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ABSTRACT: In the present article we review our findings on split lamella preparations of crab gills 
mounted in modified Ussing-chambers with respect to mechanistic and ecophysiological aspects. 
The leaky gill epithelium of shore crabs adapted to brackish water absorbs Na + and C1- in a coupled 
mode, and shows similarities to other salt-absorbing epithelia exposed to moderately diluted media. 
The results so far obtained for NaCI uptake across the gills of the shore crab are compatible with a 
transport model where two cell types operate in parallel, one displaying cotransport-like NaC1 
absorption, similar to that in the thick ascending limb of Henle 's  loop of the mammalian mephron, 
and the other one with characteristics of amiloride-sensitive, channel-mediated Na + uptake by frog 
skin. Although there is no clear evidence for the apical mechanisms in this model, it may serve as a 
good basis for more detailed studies in the future. The moderately tight gill epithelium of freshwater 
adapted Chinese crabs absorbs Na + and C1- independent ly  from each other, and shows similarities 
to other salt-absorbing epithelia exposed to freshwater. The characteristics of a positive, Na +- 
dependent  short-circuit current with externally C1--free saline indicate that active Na + uptake 
proceeds in a frog-skin-like mode via apical Na+-channels and the basolateral Na+/K+opump. The 
nature of a negative short-circuit current with external C1--saline indicates that active and Na +- 
independent  CI- uptake is driven by an apical V-type H~--pump and proceeds via apical C1-/ 
HCO3--exchange and basolateral C1--channels. 

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

Mos t  c r u s t a c e a  of t he  g roup  Brachyura ,  c o m m o n l y  k n o w n  as crabs,  l ive in s e a w a t e r .  

In this m e d i u m  t h e y  are  no t  c o n f r o n t e d  w i t h  se r ious  osmot ic  p r o b l e m s .  The i r  

h a e m o l y m p h  is n e a r l y  i so -osmot ic  w i th  r e s p e c t  to s e a w a t e r .  H o w e v e r ,  m a n y  crab  s p e c i e s  

m i g r a t e  to b r a c k i s h  wa te r ,  a n d  a f e w  g r o u p s  e v e n  c o n q u e r  f r e shwa te r .  In t h e s e  d i lu t ed  

�9 This paper is a summary of three articles presented at the Symposium commemorating the 
Centenary of the Biologische Anstalt Helgoland (13th-18th September, 1992): (1) "How to 
overcome osmotic stress? Marine crabs conquer freshwater"(Graszynski et al.); (2) Poster: "Na +- 
and Cl--uptake across posterior gills of E~iocheir sinensis acclimated to freshwater" (Graszynski 
et aL); (3) "Electrogenic uptake of NaC1 across split lamellae of posterior gills of low-salt adapted 
shore crabs (Carcinus maenas)" (Onken & Siebers). 

�9 Biologische Anstalt Helgoland, Hamburg 
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med ia  they  need  mechan i sms  to hyper regu la t e  the osmotic concentrat ion of their  body 
fluids. 

In this short review, we focus on recent  advances  in the under s t and ing  of absorpt ive,  
e lect rogenic  ion movements  across poster ior  crab gill, the major t issue for salt ba lance  
dur ing osmoregula t ion  of these  animals  (for extensive reviews see: Man te l  & Farmer,  
1983; Graszynski  & Bigalke,  1987; Siebers  et al., 1987; Pequeux et al., 1988; Lucu, 1990). 
This has become  possible  in the last  few years  by the appl icat ion of mode rn  e lec t rophy-  
siological techniques  to isola ted ep i theha l  layers  which were  moun ted  in an Ussing- 
chamber  (Schwarz & Graszynski ,  1989; Onken,  1989; Schwarz, 1990; O n k e n  et al., 1991; 
Zeiske et al., 1992; Onken  & Siebers,  1992). 

THE SPECIAL OSMOTIC PROBLEM OF CRABS 

All animals  which live in d i lu ted  med ia  are confronted with an essent ia l  p roblem:  the 
passive influx of wate r  and  efflux of salt  across pe rmeab le  body surfaces, th rea ten ing  to 
increase  the volume of their  body  fluid and to decrease  its osmotic concentra t ion.  In 
f reshwater  animals,  l ike amphibians ,  fish and crayfish, t w o epi thel ia  function toge ther  
to overcome these  problems:  (a) a special  s egment  of their  nephr id ia l  system act ively 
reabsorbs  ions, faci l i tat ing the product ion of hypo-osmotic  urine, and  (b) body  surface 
epi thel ia  (skin, gills) act ively absorb  salts from the di luted external  medium,  which 
compensa tes  for losses. 

In contrast, all crabs produce  iso-osmotic urine, because  they lack mechan i sms  for an 
effective ion reabsorp t ion  in their  nephr id ia l  system, the antennai  g l and  (Mantel  & 
Farmer,  1983). Thus, in di luted ex te rna l  media ,  they suffer from an addi t ional  ion l eak  in 
their haemolymph  system. Moreover:  be ing  original ly mar ine  animals,  crabs,  with __ 550 
mosmol/1 (Mantel  & Farmer,  1983), main ta in  a ra ther  high osmotic concentra t ion  in their  
body fluids, when  compared  to the above -men t ioned  "classical" f reshwater  an imals  with 
200-400 mosmol/1. This aggrava tes  the p rob lem of passive salt losses via an tenna l  g land  
and body surfaces, especia l ly  in freshwater .  Therefore,  the e lucidat ion of such potent  
mechanisms  in crab gills for salt up t ake  agains t  this ex t remely  s teep osmotic g rad ien t  has 
been  of p rominen t  interest  for inver tebra te  physiologists .  

ELECTROPHYSIOLOGICAL METHODS IN CRAB GILL INVESTIGATIONS 

A number  of reports  (for review, see  Pequeux  et al., 1988) deals  with ion t racer  flux 
measurement s  and  b iochemica l  assays  which were  per formed to solve the  ques t ion  of 
how crab gills achieve their  absorpt ive  task, and  how this depends  on the ambien t  
salinities. Various e lec t rophysiologica l  techniques  have been  very successful ly used  in 
the pas t  to uncover  and  character ize  ion t ransport  processes  in symmetr ica l  and  epi the l ia l  
ceils, However ,  to date, the only e lec t rophysio logica l  technique  which has  b e e n  rout inely  
app l ied  to isola ted and  per fused  gills of different  crab species  is the m e a s u r e m e n t  of the 
t ransbranchia l  potent ia l  difference (PD) (Smith & Linton, 1971; Siebers  et aL, 1985; Drews 
& Graszynski ,  1987; Pequeux  & Gilles, 1988). In fact, under  certain we l l -de f ined  exper i -  
menta l  conditions,  the  observat ion  of this p a r a m e t e r  can provide  va luab le  information.  
Unfortunately,  the  in terpre ta t ion  of PD-da ta  (without area-specif ic  conductances ;  meas -  
ured  s imultaneously)  is ra ther  lirnited, due, for instance,  to their  often complex  d e p e n d -  
ence on cel lular  a n d parace lh i la r  circuit pa rame te r s  and  tissue geometry .  
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Fig. 1. Schematic representation of morphology and fine structure of crab gills. Modified after 
Graszynski & Bigalke (1987) 

Such disadvantages  are simple to overcome, when  an epithelium can be mounted  
and vol tage-clamped in an Ussing-type chamber.  Since its introduction in the early' 
'fifties (Ussing & Zerahn, 1951), this technique has yielded a wealth of data and  allowed 
great insight into transport mechanisms of epithelial tissues. However, a flat epithelial 
preparation, which seems hardly obtainable from a rather complex structure like the crab 
gill (see Fig. 1), is an absolute requi rement  for the application of this method. Only a few 
years ago, Schwarz & Graszynski (1989) succeeded in splitting isolated single gill 
lamellae of the Chinese crab (Eriocheir sinensis). The resulting preparation,  consisting of 
a small, single layer of adherent  cuticle and  epithelium, could then simply be moun ted  in 
a small version of an Ussing-chamber.  

Only by us ing this method has it become possible to define ion-specific and  area- 
related currents and  conductances in great detail: (a) unl ike the PD which is a qualitative 
measure,  quanti tat ive parameters were obtained (Schwarz & Graszynski, 1989; O n k e n  et 
al., 1991; Zeiske et al., 1992; Onken  & Siebers, 1992); (b) cell impalements  with 
microelectrodes via the basolateral m e m b r a n e  allowed the investigation of m e m b r a n e  
potentials and  conductances (Onken et al., 1991), and  (c) application of current-noise 
analysis resul ted in the unambiguous  demonstrat ion of Na+-channels  in the apical gill 
membrane  of the Chinese crab (Zeiske et al., 1992). 

Unfortunately,  a disadvantage of split lamella preparations of crab gills is that tracer 
flux measurements  will be difficult, if not impossible, due to the unavoidab ly  small 
surface area of the isolated epithelium. Thus, electroneutral  processes cannot  be 
recorded, as is possible with whole gills and with preparations of vesicle membrane .  
Comparisons of data and  conclusions from electrophysiology with those obta ined  by 
other methodical  approaches therefore require care and reservation. Beyond this, the 
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split lamella  preparat ion offers decisive advantages  for a detai led characterizat ion of the 

mechanisms  involved  in electrogenic ion movements  across crab gill membranes .  

C a r c i n u s  m a e n a s :  A m o d e l  for  c r a b s  m i g r a t i n g  to b r a c k i s h  w a t e r  

An example  of a crab that migrates to brackish water  is the shore crab C. m a e n a s  

(Mantel & Farmer, 1983). Even though only sparse knowledge,  der ived from a single 
study on split lamella  preparat ions of the gills of this species, has been  avai lable  up to 

now (Onken & Siebers, 1992), the results are useful for the comparat ive aspect  of this 

article. With haemolymph- l ike  NaCl-sal ines on both sides of split lamella  preparat ions 

from shore crabs adapted  to low-salt  media,  a transbranchial  PD of about  7 mV (inside 

negat ive)  was measured,  thus being very close to the findings for isolated gills (Siebers et 

al., 1985; Lucu, 1990). Short-circuiting of the PD resulted in a short-circuit current  (Isc) of 
about  - 2 4 0  ~tA/cm 2. [The negat ive  polarity of I~c reflects a net  inward m o v e m e n t  of 

nega t ive  or a net  outward movemen t  of positive ions.] The current d e p e n d e d  on the 

presence  of Na + a n d C1- and on a functioning Na+/K§ (see Fig. 2). Isc was not 
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Fig. 2. Influence of ion substitutions and some external (o) and internal (i) inhibitors [2 mmol/1 
ouabain, 0.1 mmoU1 diamox (acetazolamide), maximal (0.05-0.2 mmol/1) amiloride] on the negative 
short-circuit current (Isc) across split lamella preparations of posterior gills of low-salt adapted 
Carcinus m a e n a s  in % of the control {= 100 %). Sample numbers in brackets. Vertical bars indicate 

standard error of the mean 
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sensitive to acetazolamide, confirming former flux measurements  (B6ttcher et al., 1991), 
which already indicated that NaCl-uptake  across the gills of the shore crab is indepen-  
dent  of the carbonic anhydrase and does not seem to proceed via electroneutral Na+/H +- 
and C1-/ HCO3--exchangers  in the apical membrane.  The conductance across cuticle 
and epithelium (Gt), about 40mS/cm 2 under  control conditions, only decreased after 
substitution of Na + but  not CI-, showing that the overall conductance of the tissue is 
dominated by sodium. 

Another feature of the gill epi thel ium of the shore crab was its sensitivity to the 
epithelial Na + transport  blocker, the diuretic amiloride (Benos, 1982). In a dose-depen-  
dent  manner ,  the negat ive I~c became more negat ive and Gt decreased with a half- 
maximal concentrat ion (KAMI) of about 10 gmol/1 (Onken & Siebers, 1992), which is in the 
currently reported range for apical Na + channels  from invertebrate epithelia (Dannen- 
maier et al., 1991; Zeiske et al., 1992). These effects, consistent with the drug- induced 
inhibit ion of a positive I~c (probably the net  inward movement  of positive ions), may 
indicate the presence of an active and  electrogenic Na+-uptake parallel to the mecha- 
nisms responsible for negat ive Isc, which is likely to reflect electrogenic C1- uptake.  The 
apical site of interaction with the diuretic seems not to be (as was postulated by Shetlar & 
Towle [1989]), an electrogenic 2Na+/1H+-exchanger:  in their studies, using a preparat ion 
of mixed plasma membrane  vesicles from Carcinus gills, KAM I w a s  280,amol/1, which is 
clearly many orders of magni tude  greater than in the experiments on isolated epithelia - 
but typical for other Na+/H+-exchangers  (Benos, 1982). However, our suggest ion of 
apical Na + channels  (see Fig. 3) needs  further support, e.g. by amiloride-induced current- 
noise analysis (see below for Eriocheir). 

The results obtained so far for the gills of the shore crab are compatible with a model 
where two cell types operate in parallel, one displaying co-transport-like NaC1 uptake,  
similar to that in the thick, ascending limb of Henle 's  loop of the mammal ian  nephron  (cf. 
Greger, 1985), and the other one with characteristics of amiloride-sensitive, channel-  
mediated Na + uptake by frog skin (cf. Erlij & Ussing, 1978). A similar model (see Fig. 3) 
has already been  tentatively proposed for the gills of the fiddler crab Uca tangeri, which 

apical ~ J  basolateral 

No*---al~ e K + - - ~  

~ NO+ 

No, ( ~  C[- 

Fig. 3. Proposed functional model for NaC1 uptake across posterior gills of low-salt adapted Carcinus 
m a e n a s  
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also migrates to brackish water (Drews, 1985; Graszynski  & Bigalke, 1987). While the 
mechanisms implicit in transport across the basolateral  membrane  have been  fairly well 
demonstrated for the shore crab (Lucu & Siebers, 1987; Siebers et al., 1990), there is no 
clear evidence of the mechanisms involved in the apical transport modes for Na + and C1- 
in either [/ca tangeri or Carcinus maenas. However, the model for ion transport  across 
gills of crabs migrat ing to brackish water proposed in Figure 3 may serve as a good basis 
for more detailed investigations in the future. 

Er ioche i r  s inens is :  A m o d e l  for c r a bs  w h i c h  c o n q u e r e d  f r e s h w a t e r  

Only tropic and  subtropic species of the Potamonidae and some Grapsidae, hving in 
small water accumulat ions be tween  the leaves of bromelia in tropical rain forests, have 
become completely independen t  of seawater  due to an ontogenetic deve lopment  similar 
to that in crayfish (elimination of planktonic stages). Unfortunately, little is know n  about 
osmoregulat ion in these species (Mantel & Farmer, 1983), which are hardly obta inable  for 
laboratory use. However, the Chinese crab Eriocheir sinensis may serve as a good 
substitute. This species passes through some planktonic  stages in seawater  before it 
migrates upstream in Central European and East Asian rivers. After spend ing  an 
essential part of its lifetime in freshwater, the now-adul t  Chinese crab returns to the sea 
to reproduce. 

In the past few years, most information has been  gathered using the above described 
electrophysiological techniques on isolated epithelia of the posterior gills of Chinese 
crabs acclimated to freshwater. In the following, we focus on basic data and those results 
which are important  to unders tand  the proposed transport model shown in Figure 4. 
More detailed information, like kinetics or regulat ion of NaC1 uptake, can be found 
elsewhere (Onken, 1989; Schwarz, 1990; On ke n  et al., 1991; Riestenpatt et al., 1992; 
Zeiske et al., 1992). 

With haemolymph-l ike  NaCl-sahne on both sides of split lamella prepart ions of the 
Chinese crab, a PD of about 22 mV (inside negative) was measured.  Short-circuiting of 
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Fig. 4. Proposed funcitonal model 
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for NaC1 uptake across posterior gills of Eriocheir sinens/s 
acclimated to freshwater 
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Fig. 5. Effect of external (o) bafilomycin At and internal (i) NaCN on negative Isc across a split lamella 
preparation of Eriocheir sinensis acclimated to freshwater. The vertical bars are due to constant 

voltage pulses and are proportional to Gt  

this voltage resulted in a negative Isc of about - 6 4  ~tA/cm 2. Gt amounted  to about  3 mS/ 
c r n  2 under  these conditions (Onken et al., 1991). The negat ive current, which even 
became more negat ive after external  substitution of Na + (choline), depended  on the 
presence of C1- in the external bath and obviously represented a N a + - i n d e p e n d e n t  
electrogenic C1 uptake. Our working model for this C1- transport is shown in Figure 4 
(lower cell type): apically involved are a H+-ATPase parallel to a C1- /HCO3--exchanger ,  
both "powered" by carbonic anhydrase-cata lyzed CO2-hydrolysis. Basally involved are 
C1- and K § channels.  The "C1- current" could be inhibited with external 4 -acetamido-4 ' -  
isothiocyanato~ disulfonic acid (SITS, inhibitor of C1-/HCO3-exchange) or 
with external bafilomycin A1 (see Fig. 5), a specific inhibitor of vacuolar type H+-ATPases 
(Wieczorek et al., 1991). Equally effective were internal  diphenylamine-2-carboxylate  
(DPC, inhibitor of Cl--channels)  or acetazolamide (inhibitor of the carbonic anhydrase).  
However, in ternal  ouabain, the wel l -known inhibitor of the Na+/K+-ATPase did not 
reduce C1- current  (Onken et al., 1991). 

The driving force for secondary active C1- uptake via apical C1- /HCO3--exchange  is 
provided by the cooperation of carbonic anhydrase  and the H+-ATPase, of which the 
latter is also clearly the candidate for the transapical  electrical current pathway. Although 
not directly dependen t  on a funct ioning Na+/K+-ATPase (see above), this ion pump 
should stimulate C1- uptake by its indirect inf luence on the cellular electrical potential  
(via generat ion and  conservation of a [K+]-gradient across the basolateral membrane) .  
The basolateral passive C1- exit via DPC-sensit ive channels  depends  on the negat ive  cell 
potential  which is partly genera ted  by the H+-ATPase, and partly reflects the basolateral  
K+-dependent  membrane  voltage. This is indicated by the sensitivity of negat ive  Isc to 
bafilomycin (see Fig. 5) and of the cellular potential  to high haemolymph-s ide  K + 
concentrations (Onken et al., 1991). 

A completely different feature of the gills of the Chinese crab appeared,  when  
working with C1--free saline in the external  bath. Under  these conditions, the polarity of 
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Fig. 7. T i m e - c o u r s e  of t he  cel lular  potent ia l  (Vsc) af ter  impa l i ng  a cell of a shor t -c i rcu i t ed  s p h t  l ame l l a  
p repa ra t ion  of Eriocheir sinensis acc l ima ted  to f r e shwate r .  The  s igna l  is re la ted  to e i the r  Na  "~ u p t a k e  
(external  N a + - s a h n e ) ,  or C1- u p t a k e  (external  C1- - sahne) ,  or n o n - t r a n s p o r t i n g  cond i t i ons  (external  
Na+-sa l i ne  p lu s  0.2 retool/1 ami lor ide  or NaC l - f r ee  saline).  In te rna l  h a e m o l y m p h - l i k e  NaCl - sa l ine ,  

du r i ng  the  w h o l e  per iod  
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Isc reversed. This positive Isc depended  on external Na + and was highly sensitive (half- 
maximal effect below 1 ~mol/1) to external amiloride (Schwarz, 1990; Zeiske et al., 1992; 
see Fig. 6, this paper) as well as to internal  ouabain  (Schwarz, 1990). The positive Isc 
represents active Na + uptake via apical Na+-channels ,  as was unambiguous ly  shown by 
the analysis of amiloride-induced current-noise (Zeiske et al., 1992). 

With respect to the intraepithelial  localization of the mechanisms discussed for C1- 
and Na + uptake (see Fig. 4), an interest ing result was obtained by immunofluorescent  
representat ion of a gill H+-ATPase (Putzenlechner et al., 1992) with monoclonal  anti- 
bodies against  the V-type apical H+-ATPase from caterpillar midgut (Klein et al., 1991; 
Wieczorek et al., 1991). Immunosta in ing  was only seen in the so-called pilaster cells, 
formerly assumed to stabilize only the haemolymph space be tween  the two epithelial 
layers inside a gill lamella (see Fig. 1). On the other hand, microelectrode experiments  
(see Fig. 7) reflect all possible transport states after impaling a single cell. In the absence 
of any transport (Na+-saline with amiloride or NaCl-free saline), the cellular potential  at 
short-circuit is in the range of - 3 0  to - 4 0  inV. With Na + uptake (Na+-saline), the cellular 
potential de-polarises, but  it hyper-polarises with C1--uptake (CI--saline). These results 
indicate that all mechanisms will contribute to the signal sensed by the microelectrode. 
Thus, unl ike in the model  proposed for the shore crab (see Fig. 3), all cells in the gill 
epithelium of E r i o c h e i r  seem to be at least electrically coupled (as suggested in Fig. 4), 
and i ndependen t  modes of electrogenic Na + and C1- uptake are consequent ly  alternative 
and/or complementary instruments  of the tissue for osmoregulation. 

CONCLUSION AND COMPARATIVE REMARKS 

Gill epithelia from crabs which were acclimated to diluted media show the same 
polarity of PD (inside negative) and Isc (inward negative) with haemolymph-l ike  NaC1- 
salines on both sides, when  the vol tage-clamped split lamella preparation is invest igated 
in an Ussing-chamber.  However, the magni tudes  of these parameters,  and  in particular 
PD and Gt, already differ significantly. While the gills of the shore crab (representative of 
crabs migrat ing to brackish water) are "leaky", the gills of the Chinese crab (representa- 
tive of crabs migrat ing to freshwater) are moderately "tight". With respect  to the 
suggested mechanisms involved in t ransbranchial  NaC1 uptake, the gills of the shore 
crab show similarities to other salt-absorbing, "leaky" epithelia exposed to moderately 
diluted media. The gills of the Chinese crab, on the other hand,  show striking similarities 
to the co-operating mitochondria-rich and principal cells, which both seem to mediate  
NaC1 uptake across frog skin under  in vivo conditions (Harvey & Ehrenfeld, 1988; Larsen, 
1988). 
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