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Of the heavy metals most to x ic  to  marine animals, s i l v e r  is  
reported to  be the most le th a l  in  the bioassay o f  ce r ta in  ju v e n i le  
b iva lves (NELSON et a]_., 1976), to  rank second only to  mercury in 
the bioassay o f  marine la rv a l  forms (WALDICHUK, 1974), and to  rank 
th i r d  a f t e r  mercury and cadmium in  the bioassay o f  many a d u lt  f i s h  
(NAS, 1973). The cunner (Tautogolabrus adspersus) ,  a coastal f is h  
having considerable res is tance to  environmental challenge, is  par­
t i c u l a r l y  s e n s it ive  to  s i l v e r ;  i t  survives a 96-h exposure to  
48 ppm cadmium (NOAA, 1974), but is  k i l l e d  during a s im i la r  expo­
sure period by only 1 ppm s i l v e r  (THURBERG and COLLIER, 1976).

R e la t ive  to lerance to  s i l v e r ,  as w ith  o ther metals, varies 
w ide ly w i th  species (COLEMAN and CEARLEY, 1974), s a l i n i t y  (OLSON 
and HARREL, 1973; THURBERG e t  al_., 1973; THURBERG and DAWSON, 1974), 
and temperature (REHWOLDT e t al_., 1972; MACLEOD and PESSAH, 1973). 
S t i l l  another fa c to r  th a t  determines the nature and degree o f meta­
b o l ic  s tress  caused by a metal is  i t s  chemical form, a var iab le  
th a t  has received l i t t l e  a t te n t io n  thus fa r .  I t  seemed re levan t,  
th e re fo re ,  to  inves t iga te  the e f fe c ts  o f  two d i f f e r e n t  s i l v e r  sa lts  
on the cunner (T. adspersus) because o f  i t s  high s e n s i t i v i t y  to 
th is  metal.

In the work reported here, we examined some e f fe c ts  o f  a 
96-h exposure o f  cunners to s i l v e r  e i th e r  as the n i t r a te  or as 
the acetate. Our purpose was to  determine whether one s a l t  might 
be considered more to x ic  than the o the r, as measured by a common 
phys io log ica l parameter, g i l i - t is s u e  re s p i ra t io n ,  and by enzyme 
a c t i v i t y  in  l i v e r  and ske le ta l muscle. We wished also to  d iscover 
whether these d i f f e r e n t  c r i t e r i a  o f  metabolic s tress would lead 
to  s im i la r  conclusions regarding the re la t iv e  t o x i c i t i e s  o f  these 
two s a l ts .

MATERIALS AND METHODS

Animal exposure: Cunners were co l lec ted  from Long Is land 
Sound near M i l fo rd ,  Connecticut, and kept in  tanks o f  f low ing , 
s a n d - f i l te re d  seawater (24 + 2 o/oo s a l i n i t y )  in  the labora to ry  
f o r  1-2 wk o f  acc l im a tion . During th a t  period they were fed a 
m ixture o f  Purina Trout Chow and chopped meats o f  the s u r f  clam 
( Spisula s o l id is s im a ) ,  but were unfed fo r  4-5 days p r io r  to  and 
during each experimental exposure. The f i s h ,  ranging in  weight
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from 25,9 to  127.6 g (mean wt = 54.6 g) and in  length from 130 to 
242 mm (mean length = 158 mm), were randomly selected and placed, 
fo u r  per tank , in  s ix  8 0 - l i t e r ,  a l l - g la s s  aquaria conta in ing 60 
l i t e r s  o f  aerated, s a n d - f i l te re d  seawater (24 + 2  o/oo s a l i n i t y )  
maintained a t  room temperature (22 + 2  C). Background leve l o f  
s i l v e r  in  the seawater was 0.001 ppm. Two tanks received s i l v e r  
as AgN03 to  a ca lcu la ted  0.5 ppm Ag; two other tanks received 
s i l v e r  as AgC2H302, also to  a ca lcu la ted  0.5 ppm Ag; and a f in a l  
p a ir  o f  tanks served as untreated c o n t ro ls .  Four experimental 
series were performed in  th is  manner. A t the end o f  each 96-h 
exposure period , the f i s h  were removed and tissues excised fo r  
te s t in g .

G i l i - t is su e  re s p i ra t io n :  Two g i l l s  were dissected from 
each f i s h ,  r insed a f t e r  any c lo t te d  blood was removed by gentle  
teas ing , and placed in  a 15-ml Warburg-type f la s k  conta in ing 5 ml 
o f  the seawater in  which the animal had been exposed. Oxygen- 
consumption ra tes were monitored in a Gilson D i f fe re n t ia l  Res­
pirometer a t 20 C over a 3- to  5-h pe r iod , and ca lcu la ted as y£ 
oxygen consumed per h per g dry wt g i l i  t issue  ( u ^ / h / g ) ,  cor­
rected to  u£ dry gas a t  standard temperature and pressure.

Tissue prepara tion : Sample pools o f  l i v e r  (from two to  
fou r  f i s h ,  depending upon s ize ) and ske le ta l  muscle (white t issue  
on ly , un ifo rm ly  from two f is h )  were stored frozen a t -29 C u n t i l  
t e s t in g .  The l i v e r  samples were homogenized in  iced , glass- 
d i s t i l l e d  water (1 :9 ,  w/v) and cen tr i fuged  a t  4 C and 17,000 g 
fo r  45 min. The supernates were d i lu te d  1:1.5 w ith  the iced 
water, v /v ,  rece n tr i fu g e d ,  and f i n a l l y  d i lu te d  1:1 f o r  2% prep­
a ra t ions . Skeleta l muscle pools were minced and cen tr ifuged fo r  
40 min a t 4 C and 30,000 g. The cen tr i fuged  t issue  f l u i d  (CTF)^ 
was d i lu te d  1:49 w ith  the iced water f o r  21  preparations. Pro­
te in  content o f  the t is su e  preparations was determined by the 
b iu re t  method (G0RNAL e t al_., 1949) as modified by LAYNE (1957), 
using a c r y s ta l l i z e d  bovine serum albumin standard.

Assay procedures: The water used in preparing a l l  s o lu ­
t ions  was doubly g la s s - d is t i l l e d  and iced , and so lu t ions  o f  co­
enzymes were made fresh d a i ly .  Reaction rates were measured a t 
340 nm and 25 C; each assay was based on the ox ida t ion  o r  reduc­
t io n  o f  a py r id ine  nuc leotide  coenzyme, the reduced form o f which 
absorbs s trong ly  a t  th is  wavelength.

The enzymes fo r  l i v e r  study were aspartate amino­
transferase (E.C. 2 .6 .1 .1 ;  AAT), a major transaminase already in 
use as a metabolic c r i t e r io n  (B IESINGER and CHRISTENSEN, 1972;

1 Abbrevia tions used in the report are: CTF, cen tr i fuged  t issue  
f l u i d ;  ADP, adenosine diphosphate; PEP, phosphoenolpyruvate; ATP, 
adenosine tr iphospha te ; NADH, the reduced form o f  nicotinamide 
adenine d in u c le o t id e ,  NAD.
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GOULD and KAROLUS, 1974; GOULD e t a]_., 1976), and glucose-6- 
phosphate dehydrogenase {E.C. 1 .1 .1 .49 ; G6PdH), a magnesium-linked 
shunt enzyme useful in  de tec t ing  sub le tha l s tress  induced by cad­
mium (GOULD, in  press). The protocol f o r  AAT was the same as th a t  
used in a previous study o f  metal-exposed cunners (GOULD and 
KAROLUS, 1974), and the G6PdH protocol has also been described in 
d e ta i l  elsewhere (GOULD, in  press).

For s ke le ta l  muscle, we measured the e f fe c t  o f  in 
v i t r o  cadmium ch lo r ide  on pyruvate kinase (E.C. 2 .7 .1 .40 ; PK), a 
magnesium-dependent enzyme operating a t  a primary metabolic in t e r ­
section in the m o b i l iza t io n  o f  energy, and h ig h ly  s e n s it ive  to 
metal ligands (B0Y£R, 1962). The coupled assay fo r  PK was based 
on the method o f  BUCHER and PFLEIDERER (1955):

PK
ADP + PEP >  pyruvate + ATP

Lon
pyruvate + NADH------------- 5* la c ta te  + NAD

The purpose o f  the assay w ith  added cadmium ion (4 yM assay concen­
t r a t io n )  was to  d iscover any d i f fe rence  in  binding c h a ra c te r is t ic s  
o f  ske le ta l muscle PK between con tro l and exposed f i s h .  Add it ion  
o f  p u r i f ie d  l a c t i c  dehydrogenase ( ra b b i t  muscle, 80 u n i ts )  d id  not 
increase PK a c t i v i t y ,  e i th e r  in  the standard assay or in  the assay 
w ith  added cadmium. The 3.0-ml react ion  mixture comprised: 1.75 ml 
triethanolamine-HCl b u f fe r ,  0.10 M, pH 7 .5 ; 0.10 ml NADH, 4.5 mM; 
0.25 ml MgCl2 .6H20, 100 mM; 0.50 ml KC1, 0.45 M; 0.10 ml 2% CTF; 
and, to  s t a r t  the reac t ion  a f t e r  no fu r th e r  ox ida t ion  o f  NADH could 
be detected, 0.20 ml o f  a so lu t io n  o f  equal volumes o f  6.9 mM ADP 
and 23.4 mM PEP. For the assays conta in ing added cadmium, b u f fe r  
volume was 1.65 ml, and 0.10 ml 120 yM CdC12-2-1/ 2 H2 O was p ipetted 
in to  the cuvettes before add it ion  o f  substrate .

RESULTS

Oxygen-consumption rates were s ig n i f i c a n t l y  depressed in  g i l i  
t issues from cunners exposed to  s i l v e r  (0.5 ppm Ag) e i th e r  as the 
n i t r a te  o r as the acetate s a l t ,  w ith  both s a l ts  causing the same 
degree o f  depression (Table 1).

On the other hand, the two s i l v e r  sa l ts  provoked d i f f e r e n t  
responses in  the a c t i v i t y  o f  the two l i v e r  enzymes examined 
(Table 2).  AAT a c t i v i t y  averaged 226 un its  in  the n itra te-exposed 
f i s h  and 273 in  the acetate-exposed f i s h ;  average value in  the 
con tro l f i s h  was 252. The d i f fe re n ce  between the e f fe c ts  o f  the 
two sa l ts  was s ig n i f i c a n t  (P< .025).

S i lv e r  n i t r a te  depressed l i v e r  G6PdH a c t i v i t y  ( P<-01). The 
acetate s a l t ,  however, induced only a small depression th a t  did 
not d i f f e r  s ig n i f i c a n t l y  from the con tro ls  (Table 2).
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T A B LE  1

G i l i - t is s u e  oxygen-consuiïiption rates o f  cunners (Tautogolabrus 
adspersus) exposed fo r  96 h to  0.5 ppm Ag as e i th e r  AgNÛ3 or 
AgC2Hg02.

Experimental Number 
cond it ions

f is h

Oxygen-consumption ra tes3 Level o f
_ _ , . s ig n i f ic a n ce 13 

X S.E. (range)

Controls 22 810 24 (665-1050) -i 1

Pc 0.01
AgNOo 21 637 33 (413- 912) ^ P<0 .01

o NS
AgC2H302 22 599 22 (410- 7 7 7 )J -

a y£02/h /g  dry weight g i l i  t is su e .

b "S tuden t 's "  t - t e s t .

TABLE 2

Enzyme a c t i v i t y  in  the 1 i  ver o f  cunners (Tautogolabrus adspersus)
exposed f o r  96 h to  0.5 ppm Ag as e i th e r  AgN03 or AgC2 H3Û2 •

Experimental a A c t i v i t y 13 Level o f
Enzyme conditions nd si an if icance0

X S.E. (range)

AAT:
Controls 11 252 16 (137-331) -

NS
AgN03 14 226 13 (162-292) -

Pi .025 NS
AgC2H3Ü2 13 273 13 (197-342) - -

G6PdH:
Controls 11 140 11 ( 84-205) -i

Pc .01
AgN03 14 104 6 ( 56-144) : NS

NS
AgC2  H 3 ^ 2 13 125 9 ( 87-181) - -

a Each sample pool comprised l i v e r s  from 2 to 4 f i s h .

b Unit o f  a c t i v i t y  is  micromoles NADH oxid ized (AAT) or NADP 
reduced (G6PdH)/min/mg p ro t .

c "S tuden t 's "  t - t e s t .
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In s ke le ta l  muscle, the leve l o f  pyruvate kinase a c t i v i t y  
did not change in e i th e r  group o f  s ilver-exposed f i s h .  Howèver, 
in  v i t r o  cadmium (assay concentration 4 yM) in h ib i te d  PK in  the 
con tro ls  by 12.5%, and by h a l f  again as much (18.6 and 19.1%) 
in  the s ilver-exposed f i s h  (Table 3 ).  There was no d if fe rence  
in  e f fe c t  between the two s a l t s ;  ske le ta l  muscle PK in both ex­
posed groups was c le a r ly  more sens it ive  to  cadmium in h ib i t io n  
( n i t r a t e ,  P< .01 ; aceta te , P i . 001) than in  the  con tro l group:

TABLE 3

Cadmium in h ib i t io n  o f  pyruvate kinase in  s k e le ta l  muscle o f  cunners 
(Tautogolabrus, adspersus) a f t e r  a 96-h exposure to  0.5 ppm Ag as 
e i th e r  AgN03 o r  AgC2H302.

Experimental
cond it ions n

Cd

X

in h ib i t io n  o f  PKa
(%)

S.E. (range)

Level o f  
s ig n i f i  canceb

Controls 10 12.5 1.2 ( 6 .5 -19 .2 ) - P<.01 “

AgN03 10 19.1 1.6 (10.5-26.2 ) :
NS

P <. 001

AgC2H302 10 18.6 1.5 (15.5-24.6)

3 CdCl2 .2 - l /2 H 20 assay concn = 4 yM.

b "S tuden t 's "  t - t e s t .

DISCUSSION

The s i lve r - induced  re s p ira to ry  depression reported here f o r  
cunners has a lso been observed in mud sn a i ls  (Nassarius obso le tus) 
exposed f o r  72 h to  0.5 ppm Ag as n i t r a te  (MACINNES and THURBERG, 
1973). In co n tra s t ,  s i l v e r  elevated oxygen-consumption rates in 
s ix  species o f  b ivalves exposed fo r  96 h to s i l v e r  n i t r a te  a t  con­
cen tra t ions  ranging from 0.01 to  1.0 ppm Ag (THURBERG e t aU , 1974, 
1975; NELSON et_ al_. , 1976). The observations here o f f e r  fu r th e r  
p roo f th a t  the nature o f  s i l v e r ' s  to x ic  e f fe c ts  varies among animal 
c lasses .

The biochemical parameters used to  assess the r e la t iv e  to x -  
i c i t i e s  o f  the two s i l v e r  s a l ts  suggest t h a t ,  in  a d d i t io n ,  the 
m e ta l 's  e f fe c ts  vary w ith  the nature o f  the s i l v e r  compound. The G6P- 
dH data in d ic a te  th a t  the n i t r a te  but not the acetate s a l t  pro­
duces metabolic  s tress ,  but one might consider the d i f fe rence  in 
e f fe c t  one o f  degree only (Table 2). The observed d i f fe re n c e  be­
tween the two s a l t s '  e f fe c t  upon AAT a c t i v i t y  is  supported by a 
s im i la r  observation in  cadmium-exposed rock crabs (Ĉ . i r r o r a t u s ).
In th a t  case, the ch lo r ide  s a l t  proved to  be more to x ic  than the 
n i t r a t e ,  as measured by heart AAT a c t i v i t y  and by m o r ta l i t ie s
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(GOÜLD e t  aj_.> 1976), as well as by g i l i - t is s u e  oxygen consump­
t io n  (DAWSON, pers. commun.)2 . The c h lo r id e  s a l t  cons is ten t ly  
and very s ig n i f i c a n t l y  elevated AAT va lues, whereas the n i t r a te  
c o n s is te n t ly  lowered them, although to  a much lesser degree; 
and the d if fe rence  between the two s a l ts  was always g reater than 
the d i f fe rence  between e i th e r  s a l t  and the co n tro ls .

Not s u rp r is in g ly ,  PK a c t i v i t y  in  s ilve r-exposed cunners did 
not change in the ske le ta l  muscle, where leve ls  o f  enzyme a c t i v i t y  
are re s is ta n t  to  environmental in f lu e n ce . Enzyme r e a c t i v i t y  w ith  
in  v i t r o  metal l igands, however, proved to  be a more sens it ive  
gauge o f  enzyme change induced by in  v ivo  metals than were standard 
measurements o f  enzyme a c t i v i t y .  S ke le ta l muscle PK a c t i v i t y  in  
both groups o f  s i lver-exposed f i s h  was in h ib i te d  by in v i t r o .cad- 
mium ion to  a s ig n i f i c a n t l y  g reater degree than in  the contro l 
f i s h .  This observation re in fo rces o the r  work w ith  metal-exposed 
marine animals, in  whose tissues enzyme s e n s i t i v i t y  to  in  v i t r o  
metal l igands changed s ig n i f i c a n t l y  (GOULD and KAROLUS, 1974;
GOULD e t  al_., 1976; THURBERG e t  al_., in  press; GOULD, in  press).

Poisoning o f  enzymes is  an important mechanism o f  heavy-metal 
to x ic  ac t ion .  S i lv e r  n i t r a t e ,  by in h ib i t in g  G6PdH in  the study 
reported here, in te r fe re d  more s trong ly  than s i l v e r  acetate in  
pentose shunt a c t i v i t y ,  consequently slowing the f low  o f  metabo­
l i t e s  to  the b iosyn the t ic  pathways fo r  nuc le ic  ac ids , l i p id s ,  
and s te ro id s .  On the basis o f  th is  e f f e c t ,  the n i t r a te  s a l t  might 
be said to  be more to x ic  than the acetate. The e f fe c ts  o f  the two 
s a l ts  upon PK l igand s e n s i t i v i t y ,  however, were s im i la r ,  as was 
also t rue  o f  g i l l - t i s s u e  oxygen consumption. These apparently 
d ivergent observations are not necessar i ly  con trad ic to ry  ; physio­
lo g ic a l  s tress  may a r ise  from the pe rtu rba t ion  o f  any one or more 
metabolic pathways, and re s p ira to ry  d is turbance, although i t  may 
signal general phys io log ica l s tress ,  does not d is t in g u ish  the 
nature o f  such s tress .  In seeking to  understand the mechanism o f 
a m eta l 's  to x ic  a c t ion ,  th e re fo re ,  i t  is  well to  look a t several 
metabolic parameters.

I t  might reasonably be argued th a t  because s i l v e r  n i t r a te  
is  more so lub le  than the ace ta te , the d if fe rences  in  t h e i r  e f fe c ts  
upon the l i v e r  enzymes may be due to  ava i la b le  meta l- ion concen­
t r a t io n .  But i f  such were the case, the d i f fe rences  would be a 
m atter o f  magnitude o n ly ;  and the e f fe c ts  observed in  th is  study 
d i f f e r  in  character as w e l l ,  as ind ica ted in  the AAT data.

Ind iv idua l to x ic  e f fe c ts ,  e spec ia l ly  r e la t i v e ly  small ones, 
may be overcome in time by metabolic compensation, a t  d i f f e r in g  
rates and to  d i f f e r e n t  degrees. In sequence to  th is  i n i t i a l  study, 
th e re fo re ,  we plan a ser ies  o f  long-term exposures w ith  pe r iod ic  
te s t in g ,  the b e t te r  to  id e n t i f y  those heavy-metal e f fe c ts  th a t  
most se r ious ly  d is rup t  metabolism.

2 DAWSON, M. A . ,  1976. NOAA, NMFS, NEFC, M il fo rd  Laboratory, 
M i l fo rd ,  Conn. 06460.
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In summary, short- te rm  exposure to  0.5 ppm s i l v e r  as e i th e r  
n i t r a te  or acetate causes re s p ira to ry  d is t re ss  in  the cunner. 
A c t i v i t i e s  o f  two l i v e r  enzymes in d ic a te  th a t  the n i t r a te  s a l t  
induces a s l i g h t l y  h igher metabolic s tress  than does the acetate.
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