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ABSTRACT: Lobsters (Homarus americanus) were exposed to cadmium (6/~g 1-1, 30 days) in flowing 
seawater, then held for 7 days in aerated "clean" seawater at either ambient (27 %0) or low (17 %0) 
salinity. Cadmium exposure alone (ambient salinity) induced a general elevation of enzyme activity 
(heart, antennal gland, and muscle MDH; heart LDH and GPI), despite the probability of some 
clearance of cadmium from body tissues during the "clean" seawater holding period. Low-salinity 
alone (non-exposed lobsters) caused a decrease of enzyme activity (AAT, LDH, GPI, PK) in most 
tissues examined, except for tail muscle IDH, file activity of which was increased, and MDH, which 
was significantly elevated above ambient controls in all tissues except heart. Most low-salinity 
effects were observed in tail muscle, and most cadmium effects, in heart; low-salinity effects 
outnumbered cadmium stress by nine to four. In heart and tail muscle of cadmium-exposed lobsters 
held at low salinity, each of the two stresses apparently operated to nullify the other's effects. The 
most prominent single biochemical response to these sublethal stresses was the elevation of MDH 
activity. The ratio MDH: LDH gave the clearest indication of overall relative stress. 

INTRODUCTION 

For the bet ter  part  of the past  decade,  we  have  examined  in our laboratory the 

phys io logica l  effects of heavy  metals  on mar ine  animals  (Calabrese et  al., in press). 

Short- term bioassay work  led to long- te rm sublethal  exposures  to which  has b e e n  added,  
in recent  years, subsequen t  cha l l enge  by a natural  variable.  The purpose  is to discover  

how suble thal  meta l  exposure  affects an an imal ' s  capaci ty to adapt  to env i ronmenta l  

change.  This report  descr ibes  such an exper iment :  a 1-month exposure  of Amer ican  

lobsters, Homarus americanus, to sublethal  cadmium (6 /~g 1-1), fo l lowed by a 7-day 

hold ing  per iod in seawate r  of e i ther  ambien t  or low salinity. At very low concentrat ions,  

cadmium can al ter  metabol ic  pat terns in adult  mar ine  animals  (Calabrese et al., 1977), 

inc lud ing  the lobster, and also strongly modifies,  in Mytilus edulis larvae,  life functions 

that are sa l in i ty -dependen t  (Lehnberg & Theede ,  1979). 
The lobster  was se lec ted  as an osmoconformer  that adapts only slowly to chang ing  

ionic concentrat ions.  It will,  however ,  survive an abrupt  drop in salinity wi th in  its 

to lerance  range  (Dall, 1970). Milford Harbor  water,  in which  the test animals  were  
accl imated,  had  an average  salinity of 27 %o at the t ime of the exper iment ;  for the low- 

salinity chal lenge,  therefore,  we  se lec ted  17 %0 as be ing  stressful but  we l l  wi th in  the 
le thal  l imits  set for this an imal  (McLeese, 1956) in fully oxygena ted  seawate r  at 20 ~ 
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Me tabo l i c  r e sponse  in an ima l  t issue often d e p e n d s  upon  env i ronmen ta l  sal ini ty.  As 
M u n d a y  & Poat (1971) have  po in t ed  out, " . . .  not  only  do t issues  from the same spec ies  
reac t  d i f ferent ly  to osmotic  var ia t ion,  b u t . . ,  effects on one t issue m a y  often m a s k  the 
effect on others".  Four  different  t issues,  therefore,  were  e x a m i n e d  for b iochemica l  
change  in  this  s tudy:  hear t  and  ta i l  muscle ,  be c a use  musc le  amino  ac ids  dec rease  in 
osmoconformers  at low sa l in i ty  (Prosser, 1973)i the  an t enna l  g land,  be c a use  of its 
r egu la to ry  funct ion in  ionic  ba lance ;  and  the ma le  gonad,  b e c a u s e  of the  poss ib i l i ty  that  
it  m a y  be  buf fe red  from the me tabo l i c  d e m a n d s  of gene ra l  stress, as Bayne has  obse rved  
to be  the  case  wi th  Mytilus edu]is (cited in Livingstone,  1975). 

Enzymes  se lec ted  for moni to r ing  in these  t issues  were  a lmost  en t i re ly  those  of 
glycolysis ,  as our  p r imary  in teres t  was  in  ene rgy  expendi tu re .  Pyruvate  k ina se  (PK; E.C. 
2.7.1.40) and  g lucosephospha t e  i somerase  (GPI; E.C. 5.3.1.9) s tand  at e i ther  end  of the  
E m b d e n - M e y e r h o f  p a t h w a y  of anae rob ic  glycolysis ;  g lucose -6 -phospha te  de hyd roge -  
nase  (G6PDH; E.C. 1.1.1.49) is the  m a g n e s i u m - m o d u l a t e d  regu la to r  of pen tose  shunt  
activity;  ma la t e  d e h y d r o g e n a s e  (MDH; E.C. 1.1.1.37) and  lac ta te  d e h y d r o g e n a s e  (LDH; 
E.C. 1.1.1.27) are  c losely  invo lved  in  ce l lu la r  redox  regula t ion ,  p rov id ing  the  ox id ized  
coenzyme that  is essen t ia l  for con t inu ing  glycolysis ;  and  NADP- l inked  isoci t ra te  dehy-  
d rogenase  (IDH; E . C . I . i . I . 4 2 )  r ep resen t s  the  citric ac id  cycle. Transamina t ion ,  the  most  
impor tan t  means  of in i t ia t ing  amino  ac id  ca tabo l i sm (Banks et al., 1976), was  moni to red  
in  the  lobs ter  heart ,  u s ing  aspar ta te  amino t rans fe rase  (AAT; E.C. 2.6.1.1.). 

MATERIALS AND METHODS 

A n i m a 1 e x p o s u r e. Lobsters  were  col lec ted  b y  t rap from the waters  of Long 
I s land  Sound  nea r  Milford,  Connec t icu t  (USA), and  acc l ima ted  in the  labora tory  in 
f lowing,  sand- f i l t e red  s eawa te r  for one to two w e e k s  before  e xpe r ime n t a l  exposure .  
They  were  fed c h o p p e d  c lams (Spisula solidissima) da i ly  dur ing  acc l imat ion  and  
th roughou t  the exposure  per iod.  Test  an imals  were  e xpose d  to c a d m i u m  (6/~g 1-1) as 
c a d m i u m  chlor ide  in a f low- through  sys tem as desc r ibed  by  Thurbe rg  et  al. (1977). 
S ix teen  lobsters  se rved  as controls  (4 an ima l s  pe r  285-1 f iberg lass  tank) and  the same  
n u m b e r  for c a d m i u m  exposure  in each  of the  dup l i ca t e  e xpe r ime n t a l  series.  Sa l in i ty  and  
t e m p e r a t u r e  r anges  dur ing  the 30-day  exposure  pe r iods  were  25.9-27.5 %0 and  11.2-18.2 
~ respect ive ly ,  for the  first series,  and  25.7-28.5 %0 and  14.0-23.2 ~ for the second.  
T e m p e r a t u r e  r ange  dur ing  both  7-day  ho ld ing  per iods ,  at  e i ther  a mb ie n t  or low sal ini ty,  
was 18-23 ~ . 

At  the  end  of the  first e x p e r i m e n t a l  exposure ,  the  control  lobsters  were  r e move d  in 
th ree  lots over  th ree  consecut ive  days  (29, 30, and  31 days '  exposure) ,  co lor -coded  wi th  
rubbe r  bands  to de s igna t e  the  day  of removal ,  and  p l a c e d  in a l a rge  f iberg lass  ho ld ing  
t ank  con ta in ing  ae r a t ed  wa te r  at low sa l in i ty  (17 %0). The c a d m i u m - e x p o s e d  lobsters  
were  r e m o v e d  in l ike  fashion and  p l a c e d  in ano ther  l a rge  t ank  wi th  aera ted ,  low-sa l in i ty  
seawater .  An ima l s  from the second  e x p e r i m e n t a l  exposure  were  s imi la r ly  hand led ,  but  
p l a c e d  in a e r a t ed  wa te r  of amb ien t  sa l in i ty  (27 4- 0.5 ~ The wa te r  was  c h a n g e d  dai ly ,  
both  low sa l in i ty  and  ambien t ,  and  the an imals  were  fed c hoppe d  c lams every  o ther  day.  
After  7 days,  the  lobsters  for each  ser ies  were  r e move d  in th ree  lots over  three  consecu-  
t ive days  and  the i r  t i ssues  dissected,  p a c k a g e d  in a i r - t ight  p las t ic  bags ,  and  frozen- 
s tored  at - 8 0  ~ to awai t  test ing.  



38 E. Gou ld  

T i s s u e p r e p a r a t i o n. Tissues  were  h o m o g e n i z e d  as follows: an t enna l  g land,  
1:9, w/v,  in  cold 0.25 M s u c r o s e  conta in ing  2.4 m M N a  deoxycholate~ heart ,  1:19 in  cold, 
doub ly  g lass -d i s t i l l ed  water ;  ta i l  muscle,  1:4, also in  cold water~ and  ma le  gonads,  1:9 in 
cold  1 %  Triton, a non- ionic  surfactant  (W-1339, Ruger  Chemica l  Company ,  I rvington-  
on-Hudson,  N. Y.)*. Al l  t i ssues  were  p r e p a r e d  in smal l  a l l -g lass  homogen ize r s  conta in-  
ing  a smal l  amount  of 25-nm glass  powder .  Cent r i fuga t ion  at 4 ~ was  at  20,000 g for 45 
min  for an t enna l  g l a n d  and  heart ,  and  32,000 g for 60 rain for ta i l  musc le  and male  
gonads.  The  c lear  supe rna tes  se rved  as the  crude enzyme  prepara t ions ,  and  p ro te in  
content  was  d e t e r m i n e d  by  the  b iure t  me thod  (Gornal  et  al., 1949, c i ted  in Layne,  1957}. 

E n z y m e a s s a y s. Al l  solut ions were  m a d e  in  doub ly  g lass -d i s t i l l ed  water .  
Biochemica ls  were  ob t a ined  from S igma  Chemica l  Company ,  St. Louis, Mo. *. Act ivi t ies  
of a l l  enzymes  were  de t e rmined  by  f i x e d - w a v e l e n g t h  spec t rophotomet ry  us ing  py r id ine  
nuc leo t ide  coenzymes  e i ther  d i rec t ly  or by  a coup l ed -a s say  procedure~ assay  t empera -  
ture was  25 ~ Unit  of ac t iv i ty  in each  case  was  ffmole NAD(P)* * r e d u c e d  or NADH 
ox id ized  pe r  min  pe r  m g  b iu re t  protein.  Assay  concentra t ions  (mM} in a 3.00-ml reac t ion  
vo lume were :  MDH, LDH, GPI, and  PK - as in Gould  & Ni tkowsk i  (1979}, except  for PK 
subst ra te  concent ra t ions  ADP, 0.23, and  PEP, 0.80; AAT - K phospha t e  buffer  p H  7.5, 
100~ K aspar ta te ,  200; NADH, 0.30~ ocKG, 6.7~ 96 /~Muni t s  MDH (Sigma #410-9)~ I D H -  
Tris buffer  pH 8.0, 90~ NADP, 0.3~ MnC12, 3.3; NaC1, 5.0; IsoC, 5.0; G 6 P D H - a s  in Gould  
& Ni tkowsk i  (1979), except  subs t ra te  concentra t ions  G6P, 0.04 and  0.40. De te rmina t ion  
of s ta t is t ical  s ign i f icance  was  m a d e  us ing  S tuden t ' s  t-test. 

RESULTS 

Tai l -musc le  enzymes  e x a m i n e d  were  gene ra l l y  in f luenced  more  s t rongly  b y  low- 
sa l in i ty  stress than  by  sub le tha l  c a d m i u m  exposure .  E leva t ion  of MDH act ivi ty  was  the 
only obse rved  effect that  could  be  a t t r ibu ted  to c a d m i u m  exposure  alone,  an effect also 
seen  in control  an ima l s  at low sal ini ty;  and  together ,  these  stresses e l eva t ed  the act ivi ty  
to a g rea te r  d e g r e e  than  d id  e i ther  stress a lone,  for an  add i t ive  effect (Pig. la) .  Musc le  
LDH act ivi ty  was  d e p r e s s e d  by  low-sa l in i ty  stress in both  control  and  c a d m i u m - e x p o s e d  
an imals  (Pig. lb}~ c a d m i u m  exposure  d id  not  affect this  enzyme  activity.  Low sa l in i ty  
d e p r e s s e d  the act ivi ty  of GPI only  in control  an ima l s  (Fig. lc),  an  effect abo l i shed  by  
cadmium exposure ,  a l t hough  c a d m i u m  exposure  a lone  d id  not  affect GPI activity.  There  
was no c a d m i u m  effect on the  ac t iv i ty  of e i ther  PK or IDH in this  t issue at  a m b i e n t  
sa l in i ty  (Table 1), bu t  low sa l in i ty  i nh ib i t ed  PK both  in controls  and  in c a d m i u m - e x p o s e d  
lobsters ,  and  s t imula ted  IDH in the  controls, wi th  wha t  a p p e a r e d  to be  an  add i t ive  effect 
wi th  cadmium,  in  the  m e t a l - e x p o s e d  animals .  

In the  lobs ter  heart ,  c a d m i u m  exposure  caused  more  me tabo l i c  changes  than  in the  
ta i l  muscle ,  and  more  than  low sa l in i ty  a lone.  MDH, LDH, and  GPI act ivi t ies  were  al l  

* Reference to trade names does not constitute endorsement by the NMPS, NOAA 
* * Abbreviations used: NAD(P), nicotinamide adenine dinucleotide (phosphate)~ NADH, reduced 
NAD~ Tris, tris (hydroxymethyl) aminomethane;. ADP, adenosine 5'-diphosphate; PEP, phos- 
pho(enol) pyruvate, tricyclohexylamine salt; P6P, dl-fructose-6-phosphate, potassium salt; QcKG, oc- 
ketoglutaric acid, potassium salt~ IsoC, dl-isocitric acid, sodium salt~ G6P, d-glucose-6-phosphate, 
monosodium salt~ Km, substrate concentration at one-half maximal velocity, Vmax; M, tail muscle; H, 
heart; AG, antennal gland~ MG, male gonad 
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Fig. 1. Effects of sublethal cadmium exposure and of low salinity, individually and combined, on 
enzymes in lobster tail muscle. Bar height represents arithmetic mean, and the ticked vertical lines, 
standard error. Numerals in parentheses are sample number. Level of confidence is inserted in each 
arrow connecting a pair of bars, representing compared data sets. The same conventions are 

observed for Figures 2-4 

s t imulated by the suble thal  metal  stress (Figs. 2a, 2b, 2c), whereas  low sal ini ty depressed 
heart  LDH (Fig. 2b) and  AAT {Fig. 2d} in  control lobsters. Low sal ini ty abol ished the 
effect of cadmium on heart  LDH and GPI but  did not change  the cadmium- induced  
e levat ion of MDH activity. Cadmium exposure did not inf luence  AAT activity. 

In a n t e n n a l  glands,  ei ther cadmium exposure or low sal ini ty  alone produced an  
e levat ion of MDH activity, bu t  this effect was s ignif icant ly d imin ished  w h e n  both 
stresses were combined  (Fig. 3a). A n t e n n a l  g land  LDH, on the other hand,  was not 
affected by  either stress alone, but  the two together  acted to inh ib i t  LDH activity (Fig. 
3b}. The result  of the combined  stress in  lobster a n t e n n a l  g land  in  each of these cases, 
therefore, was repressive synergism. Under  optimal assay conditions.  G6PDH activity in 
the a n t e n n a l  g land  showed no signif icant  effects ei ther  for cadmium exposure or for low 
salinity. Act ivat ion by a tenfold increase in  assay concentra t ion of substrate (from 0.04 to 

Table I. Effects of cadmium exposure (6 ~g l -I) and of low salinity (17 %0) on pyruvate kinase and 
isocitrate dehydrogenase in lobster tissues 

Tissue Cadmium effect Low-salinity effect Cadmium effect 
(at ambient salinity) (in controls) at low salinity 

PK 
Heart None None None 
Muscle None ~ Depressed activity (< .05) ~ LS Effect only 
Male gonad None None None 

IDH 
Muscle None ~ Elevated activity (< .05) ~ Additive (< .02) 
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Fig. 2. Effects of sublethal cadmium exposure and of low salinity, individually and combined, on 
enzymes in lobster heart 

0.40 mh4}, however ,  w a s  s ignif icantly higher (P < 0.05) in the low-sal in i ty  controls 
(72.0 %) as compared with  ambient-sal ini ty  controls (58.4 %), whereas  values  for the 
c a d m i u m - e x p o s e d  animals,  at both ambient  (70.0 %) and low-sal in i ty  (67.5 ~ did not 
differ s ignif icantly from either ambient  or low-sal in i ty  controls. 

In Figures 4a, 4b, and 4c, it is clear that there was  no cadmium effect at ambient  
salinity on three e n z y m e s  tested from male  gonad (MDH, LDH, and GPI). Low salinity 
e l evated  MDH activity in both control and c a d m i u m - e x p o s e d  lobsters, and depressed  
LDH in control animals ,  an effect that disappeared in the c a d m i u m - e x p o s e d  animals.  
Combined,  the two stresses e l evated  GPI activity, another synergism.  
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Fig. 4. Effects of sublethal cadmium exposure and of low salinity, individually and combined, on 
enzymes in male lobster gonad 

DISCUSSION 

The genera l  character is t ic  of low-sal in i ty  stress in otherwise  un t rea ted  lobsters was 
an inhibi t ion  of most of the enzymes  e x a m i n e d  {Table 2), wi th  the except ion  o f M D H  in 

all  t issues and tail musc le  IDH. Cripps & Reish (1973) found that  LDH activi ty dec reased  

in a mar ine  po lychae te  he ld  under  e i ther  hyperosmot ic  or hyposmot ic  conditions,  and 

that M D H  isoenzymes  var ied  in their  response:  cytoplasmic (s) M D H  decreased  slightly, 



42 E. Gould  

and  mi tochondr ia l  (m) MDH inc reased  unde r  both  forms of osmotic  stress. Thei r  observa-  
t ion p rompts  the  specu la t ion  tha t  MDH act ivi ty  obse rved  in the  p resen t  s tudy was  
p r e d o m i n a n t l y  the  mi tochondr ia l  form, which  is a s soc ia t ed  wi th  the  ci tr ic ac id  cycle~ this 
in te rp re ta t ion  is suppor t ed  by  the  concurrent  e l eva t ion  of another  citric ac id  cycle  
enzyme,  IDH. Inc reased  act ivi ty  of this cycle  wi th  dec reas ing  osmolar i ty  has  b e e n  
repor ted  in  i so la ted  c rab-g i l l  mi tochondr ia ,  a c c o m p a n i e d  b y  inc reased  oxygen  consump-  
t ion (King, 1966). Moreover ,  bo th  MDH and IDH in aqua t ic  a r thropods  are  r epor t ed  to be  
inh ib i t ed  b y  inc reased  ce l lu la r  ionic concentra t ions  (Schoffeniels  8, Gil les ,  1970b); 
ana logous  r eason ing  sugges t s  the  dominance  of sMDH in the  musc le  t issue of mar ine  
c rus taceans  unde r  hyperosmot ic  condi t ions  and,  conversely,  of m M D H  unde r  hyposmo-  
tic condi t ions.  The dec rease  in hear t  AAT act ivi ty  obse rved  in both  control  and  cad-  
m i u m - e x p o s e d  lobsters  at low sa l in i ty  suppor ts  ea r l ie r  observa t ions  that  t r ansaminase  
act iv i t ies  (in mar ine  b ivalves)  are  p ropor t iona l  to the  rates  of loss of amino  ac ids  
(Hammen,  1969), and  tha t  amino  ac id  concentra t ions  (in eu ryha l ine  inver tebra tes)  
dec rease  dur ing  hyposmot ic  stress (Schoffeniels  & Gil les ,  1970a; Gil les ,  1973). 

Hypoxic  stress can exer t  b iochemica l  effects that  a re  d i sconcer t ing ly  s imi lar  to those 
here  a t t r ibu ted  to low sal ini ty:  Blacks tock (1978) r epor t ed  a s igni f icant ly  lower  AAT 
act ivi ty  in a mar ine  po lychae te  that  had  b e e n  expe r imen ta l l y  sub jec ted  to hypoxic  
condi t ions,  and  a lower  PK in the  same spec ies  f i e ld -co l lec ted  from sed imen t s  at a 
pol lu ted ,  often hypoxic  site, than  was  seen  in  worms t a k e n  from less s t ressed  areas.  
Inhib i t ion  of LDH activity,  too, is a common event  in cel ls  g e a r e d  toward  anaerob ios i s  
(Schoffeniels  & Gil les ,  1970b), as is also the  case  wi th  PK (Hochachka  & Somero, 1973). 
Yet dur ing  the 7-day  ho ld ing  pe r iod  at  the  two sal ini t ies ,  the wa te r  was  cont inuous ly  
aera ted ,  as wel l  as c h a n g e d  dai ly.  The ambien t - sa l in i ty  tanks,  27.5 %o at  an  a ve r a ge  21 ~ 
had  a d i s so lved  oxygen  concent ra t ion  of 7.57 ppm,  accord ing  to G r e e n  & Carr i t t  0967);  
in the  low-sa l in i ty  tanks,  at  17 %~ and  20 ~ it was  8.24 ppm.  The an imals ,  therefore,  
were  not  hypoxic;  the obse rved  stress can  r ea sonab ly  be  a t t r ibu ted  to low sal ini ty.  

Tissues  of lobsters  exposed  to sub le tha l  c a d m i u m  and  subsequen t ly  he ld  for 7 days  
(clearing) at amb ien t  sal ini ty,  on the  other  hand,  showed  m a r k e d  e leva t ion  in  the  act ivi ty  
of g lycolyt ic  enzymes  (Table 2). In ea r l i e r  expe r imen ta t i on  wi th  c a d m i u m - e x p o s e d  
lobsters  (30 days,  6 ~5 1-1 bu t  wi th  no c lea rance  period),  add i t iona l  obse rved  c a d m i u m  
effects we re  also s t imulatory,  on ma le  g o n a d  LDH and  ta i l  musc le  PK and  GPI (Gould,  
u n p u b l i s h e d  data).  The major  overa l l  effect of sub le tha l  c a d m i u m  stress in al l  lobs ter  
t i ssues  examined ,  then,  was  inc reased  glycolysis ,  an  expend i tu re  of ene rgy  reserves  
typ ica l  of many  types  of sub le tha l  stress, as in the  co ld -acc l imat ion  of ter res t r ia l  
i nve r t eb ra te s  (Rao, 1966). This observa t ion  accords  wi th  Theede ' s  repor t  (1980) of an  
inc reased  gross ene rgy  d e m a n d  in cadmium- fed  Mytilus larvae,  and  wi th  that  of Price & 
Uglow (1980) of i nc reased  rate  of hear t  b e a t  in c a d m i u m - e x p o s e d  Crangon. 

Joint ly,  the  two stresses (suble thal  c admium and low salinity} ope ra t ed  to p roduce  a 
var ie ty  of effects in a l l  t i ssues  e x a m i n e d  (Table 2). Two espec ia l ly  no tewor thy  effects 
were  obse rved  in the an t enna l  g l and  of c a d m i u m - e x p o s e d  lobsters  at low salinity.  
Firstly, a l though  sub le tha l  c admium exposure  and  low sa l in i ty  i nd iv idua l ly  caused  
e leva t ion  of M D H  activity,  t oge the r  they  ac t ed  synerg i s t i ca l ly  to depress  it. The act ivi ty  
was  not  dep re s sed  b e l o w  ambien t -con t ro l  levels ,  a l though  a longer  pe r iod  of sub jec t ion  
to the  doub le  stress migh t  have  done so; the  s ignif icant  fact here ,  however ,  is that  the 
normal  response  of the  lobs ter  an t enna l  g l and  to each  of the  two sub le tha l  s tresses 
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i nd iv idua l ly  was  MDH elevat ion,  and  that  this  response  was s igni f icant ly  b lun t e d  by  the 
doub le  stress. Moreover ,  LDH act iv i ty  was  also depressed .  Concurrent  inh ib i t ion  of these  
two redox  r egu la to r s  ind ica tes  a d imin i shed  capac i ty  for r e g e n e r a t i n g  o x i d i z e d  NAD 
and,  consequent ly ,  l imi ted  g lycolyt ic  eff iciency (Banks et  al., 1976). The second  effect of 
the  doub le  stress in the  an t enna l  g l a n d  was  the  w e a k e n i n g  of an  e n z y m e - l i g a n d  affinity. 
The  pr ior  work  wi th  c a d m i u m - e x p o s e d  lobsters,  m e n t i o n e d  above,  showed  a s ignif icant  
loss of sens i t iv i ty  to m a g n e s i u m  modu la t ion  (Km, P < 0.01; Vmax, P < 0.001) in an tenna l  
g l and  G6PDH (Gould, u n p u b l i s h e d  data),  s imi lar  to that  found in the  k idne y -p rone ph ros  
of c a d m i u m - e x p o s e d  (60 days,  10 ppb)  win te r  f lounder,  Pseudopleuronectes americanus 
(Gould  & Ni tkowski ,  1979). Prepara t ions  of an t enna l  g l a n d  from lobsters  in the p resen t  
report ,  insuff ic ient  for pe r fo rming  s imi lar  k ine t ic  s tudies,  were  used  ins t ead  to test  
G6PDH subs t ra te  act ivat ion.  The subs t ra te -ac t iva t ion  f igures (see sec t ion  "Results")  
sugges t  a pro tec t ive  m e c h a n i s m  at low-sa l in i ty  for enzyme-subs t r a t e  affini ty that  is 
p resen t  in control  bu t  not  in c a d m i u m - e x p o s e d  lobsters .  A n  ana logous  loss of l i gand  
sensi t iv i ty  was  r epor t ed  for hear t  AAT in lobsters  s imi lar ly  exposed  to sub le tha l  cad-  
mium (Thurberg  et al., 1977). 

Perhaps  the  most  p rominen t  s ingle  b iochemica l  response  to sub le tha l  stress was  the 
e leva t ion  of MDH activity,  a stress s ignal  that  in this  s tudy was  often a c c o m p a n i e d  by  
depress ion  of LDH activity.  The  ratio of these  two enzyme  activi t ies ,  MDH: LDH (Table 
3), const i tutes  a fa i r ly  accura te  ref lect ion of the  deg ree  of stress: C d - L S > C o n t r o l - L S > C d -  
A m b i e n t > C o n t r o l - A m b i e n t .  O x y g e n  consumpt ion  of gi l l  t issue from the lobsters  in this 
s tudy confirms this order  of stress: Cd-LS (1323 #1 h -1 g-l), Control-LS (1104), Cd-  
A m b i e n t  (772), and  Con t ro l -Ambien t  (703) (F. P. Thurberg ,  pe r sona l  communicat ion) ,  
and  the only s ignif icant  d i f ference in hema to log i ca l  pa rame te r s  was an  increase  in Na  + 
in the  c a d m i u m - e x p o s e d  lobsters  at  low sa l in i ty  (M. A. Dawson,  pe r sona l  communi -  

cation). 
Roberts  (1964) has  commen ted  that  l ike  me tabo l i c  systems in different  t issues in the 

same species ,  and  in l ike  t issues  in different  species ,  m a y  opera te  to p roduce  d iverse  
effects b e c a u s e  of the  va ry ing  deg rees  of sys temic  control. This is u n d o u b t e d l y  t rue for 
the  observa t ions  in  this study, and  it wou ld  be  unwise  to a t tempt  any  firm conclusions.  
Never the less ,  one might  prof i tab ly  cons ider  the  fo l lowing paradox:  Elevat ion  of enzyme 
act ivi ty  ( inc luding  abol i t ion  of depress ion)  by  the c o m b i n e d  stresses was ev iden t  only  in 
the  ta i l  musc le  and ma le  gonad;  ye t  in this  study,  such e leva t ion  was  the  h a l l m a r k  of 
sub l e tha l  c a d m i u m  stress, and  tai l  musc le  was  the  t issue in which  low-sa l in i ty  stress was 
most  prominent .  Converse ly ,  inh ib i t ion  of enzyme  act ivi ty  ( inc luding  abol i t ion  of 

Table 3. Effects of cadmium exposure and of low salinity on the ratio of MDH : LDH activities in 
lobster tissues 

Tissue Control-Ambient Cd-Ambient Control-LS Cd-LS 

Heart 5.31 5.61 7.49 7.77 
Muscle 0.89 1.01 1.75 1.87 
Antennal gland 35.32 38.00 49.98 53.53 
Male gonad* 7.96 7.52 11.74 10.53 

*No cadmium effect was observed in the male gonad 
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i n c r e a s e d  ac t iv i ty )  w a s  s e e n  o n l y  i n  t h e  h e a r t  a n d  a n t e n n a l  g l a n d ;  ye t  s u c h  i n h i b i t i o n  

w a s  o b s e r v e d  to b e  t h e  m a j o r  e f fec t  of l o w  sa l i n i t y ,  a n d  t h e  h e a r t  w a s  w h e r e  c a d m i u m  

e f fec t s  w e r e  t h e  m o s t  n u m e r o u s .  It t h u s  a p p e a r s  t h a t  i n  t h e  g e n e r a l  m u s c l e  m e t a b o l i s m  of 

t h i s  d e c a p o d  c r u s t a c e a n ,  t h e  e f fec t s  of o n e  s u b l e t h a l  s t r e s s  t e n d  to of fse t  t h o s e  of t h e  

o the r .  
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