s t andard  e r r o r )  plasma i n s u l i n  l e v e l s  

f o r  con t ro l  and zinc-  t r e a t e d  (0.352 ppm) rainbow 

t r o u t  over n ine  days. Plasma i n s u l i n  l e v e l s  i n  

t h e  z inc - t r ea ted  f i s h  as compared t o  the  c o n t r o l s  

a r e  s i g n i f i c a n t l y  lower on days 2 (P  < 0.05),  

3  (P < 0.02) and 7 (P < 0.01). 

N = 7 or  8 i n  a l l  cases  except on day 2 (N = 5) 

and f o r  the  z i n c - t r e a t e d  f i s h  on day (N = 3 ) .  

Standard e r r o r s  were too small  t o  be included f o r  

t h e  z inc  group on days 2 and 7 .  
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Discuss ion  

The 48-hour LCs0 o f  0.99 ppm o f  z i n c  r e p o r t e d  h e r e  i s  

i n  agreement w i t h  p r e v i o u s l y  r e p o r t e d  s t u d i e s  w i t h  Salmo 

g a i r d n e r i  under similar c o n d i t i o n s  o f  wa te r  t empera ture  and 

hardness  (Herber t  and Sherben 1964, S i n l e y  - e t  -* a1 9 1974) .  . . . 

Many previ.ous s t u d i e s  have demonstra ted t h e  d e l e t e r i o u s  

e f f e c t s  o f  heavy m e t a l  p o l l u t i o n  upon t e l e o s t  f i s h  (Rrown and 

Dal ton 1970, Gardner and Tev i t ch  1970, Greig e t  a l . ,  1977, -- 
Nehring and G o e t t l  1974,  McKim and Benoi t  1971, McKim e t  a l . ,  -- 
1970,  Sprague -- e t  a l . ,  1965, S i n l e y  e t  a 1  1974, Watson and - * 9 

McKeown 1976a,b) . Zinc a t  s u b l e t h a l  c o n c e n t r a t i o n s ,  f o r  

example, caused s i g n i f i c a n t  e l e v a t i o n s  i n  plasma g lucose  i n  

Salmo g a i r d n e r i  a f t e r  seven  days (Watson and McKeown 1976a) . 
This  hyperglycem5a:was a t t r i b u t e d  t o  s t r e s s ,  due t o  t h e  

exposure  t o  z i n c ,  which causes  i n c r e a s e d  c o r t i c o s t e r o i d  p ro -  

duc t ion  i n  t e l e o s t s  (Donaldson and Dye 1975, Mazeud - e t  * a 1  9 

1977, Watson and McKeown 1976a,b) . C o r t i c o s t e r o i d s  a r e  g luco-  

neogenic  i n  t e l e o s t s  ( B u t l e r  1968, B u t l e r  1973, Freeman and 

I d l e r  1973, I n u i  and Yokote 1975, Chan and Woo 1978) and 

e l e v a t e d  l e v e l s  would t h e r e f o r e  r e s u l t  i n  i n c r e a s e d  h e p a t i c  

g lucose  ou tpu t .  I n  t h i s  s t u d y ,  t h e r e  were s i g n i f i c a n t  e l e -  

v a t i o n s  i n  plasma g lucose  of f i s h  exposed t o  0.081 ppm, 

0.096 ppm and 0.352 ppm o f  z i n c  a f t e r  one day. I n c r e a s e d  

plasma c o r t i c o s t e r o i d s  may t h e r e f o r e  have c o n t r i b u t e d  t o  

t h e  observed hyperglycemia.  



L a c t i c  a c i d  i s  a  major carbon source  f o r  gluconeogene- 

s i s  i n  z i n c - s t r e s s e d  f i s h .  S t r e s s  and even tua l  dea th  i n  

Salmo g a i r d n e r i  exposed t o  l e t h a l  concen t r a t i ons  o f  z i n c  have 

been a t t r i b u t e d  t o  t i s s u e  hypoxia ,  r e s u l t i n g  from damage and 

mucous bu i ldup  on t h e  g i l l  e p i t h e l i a .  Concomitant w i t h  t h e  

development of  hypoxia  a r e  i n c r e a s e d  t i s s u e  and plasma l e v e l s  

o f  l a c t i c  a c i d  (Burton e t  a l . ,  1972).  I n  t h i s  s t u d y  t r o u t  

exposed t o  0.352 ppm o f  z i n c  demonstrated t h e  most s e v e r e  

hyperglycemia.  A s  t h i s  z i n c  c o n c e n t r a t i o n  proved t o  b e  l e t h a l ,  

it i s  t h e r e f o r e  l i k e l y  t h a t  t h e  f i s h  were hypoxic and t h a t  

b lood l a c t i c  a c i d  l e v e l s  were e l e v a t e d .  This  l a c t i c  a c i d  

would have c o n t r i b u t e d  subs  t a n t i a l l y  ( through gluconeogenesis)  

t o  t h e  observed hyperglycemia.  

Plasma catecholamines  a r e  a l s o  e l e v a t e d  i n  t e l e o s t s  sub- 

j e c t e d  t o  va r ious  forms o f  s t r e s s  (Mazeud e t  a l . ,  1977, -- 
Nakano and Tomlinson 1067) and ep inephr ine ,  i n  p a r t i c u l a r ,  i s ,  

a  p o t e n t  hyperglycemic agen t .  I n  Salmo g a i r d n e r i  ( T e r r i e r  

and P e r r i e r  1975) ,  Esox l u c i u s  (Thorpe and Ince  1974) and 

Angu i l l a  a n g u i l l a  ( I n c e  and Thorpe 1977a) f o r  i n s t a n c e  , epine-  

p h r i n e  causes  a r a p i d  r i s e  i n  plasma glucose.  This  occurs  

through t h e  a c t i v a t i o n  of h e p a t i c  glycogen phosphory lase ,  

whereby glycogen i s  hydrolyzed and r e l e a s e d  i n t o  t h e  b lood-  

s t r eam as  g lucose  (Thorpe and Ince  1974, Umminger and 

Benziger  1975).  Concomitant w i t h  t h e  r i s e  i n  plasma g lucose  

i n  t r ~ u t ~ e x p o s e d  t o  0.352 ppm of z i n c ,  l i v e r  glycogen l e v e l s  



dropped and were s i g n i f i c a n t l y  lower t han  c o n t r o l s  on days 

3 and 5. The observed glycogen d e p l e t i o n  may consequent ly  

be  due t o  i n c r e a s e d  plasma l e v e l s  of  ep inephr ine  and t h e  

a s s o c i a t e d  a c t i v a t i o n  o f  glycogen phosphorylase .  

I n s u l i n  p o t e n t i a t e s  glucose- induced glycogen s y n t h e s i s  

i n  mammals and i s  a l s o  necessary  f o r  t h e  maintenance o f  b a s a l  

r a t e s  of  s y n t h e s i s  (E l -Refa i  and Bergman 1976) .  I n  f i s h e s ,  

i n s u l i n  a l s o  has  an impor tan t  r o l e  i n  ca rbohydra te  metabolism. 

I n s u l i n  lowers  plasma g lucose  ( I n c e  and Thorpe 1974, Thorpe 

and Ince  1974) and hyperglycemia and glycogen d e p l e t i o n  occur  

du r ing  c o n d i t i o n s  o f  i n s u l i n  l a c k  ( P l i s t e s k a y a  -- e t  a l . ,  1976, 

Thorpe 1976).  I n  t h i s  s t u d y ,  t r o u t  exposed t o  0.352 ppm o f  

z i n c  had depressed  plasma i n s u l i n  l e v e l s  f o r  t h e  f i r s t  seven 

days ,  w i t h  s i g n i f i c a n t  d i f f e r e n c e s  on days 2 ,  3  and 7. This  

r e d u c t i o n  i n  plasma i n s u l i n  may have c o n t r i b u t e d  t o  t h e  

observed hyperglycemia and glycogen d e p l e t i o n .  I n  a d d i t i o n ,  

ep inephr ine  i n h i b i t s  i n s u l i n  s e c r e t i o n  i n  t e l e o s  ts  , w i t h  

r e s u l t i n g  hyperglycemia ( I n c e  and Thorpe 1977a) .  The 

depressed  i n s u l i n  l e v e l s  may t h e r e f o r e  have been due i n  p a r t  

t o  r a i s e d  plasma ep inephr ine  l e v e l s .  

I n  t r o u t  exposed t o  0.081 and 0.096 ppm o f  z i n c  changes 

i n  plasma i n s u l i n  and l i v e r  glycogen were n o t  moni tored.  

However, t h e  observed hyperglycemia i n  t h e s e  groups may a l s o  

have been due t o  changes i n  plasma i n s u l i n  and e p i n e p h r i n e ,  

i n  a d d i t i o n  t o  a c t i v a t i o n  o f  t h e  p i t u i t a r y -  i n t e r r e n a l  a x i s .  



On day 9 of  t h e  exper iment ,  i n s u l i n  l e v e l s  i n  t r o u t  

exposed t o  0.352 ppm o f  z i n c  r e t u r n e d  t o  c o n t r o l  l e v e l s .  

Plasma g lucose  a l s o  dropped t o  n o n - s i g n i f i c a n t  l e v e l s  wh i l e  

l i v e r  glycogen r o s e  t o  h i g h l y  s i g n i f i c a n t  l e v e l s  (P  < 0.005). 

Although t h e  sample s i z e  f o r  t h i s  group was sma l l  (N = 3 ) ,  a  

t r e n d  towards acc l ima t ion  is e v i d e n t .  Plasma i n s u l i n  and 

g lucose  l e v e l s  a r e  normal iz ing  and t h e r e  i s  r e p l e t i o n  of  l i v e r  

glycogen.  However t h e  ove rex ten t  t o  which l i v e r  glycogen is 

r e s t o r e d  on day 9 i s  n o t  e a s i l y  expla ined .  I n  m a m m a l s ,  an  

i n c r e a s e  i n  plasma g lucose  s t i m u l a t e s  h e p a t i c  glycogen 

p roduc t ion  (Dewulf and Hers 1967, E l -Re fa i  and Bergman 1976) . 
I f  t h e  same is  t r u e  i n  t e l e o s t s ,  t hen  t h e  observed hyperg ly-  

cemia i n  z i n c - t r e a t e d  t r o u t  should have s t i m u l a t e d  glycogen 

s y n t h e s i s .  I n  a c t u a l  f a c t ,  however, no r e p l e t i o n  was e v i d e n t  

u n t i l  day 7 ,  and t h i s  was c o i n c i d e n t  w i t h  a  d e c l i n e  i n  plasma 

g lucose .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  e l e v a t e d  plasma ep ine-  

p h r i n e  and lowered plasma i n s u l i n  l e v e l s  e f f e c t i v e l y  prevented  

any s y n t h e s i s  up t o  t h i s  p o i n t .  

The drop i n  plasma glucose on days 7 and 9 may have 

been c o i n c i d e n t  w i t h  a  d e c l i n e  i n  catecholamine l e v e l s  a s  t h e  

f i s h  a d j u s t e d  t o  t h e  z i n c  concen t r a t i on .  This would then  have 

a l lowed normal s t i m u l a t i o n  of  glycogen s y n t h e s i s  by g lucose .  

Fur thermore,  t h e  r i s e  i n  plasma i n s u l i n  would probably have 

p o t e n t i a t e d  t h i s  s y n t h e s i s .  

S t u d i e s  c a r r i e d  o u t  on young dogs i n  which hypoxia 

was expe r imen ta l ly  induced,  demonstrated a  catecholamine 



induced suppres s ion  of i n s u l i n  r e l e a s e  coupled w i t h  s e v e r e  

hyperglycemia.  This hyperglycemia was a t t r i b u t e d  t o  a  

dec reased  p e r i p h e r a l  u t i l i z a t i o n  o f  g lucose  (due t o  low 

i n s u l i n  l e v e l s )  and i n c r e a s e d  l i v e r  g lycogenolys i s  by d i r e c t  

sympa the t i c  s t i m u l a t i o n  and r a i s e d  plasma ep inephr ine  ( P o r t e  

and Robertson 1973). I f  t h i s  response  o f  dogs t o  hypoxia is 

compared t o  t h e  response of  Salmo g a i r d n e r i  exposed t o  0 .352 

ppm o f  z i n c  and presumed t o  be  a l s o  hypoxic ,  t h e r e  is  a  

s t r i k i n g  s i m i l a r i t y  i n  t h e  p h y s i o l o g i c a l  responses .  

A s  z i n c  i s  an impor tan t  t r a c e  e lement  i n  i n s u l i n  s t o r a g e  

i n  mammals (Gre ider  e t  a 1  1969,  Howell e t  a l . ,  1969) and is - * 9 -- 
found i n  a p p r e c i a b l e  q u a n t i t i e s  i n  t h e  i n s u l i n  c e l l s  

o f  Salmo ga i . rdne r i  (Chapter  2 ) ,  a  d i r e c t  e f f e c t  o f  t h e  metal  

upon i n s u l i n  s e c r e t i o n  i n  z inc-exposed f i s h  cannot be  ignored.  

Zinc may e n t e r  t h e  f i s h  by way o f  t h e  g i l l s  (Hodson 1974) and 

e s p e c i a l l y  t h e  i n t e s t i n e ,  as t h e  food p e l l e t s  i n v a r i a b l y  

become contaminated w i t h  t h e  t e s t  wa te r .  The i s l e t  organ 

o f  Salmo g a i r d n e r i  has  been shown t o  accumulate i n j e c t e d  6 5 ~ n  

(Chapter  2) and t h e r e f o r e ,  i t  may a l s o  accumulate z i n c  i n  f i s h  

exposed t o  and i n g e s t i n g  h i g h e r  t h a n  normal l e v e l s  o f  t h e  

me ta l .  While Watson (1978) found no i n c r e a s e s  i n  plasma z i n c  

of  Salmo g a i r d n e r i  exposed t o  s u b - l e t h a l  z i n c  concen t r a t i ons  

over  t h i r t y  days ,  o t h e r  s t u d i e s  w i t h  t e l e o s t s  and elasmobranchs 

have demonstra ted s i g n i f i c a n t  l e v e l s  of t i s s u e  accumulation 

over  t ime (F los  ' e t  -- ' a l . ,  1979, Nakatani  1966, Skidmore 1964) . 



I t  i s  p o s s i b l e  t h a t  plasma l e v e l s  o f  z i n c  a r e  c l o s e l y  regu-  

l a t e d  and t h a t  any excess  accumulat ion i s  simply shunted  t o  

o rgans ,  such a s  t h e  l i v e r ,  kidneys and panc reas ,  f o r  s t o r a g e  

o r  e x c r e t i o n .  I n  t h i s  s tudy  an accumulat ion of z i n c  w i t h i n  

t h e  i n s u l i n  c e l l s  may have c o n t r i b u t e d  t o  t h e  lowered plasma 

i n s u l i n  l e v e l s .  

Seasona l  and c i r c a d i a n  v a r i a t i o n s  i n  ca rbohydra te  

metabolism have been i n v e s t i g a t e d  i n  s e v e r a l  t e l e o s t s  t o  

d a t e .  While t h e r e  i s  c o n f l i c t i n g  evidence i n  r e g a r d  t o  a  

c i r c a d i a n  rhythm f o r  plasma g lucose  (Lea ther land  e t  a 1  - * , 
1974, Narasimhan and Sundarara j  1971, Shap i ro  and Hoffman 

1975) ,  s e a s o n a l  v a r i a t i o n s  i n  plasma g lucose  (Leach and 

Taylor  1977, McKay-and Bea t ty  1968, Robertson e t  a l . ,  1961) -- 
and l i v e r  i n d  muscle glycogen (Foda 1974, Gordon and McLeay 

1978,  Val tonen 1974) have been w e l l  documented. However, 

monthly v a r i a t i o n s  i n  ca rbohydra te  metabolism have no t  been 

i n v e s t i g a t e d  t o  our  knowledge. I n  t h i s  s t u d y ,  two peaks i n  

plasma g lucose  of  equa l  h e i g h t  and f o u r t e e n  days a p a r t  occur red  

i n  t h e  c o n t r o l  group over  31 days.  Each o f  t h e s e  peaks was 

s i g n i f i c a n t l y  h i g h e r  t han  t h e  mean plasma g lucose  l e v e l s  on 

t h e  sampling days preced ing  and fo l lowing  i t .  Seasona l  changes 

i n  plasma g lucose  have been c o r r e l a t e d  w i t h  plasma c o r t i s o l  

i n  salmonids (Robertson - e t  -* a 1  9 1961) and w i t h  temperature  and 

spawning i n  Fundulus h e t e r o c l i t u s  (Leach and Taylor  1977) . 
I n  Salmo g a i r d n e r i ,  changes i n  glycogen r e s e r v e s  occur  



independent ly  of  pho toper iod  and have been a t t r i b u t e d  t o  e i t h e r  

growth o r  i n n a t e  rhy thmic i ty  (Gordon and McLeay 1978) .  A s  

t h e r e  were no s i g n i f i c a n t  f l u c t u a t i o n s  i n  t empera ture  d u r i n g  

t h i s  experiment and sampl ing was done a t  t h e  same t ime each  

day,  t empera ture  and c i r c a d i a n  e f f e c t s  may b e  r u l e d  o u t .  

The changes i n  plasma g lucose  observed may t h e r e f o r e  r e f l e c t  

an  i n t e r n a l  b i o l o g i c a l  rhythm o p e r a t i n g  on a monthly c y c l e .  

However, f u r t h e r  s t u d i e s  a r e  neces sa ry  t o  confirm o r  deny 

t h i s  hypo thes i s .  

S e v e r a l  radioimmunoassays employing t e l e o s  t i n s u l i n  

components have been developed d u r i n g  t h e  p a s t  decade 

( P a t e n t  and Foa 1971, P i l s e t s k a y a  - e t  * a 1  9 1976, Thorpe and 

Ince  1976) .  I n  t h i s  s t u d y ,  a  c h a r c o a l - s e p a r a t i o n  r a d i o -  

immunoassay, employing a n g l e r f i s h  i n s u l i n  and a n t i - a n g l e r f i s h  

i n s u l i n  serum, was used t o  measure plasma i n s u l i n  i n  Salmo 

g a i r d n e r i .  While i t  i s  a c c e p t a b l e  t o  use a  radioimmunoassay 

i n  a  he t e ro logous  f a s h i o n  a s  s u c h ,  t h e  s p e c i f i c i t y  o f  t h e  

a s s a y  f o r  o t h e r  s p e c i e s  must b e  v e r i f i e d .  Thorpe and Ince  

(1976) v e r i f i e d  t h e  s p e c i f i c i t y  of  t h e i r  a s s a y ,  employing 

c o d f i s h  i n s u l i n  components, by recovery  and p a r a l l e l i s m  

s t u d i e s .  I n  t h i s  s t u d y ,  88 - 94% recovery  was o b t a i n e d  of  

a n g l e r f i s h  i n s u l i n  added t o  t r o u t  plasma. This i n d i c a t e s  

t h a t  t h e r e  is minimal i n t e r f e r e n c e  by t h e  t r o u t  plasma i n  

t h e  measurement o f  i n s u l i n .  Fur thermore ,  t h e  a s say  was 

de te rmined  t o  be s p e c i f i c  f o r  a  rainbow t r o u t  i n s u l i n  by 

p a r a l l e l i s m  s t u d i e s .  



GENERAL SUMMARY AND CONCLUSIONS 

This  s t u d y  was under taken  t o  answer t h r e e  b a s i c  q u e s t i o n s  

i n  t h e  a r e a  o f  t r o u t  p a n c r e a t i c  physiology:  

What hormone-producing c e l l s  a r e  p r e s e n t  i n  t h e  

p a n c r e a t i c  i s l e t s  o f  t h e  rainbow t r o u t ?  

Do t h e  i n s u l i n  c e l l s  c o n t a i n  z i n c ?  

What e f f e c t s  do z inc -  induced hyperglycemia have upon 

glycogen metabolism and i n s u l i n  s e c r e t i o n  i n  t h i s  

s p e c i e s ?  

Using immunocytochemi~al  s t i i i n i n g  methods, f o u r  d i f f e r e n t  

c e l l  types  were l o c a l i z e d ;  i n s u l i n ,  glucagon/GIP, s o m a t o s t a t i n  

and p a n c r e a t i c  p o l y p e p t i d e  c e l l s .  A f i f t h  c e l l  t y p e ,  t h e  

c l e a r  c e l l ,  was a l s o  found i n  l a r g e  numbers. The f u n c t i o n  o f  

t h i s  c e l l  t ype  i s  n o t  known and i t  w i l l  t h e r e f o r e  b e  t h e  stlb- 

j e c t  o f  f u r t h e r  i n v e s t i g a t i o n s  . 
Zinc was found i n  h i g h e r  c o n c e n t r a t i o n  ( two- fo ld)  i n  t h e  

i n s u l i n  c e l l s  t han  i n  any o t h e r  c e l l  type .  While t h e  f u n c t i o n  

o f  t h i s  meta l  i s  n o t  known, p r ev ious  s t u d i e s  i n  f i s h  and 

mammals would i n d i c a t e  t h a t  i t  i s  impor tan t  i n  t h e  s t o r a g e  o f  

i n s u l i n .  

Zinc- induced hyperglycemia i n  t r o u t  i s  accompanied by 

h e p a t i c  glycogen d e p l e t i o n  and depressed  plasma i n s u l i n  l e v e l s .  

The lowered i n s u l i n  l e v e l s  may b e  due t o  hormonal i n f l u e n c e s  

o r  t o  t h e  a c t i o n  of z i n c  on t h e  i n s u l i n  c e l l s .  These observed 



changes may be shor t - t e rm surviva l -or ienta ted  adapta t ions  

t o  tox ican t  s t r e s s .  On t h e  long-term however, they may have 

s e r i o u s  consequences f o r  f i s h  i n  the  n a t u r a l  environment. 
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