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ABSTRACT: In the present investigation we studied the carbonic anhydrase (CA) in various tissues 
of Chinese crab Eriocheir sinensis which were acclimated to different salinities (0, 10, 20, 30 ~/~). We 
found only negligible CA activity in haemolymph, heart, hypodermis, antennat gland, leg muscle 
and digestive gland, irrespective of the acclimation medium. However, high amounts of CA activity 
were found in the gills. In the case of the posterior gills, a strong dependence on the acclimatization 
of the animals was demonstrated; the highest activities were found in those adapted to tap water. To 
investigate the cellular distribution of the CA in the posterior gills, the additional enzyme activities 
were measured in all fractions of a differential centrifugation of the gill homogenate: Na+/K +- 
ATP'ase (a marker for the plasmamembrane); lactate dehydrogenase (LDH; as marker for the 
cytosot); and succinate dehydrogenase (SDH; as marker for mitochondria). Independent of the 
acclimation salinity (0 or 36 %,, salinity), we found about 70 % of CA associated with the highest level 
of the Na+/K+-ATP'ase in the second 100000 g pellet (membrane fraction), while only 15 % were 
found in the cytosolic fractions (associated with highest levels of LDH). We conclude that the 
carbonic anhydrase of posterior gills of the Chinese crab is mainly membrane-bound. Furthermore, 
the activity of CA shows a strong dependence on the salinity of the water in which the crabs were 
kept. 

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

In b io log ica l  systems,  the  r eac t ion  CO2 + H 2 0  ~ HCO3-  + H § is c a t a l y z e d  by  the  
e n z y m e  ca l led  ca rbon ic  a n h y d r a s e  (CA). S ince  its d i scovery  in m a m m a h a n  r e d  b lood  

cells  by  M e l d r u m  & R o u g h t o n  (1932), the  C A  was  a s s u m e d  to ma in ly  fac i l i ta te  the  

e x c h a n g e  of CO2 across  resp i ra to ry  ep i the l i a  (Cameron ,  1979a). Bes ides  this funct ion,  
t he re  is a c c u m u l a t i n g  e v i d e n c e  suppo r t i ng  o the r  phys io log ica l  func t ions  of CA, e.g. 

m i n e r a h z a t i o n  of ca lc i f ied  s t ructures ,  ac id  b a s e  b a l a n c e  and,  last  bu t  no t  leas t ,  ion 
t ranspor t  (Henry,  1988b). With  r e g a r d  to crabs,  it has  b e e n  r e p o r t e d  tha t  C A  activity,  

w h i c h  is ma in ly  l o c a h z e d  in t he  pos te r io r  gills, is i n d u c e d  dur ing  acc l ima t ion  of the  

an ima l s  to d i lu t ed  m e d i a  (Henry  & C a m e r o n ,  1982; B6t tcher  et  al., 1990a) s u g g e s t i n g  its 

poss ib le  role  in ion  regu la t ion .  Recent ly ,  t he  resul ts  of e l ec t rophys io log i ca l  s tud ies  of 

pos te r io r  gills of tap  w a t e r - a d a p t e d  C h i n e s e  c rabs  s u g g e s t e d  a pa r t i c ipa t ion  of b r a n c h i a l  
C A  in ion t ransport .  The  n e g a t i v e  shor t -c i rcui t  cur ren t  and  the  outs ide  pos i t ive  t rans-  

ep i the l i a l  po ten t i a l  d i f fe rence ,  bo th  r e f l ec t ing  ac t ive  adso rp t ion  of C1- ions, w e r e  s h o w n  

to b e  sens i t ive  to a c e t a z o l a m i d e  ( O n k e n  & Graszynsk i ,  1989; O n k e n  et  al., 1991). 
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In the present  investigation we studied the relation be tween envi ronmenta l  salinity 
and the activity of CA in various tissues of Chinese crabs. Furthermore, we focussed on 
the cellular localization of CA within the posterior gills of this crab species. 

MATERIALS AND METHODS 

Chinese crabs were obtained from commercial f ishermen who caught  the crabs in 
the Eider and Elbe rivers, both of which open out into the North Sea (Schleswig-Holstein, 
Germany). In the laboratories, the animals  were kept at 10-12~ in r u n n i n g  tap water 
(Na + 2.0 mmol/1; K + 0.08 mmol/l; Ca ++ 3.0 mmol/1; C I  1.7 retool/l). In order to study the 
effects of salt water acclimation on CA activity, the animals were kept in artificial salt 
water (36 %0 "Tropic Marin Neu"-Tropicar ium Buchschlag) for a min imum of two weeks. 
For comparison of CA activity in different organs, tissue samples were homogenized  with 
a tight fitting glass Teflon potter (Braun) in ice-cold homogenizat ion buffer (HB), contain- 
ing 250 mmol/1 sucrose, 20 mmol/1 Hepes and 0.4 retool/1 Na2EDTA adjusted to pH 7.25 
with Tris. All steps of preparation were carried out below 4 ~ on ice, and  aliquots of 
fractions were stored at - 2 0  ~ until  use. 

CA activity was determined by following the rate of appearance of protons using a 
modified technique described by Henry  & Kormanik (1985). Since the uncata lyzed 
hydration of CO2 is most easily measured  at 0~ and with the presence of a suitable 
buffer, any acceleration of the uncatalyzed rate following addition of a sample may be 
attributed to the presence of CA in the sample (Maren, 1967). The assay buffer was a 
25 mM Na-diethylbarbitol  buffer, which was adjusted to pH 8.4 using 25 mM citric acid 
solution and aerated with N2 gas for 60 min before use. One ml of ice-cold buffer was 
mixed with 0.2 ml of the sample in a reaction chamber  kept on ice. Under  rapid stirring, 
1 ml of ice-cold distilled water, saturated with CO2, was added. The resul t ing change  of 
pH was measured with pH meter (Knick Digital pH Meter, Typ 643) at tached to a 
recorder (Linseis, Typ L 6522). Activity of CA is expressed according to Maren  (1967) 
comparing the uncatalyzed (to) and the catalyzed reaction time (t~) measured  in seconds: 

A = (to/te) 1.  

One unit  (U) of CA activity (A) is defined as the concentration of enzyme in the final 
assay volume required to halve the uncata lyzed reaction time. 

In all fractions several marker  enzymes  were measured.  The three posterior gills of 
the Chinese crab (arthrobranchia VI, p leurobranchiae  I, II) were removed and washed 
with ice-cold HB. After removing the main  vessel, gills were homogenized at 1400 rpm 
with 30 strokes in a 10 % (w/v) homogenate.  

In order to localize CA activity inside the posterior gills, the homogena te  was poured 
through gauze (pore diameter 90 L~m) and the obtained fraction ("homogenate")  was 
centrifuged for 10 rain at 500 g (Sorvall RC 5 B rotor SS341. The pellet (500 g) was 
discarded. The superna tant  was centr i fuged at 5000 g for 15 rain. The obta ined  supernat-  
ant  was centrifuged for 60 rain at 100 000 g (Beckman L5-65 ultracentrifuge, rotor TI-60) 
to sediment  a crude membrane  pellet, This pellet was suspended in HB and  centr i fuged 
again in the ultracentrifuge for 60 rain at 100 000 g. The result ing pellet (second 100 000 g 
pellet) was dissolved in 2-4 ml HB. Activity of CA was completely inhibi ted in all fractions 
with 10 -6 tool/1 acetazolamide. Na~-/K~--ATP'ase activity, localized in the basolateral  
membrane  of epithelial gill cells (Towle & Kays, 1986), was determined measur ing  the 
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l ibera ted  inorganic  phospha te  according to Kosiol et al. (1988). Succinate d e h y d r o g e n a s e  
(SDH) activity, a marker  for mitochondria l  contaminat ion,  was measured  according  to the 
methods  used  by  Clarke  & Porteous (1964) and Green  & Narahara  (1980). Lactate  
d e h y d r o g e n a s e  (LDH) is a well  known m a r k e r  enzyme for cytosolic fractions and was 
measu red  using the method of Scalera  et al. (1980). Protein content was de t e rmined  
according to Bradford (1976) which was modif ied  corresponding to Sedmark  & Grossberg  
(1977) using BSA as a s tandard.  

RESULTS 

D i s t r i b u t i o n  of C A  a c t i v i t y  in  d i f f e r e n t  o r g a n s  of Eriocheir s inensis  

In Figure 1, the specific activity of CA is shown in different organs of Eriocheir 
sinensis. No activity could be  de tec ted  in the hemolymph  which is consistent with other  
invest igat ions  (Brinkman, 1933; Ferguson  et al., 1937; Sobotka  & Kann, 1941; Henry  & 
Cameron,  1982; B6ttcher et al., 1990a). Only  a little CA activity was m e a s u r e d  in heart ,  
hypodermis  and an tenna l  gland; values  did  not exceed  3 U/rag protein. Highes t  levels  of 
CA activity were  found in the respira tory epi the l ia  and  in cells involved in ion transport ,  
i.e. the gills. In the crabs adap t ed  to tap water ,  CA activity was high in the poster ior  gills 
(ca 40 U) and was found to exceed  that  of the  anter ior  gills by  3-fold. When  adap t ing  
crabs to salt wa te r  (10, 20 and 30 %, salinities) the specific activity of CA dec reased  in 
poster ior  gills; whereas  the activity in anter ior  gills r ema ined  almost u n c h a n g e d  (see 
Fig. 1). 

D i s t r i b u t i o n  of m a r k e r  e n z y m e s  w i t h i n  t h e  p o s t e r i o r  g i l l s  

Tables  1 and 2 show the specific and  fractional  activities of CA and the marke r  
enzymes  indica t ing  that  differential  u l t racent r i fugat ion  of posterior gill homogena te s  
sepa ra t ed  cytoplasm from the microsomal  fraction. The specific activity of Na+/K +o 
ATP'ase  was p redominan t ly  found in the  second  100 000 g pel le t  and was concen t ra ted  
(by factor 3) when  compared  with activity of the homogena te .  This pel let  also conta ined  
the main  port ion of Na+/K+-ATP'ase .  Recovery of enzyme activity was ca lcu la ted  by  
mul t ip lying the sum of the enzyme activity in the par t icular  fractions of the differential  
centr i fugat ion with 100 % and d iv ided  by  the enzyme activity of the homogena te .  There  
was a 75 % recovery  of Na+/K+-ATP'ase ,  of which  50 % accumula ted  in the second 
100000 g pellet .  Besides Na+/K+-ATP'ase ,  this fraction conta ined  some SDH activity 
(15 % of the recovered  enzyme activity) which  was  due  to mitochondrial  contaminat ion.  

The cytosolic marke r  enzyme,  LDH, was  de t ec t ed  almost  exclusively in the  100 000 g 
superna tan t  (95 % of the recovered  enzyme  activity). Since there were  no Na+/K +o 
ATP 'ase  or SDH activities in this fraction, we  conc luded  that  the 100 000 g superna tan t  
p redominan t ly  conta ined  the cytosolic enzymes  of gill epi thel ia l  cells. 

D i s t r i b u t i o n  of C A  a c t i v i t y  w i t h i n  t h e  g i l l  ce i l s  

From Figure  2 it is obvious that  the  main  port ion of total CA act ivi ty (70%) 
accumula ted  in the  second 100 000 g pe l le t  (microsomal fraction). Only 15 % of the CA 
activi ty was found in the 100 000 g supe rna tan t  (= cytosolic fraction) (Fig. 2). Tak ing  into 
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Fig. 1. Distribution of specific CA activity in different organs of the crab Eriocheir sinensls after 
adaptation to different salinities: data represent means z S.D. (n = 6) 

account  that the 500 g pellet  and the 5000 g pellet  contained about 15 % of the recovered  

CA activity, it is assumed that about  85 % of CA activity was associated to membrane .  

Specific activities enr iched by a factor of 7.2 (tap water) and 5.5 (salt water) in the 

m]crosomal fraction. Near ly  no enzyme was lost as indicated by a recovery  of 98 % CA- 
activity. A concentrat ion of 10 -6 mo[/1 acetazolamide  completely inhibi ted CA in all 

fractions, indicating high sensitivity of this enzyme to sulfonamide inhibitors. 

Ef fec t s  of a c c l i m a t i o n  f r o m  t ap  to sa l t  w a t e r  

The  effects of envi ronmenta l  salinity on the carbonic anhydrase  activities in the gills 

are shown in Figure 3. When  the animals  were  adapted  from tap to salt water ,  the total 

CA activity in the homogena te  dropped from 48 U/rag protein to 10 U/rag  protein. A 
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Fig. 2. Distribution of the CA activity with regard to the recovery. The recovery was set at 100 % (the 
remaining stock) and the measured activity is in relation to this; data represent means _+ S.D. (n = 3), 

P = pellet, S = supernatant 

decrease was found as well in the fractional CA activity: from 4000 U/fraction to 600 U/ 
fraction (Table 2). 

The microsomal fraction exhibited much greater  differences in CA activity when  the 
assimilations to tap and salt water were compared. In the tap water  assimilation, CA 
activity of this fraction revealed values decreasing from 350 U/mg protein (2700 U/ 
fraction) to 60 U/mg protein (330 U/fraction). In the cytosolic fraction, effects of adapta-  
tion were also remarkable:  though the CA activity was altogether much lower here than 
in the homogenate  and  microsomal fraction. During adaptat ion the values of cytosolic CA 
activity decreased from 10.5 U/mg protein (438 U/fraction) to 4 U/rag protein (66 U/ 
fraction). 

When comparing Na~-/K~--ATP'ase, LDH and  SDH, only the mitochondrial  enzyme 
SDH showed a significant decrease of 4.5 U/fraction (tap water  adapted crabs) to 1.2 U/ 
fraction (salt water adapted crabs) in the homogena te  (Table 2). The protein content  of 
the homogenate  declined during adaptat ion from 82.9 rag/fraction to 53.9 rag/fraction 
(data not shown). 

DISCUSSION 

Investigations on the physiological role of CA revealect that L~A is not  only revolved 
m respiratory function, but  also takes part in ion transport. The CA blocker acetazolamide 
inhibi ted Na t and C1- influxes in some fresh water  (Ehrenfeld, 1974) and  euryhahne  
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crustaceans (Cameron, 1979b). Furthermore, electrophysiological studies on posterior 
gills of Chinese crabs adapted to tap water revealed a C1--dependent  short circuit current  
which was highly sensitive to acetazolamide (Onken et al., 1991). The present  f inding 
that the main  portion of CA activity is localized in the posterior gills supports former 
investigations, that the posterior gills of Eriocheir sinensis represent  the region where the 
majority of ion transport takes place (Pequeux & Gilles, 1988). 

From our results reveal ing the distribution of the membrane  marker enzyme Na+/K +- 
ATP'ase, as well as the location of the majority of CA activity in the cells, it may be 
concluded that the CA in the posterior gills of E. sinensis is mainly membrane -bound .  
Preponderant  occurrence of CA activity in the plasma membranes  of posterior gills of 
shore crabs Carcinus maenas  was found by B6ttcher et al. (1990a, b) us ing differential 
and density gradient  centrifugations. 

Investigations of branchial  CA in the blue crab Callinectes sapidus showed that the 
main  portion of CA was concentrated (93.5 % ) i n  the cytosol (Henry, 1988a). Only a minor 
portion was located the plasma membrane .  In these experiments,  the amount  of mem-  
b rane -bound  CA activity increased about  50 and 100 %, when  acclimated to a salinity of 
12 %0. The major changes  in branchial  CA activity were attributed to the 20-fold increase 
of cytoplasmic CA. 

According to Henry (1988a), m e m b r a n e - b o u n d  CA deals mainly with CO2 excretion, 
whereas cytosolic CA is involved in ion transport, However, the minor soluble amount  of 
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m e m b r a n e o u s  e n v i r o n m e n t  b y  r o u g h  t r e a t m e n t  of h o m o g e n a t e s  a n d  pe l l e t s .  O n  t h e  o t h e r  

h a n d ,  th is  cy tosol ic  C A  cou ld  r e p r e s e n t  a first s t age ,  i n t e n d e d  for i n t e g r a t i o n  in to  t he  

m e m b r a n e .  N e v e r t h e l e s s ,  a p a r t i c i p a t i o n  of cytosol ic  C A  in  ion  t r a n s p o r t  c a n n o t  b e  r u l e d  

out,  s ince  a c e t a z o l a m i d e  is a b l e  to p e r m e a t e  m e m b r a n e s  easi ly.  Th i s  p r o b l e m  s h o u l d  b e  

s o l v e d  in f u t u r e  e x p e r i m e n t s  b y  t he  u s e  of i m p e r m e a b l e  spec i f ic  i n h i b i t o r s  (Henry ,  1987; 

B u r n e t t  & M c M a h o n ,  1985). 

A c c o r d i n g  to t h e  e f fec t s  of a d a p t a t i o n ,  w e  f o u n d  t h e  m e m b r a n e - b o u n d  C A  ac t iv i ty  

a b o u t  6 t i m e s  h i g h e r  in  t a p - w a t e r - a d a p t e d  c r a b s  c o m p a r e d  w i t h  s a l t - w a t e r - a d a p t e d  

crabs .  T h e s e  d a t a  a g r e e  w e l l  w i t h  t h e  r e su l t s  of B 6 t t c h e r  et  al. (1990a) w h o  f o u n d  a 

s i g n i f i c a n t  b r a n c h i a l  i n c r e a s e  of C A  a f t e r  a c c l i m a t i o n  of C. m a e n a s  to l ow  sa l in i t i es .  D u e  

to t he  n e c e s s i t y  of i n w a r d  C1- t r a n s p o r t  in  t a p  wa te r ,  t he  i n c r e a s e  of C A  ac t i v i t y  s e e m s  to 

b e  a r e s p o n s e  to t h e  e x t e r n a l  l ow  C1- c o n c e n t r a t i o n .  But  h e r e  s o m e  c o n t r a d i c t i o n s  ar ise :  

In E. s i n e n s i s ,  t h e  r e su l t s  d e r i v e d  f rom e l e c t r o p h y s i o l o g i c a l  a n d  b i o c h e m i c a l  i n v e s t i g a -  

t ions  i n d i c a t e d  t h a t  e l e c t r o g e n i c  C1- t r a n s p o r t  d e p e n d s  on  t h e  c o o p e r a t i o n  of a p r o t o n  

p u m p  a n d  t h e  C A  ( O n k e n  et  al., 1995). In con t ras t ,  e x p e r i m e n t s  on  C. m a e n a s  c o n c e r n i n g  

p o t e n t i a l  d i f f e r ence ,  f luxes  of N a  + a n d  C1- (B6 t t che r  et  al., 1991) a n d  sho r t  c i rcu i t  c u r r e n t  

e x p e r i m e n t s  ( O n k e n  & S iebe r s ,  1992) do  no t  r e v e a l  a n y  p a r t i c i p a t i o n  of C A  ac t iv i ty  in  

Na+ /C1  - t r a n s p o r t .  

D e s p i t e  t he  d i f f e r e n c e s  b e t w e e n  t h e s e  c l o s e l y - r e l a t e d  c rabs ,  t he  e f f ec t s  of d i f f e r e n t  

e x t e r n a l  s a l in i t i e s  o n  C A  ac t iv i ty  a r e  q u i t e  i m p r e s s i v e  and ,  thus ,  C A  ac t iv i ty  s e e m s  to b e  

r e l a t e d  to ion  t r a n s p o r t  a t  l e a s t  in  t h e  c a s e  of E.  s i n e n s i s .  

F u r t h e r  r e s e a r c h  c o n c e r n i n g  e x a c t  loca l iza t ion ,  r e g u l a t i o n  of C A  ac t iv i ty  a n d  r e l a t e d  

t r a n s p o r t  s y s t e m s  s h o u l d  h e l p  to a n s w e r  t h e  q u e s t i o n  c o n c e r n i n g  t he  f u n c t i o n  of C A  in  

t he  p o s t e r i o r  gil ls of t he  C h i n e s e  c r ab  E. s i n e n s i s .  
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