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Monensin-mediated ionic movements were studied in frog skeletal muscle. The ionophere, which forms electrically 
neutral complexes with monovalent cations, induced dose dependent fluxes of Na +, K + and H + in and out of the 
fibers. Monensin concentrations ([MON]) ranged from 2 to 40/~M. In the presence of normal Ringer's solution the 
following maximum ionic exchanges were generated by monensia (in pmol cm -z s - t ) :  (I) Nal + / N a ~  + 112, (2) 
N a ( " / H  + 30.7, (3) Kt + / N a  + 14.2 (4) Hi + / N a  + 49. The maximum net fluxes produced by these exchanges (i.e. for 

2 I + + [MON] = ~) are (in pmol c m -  s -  ): Na (ilmard) 32.5, K (outward) 14.2, H + (outward) 18.3. The last one 
appears to be largely offset by a Passive (monensin.independent) H + influx down an inwardly directed electrochem- 
ical gradient promoted by pH reduction of the T-tuhalar lumen content as a consequence of the monensJn-mediated 
net H + efflux. Maximum unidirectional cationic fluxes mediated by monensJn amounted t,) 206 pmol cm-Z s - I  mad 
had the following comlmsition: influx: 85% Nn + and 15% [] +; egux :  69% Na +, 7% K +, 2 ! ~  [] +. 

Introduction 

Monensin is a carbox3,1ic ionophore with a marked 
selectivity for sodium over other monovalent cations. 
The monensin-cation complex is electrically neutral 
and its formation requires the deprotonation of the 
terminal carboxyl grow- of the ionophore [1,2]. 

The purpose of this work was to study how, and to 
which extent, monensiL would affect the movements of 
Na + and K + across ti:e sarcolemma of frog muscle 
fibers, a preparation where the fluxes of these two ions 
in the absence of the ionophore have been extensively 
investigated. It was found that addition of the 
ionophore to the normal external medium increases 
the unidirectional fluxes of these two ions leading to an 
exchange of external Na + for internal K + and H + in a 
saturable [MON]-dependent fashion. 

As far as we know this is the first report on mon- 
ensin-mediated ionic transport across the sar¢olemma 
of skeletal muscle fibers. 

Materials and Methods 

Experiments were performed on isolated sartorius 
muscle from the Aigentine frog Lep todac ty lu s  o c e l l a m s  
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at room temperature (20 to 22°C). Monensin and 
ouabain were purchased from Sigma Chemical Co., 
USA. 

The stock solutions of monensi,  were made by 
disolving the antibiotic in ethanol (5 to 25 raM). Con- 
trol experiments indicated that ethanol concentrations 
as high as 10 mM in the experimental solutions did not 
affect, per se, Na + and K + fluxes. 

24Na+ was obtained from Comisi6n Naeional de 
Energia At6mica CNEA, Argentina). 

Normal bathing medium had the following composi- 
tion (in raM): NaCI, 115; KCI, 2.5; CaCI 2, 1,8; Tris 
maleate buffer, 2 mM (oH 7.15). in some experiments 
Na + was replaced either by Tris + or Mg 2+. 

When Mg 2+ was used to replace Na +, 76.7 MgCI z 
was substituted for 115 mM NaCI. In some experi. 
ments (indicated in the text) Tris maleate buffer was 
replaced by phosphate buffer (2.15 mM Na2HPO 4, 
0.85 mM NaH2PO4). 

Net fluxes of Na + and K + were determined by 
atomic absorption spectrophotometry (Shimadzu AA 
630-12) by comparing Na + and K ÷ content in paired 
muscles: one member of the pair in the presence of a 
given [MON] and the other (control) in its absence, at 
different times of exposure to those solutions. 

H + efflux promoted by 40 /~M was estimated by 
incubating four to eight sartcrii (total weight ranging 
from 195 to 580 ms) for 2 h in 5 ml of Ringer 
(phosphate buffer) containing 40 /zM monensin (ex- 
perimental muscles) and in the same medium without 
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monensin (paired control muscles). Monensin-media- 
ted H + effiux was calculated, using the Henderson- 
Hasselbalch equation, from the difference between the 
amounts of  proton released by muscles in the presence 
and in the absence of  the ionophore. 

Na + efflux was measured using 24Na+ as previously 
described [3]. Briefly, muscles were frst  loaded with 
24Na+ by exposing them to normal Ringer's solution 
label led with the isotope for 2.5 h. Subsequently, they 
were washed in a series of tubes containing 3 ml of 
unlabelled media at intcrvais vaP,'.;.ng between 10 and 
15 min. At  the end of the experiment, muscles and 
washout tubes were counted in a gamma counter. The 
rate of release of the isotope was calculated using a 
microcomputer and expressed in terms of rate of frac- 
tional loss (Nak, unit min- i). 

Na + influx measurements were performed in paired 
sartorii, one of *.~,~u, in normal Ringer and the other in 
the same medium plus 2 /~M monensin. Preparations 
were equilibrated for 1 h in their respective solutions 
and then exposed to the same media labelled with 
24Na+ for 17 min. Subsequently they were washed in a 
series of tubes containing unlahelled Na + free (Mg 2+) 
Ringer plus 30/~M ouabain. Influx was calculated from 
extrapolation to time = 0 of the slow monoexponcntial 
component of the washout. Extrapolated values were 
corrected for beck-flow as previously described in de- 
tail [4]. 

Influx measurements are expressed in terms of unit 
area of superficial sarcolemma (T tubules excluded) 
using the relationship 430 cm 2 per g of muscle [5]. 
Under this conditions the value of the extracellular 
space (Na + space) is on the average 29% v / w  [6] and 
intracellular solids amounted to 16.8 ± 1.5% w / w  (n = 
76) or 11% ± 1.0 v / w  (assuming a density 1.5 g cm-3).  
This leads to an intrace|lular water volume on the 
order  of 60% v /w.  

Non isotopic K + efflux into K + free media was 
determined by atomic absorption spectrophotometry 
following the same methodology used for 24Na+ efflux 
measurements and also expressed in terms of rate of 
fractional loss (Kk). 

If not otherwise stated all experimental solutions 
contained 30 btM ouahain to block active N a + / K  + 
transport.  As a rule, exposure of muscles (control and 
experimental) to ouabain containing medium began 1 h 
before exposing the experimental ones to monensin. 

Student 's  f-test was used to estimate statistical sig- 
nificance of  differt:nces. Values are expressed as means 
+ 1 S.E. A non-linear regression software was used for 
curve fitting. 

Results 

Fig. IA shows the effect of 2 / z M  monensin on the 
rate of UNa+ fractional loss (Nak) from a pair  of 
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Fig.,I. Effect of 2 /tM moncnsin on the rate of fractional loss of 
24Na+ (Nak) from paired sartorii bathed in normal Rinser, one of 
them in the presence of 30 p.M ouabain from time ffi 0 to the end of 

the experiment (o) and the other in ouabain-free medium (e). 

sartorii in the presence of normal Ringer 's  solution 
and in the same medium, plus 30 p.M ouabain.  The 
marked increase of Nak produced by the ionophore is 
apparently unrelated to the activity of the Na + pump. 
The efflux increase is completely reversible upon with- 
drawal of  the ionophore although the off is clearly 
slower than the on effect. 

Na + influx was also considerably increased by 2 / z M  
monensin: in four muscles exposed to this concentra-  
tion of the ionophore it was 9.8 + 2.1 pmol cm -2 s - j  
while in the paired controls it was !.6 + 0.5 pmol cm -2 
s - I  

The fact that  both efflux and influx are markedly 
increased I,y monensln, suggests that  in the sar- 
colemma, as it occurs in artificial membranes and  red 
blood cells under  physiological conditions [1,2,7], the 
ionophore mediates a Na + / N a  + exchange. If that  were 
the case, then, the replacement of external Na + by 
some other cation with little or no affinity for the 
ionophore, should produce a sizable ~eduction of Nak. 
This notion was supported by experiments like the one 
depicted in Fig. 2 which shows the effect of 3.5 /zM 
monensin on Nak first in the absence of  external Na + 
(replaced by Mg 2+) and subsequently in its presence. It 
is clear that  in Na + free medium the response to 
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Fig. 2. Na + dependence on the monensin-mediated increase in 
2~Na + rate of fractional loss (r;"k). Effect of 3.5 p,M monensin, first 
in the absence of Na + (replaced by MB 2+ ) and subsequently in its 
presence. All solutions contained 30 p.M ouabain. Symbols represent 
means:t: 1 S.E. (errors bars absent when smaller than symbol) from 

four experiments. 
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F~g. 3. Increas~ in the rate of 24Na+ fractional loss (Nak) in 
Na+-free medium (Tris replacement) produced by 3.5/tM monensin 
is not significantly affected by withdrawal of K + from the external 
medium. Ouabain (30 pM) was present throughout. Means+ I S.E. 
(crrnr bar absent when smaller than symbol) from four experiments. 

monensin is considerably smaller than that  in the pres- 
ence of  Na +. This is in agreement  with results obtained 
in artificial membranes  and red blood cells showing a 
much greater  preference of  monensin for Na + than for 
any other  cation which mttkes the ionophore to act 
mainly as an exchange diffusion carrier for Na +. When 
Tris + instead of  Mg 2+ was used to replaced external 
Na +, a similar result was obtained. 

The possibility that  a significant fraction of  the 
increase in Na + efflux generated by monensin in Na + 
free media might represent an  exchange of  internal 
Na + for external K + was ruled eut  by experiments like 
the one shown in FiB. 3 where it can be seen that  the 
suppression of  K + from the external medium has no  
significant effect on the Nak increase mediated by the 
ionophore. This reflects the small probability of K + 
complexation at  the external side of  the membrane 
likely due to both, the low [K+]o as compared with 
[Na+]o, and  the higher affinity of Na + for monensin. 

Anothe r  possible mechanism that  could account  for 
the remaining monensin-mediated efflux in Na + free 
media is a N a ~ / H o  + exchange. The data  in Fig. 4A 
suggest that, indeed, this might be the case. Thus, in 
Na + free medium an increase of  the external p H  from 
7.2 to 9.2, produced a marked reduction of  the mon- 
ensin-mediated N'k increase. Such a reduction would 
even be larger  were it not for the fact that  the increase 
in p H  induced, in the absence both of  monensin and  
Na +, an  increase in N'k of about 05% (Fig. 4B) whose 
nature,  we cannot  account  for at  present. On  the other  
hand, a reduction of  external pH to 6.2 produced an 
increase of  monensin-mediated N'k (Fig. 5A), an  effect 
not seen in the absence of  monensin (Fig. 513). 

As might be expected the stimulation of  Na + efflux 
by monensin is dose-dependent.  Fig. 6 illustrates the 
relationship between the increment of  N'k and  [MON] 
in the presence and  in the absence of  external Na +. It 
can be seen that  under  those two conditions the magni- 
tude of the effect tends to saturate as [MON] in- 
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Fig. 4. IA) Effect of increasing oH from 7.2 to 9.2 on mor~nsln (5 
p.M) mediated increase in 24Na* fractional loss in the absence of 
Na + (replaced by MB2+). Means frn:n rwe experiments. (El) Effect 
of the same increase in pH under similar experimental conditions 
but in the absence of monensin. Means fron four experiments. All 
solutions in A and B contained 30 pM ouabain. Error bars: :1: ! S.F- 

(absent when smaller than symbols). 

creases. A simple explanation for this behavior would 
be that  there is a maximum number  of  rnonensin 
molecules that  can be lodged in the sarcolemma. 
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Fill. 5. (A) Effect of clecrexsins pH from 7,2 1o 6.2 on mom:nsin (4 
/~M) mediated increase of Nmk in Na+-free medium (Ms 2÷ rephtce- 
ment). Means from four experiments. (B) Leek of effect of i pH 
reduction to 5.2 on N'k in Na ÷ free medium and in the abucuce of 
monensin. Means from four experiments. All solutions in A and B 
contained 30 p.M ouabain. Error bars: + 1 S.E. (absent when smaller 

than symbol). 
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Fig. 6. Increase in fractional loss m t c  of Z4Na ' (AN~'k) produced by 
monensin as function of inopbore concentration from muscles in the 
presence (el and. their paired companions, in the absence ( • )  of 
Na+. Lower curve: fit of the data obtained in Na+-free medium 
(filled triangles) to cqn. I (AN"km = (t.0097 rain- i; K..s = 2.87 aM). 
h represents the Nai*/l|=+t exchange component of ..l'~"k. Middle 
cuwc (6): fit of Ihc differences between paired values (at inn" ]o = 
ll-~ mM and [Na = ],, = 0) to Eqn. I (AN"km = 0.0379 rain- =: K.5 = 
(t.e,~/.t M). It represents the Na i' /Na,~ component of AN"k. Upper 
cu~'c: the sum of lower and middle curves given by zlNak = {0.0379 
[MONI/(a.¢n,+|MON])}+{(0.0097 ilVJON]/(2.87+[MON])}. Each 
pair of ~mbols represent means from four to eight pairs of muscles 
and error bar (absent when smah..:r than symbol)± I S.E. All solu- 

tions contained 30 #M ouat'ain. 

If the ionophore induces N a ~ / N a ~  and N a + / H ~  
exchanges, it seems reasonable to assume that under 
our experimental conditions, in the presence of normal 
Ringer's solution the monensin-mediated increase in 
N~k is given by the sum of those two components. 
Hence the data obtained in Na + free medium should 
represent the N a ~ / H ~  while the difference between 
the N~k increase induced by moncnsin in the presence 
of Na + (115 mM) and that in its absence, would 
represent the N a + / N a ~  exchange. Both these compo- 
nents were fitted to the following hyperbolic function, 

• .~N=k = AnUkmlMON]/( Ko5 + [MEN]) ( I ) 

where ANak is the increment in the rate of Na + 
fractional loss at a given [MEN], AnUkm is the maxi- 
mum ,:tNak (i.e. ANak for [MON] = 0o) and K0..~ the 
[MEN} at which AN~k = AN"km/2. The values of the 
parameters yielded by fitting the N a + / N a ~  compo- 
nent to equation 1 are: ANUkm=O.0397 min - t  and 
Ku.5=0.66 #M and for the N a + / H  + component: 
AUkm = 0.0097 min-  i and Kn.5 = 2.87 p.M. 

The upper curve in Fig. 6 represents the sum of the 
curves fitted to Na~/Na~" (middle curve) and the 
Na~ ' /H~ (lower curve) components, it is apparent 
that the upper curve is a reasonably good fit of the 
AN=k values obtained in the presence of normal Ringer. 
The simplest conclusion to be drawn from this analysis 
is that moncnsin, as it does in artificial lipid mem- 
branes, in addition to sodium exchange, induces a 
sodium/proton exchange accross the sarcolemma. The 
maximum monensin-mediated increase in Nak is about 

four times greater (0.0379/0.0097= 3.91) for Na~-/ 
Na~ than for Na~-/H* exchange. 

The intracellular content of Na + was also altered by 
monensin. Fig. 7A shows the time-course of the change 
in Na + content of muscles in the presence of 5 / ,M 
moaensin. Determinations were done at 30, 60 and 120 
rain exposure to the ionophore and in the presence o f  
30 p M  ouabain to block the Na+ pump. Paired control  
muscles were kept in the same medium but w i thout  
monensin. The dif ference in Na + content  under these 
two condit ions was taken as the monensin-mediated 
increase in Na i. i t  can be seen that the increase in 
Na + produced by the ionophore was l inearly related to 
t ime. The slope o f  the l ine represents a monensin- 
mediated net Na : in f lux which in this exper iment 
amounted to 0.183 p,M g - i  m i n - t  o f  muscle o r  7.10 
pmol cm -2 s-  ~. A similar l inear relat ionship was found 
in the presence o f  monensin concentrat ions ranging 
f rom l to 40 p,M. 

Since monensin increases [Na+] i ,  the ionophore 
should meciate an exchange o f  Nao* for  an intra- 
cel lular cat ion o ther  than Na +. Given the abundance 
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Fig. 3. (A) intraccllular Na + content as a function of exposure time 
to 5 #M moncnsin plus 30/.tM ouabain (el and in thu presence of 30 
pM ouahain alone (o) in paired preparations. Differences between 
paired values are represented by filled squares. Linear regresion 
lines were fined [o each set of values. The slope of the solid line 
represents the net Na ÷ influx mediated by monunsin. Each pair of 
values (e. o)  were obtained from eight muscles (four pairs) Symbols 
indicate means,L 1 S.E. (error bar absent when smaller than symbol). 
(B) Reduction in intracelluhr K+ mediated by 10 #M mon=nsin as a 
function of exposure time to the ionopbore. Values were obtained 
following the same prccedur¢ used in A to calculate the monensin- 
mediated increase in Na~'. The slope of the line (regresion fit) 
represents the net K* efflux induced by the ionophorc whose value 
is 0.295±0.033 pM g-i  min-i or 11.4±1.3 pmol cm 2 s -I.  Each 
filled triangle is the mean value obtained from four pairs of muscles 

(error bur = ± I S.E.). 
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Fig. 8. Rate of fractional loss of K * (Kk) from four pairs of muscle 
into K ~ free medium determined by AA spectrophotometP., At the 
60-min mark all preparations were exposed to It)/zM monensin 
which produced a considerable efflux increase. From the 120-min 
mark to the end of the run four muscles (one member of each pair) 
were bathed in monensin-frec medium (o). while their paired com. 
panions were exposed to Na %free medium (Ms 2+ replacement) and 
'he same [MEN] (el. Notice that although both maneuve~ abolish 
the effect of monensin. Na + withdrawal acts much fas'er than 
ionophore supression. All solutions contained 30 p,M ouaba;q Sym- 
bols represent means± I S.E. (error bar absent when smaller than 

symbol). 

o f  K + in the cytosol, a possibility that seemed likely 
was that Na + uptake could occur through a K ~ / N a o  + 
exchange. The experiment sh,~wn in Fig. 8 indicates 
that, indeed, Na + uptake is linked, at least partly, to a 
monensin-mediatcd K + exit. I t  can be seen that l0 p.M 
monensin produced a marked release of  K~ which was 
canceled either by withdrawal o f  the drug or by Na + 
free medium despite the presence o f  monensin. [Ha *]o 
= 0 quickly abolished the monensin-mediated increase 
in the rate o f  K + fractional loss, while withdrawal o f  
monensin from the external medium without changing 
[Na+]o resulted in a much slower effect. This dif fer- 
once is not surprising since the release of  the ionophore 
from the membrane matrix would almost certainly take 
a longer time than that required for  the Na + clearance 
o f  the extracellular space. 

It  is likely that in the absence of  external Na + and 
K + a fraction of  the ionophore molecules reaching the 
external side of  the membrane as monensin-K + com- 
plexes might return,to the internal side in their proto- 
hated form. As shown in Fig. 6 and below, about 20% 
o f  monensin molecules moving outwards associated 
with Na "~ return to the inner side protonated (and the 
rest complexed with Na+). Probably, a similar propor- 
t ion o f  protonated and Na + complexed monensin 
molecules would move back to the inner side after 
releasing K + in the external medium. This, however, is 
not apparent in Fig. 8 where in Na + free medium one 
would expect Kk to fall to a level ~umc~hat  higher  
than  the basal one.  This  suggests that  the K + / H ~  + 
exchange might  be  very small, a l though,  its magni tude  
remains  to be de te rmined .  
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Fig. 7B illustrates the t ime c~,!rsc ,~f the K ~ loss 
media ted  by Ill p.M moncnsin under  conditions identi- 
cal to those used to determine Na * uptake. As in the 
case of  Na,* increase. K '  loss was linearly related to 
the exposure t ime to thu ionophore. Wc found that 
monensin-mcdia tcd  net N a '  influx (N; , j )was  grea ter  
than net K ~ cfflux (g J )  regardless of  [MON]. This is 
illustrated in Fig. 9. It is clear that th:oughout  the 
whole range of  [MON]'s  ( I to 40 p.M) N;,j > Kj. Data  in 
Fig. 9A arc fitted to a hyperbolic function (sim;.!ar to 
Eqn. I). that is. J=Jm[MON]/(Kn~+[MON]). "['he 
pa ramete r s  of  the curves, i.e.. maximum flux (Jm) and 
K0..s arc: N"J m = 32.5 _+ 5.4 pmoI cm - : s ~, g./~ = 14.2 
± 2.8 pmul cm -2 s -  i N,,K.s = I 1.6 + 5.2 P.M. KKn. s = 
6.7 + 4.2 p.M. As  can be seen in panel  B, for a b a t e -  
logical ionic gradients  a c r o ~  the sarcolemma ~J/gJ 
ratio, is about  2 attd apparent ly independent  of  [MEN].  

In cylindrical cells the relationship be tween Na + 
efflux (N,,j,,) and N~'k is given by: N~j,, =N,,k[Na~]ir/2 
[8], where  r is the fiber radius. Fig. lOA shows [Na+]i 
as  a function of  [MEN]  after  I h exposure to the 
ionopbore,  a t ime at which the effects of  monensin are  
well established. From these da ta  and the values of  N~k 
in the presence o f  monensin  (also at I h exposure) and  
in its absence,  the increase in J,, (AJo, i.e., the men-  
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Fig. 9. (A) Net fluxes (J) of Na* (o) and K ÷ (A) mediated by 
monensin determined in the same preparation as a funeti.-m of the 
ionophore concentration. Data were fitted to a hyperbolic function 
of the form J = JmlMONI/(K.,~ +[MON]), where ]m represgut the 
maximum flux and Ko. s the [MEN] at which J = Jm/2. The parame- 
ters' values are N~'/m = 32.54"5.6 pmol cm -: s I. ~K..s = 11.6:t:5.2 
I.tM, KJm~t4,3_.2.8 pmol cm-" s z KK.,=6.TT4, 2 pM. Each 
symbol represents the mean from 4 to 12 musics. Data were 
obtained as shown in Fig. 7. (B) Naj/Kj from all prcparatio*ls used 
[32]. The ~iid line represents the linear regresion fit to data and the 

dashed line denotes the mean of all values. 
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Fig. tO. (A) Intracellular Na* concentration as a function of IMON] 
for I h exposure In the ionophore and in the presence of 30 #M 
ouabain fpr 2 h. Values are fined In equation: lNa+]i={(83.9 
[MON])/(I 1.6+[MON])| + 16.7 raM. The value of [Na + ]i for [MON] 
= fl (16.7 raM) represents the mean from 32 muscles, the rest of the 
filled circles are means from 4 In 12 muscles. In normal Ringer in the 
absence of monensin antl ouabain [Na + !t = 13.5 + 1.3 (n = 32). Error 
bars: + 1 S.E. (absent when smaller than symbol. (n) Nal +/Na~ (e) 
and Na~/Ho + (*)  cfflux components as a function of [MONI 

calculated acc.e.rding to Eqn. 2 (see text). 

ensin mediated Na + efflux) can be est imated using the 
following equation: 

AN=J o = (N=k'[Na+ l ' i- N"k[Na * ]i)r/2 (2) 

where primed terms represent values in the presence 
o f  monensin. A mean fiber diameter of  62 btm has 
been estimated for this preparation [5] and therefore 
an r value of  31 /.tm was used. Fig. 10B shows 
N a + / N a  + and N a * / H  + components of  Na + efflux 
mediated by monensin as a function of  ionophore 
concentration. The fitt ing of  hyperbolic dose-response 
curves to the data yielded a maximum Na + efflux of  
l I2 :E 13 pmol cm -2 s -= for N a ~ / N a  + exchange and 
30.7 + 4.3 pmol era -2 s - I  for Na~ ' /H  + exchange. The 
Kuz values were 8.5 + 2.9 and 12.7 + 4.4 /~M for 
Na~/Na~, and N a + / H  + exchange, respectively. This 
means that in the presence o f  normal Ringer's solu- 
tion, about 80% of  monensin molecules moving out 
associated with Na +, return to the inner face o f  the 
sarcolemma as monensin-Na +, while 20% do so in the 
protonated form. 

Maximum unidirectional and net fluxes mediated by 
monensin are summarized in Fig. 11. Total Na + influx 
calculated as the sum o f  a]l Na+ inward going arrows 
in Fig. 11 is 175.2 pmol cm -2 s - t .  In ex~l lent  agree- 
ment with this estimate the measurement of  total Na + 

Maximum f luxes mediated by  monensin 
IN M OUT 

Na " ,  ] l  ": 112 
Na 

H ° 
.Na o 30.7 

o 
14.2 

N ,. , 4 9  

Na ~" - 3 2 . 5  
Net f luxes / K + .  14.2 
(pmol'em'2'*;' } L H~" = le.a 

Fig. 11. Maximum unidirectional and net flaxes mediated by mow 
ensin across the sarcolemma (M). Numbers on the right denote 
values of fluxes in pmol cm 2 s- i. The value of the sixth arrow from 
the top is given by 32.5 (net Na + infiax)+30.7(Na~"/H o exchange) 
= 67.2 pmol cm-t s- i. Total cafionic influx is 20b.9 pmol cm 2 s - i  
and since the ionophore mediates electrically neutral ionic exchanges 
it should be equal to total cationic efflux. The value of the lower H + 

arrow is given by 205.9 - ( I 12 + 30.7 + 14.2) = 49 pmol cm - 2 s - i. 

influx yielded a maximum 'value of  177 pmol  cm -2 s - t  
(Fig. 12). The  difference between Na + gain and K + 
loss media ted  by monensin would, in all probability, be 
accounted for by a H + efflux carried by the ionophore 
in its undissociated form, as it occurs in red blood cells 
(Painter  and Pressman, 1982). Thus,  the maxirr.a..n 
mediated net H + flux (i.e. for [MON] = on) woaid r~  
32.5-14.2 = 18.3 pmol  cm -2 s - I  and for :MON]  = 40 

p M ,  the highest  concentrat ion used here, it would be 
13 pmol cm -2 s - I .  This means *.hat, for example, 200 

' fl° I 

t 
' ° t /  i J l  

°0w 1'5 ~ ~5 
[Monensin] (#M) 

Fig. 12. Monensin-mediated Na + influx as a function of [MON]. 
Experiments were performed on paired muscles. Z4Na+ influx was 
measured in both members of the pair one in the presence of normal 
Ringer containing 30 pM ouabain plus monensin and the other in 
the presence of the same medium but without monensin. The influx 
difference between the two muscles represents the monensin-media- 
ted influx. Each circle is the mean from four muscle pairs and error 
bars represent d: 1 S.D. Curve corresponds to the fitting of the data 
to a hyperbolic Michaelian function whose parameters are: Maxi- 
mum influx - 177 + 57 plot  cm-2 s- = and [MON] for half-maximum 

influx - 37/~M. 



TABLE I 

Apparent H + efflg¢ mediated by 40 izM MOb,' (AHJ) 

Expt. Hj (pmol em -2 s - t  ) AHJ 

a 1.051 1,101 0.050 
b 1.368 1.635 0.267 
c 1.018 1.300 0.282 
d 0.489 0,561 0.072 
e 0.446 0,574 0.128 

Means+ 1 S.E. 0.8744-0.177 1.034+0.209 0.159+0.049 * 

mg of muscle in the presence of 40 i.tM monensin 
would release 4 ~mol  of  H + ion in ! h. Such a release 
of  H + would represent  an  increase in [H+]o of  0.8 
mequiv. If the external medium were 5 ml of  phos- 
phate-buffered normal Ringer 's  solution ( [Na2HPO 4] 
ffi 4.3 mequiv.; [NaH2PO 4] s 0.85 mequiv.), according 
to the Henderson-Hasselhalch equation, the reduction 
of  p H  0 (ApH o) would be: / t P H o ~  log (4.3(0.85 + 
0.8)/0.85 (4.3-0.8))ffi 0.38. This possibility was tested 
in five experiments where it was measured the p H  
change produced in 5 ml of  Ringer containing 40 p.M 
monensin by the addition of  203 to 598 mg of  muscle. 
Paired control muscles underwent a similar t reatement  
except that  the medium was monensin free (see Meth- 
ods). Table I shows that,  under  these conditions, the 
estimated monensin-mediated H + effiux (AHJ m) is 
about  two orders  of  magnitude lower than that calcu- 
lated as the difference between Na + and  K + net 
fluxes. Biological membranes  are highly permeable to 
H +, this discrepancy, therefore,  might reflect the pres- 
ence in the sarcolemma of  a monensin independent  
H + hack-flow. Such a possibility is s t renghened by the 
fact that  about  4 / 5  of  monensin-mediated H + effiux 
should take place through T-tubular  membrane.  T-tub- 
ular  volume represents about  0.3% of  fiber volume [9] 
and the rat io between tubular  surface area  and  volume 
( a / v )  is on the order  of  5 . 1 0  cm -I .  It is not unreason- 
able, therefore, to assume that  [H] in the t.ubular 
lumen ([H+]~) may raise considerably in the presence 
of monensin, producing a large increase in the inwardly 
directed H + electrochemical gradient.  If the inward 
driving force on H + were large enough and  considering 
that H + permeability in frog muscle fibers is about 
10 -3 cm s - I  [10], most H + ions released by monensin 
in the tubular  lumen would flow back passively to the 
cytosol. Consequently, little or  no change in pHo would 
occur under  experimental conditions wh~re, otherwise, 
a change on the order  of  0.5 to 1 p H  units would be 
expected. The model discussed in the Appendix sug- 
gests that  this might well be the case. 
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Discussion 

__Jn.  tbi s work we have investigated the effect of 
monensin on Na + and K + movements thro~igh the 
sarcolemma of frog skeletal muscle fibers, a prepara-  
tion were the fluxes of these Jones through a variety of 
pathways are reasonably well characterized. 

Upon deprotonation, monensin forms electrically 
neutral complexes with alkali metal ions. The ionophore 
N a + / H  + selectivity ratio is 10 [l]. We found that the 
maximum monensin-mediated Na + effiux, 1.12.7 pmol 
cm -2 s - I  ( =  112+30.7 ,  Fig. l l ) ,  is 10-tim.'s greater  
than the maximum monensin-mediated K + efflux (14.2 
pmol cm -2 s - I ) ,  even though under  our  experimental 
conditions, [Na ' ] ; ,  although significantly increased (84 
mM, see Fig. 10A), was still lower than [K+]i (about 
134 raM) *. This is a measure of the preference of  
monensin for Na + over K + at the inner side of the 
membrane.  The fact that  in the external medium [Na÷]o 
is 46-times greater  than [K÷]o, explains why we were 
unable to detect a monensin-mediated K ÷ influx: the 
probability of K + complexation at  the external mem- 
brane interface is much lower than at the internal one. 

At  variance with channel-forming molecules (grami- 
cidin, for instance), ionic movements mediated by 
ionophores like monensin are insensitive to membrane 
potential and rate limited by the ionophore 's  diffusion 
time across the membrane [12]. Therefore,  the fact. 
that  mediated Na + fluxes are greater  than mediated 
K + efflux does not mean that the monensin-Na + com- 
plex moves faster than the monensin-K + complex 
across the sarcolemma. It rather  shows that within the 
membrane the number  of monensin molecules com- 
plexed with Na + is greater  than that associated with 
K +. 

As shown in Fig. 11, of  the total maximum cationic 
influx mediated by monensin (205.9 pmol cm -2 s - I ) ,  
85% (175.2) corresponds to Na + and  15% (30.7) to H +. 
The composition of  cationic efflux, on the other  hand, 
is 69% (142.7) Na +, 7% (14.2) K + and 24% (49) H +. 
These values correspond to I h exposure to [MON] ffi ®. 
Maximum [Na+]i under  these conditions was estimated 
to be 84 mM (see Fig, 10A), 

When maximun monensin-mediated Na ÷ influx and 
efflux are compared with [Na+]i (see a_bove and Fig. 
10A) and  [Na+]o, it is found that  the monensin-media- 
ted Na + influx/efflux ratio (175.2/142 ffi 1.23) is close 
to the [Na+]o/[Na+]irat io  (115/84  ffi 1.37). This sug- 
gests that  the degree of complexation at each side of  

* For a surface/muscle weight ratio of 430 cm2/g and 60% of 
intraceHular water (see Methods). a net outward flux of 14.2 pmol 
cm -z s -I represents a K" loss of about 6 mmol per I of 
intracellular water per hour. Therefore, assuming a normal [K + ]i 
of 140 mM lit], we have: 140-6 - 134 mM. 
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the membrane is proportional to the corresponding 
[Na'~ ]. 

From the data in (Fig. 9) it can be estimated that ! h 
exposure to [MON] = 10 /zM, a concentration that 
produces about half-maximum net fluxes, will increase 
[Na+|, by 39 mM and reduce [K+]i by 22 mM, respec- 
tively. The difference, 17 raM, represents the exit of 
H + due to the outward movement of the ionophore in 
its protonated form. 

In addition to the cytosolic buffering power, which is 
about 30 mM H + / p H  unit [13-16], other mechanisms 
may contribute to attenuate the cytoplasmic alkaliniza- 
tion p roduc~  by the electroneutral exchange of Nao* 
for K~" and H~-. One of them would be the slower pace 
or stoppage of Na + /H ÷ exchange due to reduction of 
Na + and H + gradients as a consequence of the [Na+]i 
increase and reduction in [H+]i . In this regard, it 
should be mentioned that cyto~lic alkanization in- 
duced by monensin has been shown to occur in chick 
skeletal muscle fibers [17] bringing the N a + / H  + ex- 
changer close to equilibrium where little or no ex- 
change takes place. 

Another system that could act indirectly as a buffer 
is the Na÷ /Ca  2+ exchanger which in frog muscle ac- 
counts for about one third of Ca -'+ cfflux [18]. Thus, 
the reduction of the Na + gradient promoted by mon- 
ensin could produce an increase in [Ca2÷] i which in 
turn, might displace H ÷ from binding sites in some 
proteins or by Ca2+/H ÷ exchange between organelles 
and cytosol as it occurs in heart Purkinje fibers [19]. 

The fact that under experimental conditions where 
the calculated proton effiux is about 13 pmol cm -2 s-  i 
(i.e. in 40 p.M MON) we could only detect a p H ,  
change corresponding to a H ÷ efflux of only 0A6 pmol 
cm -2 s - t ,  suggested the possibility that a sizable frac- 
tion of H + ions may passively flow back to the cytosoL 
This back-flow, provided that an adequate electro- 
chemical proton gradient is formed, would be favored 
by the high membrane permeability ;o H ÷ ions. T 
tubuies with ti~eir large surface/volume ratio seem to 
be a suitable structure for the buildup of the necesary 
inward driving force on H +. it i~ reasonable to assume 
that monensin distributes homogeneously throughout 
the sarcolemma and therefore, about 80% of the H + 
ions moving outward as the ionophore protonated form, 
will be released in the tubular lumen which represents 
less than 1% of the fiber volume. The model in the 
appendix shows that, in the presence of monensin, H + 
concentration in the tubules ([H+]T) may be large 
enough to generate a back-flow similar in magnitude to 
the H + efflux mediated by monensin. Even in the 
surface membrane there might be a significant H + 
back flow. It has been shown that pH at the surface of 
rat skeletal muscle and sheep Purkinje fibers is lower 
than in the bulk solution [20], so that, conceivably, in 
the presence of monensin, [H ÷] in the unstirred layer 

might raise suficiently to generated a back-flow also at 
the surface sarcolemma. Proton back-flow may then 
represent an important contribution to the mainte- 
nance of cytosolic pH near its normal value in spite of 
the presence of monensin which, otherwise, would 
produce an appreciable intracelhdar alkalinization. 

In summary, in frog muscle fibers monensin medi- 
ates rather large ionic exchanges, mainly Na+ /Na  +, 
but also Na+ /H  + and Na+/K +, which result in a net 
gain of Na + and a net loss of K + and H +. The 
calculated maximum net fluxes mediated by the 
ionophore in the presence of normal Ringer's solution 
arc 32.5, 14.2 and 18.3 pmol cm -2 s - I  f o r N a  +, K + 
and H +, respectively, that is, 7 Na + for 3 K + and 4 
H r .  

Appendix 

The rate of change of tubular proton concentration 
([H+]T) can be estimated using Equation A - 1 which 
is similar to that used by Bezanilla et al. [21] for 
tubular Na + depletion, with an additional term (con- 
stant field flux equation, [22]) to account for passive 
back-flow, 

dlH + ]T/dt =Mill(a/F)-- kll([H + IT-I H÷ ],,) 

-- { (a/v)P,,/;( iH ~ ], ~ - Ln  ~ IT)O-ev) - ' }  

(A-I) 

where Mj. is the flux of H + mediated by monensin 
(tool s -t cm -2 of tubular membrane), k n is the rate 
constant for H + diffusion from the tubules to the 
external medium whose value is assumed to be I s-J 
and equal to that of other ions in the tubule to satisfy 
e[cctroneutrality (Hodgkin and Horowicz, 1959; 
Bezanilla et al., 19721, Pil represents H ÷ permeability 
~f tubular membrane and /3 = VF/RT (V: membrane 
potential = --90 mV; F, R and T have their usual 
meanip.g) and a/c = 5. I0 "~ cm- h (tubular area to vol- 
ume ratio). 

Under steady-state conditions (d[H + ] r / d t  = 01 and 
solving for [H+]T, 

IH* ]r = { M j n ( a / r ) +  kH[H ÷ ]o-(a/r)Plll~[H ° ]ie/~(I -e#l  - t} 

/ { k i  I _(a / r )P i i l3 (  1 _¢#)-i}  (A-2) 

Let us use a numerical example to have an estimate 
of  the sort of [H+]T values that should be expected in 
the presence of  monensin at steady state. Thus, for 
[MON]  = 40 p.M the calculated H + efflux mediated by 
the ionophore is about 13 pmol s - I  cm -2 o f  surface 
membrane (see results) or, assuming 4 em 2 of  tubular 
membrane associated to each cm 2 of surface mem- 
brane, a MjH of  2.6. pmol cm -2 s - l .  I f  in addition, 



[ H + ] , , =  63.1 nM ( p H , , =  7.2). [ H + ] i =  126 nM (pH i = 
6.9) [13,24] and  Pit  = 10-3 cm s - j  [10], Eqn. A-2 yields 
[H+]T = 718 nM, that  is pH-r  = 6.14. It  should be no- 
ticed that  in the  n u m e r a t o r  the  second and  the  third 
t e rms  are  considerably smal ler  than the  first one  ( 2 . 1 0  4 
and  200 t imes,  respectively) a ~  (herefore,  both can be 
neglected.  Similarly, the  second te rm in the denomina -  
tor  is more  than  three  o rde r s  o f  magn i tude  larger  than 
k H. Eqn. A-2, then reduces  to, 

[H* ]T = MjHII -e#)/PHlt (A-3) 

I f  back-flow componen t  in Eqn. A- I  were  i ~ . r e d ,  
then,  a t  s teady state,  

IH + ]'r : (mjtl(a/r)/ktt)+ [H ÷ ], (A-4) 

The [H~]T value for MJH = 2.6 pmol em -2 s - I  wil l  be 
1300 /~M, that is, lg00-times greater than that with 
back-flow component. 

In steady-state conditions net passive H + flux (PJ H) 
is g iven by, 

Pj H = e l l  ~( [H ~ ]ie p - [ H + IT)( I -- e/j ) - i ( A-5 ) 

While under control (MON free) conditions (pH i = 
6.9; pHo = 7.2; V =  - 9 0  mV) [H+].r is about 18-times 
greater than [H* ] i  e/3, in the above example, [H+ ]T /  
[H+] ie#=206.  Therefore, Equation A-5 can he re- 
duced to, 

Pitt = _ pH#[t|+ ] 'r(|-e#) - i (A-6) 

and from Eqns. A-3 and A-6, the net H + effiux is, 

PjH +Mjtl = 0 (A-7) 

This means that mo~;t i f  not all protons released by 
monensin in the tubular lumen would return to the 
c~ltosol by passive back-flow which would contribute 1o 
keep pHi  near its normal value. 

In the presence of  phosphate buffered Ringer 
([HPO4 ~-]  = 4.30 rnequiv.; [H2PO- ]  = 0.85 mequiv.) i t  
can be estimated that a reduction in tubular pl-! (ApH)  
wil l  require (from Henderson-Hasselbaleh equation) a 
release into the tubular lumen of  4.30.0.85 (10 '~nH -- 
1)/(4.30 + 0.85. I0 '~pH) = x mmol I -  t o f  H +. For ApH 
= 1, x=2 .57  mmol I - j .  From the tubular surface/ 
volume ratio (5.105 em - i )  and the magnitude o f  MjH 
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(2.6 pnlol c m - 2  s - I )  it can be es t imated  that the t ime 
required for a pH  reduction of  I unit and thus, to 
reach s teady state,  in our  example,  would be on the  
o rde r  of  2 s. 
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