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ABSTRACT: Shore crabs Carcinus maenas were exposed to sahnities fluctuating according to the 
natural tidal rhythm. To this end they were maintained in net cages positioned in the estuarine 
waters of the river Elbe. The cages were lifted every hour, and between 8-12 specimens were 
analyzed for hemolymph concentrations of Na, K, Ca, Mg, and osmolality. The results obtained were 
compared with the respective data measured in external brackish water. In addition, the specific 
activity of Na-K-ATPase in a posterior gill was determined. Hemolymph Na and Mg as well as 
branchial Na-K-ATPase were also determined in crabs collected in the North Sea and the Baltic. The 
results show that in C. maenas hving in salinities fluctuating with the tides by approx. 15 %o S, Na, K 
and Ca were hyperregulated, and Mg was effectively hyporegulated. The concentrations of all 
hemolymph ions and the activity of the Na-K-ATPase were kept r over the whole tidal cycle. 
In Baltic crabs, Na was effectively hyperregulated and gill Na-K-ATPase was significantly elevated 
by a factor of ca 2 when compared with North Sea crabs. It is suggested that long-term hyperregula- 
tion of Na in constant salinities results from an increased number of Na-K-ATPase molecules which 
may change by synthesis or degradation following sahnity stress. Constant hemolymph levels of 
hyperregulated Na in crabs inhabiting fluctuating brackish water are accomplished by activation of 
existing Na-K-ATPase by low Na and inhibition by higher ambient concentrations. 

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

In no r the rn  E u r o p e a n  waters ,  the  shore  crab Carcinus maenas  inhab i t s  a l a rge  a rea  
b e t w e e n  the  A z o r e s  a n d  the  Baltic. T h e  a rea  is c h a r a c t e r i z e d  by  sal ini ty  l eve l s  b e t w e e n  9 

a n d  35 %o S, and  compr i ses  regions ,  such  as t ida l  es tuar ies ,  w h e r e  the  sahn i ty  f luc tua tes  

rhy thmica l ly  wi th  t he  tide. U n d e r  re la t ive ly  cons tan t  sahni ty  condi t ions ,  the  ex t r ace l lu l a r  

f luids (ecf) of the  crab  are  i sosmot ic  to the  ex te rna l  m e d i u m  w h e n  this is s e a w a t e r  (Duval,  
1925; Krogh,  1939). In shore  c rabs  l iv ing  in  b r a c k i s h  water ,  the  ex t r ace l lu l a r  f luid is 

e f fec t ive ly  h y p e r r e g u l a t e d .  A c c o r d i n g  to Zande r s  (1980a), C. maenas  m a y  be  r e g a r d e d  as 

a t rans i t ional  spec ies  b e t w e e n  the  t ruly m a r i n e  d e c a p o d s  (e.g. Cancer, h/Iaia) a n d  those  

successfu l ly  th r iv ing  in  f r e shwa te r  or  semi- te r res t r i a l  hab i ta t s  (e.g. Eriocheir, Potamon, 
Ocypode, Uca). T h e  e u r y h a h n i t y  of Carcinus, s t e m m i n g  from its capac i ty  of h y p e r o s m o t i c  
regula t ion ,  s e p a r a t e s  it dis t inct ly  f rom s t e n o h a l i n e  m a r i n e  spec ies ;  shore  crabs,  h o w e v e r ,  

* This work is part of the first author's doctoral thesis submitted to the Department of Biology at the 
University of Hamburg. 
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cannot  l ive in very  dilute wa te r  or f reshwater  due to their  l imited capac i ty  of osmotic and  
ionic regulat ion,  and  are  thus d e a r l y  s epa ra t ed  from hmnic  species.  

To the authors '  knowledge ,  the  sal ini ty and  ionic relat ions b e t w e e n  a m b i e n t  m e d i u m  
and ecf have  not b e e n  inves t iga ted  in an  osmoregula t ing  species  e x p o s e d  to a na tura l  
salinity reg ime f luctuat ing twice dai ly  wi th  the tide. It is not  known  to w h a t  deg ree  
in ternal  salinity is in f luenced  by  ambien t  salinity changes  in terms of h e m o l y m p h  
osmolali t ies and  concentra t ions  of the  major  ionic blood const i tuents  such  as Na, K, Ca 
and Mg. 

We therefore  m e a s u r e d  h e m o l y m p h  ions and osmolali t ies every  hour  in  shore crabs 
C. m a e n a s ,  kep t  in ne t  cages  in the  es tuary  of the river Elbe in the  ha rbou r  of Cuxhaven  
and exposed  to salinit ies that  f luc tua ted  with the  tides. The results  o b t a i n e d  we re  re la ted  
to the b rack i sh-wate r  samples  t aken  simultaneously.  

In addit ion,  specific act ivi t ies of the  Na-K-ATPase  of the  frills w e r e  de t e rmined  
according to the same t ime schedule  in order  to find out potent ia l  changes  in  this enzyme 
that  is known to p l ay  a centra l  role in osmotic regula t ion  (Towle, 1981). In the  crab 
Cal l i nec t e s  s a p i d u s  t ransfer red  from 30 to 5 %0 S, gill Na-K-ATPase  act ivi ty  inc reased  
within 21/2 h (Towle et  al., 1976), but  o ther  studies (Neufeld et  al., 1980) s h o w e d  that  the 
enzyme activity in the  same species  signif icantly inc reased  after 3-4  days  reach ing  
equi l ibr ium levels  12 to 18 days  after ab rup t  transfer  from 1000 to 200 m O s m  kg  -1. The 
short- term changes  obse rved  by  Towle et al. indicate  rapid  t ransformat ion of p reex is t ing  
la tent  enzyme molecules  into an  active form. The long- term changes  no ted  by  Neufe ld  et  
al. (see also Siebers  et  al., 1982) indicate  the t ime-consuming  process  of a de-novo 
enzyme synthesis.  In order  to obta in  information on the mode  of r egu la t ion  of branchia l  
sodium p u m p  activity, it is of par t icu lar  impor tance  to moni tor  the specif ic  activit ies of 
Na-K-ATPase  in the gills of C. m a e n a s  exposed  to the fast sal ini ty f luctuat ions occurr ing 
in its na tura l  habitat .  

To compare  the me tabohc  responses  resul t ing from f luctuat ing and  constant  
salinities, some of the  measu remen t s  per formed  at Cuxhaven  were  r e p e a t e d  with crabs 
collected in situ under  the  compara t ive ly  constant  and  low sahni ty  condi t ions  of the  Baltic 
and  the constant ly  h igh  salinit ies of the  North Sea. 

MATERIALS AND METHODS 

S h o r e  c r a b s  

Shore crabs C a r c i n u s  m a e n a s  to be  exposed  to t idal  sal ini ty were  o b t a i n e d  from the 
by-ca tch  of p rawn- f i she rmen  at  Cuxhaven,  at the mouth  of the  river Elbe .  Shore  crabs 
inhabi t ing  brackish  wa te r  and  seawate r  of re la t ively constant  salinit ies w e r e  col lected in 
shallow waters  to the  North  of the i s land  of Sylt (North Sea), or were  o b t a i n e d  from a 
f i sherman at  Kie l -Heikendorf  (Baltic Sea). Samples  of h e m o l y m p h  and  gi l l  t issue were  
t aken  at a c lose-by labora tory  in Cuxhaven  harbour ,  at  the Biologische Ans ta l t  He lgo l and  
in IAst/Sylt (North Sea) or after a 1 h t ransfer  of crabs from Kiel to our labora tory  at  
Hamburg .  During this transfer,  the  crabs were  kep t  par t ia l ly  s u b m e r s e d  in ae ra t ed  
original  habi ta t  wate r  of approx.  3 cm depth.  
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E x p o s u r e  o f  c r a b s  to t h e  t i d a l  r h y t h m  

Crabs  were  kep t  in ne t  cages  (approx. 0.5 m 3) covered by  nets  (0.5 can mesh)  pu l led  
over w o o d e n  f lames.  By means  of weights  and  long hnes  the  enclosures were  pos i t ioned 
at the  bo t tom of the r iver  Elbe, close to the pier, "Alte Liebe",  in the  ha rbour  of 
Cuxhaven.  The ne t  cages  were  l if ted every  hour, and  b e t w e e n  8 and  12 crabs were  t aken  
out in order  to analyze  hemolymph  and gill tissues. This p rocedure  enab led  us to plot  the  
osmolali t ies and  cation concentrat ions in the hemolymph  toge ther  wi th  the  specific 
activities of the  Na-K-ATPase  of a poster ior  gill over a comple te  t idal  cycle. 

D e t e r m i n a t i o n  of s a h n i t i e s ,  o s m o l a l i t i e s  a n d  c a t i o n  c o n c e n t r a t i o n s  

The  salinit ies of b rack ish  wate r  and  seawate r  were  de t e rmined  aeromet r ica l ly  us ing 
the sahni ty  tables  of Gil lbricht  (1959), b a s e d  on measu red  gravit ies  and  tempera tures .  

H e m o l y m p h  was ob ta ined  by  punctur ing  the m e m b r a n e  of a wa lk ing  l eg  of C. 
r n a e n a  with a hypodermic  needle .  After  centr ifugat ion at 2000 g for ca 8 min at room 
tempera ture ,  the superna tan t  serum was deep- f rozen  until  analysis.  Seawater ,  b rack ish  
wate r  and  serum samples  were  ana lyzed  for osmolahty by  means  of an  osmomete r  
des igned  for small  sample  volumes (Knauer, Berlin). Sodium concentrat ions were  deter-  
mined  with  a sodium select ive electrode in combinat ion with  a sensit ive ion ana lyzer  
(Selection 5000, Beckman) according to Winkler  et al. (1982). 

In order  to compare  the measurement s  of sahnity, osmolahty  and sodium concen-  
trat ion in b rack i sh -wa te r  and  seawate r  samples,  we  used  the following in ter re la t ion 
p u b h s h e d  by  Winkler  et al. (1982): 

1%o S -- 29.4 mOsm kg -1 -- 13.2 mM Na  

Concentra t ions  of K, Ca and  Mg in brackish  water ,  s eawate r  and  se rum samples  
were  de t e rmined  by  means  of a flame atomic absorpt ion spec t rophotometer  (AAS 300, 
Perk.in Elmer) us ing commercia l  cation s tandards  (Titrisol, Merck) and  a reference  
solution for serum analysis  (Merck). Internal  s tandard  was a d d e d  to every  sample.  

A c t i v i t y  of N a - K - A T P a s e  

A poster ior  gill (No. 8) was freed of adher ing  wate r  with soft p a p e r  towels  and  
homogen ized  (1 mg  gill f lesh weight  + 0.029 ml buffer) for 45 secs with a tef lon-glass  
Potter Elvehjem homogenize r  at 0 ~ us ing Tris-EDTA buffer, pH 7.6 (250 m M  sucrose, 
20 m M  Tris, 2 mM EDTA-Na2, 0 .1% Na-deoxychola te) .  Na-K-ATPase  activi ty was 
measu red  spect rophotometr ica l ly  by  monitor ing the absorbance  at 366 nm (25 ~ in a 
coupled enzyme  assay (Allan & Schwartz,  1969). 

The final test  volume was 2.25 ml, pH 7.25, and  composed  of 0.1 M imidazol/HC1, 75 
mM NaC1, 100 mM NH,  C1, 5 mM MgC12, 5 m M  ATP, 2.5 mM PEP, 0.5 m M  NADH, 20 U 
m1-1 LDH, 5 U m1-1 PK. Assays were  per formed at 25 ~ in the absence  and  in the 
p resence  of 5 �9 10 -4 M ouabain,  which  comple te ly  inhibi ts  Na-K-ATPase  activity. 
Therefore,  the  reduct ion of total ATPase  activity due  to the p resence  of ouaba in  repre-  
sents Na-K-ATPase  activity. For calculat ions of activity we  used  the l inear  changes  in 
absorbance  be tween  5 and  15 min after start ing the assays by  addi t ion  of 0.1 ml 
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homogenate .  Specific activities were calculated on the basis of protein concentra t ions  
de termined with the Folin phenol  reagent  according to Lowry et al. (1951}. 

RESULTS 

Sal in i ty ,  o smola l i ty ,  a n d  c a t i o n  c o n c e n t r a t i o n s  

In the estuary of the river t~lbe, salinities fluctuated by approx. 10-15 ~ S within a 
tidal cycle, with pronounced  seasonal  differences. In spring, due to the large freshwater 
load of the river, sahnities ranged  be tween  ca 5 and  20 %0, and  in  late summer  be t w e e n  ca 
13 and  24 % S. In terms of osmolahties, the mean  value of Elbe water  at Cuxhaven,  
measured  in July 1982, was 556 • 83 mOsm kg -1 (N = 31), ranging  b e t w e e n  418 and  670 
mOsm kg -1. Under  these conditions, serum osmolalities of C a r c i n u s  m a e n a s  were 
hyperregula ted and  not inf luenced by fluctuations of external osmolahty (Pig. 1). 

"T 
E~ 

2K 

E g~ 
o 
E 

-e 
0 
E g~ 
o 

900 

BOO 

700 

600 

500 

400 

Serum 

__ ~Brackish water / a - ~ ~  0 

\ p n \ 

} t 
Low High Low 
tide tide tide 

I I D [ 

O 5 10 15 
Time (h) 

Fig. 1. Serum osmolalities of shore crabs Carcinus m a e n a s  in  relation to brackish-water osmolalities 
measured in the Elbe estuary at Cuxhaven during a tidal cycle in July, 1982. Data represent means 

-4- s. d, obtained from 8-12 crabs and 2-4 water samples per hour 
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Fig. 2. Concentrations of sodium in samples of serum taken from shore crabs C. m a e n a s  and external 
brackish water measured in the Elbe estuary at Cuxhaven during a tidal cycle in July, 1982. Data 

represent means _ s. d. obtained from 8-12 crabs and 2--4 water samples per hour 

Similarly, hemolymph sodium concentrat ions remained  constant over  the tidal cycle 

(Fig. 2). Approximately 1V2 h following low tide, a sodium minimum of 179 m M  was 

measured  in the water; 1 h after high tide a maximum of 289 mM was measured.  While 
the mean  concentration of Na in the waters  of the Elbe over the tidal cycle was 245 mM, 

the mean  hemolyrnph level  was 368 _ 20mM (N = 145). 
The mean  concentrat ion of potassium in the river water  was 7 mM, ranging  b e t w e e n  

a minimum of 5 and a maximum of 10 mM. In hemolymph,  potassium levels  were  

constant over the whole period of investigation, amount ing to 10.7 __ 1.2 m M  (N = 158} 

{Pig. 3}. Also hemolymph calcium concentrat ions were  hyper regula ted  and remained  

constant during the whole  tidal cycle (Fig. 4) at a m e a n  of 12.3 +_ 1.7 mM (N = 154). 
Calcium levels in the ambient  water  ave raged  at 7.8 mM with a min imum of 5.8 and a 

maximum of 9.6 mM. 

Magnes ium levels  during the tidal cycle var ied be tween  16.5 and 32.9 mM. 
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Fig. 3. Concentrations of potassium in samples of serum taken from shore crabs C. m a e n a s  and 
external brackish water measured in the Elbe estuary at Cuxhaven during a tidal cycle in July, 1982. 

Data represent means +__ s. d. obtained from 8-12 crabs and 2-4 water samples per hour 

Hemolymph Mg concentrat ions were strongly hyporegulated to a constant  va lue  of 11.2 
• 1.4 mM (N = 137) (Fig. 5). This concentrat ion of magnes ium was close to the levels 
de termined in  the hemolymph of crabs collected in the Baltic and  the North Sea (Fig. 6). 

N a - K - A T P a s e  

Specific activities of Na-K-ATPase in homogenates  of posterior gills (No. 8) in 
relation to external  salinities are shown in Figure 7. The overall picture indica tes  that Na- 
K-ATPase activity was not modified during the course of the tidal cycle which was 
characterized by salinity fluctuations be tween  15 and 24 %0 S. Mean  specific activity of 
Na-K-ATPase amounted  to 8.0 • 2.4 ~ mole Pi mg protein - t  h -1 (N = 88). 1Wa-K-ATPase 
activities seemed to oscillate around average values de termined by the m e a n  ambient  
salinity. This assumption is evident  from comparison with data of exper iments  performed 
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Pig. 4. Concentrations of calcium in samples of serum taken from shore crabs C. m a e n a s  and external 
brackish water measured in the Elbe estuary at Cuxhaven during a tidal cycle in July, 1982. Data 

represent means + s. d. obtained from 8-12 crabs and 2-4 water samples per hour 

in a u t u m n  1981, w h e n  sahni t ies  v a r i e d  b e t w e e n  10 a n d  15 %o S a n d  N a - K - A T P a s e  ac t iv i ty  
in gill  8 was  9.7 _ 1.9 ~t mo le s  Pi m g  p ro te in  -1 h -1 (N = 36). In conclus ion ,  t he  resul ts  

o b t a i n e d  ind ica te  tha t  t he  spec i f ic  ac t iv i ty  of N a - K - A T P a s e  d id  no t  c h a n g e  in  r e s p o n s e  to 
the  f luc tua t ing  sahni t ies  of the  t ida l  es tuary.  

It is, h o w e v e r ,  obv ious  tha t  h y p e r r e g u l a t i o n  of Na,  o b s e r v e d  at the  c o m p a r a b l y  

cons tan t  sahni t ies  of the  Balt ic  Sea  (Fig. 8), w a s  r e l a t ed  to a d a p t i v e  c h a n g e s  in  speci f ic  

act ivi t ies  of N a - K - A T P a s e  p r e s e n t  in h o m o g e n a t e s  of pos te r io r  gills (Fig. 9). Speci f ic  
act ivi t ies  of b r anch ia l  N a - K - A T P a s e  w e r e  4.6 _+ 2.2 ~t moles  P i m g  p ro te in  -1 h - I  (N = 35) 
in crabs co l lec ted  in  the  Nor th  S e a  and  8.8 4- 1.6 ~ moles  Pi m g  p ro te in  -1 h - t  (N = 24) in 
Baltic crabs. 
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Fig. 5. Concentrations of magnesium in samples of serum taken from shore crabs C. maenas  and 
external brackish water measured in the Elbe estuary at Cuxhaven during a tidal cycle in July, 1982. 

Data represent means _ s. d. obtained from 8-12 crabs and 2-4 water samples per hour 

DISCUSSION 

H e m o l y m p h  i o n  c o n c e n t r a t i o n s  of  s h o r e  c r a b s  h y i n g  in  b i o t o p e s  w i t h  c o n s t a n t  
a n d  f l u c t u a t i n g  s a h n i t i e s  

Due to its capaci t ies  for effective osmotic and  ionic regulat ion,  the  shore crab 
C a r c i n u s  m a e n a s  exhibi ts  a h igh  d e g r e e  of euryhahni ty  e n a b h n g  the spec i e s  to thrive 
successfully in waters  of h ighly  var iab le  sahnity. In the  t idal  es tuary  of t he  r iver  Elbe,  
hemolymph  ion concentrat ions  of Na, K, Ca and M g  were  not  in f luenced  by  sal ini ty 
fluctuations of up to 15 %0 S that  occurred twice daily. These  f indings show that  C a r c i n u s  

is perfect ly e q u i p p e d  with regula t ive  proper t ies  a l lowing the m e t a b o h c  functions to 
p roceed  in a pract ica l ly  constant  ionic mil ieu of the body  fluids when  confronted  with  
extensive and rhythmical ly  occurr ing envi ronmenta l  changes.  
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Fig. 6. Concentrations of magnesium in serum samples taken from shore crabs C. maenas in relation 
to Mg concentrations in ambient brackish water of the Baltic and seawater of the North Sea. Data 
represent means 4- s, d. obtained from 29 (North Sea) and 37 (Baltic) serum samples and 12 (North 

Sea) and II (Baltic) water samples 

In the Elbe estuary, Na, K, and Ca were hyperregulated, and Mg was hyporegulated. 
In the comparatively constant and low sahnities of the Baltic the crabs also hyperregu- 
lated hemolyrnph sodium in contrast to specimens collected from the North Sea. Mg was 
effectively hyporegulated in all sahnities whether high, low or fluctuating. 

For crustaceans, comparable investigations on the interrelations between 
hemolymph ions and ambient sahnity fluctuations in a tidal estuary have not been carried 
out. In a laboratory experiment, Spaargaren (1973) exposed C. maenas to abrupt salinity 
changes, and by employment of a mathematical model for sinus-shaped sahnity changes 
he calculated that during a tidal cycle of 12 h hemolymph ionic changes might amount to 
approx. 1A of ambient fluctuations. These results could not be verified by our experi- 
ments. 

Internal ionic constancy during tidal fluctuations is obviously a property of species 
capable of osmoregulation in constant sahnities. In contrast to the findings presented for 
C. maenas the internal ions in various osmoconforming marine bivalves varied with in- 
situ tidal and artificially employed salinity fluctuations (Davenport et al., 1975; Shumway, 
1977; Stickle & Denoux, 1976). Some of the mussel species, among them Chlamys 
opercularis, Modiolus modiolus, Mytilus edufis and Crassostrea gigas could avoid 
hemolymph ion changes by shell closure (Davenport et al., 1975}. 
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Specific activity of Na-K-ATPase  and  its regula t ion  

Hyperregu.lation of No, K, Ca, and also C1 is considered to be the result of the balance 
between passive ion losses along the gradient through all permeable parts of the body 
surface and active uptake across the gills. In steady state conditions uptake equals loss. 

Active uptake of No, K and C1 in crustaceans is considered to be based on the activity 
of the branchial ouabain-sensitive Na-K-ATPase (Towle, 1984; for Carcinus see Lucu & 
Siebers, 1987; Siebers et al., 1982, 1983, 1985, 1986, 1987), which is located within the 
basolateral membranes of the epithelial ceils (Towle & Kays, 1986). While hyperregula- 
tion of Ca presumably results from the activity of a still hypothetical branchial Ca pump, 
hyporegulation of Mg is affected by powerful renal excretory processes (Zanders, 1980b). 
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Fluctuat ing sahnities require the pe rmanen t  regulat ion of active sodium uptake.  
Uptake has to increase at low tide and  decrease at high tide. We did not, however,  find 
changes in specific Na-K-ATPase acti;vity during the tidal cycle. This corresponds to the 
view that the processes of enzyme synthesis and degradat ion do not proceed sufficiently 
to cope with tidal sahnity changes.  The quest ion now is: How is the branchia l  Na-K- 
ATPase regula ted  in f luctuating salinities if not by fast changes  in the n u m b e r  of Na-K- 
ATPase molecules? 

We suggest  that regulat ion of Na-K-ATPase in fluctuating salinities is achieved by an  
instantly operative act ivat ion/inhibit ion property based on the characteristic dependence  
of Na-K-ATPase on its ionic milieu, in particular the Na concentration.  As pubhshed  by 
Siebers et al. (1983), the specific activity of branchial  Na-K-ATPase is highest  at low Na 
concentrat ions of about  75 mM present  in brackish water of ca 6 %o S. The higher  the 
ambient  levels of Na, the greater  their inhibitory effect. At 400 mM Na presen t  in  30 %0 S, 
activities were completely inhibited. This type of inhibit ion/act ivat ion by its substrate Na 
is found also in the branchial  Na-K-ATPase of the land crab Cardisoma guanhumi  (Quinn 
& Lane, 1966}, the freshwater crayfish Procambarus clarki (Horiuchi, 1977), the chinese 
crab F.fiocheir sinensis (Pequeux et al., 1984}, the fiddler crab Uca minax  (Wanson et al., 
1984} and various marine and  limnic decapods (Winkler, 1986}. 

It must, however,  be noted that in C. maenas intracellular concentrat ions of Na in the 
epithehal cells of the gill which supposedly control Na-K-ATPase activity are not  known  
up-to-date. We have therefore to assume that intracellular levels of Na are coupled to and  
are thus representat ive of ambien t  concentrations, an assumption which would l ink 
external Na to Na pump activity. 

Consider ing the result that branchial  Na-K-ATPase in Baltic crabs, inhab i t ing  brack- 
ish waters of relatively constant  sahnity, was significantly elevated compared  to that in 
North Sea crabs, we assume the presence of 2 modes of Na pump regulat ion:  a long- term 
regulat ion by  synthesis and degradat ion of Na-K-ATPase molecules which is operative in 
constant  sahnities, and  a short-term regulat ion of an u n c h a n g e d  n u m b e r  of enzyme 
molecules achieved by inhibi t ion and activation by sodium. The latter mode  of regulat ion 
is assumed to be operative in situations when  sahnities change  abruptly or fluctuate with 
the tidal rhythm. 

The f inding in the Elbe estuary that mean  Na-K-ATPase activity is inf luenced by 
mean  salinities - no matter how strongly they vary according to each season - indicates 
that both mechanisms may also act in concert. 
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