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Abstract 

The effect of a stable prostacyclin derivative, 7-oxo-prostacyclin, on the electrogenic Na+/K + pump in mouse diaphragm 
muscle was investigated. Resting membrane potentials of muscle cells were measured with glass microelectrodes. In fresh 
diaphragm preparations from 7-oxo-prostacyclin-pretreated mice (50 /~g'kg -1 7-oxo-prostacyclin i.p. 30-34 h prior to the 
experiment) resting membrane potentials were significantly higher (-83.86 + 1.40 mV, mean + S.E.M.) than in control prepara- 
tions (-70.78 + 1.07 mV). Ouabain at a concentration of 10 -4 mol.1-1 abolished this hyperpolarization ( P <  0.05). The 
electrogenic effect induced by addition of 5 mmol-1-1 K + to Na+-loaded muscles from 7-oxo-prostacyclin-pretreated animals 
was also enhanced (A resting membrane potential = 21.73 + 3.13 mV) compared with that of the controls (A resting membrane 
potential = 18.36 + 1.29 mV). Ouabain antagonized the increase in electrogenicity of Na+-loaded diaphragms induced by 
7-oxo-prostacyclin pretreatment (P < 0.05). In contrast to control preparations, no inhibition of the electrogenic effect induced 
by 10 mmol" 1-1 Ca2+ ions in Na+-loaded muscles was observed in diaphragms from 7-oxo-prostacyclin-pretreated animals. In 
acute experiments with Na+-loaded muscles, where 10 -7 mol-1-1 7-oxo-prostacyclin was added to the bath, resting membrane 
potential reached up to -100 mV. The electrogenic pump-induced increase in resting membrane potential amounted to 
approximately 30 mV. This effect could be also abolished by 10 -4 mol. 1 1 ouabain (P < 0.05). The data indicate a stimulating 
effect of 7-oxo-prostacyclin on the electrogenic Na+/K + pump and increased tolerance of the skeletal Na+/K + pump to 
ouabain and Ca 2+. 
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1. Introduction 

The sodium salt of 7-oxo-prostacyclin exhibits en- 
hanced molecular stability in aqueous solution 
(Szekeres et al., 1983). The substance (in a dose of 50 
/zg- k g - t  i.p.) provides substantial protection against 
both the loss of intracellular K ÷ and the gain of Na ÷ 
induced by acute coronary occlusion, and the accumu- 
lation of Ca 2+ induced by subsequent reperfusion of 
the myocardium (Szekeres et al., 1988,1989). This sug- 
gests that this drug may act on the membrane N a + / K  ÷ 
pump (E.C. 3.6.1.3) which stabilizes the intracellular 
Na + and K ÷ levels. 

In our study we investigated if 7-oxo-prostacyclin 
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affects the skeletal muscle N a + / K  + pump activity (a 
physiological equivalent of (Na+/K+)-ATPase ,  Skou, 
1975) in diaphragm fibers. Electrogenic sodium pump 
activity can be estimated in the model of sodium-loaded 
diaphragm muscle fibers (Kernan, 1962). The effect of 
7-oxo-prostacyclin was studied: (a) on preparations 
from pretreated animals and (b) during direct addition 
of 7-oxo-prostacyclin to the muscle bath. 

2. Materials and methods 

All experiments were performed in accordance with 
the Declaration of Helsinki and internationally ac- 
cepted principles for the care and use of experimental 
animals. Female mice (21 + 1 g body weight) were 
killed by cervical dislocation. After excision the di- 
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aphragm was transferred to Krebs solution as modified 
for diaphragms by Liley (1956), containing (in mmol -  
l - l ) :  Na + 149.8; K + 5.0; C a  2+ 2.0 o r  10.0; M g  2+ 1.0; 

H C O  3 12.6; H e P O  4 1.0; glucose 11.0; pH = 7.2. The 
latter solution enabled us to adjust the Ca 2+ concen- 
tration of the incubation medium to values as high as 
10 mmol-1-1 .  After  isolation, the diaphragms were 
either directly used for experiments, or they were pre- 
incubated for 4 -6  h in a K+-free solution gassed with a 
mixture of 95% 0 2 and 5% CO 2 at room tempera ture  
(21 + I°C). At this tempera ture  the N a + / K  + pump is 
functional and the time course of the hyperpolarization 
permits electrophysiological measurements.  This incu- 
bation resulted in an increase in intracellular sodium 
concentration from 15 to 30 mmol • 1-1 (Dlouh~i et al., 
1981) and in a corresponding decrease in K + concen- 
tration (Zemkov~ et al., 1982) and induced a decrease 
in the resting membrane  potential by 10-15 mV 
(Vysko~il et al., 1985). The electrogenic activity of the 
sodium pump was identified as a temporal  hyperpolar- 
ization occurring upon the addition of 5 mmol • l -  1 K + 

to the 'Na+-loaded ' diaphragm muscle preparat ion 
(Kernan, 1962; Dlouh~ et al., 1981). Resting membrane  
potentials were measured on superficial muscle fibers 
by repeated insertion of glass microelectrodes filled 
with 3 mol .  1-1 KC1. A high-impedance preamplif ier  
was used for the recordings (Fatt  and Katz, 1951; Ujec, 
1988). 

2.1. Drug addition 

In electrophysiological experiments the diaphragms 
from 7-oxo-prostacyclin-pretreated or non-pretreated 
animals were used. The drugs were added into Liley 
K+-free medium for 5 min (in Na+-loaded or fresh 
diaphragms isolated from pret reated animals) or 20 
min (in acute experiments with diaphragms from non- 
pret reated animals). Then 5 mmol .  I - t  K + was added 
to the medium bathing the diaphragm and initiated 
N a + / K  + pump activity. The reversibility of the drug- 
induced effect was examined during the washout pro- 
cedure with new Liley solution. 

The animals were pretreated by 7-oxo-prostacyclin 
administered intraperitoneally in saline solution in a 
dose of 50 Izg" kg - t  30-34 h before the experiment. 

2.2. Chemicals 

7-Oxo-prostacyclin was a gift from Prof. Dr. Szek- 
eres of Szeged (Hungary). Ouabain was purchased 
from Fluka (Switzerland), and the rest of the chemicals 
originated from BDH (UK). All substances used were 
of analytical grade. 

2.3. Statistics 

Statistical evaluation of experimental data (dif- 
ferences between the control and 7-oxo-prostacyclin- 
pretreated groups) was performed by means of a one- 
way analysis of variance (Egermayer  and Boh~6, 1984; 
Dahlberg, 1948). For Student 's  t-test the differences 
were considered significant at P < 0.05. Each experi- 
mental  group consisted of 3 diaphragms. The total 
numbers of fibers penetra ted in each group are given 
in brackets. Results are expressed as means + S.E.M. 

3 .  R e s u l t s  

3.1. Pretreated animals 

Freshly isolated diaphragms 
The resting membrane  potential of diaphragms 

freshly isolated from 7-oxo-prostacyclin-pretreated ani- 
mals was significantly more negative (about 13 mV) 
than that of diaphragms from non-pretreated controls 
(Table 1). The effect of 7-oxo-prostacyclin pretreat-  
ment  on resting membrane  potential could be abol- 
ished by 1 × 10 -4 mol • 1-1 ouabain. When added to 
the incubation medium oubain returned the resting 
membrane  potential close to control values (68.30 + 
1.24 mV; n = 15) within 5 min. 

Na +-loaded diaphragms 
Four hours of loading with sodium decreased the 

resting membrane  potential of diaphragm muscle fibers 

Table 1 
The effect of 7-oxo-prostacyclin on resting membrane potential in muscle cells from freshly isolated and Na+-loaded diaphragms 

Diaphragm Resting membrane potential [mV] 

K+-free 5 mmol • 1 - I  K + 

Fresh non-treated 70.78 + 1.07 (27) 
Fresh + pretreatment 83.86 _+ 1.40 * (44) 
Na +-loaded non-treated 61.53 _+ 0.84 (41) 79.89 _+ 0.98 * (48) 
Na +-loaded + pretreatment 63.90 + 1.52 (31) 85.63 _+ 2.74 * (22) 

Pretreatment: 7-oxo-prostacyclin was administered at the dose of 50 tzg. kg-1 i.p. to mice 30-34 h before the experiments. Three muscles were 
examined and the number of fibers penetrated is given in brackets. Data represent the means + S.E.M. * Statistically significant changes for 
P < 0.05. 
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Table  2 

Effect  of  ouaba in  on N a + / K  + p u m p  act ivat ion in Na +-loaded d i a p h r a g m  musc le  fibers: in f luence  o f  p r e t r e a t m e n t  wi th  7-oxo-prostacyclin 

103 

Subs tance  R M P  [mV] N a + / K  + p u m p  act ivat ion 

N a + - l o a d e d  + 10 5 M ouab a in  64.67 + 1.66 (17) - 

N a + - l o a d e d  + 10 - 4  M ouaba in  64.50 _+ 0.81 (43) - 

P r e t r e a t m e n t  N a + - l o a d e d  + 10 -5  M oua ba in  70.75 +_ 1.39 * (32) + 

P r e t r e a t m e n t  N a + - l o a d e d  + 1 0 - 4 M  oua ba in  62.82 + 1.08 (39) - 

R M P  - rest ing m e m b r a n e  potent ia l  m e a s u r e d  in Li ley  solut ion with 5 m m o l  • 1 1 K +. P r e t r e a t m e n t :  7-oxo-prostacyclin was  admin i s t e red  at the 
dose of  5 0 / x g .  kg -1  i.p. to mice  3 0 - 3 4  h before  the  exper iments .  T h r e e  musc l e s  w e r e  e x a m i n e d  and  the n u m b e r  o f  f ibers p e n e t r a t e d  is g iven in 
the  brackets .  D a t a  represent  the  m e a n s  ± S.E.M. * Statistically s ignif icant  c h a n g e s  for P < 0.05. 

similarly in both the 7-oxo-prostacyclin-pretreated and 
in the control groups (Table 1). The presence of  5 
m m o l .  1-1 K + ions in the incubation medium reversed 
the effect of  Na + loading in both groups. However,  
this reversal was much more pronounced (by approxi- 
mately 6 mV)  in the 7-oxo-prostacyclin-pretreated 
group. This indicated a more effective involvement of  
electrogenic N a + / K  + pump activation. 

In order to check whether the above difference in 
electrogenicity reflects an enhanced activity of  the 
Na + / K  + pump induced by 7-oxo-prostacyclin pretreat- 
ment,  different concentrations of  ouabain were added 
to the bath. The concentrations of  10  - 4  mol • 1 - t  (n = 
43) and 10 -5 m o l . 1 - 1  (n = 17) ouabain completely 
prevented the activating effect of  K + on the sodium 
pump in the control diaphragms (Table 2). In di- 

aphragms from 7-oxo-prostacyclin-pretreated mice, 
however, only the higher 10  - 4  m o l - 1 - 1  concentration 
of  ouabain (n = 45) was able to abolish the K+-induced 
hyperpolarization of  the cell membrane (Table 2). Sim- 
ple washout  of  ouabain by new Liley solution restored 
the electrogenic effect in non-pretreated controls, but 
failed to induce the same effect in 7-oxo-prostacyclin- 
pretreated muscles. 

C a  2 + and 7-oxo-prostacyclin pretreatment 
An increase in C a  2+ concentration in the Liley 

solution from 2 to 10 mmol  • 1-1 inhibited the electro- 
genie effect of  K + ions in Na+-loaded muscle fibers 
from the control non-treated group (resting membrane 
potential = - 6 4 . 3 0  _+ 1.20 mV; n = 36). The inhibition 
proved to be reversible during washout.  Pretreatment 
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Fig. 1. Rest ing  m e m b r a n e  potent ia l  ( R M P )  of  N a + - l o a d e d  d i a p h r a g m  musc le  f ibers after direct  appl icat ion  of  10 - 7  mol  - 1-1 7-oxo-prostacyclin 

and 10 - 4  mol  • 1-1 ouaba i n  ( O U A )  to the  muscle  ba th .  C: R M P  values  in K+- free  Li ley  solut ion (n  = 10); h R M P  values  in the  p r e s e n c e  of 10 - 7  

mol  • 1 - I  7-oxo-prostacycl in and  5 m m o l  • 1 1 K + (n  = 10) ( indica ted  be low)  ; 2: R M P  va lues  in the p r e s e n c e  of 10 7 mol  • 1-1 7-oxo-prostacyclin,  

5 m m o l  • 1 -x  K + and  10 - 4  mol  • 1-1 ouaba in  (n  = 13). T w o  n u m b e r s  of  musc les  w e r e  e x a m i n e d  and  the  n u m b e r  o f  f ibers p e n e t r a t e d  is g iven in 
brackets .  D a t a  represent  the  m e a n s  + S.E.M. D i f f e r e n c e s  with  respect  to contro l  w e r e  c o n s i d e r e d  s ignif icant  at P < 0.05. 
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with 7-oxo-prostacyclin weakened the effect of the high 
Ca 2+ concentration. In this group the K+-induced hy- 
perpolarization was maintained even in the presence of 
10 mmol -1 -1  Ca 2+ (resting membrane  po ten t i a l=  
-77 .34  + 1.61; n = 38). Washout  of Ca 2+ ions restored 
the resting membrane  potential  to a normal level. 

3.2. Acute application of 7-oxo-prostacyclin 

Freshly isolated preparation 
Five minutes after addition to the bath 7-oxo-pros- 

tacyclin (10 -7 mol "1-1) increased the resting mem- 
brane potential  of diaphragm muscle fibers from 
-70 .50  + 0.58 mV (n = 20) to -75 .30  + 0.72 mV (n = 
20). This effect remained stable for a further 5 min. 

tacyclin concentrations over 10 -8 mol .1 -1  the eleva- 
tion of resting membrane  potential could be potenti- 
ated by addition of K + ions. The maximum hyperpolar- 
ization induced by increasing the concentration of 7- 
oxo-prostacyclin occurred at different times. The data 
in Fig. 1 revealed no direct relationship between the 
time of appearance of the peak hyperpolarization and 
the dose of 7-oxo-prostacyclin. 

Direct addition of 7-oxo-prostacyclin to Na +-loaded 
diaphragm muscle fibers in Liley K + solution (Fig. 2) 
led to a significant (P  < 0.05) increase in the resting 
membrane  potential from -65 .00  _+ 1.09 mV (n = 10) 
to -96 .91  _+ 1.85 mV (n = 10). Subsequent addition of 
10 -4 mo l .1 -1  ouabain to 7-oxo-prostacyclinand 5 
mmol • 1-1 K + containing medium decreased the rest- 
ing membrane  potential to -58 .46  _+ 1.17 mV (n = 13). 

Na +-loaded muscles 
Addition of 7-oxo-prostacyclin induced a concentra- 

t ion-dependent  hyperpolarization of Na+-loaded di- 
aphragm muscle membranes  (Fig. 1). However, the 
dynamics of this hyperpolarization varied at different 
concentrations of 7-oxo-prostacyclin with respect to its 
intensity, initial velocity, and duration. At 7-oxo-pros- 
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Fig. 2. Time course of changes in the resting membrane  potential 
(RMP) of Na+-loaded diaphragm muscle fibers after direct applica- 
tion of 7-oxo-prostacyclin (OPGI 2) at different concentrat ions to the 
muscle bath without and with K +. 7-Oxo-prostacyclin in concentra- 
tions of 10 9 - 1 0 - 6  mol .1-1,  K ÷ addition of 5 mmol .1-1  K ÷. Data  
are m e a n s +  S.E.M. from 10-30 separate  measurements .  

4. Discussion 

The anti-arrhythmic and anti-ischemic effects of 7- 
oxo-prostacyclin on the heart  have been extensively 
investigated and documented (Udvary and Szekeres, 
1986). They are ascribed in part  to: (a) prolongation of 
the action potential and of the effective refractory 
period (Szekeres et al., 1983, 1987); and (b) a positive 
influence of 7-oxo-prostacyclin on the integrity of car- 
diac cell membranes  (Szekeres et al., 1989). Neverthe- 
less, there are still no data concerning other types of 
muscles. 

In the present  study we investigated the effect of 
7-oxo-prostacyclin on membrane  function of skeletal 
muscle cells. The late effect of 7-oxo-prostacyclin 
achieved by pre t rea tment  with this substance involved 
an increase in the resting membrane  potential in fresh 
muscle preparat ions and the enhancement  of the elec- 
trogenic effect in Na+-loaded muscles evoked by addi- 
tion of external K +. Both these effects were sensitive 
to ouabain. 

The difference in resting membrane  potential values 
of Na+-loaded cells from non-treated or 7-oxo-pros- 
tacyclin-treated tissues may be explained by: (i) a direct 
action of 7-oxo-prostacyclin on sodium pump activity as 
reflected by an increased N a + / K + - A T P a s e  activity; (ii) 
an indirect action of 7-oxo-prostacyclin involving an 
increase in Na + permeability of 7-oxo-prostacyclin- 
t reated muscle, which leads to higher Na + loading of 
the cells and a higher pumping activity triggered by 
elevated intracellular Na + ions. 

It has been shown that it takes several hours for the 
full effect of 7-oxo-prostacyclin to develop, the active 
principle of which is the modulation of heart  sarcolem- 
mal N a + / K + - A T P a s e  (D~urba et al., 1991). These 
authors observed an almost 2-fold increase in sar- 
colemmal N a + / K + - A T P a s e  activity in rats pret reated 
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with 7-oxo-prostacyclin (50 / z g . k g  - t )  for 1 -2  days. 
This increase  in enzyme activity was explained by an 
increased synthesis of new molecules  of N a + / K  ÷- 
A T P a s e  with increased affinity for ATP,  because  si- 
mu l t aneous  i.m. admin is t ra t ion  of the proteosynthesis  
blocking drug, cycloheximide, abol ished the effect of 
7-oxo-prostacyclin p r e t r e a t m e n t  substantial ly.  The  syn- 
thesis of addi t iona l  new molecules  of N a + / K + - A T P a s e  
is probably  responsible  for the observed increase in 
activity of the e lect rogenic  sodium p u m p  and  the cou- 
pled elevat ion of the rest ing m e m b r a n e  potent ia l  value. 
A similar mechan i sm may also be responsible  for the 
late effect of 7-oxo-prostacyclin on  the sodium p u m p  in 
skeletal  muscle.  It may also explain the lowered sensi- 
tivity of the N a + / K  + p u m p  to the inf luence  of external  
Ca 2+ or ouaba in .  

The  acute immedia te  effect of 7-oxo-prostacyclin 
may have a di f ferent  molecular  mechanism.  One  possi- 
bility seems to be the t emporary  open ing  of addi t ional  
m e m b r a n e  K ÷ channels .  This  specula t ion  is based on 
the f indings that  a rachidonic  acid and  its metabol i tes  
activate the e lect rogenic  N a ÷ / K + - A T P a s e  in muscle  
(VyskoEil et al., 1987) as well as the K ÷ channe l  in 
atrial  myocytes (Kurachi  et al., 1989). 

Al though  the mechan i sms  for the immedia te  and  
late effects of 7-oxo-prostacyclin may be different ,  our  
results indicate  that  the act ion of this substance  in- 
volves modu la t ion  of the rest ing m e m b r a n e  potent ial .  
This  modu la t ion  evidently occurs via the act ion of 
7-oxo-prostacyclin on the e lect rogenic  N a + / K  ÷ pump.  
The  po ten t i a t ion  of cell e lectrogenesis  descr ibed here  
can therefore  be added  to the list of 7-oxo-prostacyclin 

actions. 
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