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Application of the patch-clamp technique to the apical membrane of amphibian peritoneum revealed a K + 
permeability governed by voltage-dependent, K+-permeable channels (PK/PNa----3.5) that are reversibly 
blocked by 20 mmol/I  internally applied tetraethylammonium. The channels show discrete and multiple 
conductance levels with elementary conductance of about 22 pS (in 120 mmol/I  KCI solution on both sides 
of the membrane). The channels' behaviour is consistent with an aggregation of channel-forming subunits 
into clusters with cooperative gating mechanism. 

In basic studies on improving techniques for 
treating patients with renal failure by peritoneal 
dialysis, an important element is the evaluation of 
physiological characteristics of the peritoneum. 
The peritoneum is assigned to the mesothelia and 
like the epithelia its function is the homeostatic 
regulation of peritoneal fluid and plasma com- 
position. This regulation is achieved by its capabil- 
ity of transporting water, electrolytes and nonelec- 
trolytes across two parallel pathways of transepi- 
thelial as well as transperitoneal movement. Be- 
sides active transport systems several types of ion 
channels have been demonstrated in the epithelial 
cells (for review see Refs. 1 and 2). Much less is 
known about the mechanism of ion transport 
through the peritoneal cells. Here we report on 
observations of single K+-selective channels in the 
apical membrane of peritoneal cells from Xenopus 
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laevis and Rana esculenta using the patch-clamp 
technique [3]. The experiments were carried out on 
pieces of frog mesentery at room temperature. 
Before the experiment the frog was decapitated 
and the spinal cord was destroyed. Then the abdo- 
men was opened surgically and the intestinal 
mesentery was isolated. The tissue was folded to 
allow better observation of its apical membrane of 
mesothelial cells. The surface of the cell mem- 
brane was clean enough to form giga-ohm seals 
(20-50 G~2) with glass pipettes without any ad- 
ditional enzyme treatment. 

After seal formation current fluctuations of 
large amplitude corresponding to a conductance 
of 200-250 pS were observed from membrane 
patches in 'cell-free' and in 'cell-attached' config- 
urations, Fig. 1A. Traces B and C in Fig. 1 repre- 
sent two sections of the record shown in A at 
more expanded time scales. This presentation 
shows more clearly that the current fluctuations 
are superimpositions of several discrete steps (here 
up to 11). They have approximately the same 
amplitude as the smallest events seen at the begin- 
ning of traces A and B (compare also amplitude 
histogram in Fig. 1D). Though this record is atypi- 
cal, it was selected to show the multiplicity of the 
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Fig. 1. (A-C) Current fluctuations recorded at -20  mV (volt- 
age of the bath solution on the cytoplasmic surface of the 
membrane with respect to the pipette solution) from an ex- 
cised, inside-out patch of apical membrane of peritoneum 
(Rana esculenta). The bath and pipette contained the same 
solution soln. 2 (60 mmol/l KC1, 60 mmol/1 NaCI, 1 mmol/1 
MgCI 2, 10 ,u, mol/1 CaC12, 10 mmolfll Mops as a buffer, pH 
7.6). Downward deflections represent currents flowing from 
the pipette to the bath. Current was recorded on an FM tape 
recorder and subsequently played back for plotting by brush 
recorder (Gould). Two sections from the top trace A are shown 
in B and C in more expanded time scale. Numbers on the right 
of each record and the broken lines shows integer multiples of 
the lowest level seen. Solid line show the baseline current level 
(closed channel). (D) Amplitude histogram of current fluctua- 
tions shown in (A-C). To construct the histograms, records 
were digitized at sampling rate 2 kHz, transferred to the floppy 
diskette and analysed by means of an LSI 11/23 computer. 
The upper abscissa has the units that are approximately the 
largest, common multiplicity of the differences between all five 
peaks seen in the current amplitude histogram. 

c o n d u c t a n c e  levels, a n d  the smal les t  sublevel  is 
c lear ly  visible.  At  the b e g i n n i n g  of an  expe r imen t  
t r ans i t i ons  be tween  fully open  a n d  ful ly closed 
states or  f luc tua t ions  be t ween  higher  c o n d u c t i n g  
sublevels  d o m i n a t e  (see Figs. 2 a n d  4). Ap-  
pea rance  of the i n t e r m e d i a t e  a n d  low c o n d u c t a n c e  
sublevels  such as those seen in  Fig. 1 usua l ly  
h a p p e n s  o n l y  at the end  of  an  exper iment ,  2 0 - 4 0  
m i n  after  seal f o r m a t i o n  a n d  p r o b a b l y  resul ts  

f rom spl i t t ing  of  the high c o n d u c t i n g  sublevel(s) .  
Fig.  2 d e m o n s t r a t e s  that  c h a n n e l  ac t iv i ty  d e p e n d s  
on  m e m b r a n e  po ten t i a l  a n d  increases  as the ho ld -  
ing  po t en t i a l  becomes  m o r e  negat ive.  Wi th  120 
m m o l / 1  KCI  on  b o t h  sides of the m e m b r a n e  the 
cu r ren t -vo l t age  ( I -V)  re la t ion  of the e l emen ta ry  
cu r r en t  s tep is l inear  wi th  a s lope c o n d u c t a n c e  of 
a b o u t  22 pS, Fig. 3, curve  1. U n d e r  a symmet r i ca l  
c o n d i t i o n s  with 120K + in  p ipe t te  (soln.  1) and  
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Fig. 2. Voltage dependence of channel activity in membrane 
patch (cell-free, inside-out) from apical side of peritoneum 
(Xenopus laevis). Channel current was recorded at the holding 
potentials indicated on the right of each trace. Upward deflec- 
tions represent currents flowing from bath to the pipette and 
downward deflections currents flowing in opposite direction. 
Broken lines show baseline current level. The bath and pipette 
contained the same solution soln. 1 (120 mmol/l KCI, 1 
mmol/l MgC12, 80 /Lmol/l EGTA, 10 mmol/1 Mops (pH 
7.6)). 

6 0 K + / 6 0 N a  + (soln. 2) or 1 K + / 9 0 N a  + (Barth's 
solution) in bath (for detailed solutions composi-  
tion see figure legends), the I-V curve shifts to 
positive potentials as expected for K+-selective 
channels (curves 2 and 3 in Fig. 3). To plot such 
relations ampli tude histograms were usually con- 
structed to find the size of  an 'e lementary '  current 
step at a given membrane  potential. From the 
dependence of reversal potential of  the I - V  curves 
on the Na+-K ÷ composit ion of the solutions, using 
Go ldman ' s  equation, a selectivity ratio PK/PNa 
was estimated to about  3.5. K ÷ channels of  such 
low selectivity were recently reported by Labarca 
and Miller [4] in sarcoplasmic reticulum and by 
Berger et al. [5] in smooth muscle. Under  asym- 
metrical condit ions with high K + externally and 
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Fig. 3. Current-voltage relations of the studied channel for 
three different bath solutions. For the curve 1 pipette and bath 
contained the same solution soln. 1 (120K ÷ ) as described in 
Fig. 2. For curve 2 bath solution was replaced by soln. 2 
(60K +/60Na + ) and for curve 3 by Barth's solution (90 mmol/1 
NaCI, 1 mmol/l KCI, 0.74 mmol/1 CaC12, 10 mmol/l Hepes 
(pH 7.6)). Each point is an average from 2-5 experiments and 
represents the size of an 'elementary' current step at a given 
membrane potential. The slopes of the curves 1-3 correspond 
to conductances of 22, 15 and 11 pS, respectively. 

high Na  + internally the I-'V curves remain linear 
and do not show rectification as for example the 
low selective K ÷ channel described in Ref. 5. 
Applicat ion of  Ca2+-free solution to both sides of 
the membrane patch does not influence channel 
activity as seen in Fig. 4A, indicating that this 
channel is not  activated by Ca 2÷. Intracellular 
application of 20 m m o l / l  te t rae thylammonium 
(TEA), a typical K+-channel blocker, reversibly 
blocks inward and outward currents (e.g. Fig. 4B). 
After wash out of  the T E A  the activity did not 
completely recover as was observed also in other 
preparat ions e.g. the potential-dependent,  Ca 2+- 
insensitive K ÷ channel in smooth muscle [6]. In 
most  membrane patches studied here we observed 
channel activity which nearly exclusively was due 
to the channel described above. The interesting 
feature of the channel studied is that it shows: (1) 
several equally spaced conductance  levels, as if in 
the membrane  patch at the same time several 
identical ionic pores were present and organized 
in a cluster; (2) high percentage of rapid transi- 
tions between closed and fully open states indicat- 
ing cooperative gating of  the elementary channels; 
(3) irreversible splitting, during the time of  an 
experiment, of dominat ing conducting level(s) into 
several lower conductance  levels, which may result 
f rom disturbance of  the synchronism in operat ion 
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Fig. 4. Effect of  Ca 2+ and tetraethylammonium (TEA) on 
channel current. The pipette and bath contained the same 
solution as described in Fig. 2 but in A for upper trace EGTA 
in bath was replaced by 10 #mol/1 CaCI 2 and for middle trace 
in B a 20 retool/1 TEA was added to the bath. A broken line 
represents a baseline current level. Membrane patch the same 
as in Fig. 2. 

of the e lementary  channels.  K + and C l -  channels  

having such character is t ics  were recently recog- 
nized in mol luscan neurons [7,8], as well as 
anion-select ive channels  in pu lmonary  epithel ial  
cells [9]. The former authors  also repor t  observa-  
t ion of s imilar  K ~ channels  in mol luscan glial and 
card iac  cells and in rat neurones.  Mul t ip l ic i ty  of 
conduct ing  levels have also been shown for the 
C1 channel  from Torpedo californica incorpo-  
ra ted into p l ana r  l ipid bi layers  [10]. Those ob- 
servat ions were in terpre ted  as evidence for chan-  
nel clusters formed by  several co-channels  opening  
and closing independent ly ;  in add i t ion  a shared 
gat ing mechanism can synchronous ly  render  all of 
them non-conduc t ing  [9]. Channel  aggregates can 
irreversibly degrade with t ime of exper iment ,  split- 
ting into smaller  pieces down to an e lementary  
subchannel  [8], a phenomenon  consis tent  also with 
our  observat ions.  Thus, in our view, results re- 
por ted  here are consis tent  with such in te rpre ta t ion  
and give further evidence that  clusters of synchro-  

nously opera ted  co-channels  might  be c o m m o n  in 
a wide variety of biological  membranes .  

The voltage dependence  of channel  act ivi ty 
favours channel  opera t ion  at negative membrane  
potent ials .  In two cases, by d is rupt ion  of  the 
pa tched  membrane  in cel l -a t tached conf igurat ion 
we found a resting potent ia l  of the s tudied cells of 
- 2 8  and - 3 8  mV with Barth 's  solut ion in the 
ba th  and 120K + (soln. 1) in the pipette.  Calcula-  
t ion of the reversal potent ia l  of K + currents,  E K, 
under  those condi t ions  with a selectivity ratio 
PK/PNa = 3.5, gives the value of - 38 mV, match-  
ing the cell resting potent ia l  ment ioned  above. 
Thus our results indicate  that  the apical  mem- 
brane  of  per i toneum shows high K + permeabi l i ty  
which is governed by the vol tage-dependent  K ÷ 

channels  organized in clusters. Systematic  investi- 
ga t ion of K + permeabi l i ty  in per i toneal  cells has 
not  yet been reported.  The high occurrence of the 
K + channel  in patches  from the apical membrane  
of  per i toneum and its high conductance  suggest an 
impor tan t  role of this channel  in K + permeat ion  
through per i toneal  cells. Similar  significant K + 
conduc tance  was found in apical  membranes  of 
o ther  p repara t ions :  rabbi t  gal lblader ,  frog skin 
and rabbi t  colon, which may serve as the exit step 
for active K + secretion [1]. 

The authors  grateful ly  acknowledge Dr. W. 
Schwarz and Professor H. Passow for crit ical read- 
ing of the manuscr ipt .  
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