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Ionic movements mediated by monensin in frog skeletal muscie
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d ionic were studied in frog skeletal muscle, The

which forms

neutral complexes with monovalent cations, induced dose dependent fluxes of Na*, K* and H* in and out of the
ﬂbers. Monensln concentrations (IMON]) ranged from 2 to 40 M. In the presence of normal Ringer’s solution the

ionic were

by
Naj' /HS 307, ) K' /Na. 142 @ H{" /Na} 49, The
) 325, K* (

{MON] = =) are (in pmol cm 2 s~'): Na*

(in pmol cm~2 s~ '): (1) Na;} /Na} 112, 2)

net ﬂum d by Illese {ie. for
) 142, H* ( ) 18.3. The last one

lppenrs to be largely offset by a psssive (monensin-independent) H* influx down an inwardly directed eleclmhcn
ical

d by pH onne T-tubular lumen contenl asa

net H* effiux. Maxi PETII P

d ¢ 206 pmol cm 2 s~ and

had the following composition: influx: 85% Na* and 15% H *; efflux: 69% Na*, 7% K *, 4% H*.

Introduction

M in is a carbexylic i hore with a marked
selectivity for sodium over other monovalent cations.
The monensm-i.atmn cnmplex is electrically neutral
and its f the dep! ion of the
terminal grow' - of the i ¥ [1,2).

The purpose of this -vork was to study how, and to
which extent, monensii. would affect the movements of
Na* and K* across tre sarcolemma of frog muscle
fibers, a preparation wi:ere 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* ina
saturable [MON]-dependent fashion.

As far as we know this is the first repcrt on mon-
ensin-mediated ionic transport across the sarcolemma
of skeletal muscle fibers.

Materials and Methods

Experiments were performed on lsolated sarmnus
muscie from the A.gentine frog L I

Correspondence: R.A. Venosa, Fac, de Ciencias Medxca«. Cat. de
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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 monensin were made by
disolving the antibiotic in ethanol (5 to 25 mM). Con-
trol experiments indicated that ethanol concentrations
as high as 10 mM in the experimentai solutions did not
affect, per se, Na* and K* fluxes.

»Na* was obtained from Comisién Nacional de
Energia Atémica CNEA, Argentina).

Normal bathing had the foll it
tion (in mM): NaCl, 115; KCl, 2.5; CaCl,, 1.8; Tris
maleate buffer, 2 mM (pH 7.15). In some experiments
Na* was replaced either by Tris* or Mg?*.

When Mg?* was used to replace Na*, 76.7 MgCl,
was substituted for 115 mM NaCl. In some experi-
ments (indicated in the text) Tris maleate buffer was
replaced by phosphate buffer (2.15 mM Na,HPO,,
0.85 mM NaH,PO,).

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 uM was estimated by
incubating four to eight sartcrii (total weight ranging
from 195 to 580 mg) for 2 h in 5 ml of Ringer

hosph buffer) ining 40 uM in (ex-
i les) and in the same medium without
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monensin (paired control muscles). Monensin-media-
ted H* efflux was calculated, using the Hend -
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 2Na* as previously
described [3). Briefly, muscles were first loaded with
%Na* by exposing them to normal Ringer’s solution
label led with the isotcpe for 2.5 h. Subsequently, they
were washed in a series of tubes containing 3 ml of
unlabelled media at intcrvais varying between 10 and
15 min. At the end of the experiment, muscics and
washout tubes were counted in a gamma counter. The
rate of release of the isotope was caiculated using a
microconsputer and expressed in terms of rate of frac-
tional loss (N, unit min™").

Na* influx measurements were performed in paired
sartorii, one of *L.giis in norma!l Ringer and the olher in
the same plus 2 MM F
were equilibrated for 1 h in their respective solutions
and then exposed to the same media labelled with
%Na* for 17 min. Subsequently they werc washed in a
series of tubes containing unlabelled Na* free (Mg?*)
Ringer plus 30 £ M ouabain. Influx was calculated from
extrapolation to time = 0 of the slow monoexponential
component of the washout. Extrapolated values were
corrected for back-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? 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~?).
‘This leads to an intraceilular water volume on the
order of 60% v/w.

Non isotopic K* efflux into K* free media was
dclermmed by atomic absorption spectrophotometry

g the same methodology used for *Na* efflux
and also exr d in terms of rate of
fractional loss (Xk).

If not otherwise stated all experimental solutions
contained 30 xM ouabain to block active Na*/K*
transport. As a rule, exposure of muscles (control and

i 1) to ouabain ining medium began 1 h
before exposing the experimental ones to monensin.

Student’s r-iest was used to estimate statistical sig-
nificance of differcnces. Values are expressed as means
+ 1 S.E. A non-linear regression software was used for
curve fitting.

Results

Fig. 1A shows the effect of 2 M monensin on the
rate of #®Na* fractional loss (Nk) from a pair of
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Fig.«l. Effect of 2 pM monensin on the rate of fractional loss of
#Na* (Nok) from paired sartorii bathed in normal Ringer, one of
them in the presence of 30 &M ouabain from time = 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 uM ouabain. The
marked i of N2k produced by the i hore is
apparently unrelated to lhc actm(y of the Na* pump,
The efflux i is ible upon with-
drawal of the ionophore although the off is clearly
slower than the on effect.

Na* influx was alse considerably increased by 2 uM
monensin: in four muscles exposed to this concentra-
tion of the ionophore it was 9.8 £ 2.1 pmol cm™
whlle in the paired controls it was 1.6 + 0.5 pmol cm™

The fact that both efﬂux and influx are markedly

d by that in the sar-

colemma, as it occurs in artificial membranes and red

blood cells under physiological conditions [1,2,7), the

diates a Na*/Na* exch If that were

the case, then, the replacement of external Na* by

some other cation with little or no affi mty for !he
should produce a sizable red| of M

This notion was snpponed by experiments like the one

depicted in Fig. 2 which shows the effect of 3.5 uM

monensin on Mk first in the absence of external Na*

(replaced by Mg2*) and subsequently in its presence. It

is clear that in Na* free medium the response to
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Fig. 2. Na* on the it disted increase in

2Na* rate of fractional loss (k). Effect of 3.5 4M monensin, first

in the absence of Na* (replaced by Mg?* ) and subsequently in its

presence. All solutions contained 30 M ouabain. Symbols represent

means+ 1 S.E. (errors bars absent when smaller than symbol) from
four experiments.
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Fig. 3. Increase. in the ratc of *Na* fractional loss ("*k) in
Na*-free medium (Tris replacement) produced by 3.5 4 M monensin
is not significantly affected by withdrawal of K* from the external
medium. Ouabain (30 M) was present throughout. Means+ 1 S.E.
(esor 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 makes the ionophore to act
mainly as an exchange diffusion carrier for Na*. When
Tris* instead of Mg?* 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 cut by i like
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Fig. 4. (A) Effect of increasing pH from 7.2 10 9.2 on monensin (5
#M) mediated increase in 2*Na* fractional loss in the absence of
Na* (replaced by Mg?*). Means fromn five experiments. (B) Effect
of the same increase in pH under similar experimental conditions
‘but in the absence of monensin. Means fron four experiments. Al
solutions in A and B contained 30 #M ouabain. Error bars: +1S.E.
{absent when smaller than symbols).

creases. A simple explanation for this behavior would
be that there is a maximum number of monensin

the one shown in Fig. 3 where it can be seen that the
suppression of K* from the exiernal medium has no
significant effect on the Mk 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*], as compared with
[Na*),, and the higher affinity of Na* for monensin.
Another possible mechanism that could account for
the remaining monensin-mediated efflux in Na* free
media is a Naj /H} exchange. The data in Fig. 4A
suggest that, indeed, this might be the case. Thus, in
Na* free medium an increase of the external pH from
12 to 92, pmduced a marked reduction of the mon-
diated Nk i Such a reduction would
even be larger were it not for the fact that the increase
in pH induced, in the absence both of monensin and
Na*, an increase in Mk of about 65% (Fig. 4B) whose
nalure, we cannot account for at present. On the other
hand, a of pH to 6.2 produced an
increase of monensin-mediated "'k (Fig. SA), an effect
not seen in the absence of monensin (Fig. 5B).
As mlgh( be expected the stimulation of Na* efflux
is da d d Fig. 6 ill the
lationship t the i of Mk 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-

lecules that can be lodged in the sarcolemma.
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Fig. 5. (A) Effect of decrcasing pH from 7.2 to 6.2 on monensin (4

M) mediated increase of Nk in Na*-free medium (Mg?* replace-

ment). Means from four experiments. (B) Lack of effect of a pH

reduction ta 5.2 on N in Na* free medium and in the absence of

monensin. Means from four experiments. All solutions in A and B

contained 30 uM ouabain. Error bars: + 1 S.E. (absent when smaller
than symbol).
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Fig. 6. Increase in fractional loss rate of #Na* (4N*k) produced by
monensin as function of inophore concentration from muscles in the
presence (@) and, their paired companions, in the absence (a) of
Na*. Lower curve: fit of the data obtained in Na*-frec medium
(filled triangles) 1o eqn. 1 (AN | = 0097 min~"; K, 5= 287 uM).
It sepresents the Na; /H,, exchange component of 3™'k. Middle
curve (8): fit of the differcnces between paired values (at [Na ™
11+ mof and {iNa® ], = 0) to Eqn. 1 (AN% = 0.0379 min ™% K=
0.66 M), It represents the Na; /Na; component of 4Nk, Upper
curve: the sum of lower and middie curves given by ANk = (0.0379
IMON]J /(0.60 + {MOND} + ((0.0097 {MON]/(2.87+[MON)]). Each
pair of symbols represent means from four to cight pairs of muscles
and error bar (absent when smahcr than symbol)+ { 3.E. Al solu-
tions contained 30 uM ouabain,

If the jonophore induces Na} /Na;

h it seems ble to assume that under
our i ] di in the p of normal
Ringer’s solution the monensin-mediated increase in
Nag s given by the sum of those two components.
Hence the data obtained in Na* free medium should
represent the Na; /H? while the difference between
the Mk i ¢ induced by ol in the
of Na* (115 mM) and that in its absence, would
represent the Na;" /Na; exchange. Both these compo-
nents were fitted to the following hyperbolic function,

and Ma¥ /HY

ANk = 4Nk, [MON] /(K 5 + [MON]) [

where 4™k is the increment in the rate of Na*
fractional loss at a given [MON], 4™k is the maxi-
mum ANk (ie. ANk for [MON]aoo) and K, the
[MON] at which ANk = ANk /2. The values of the
parameters yielded by fitting the Na} /Na} compo-
nent to equation 1 are: ANk, =0.0397 min~' and
Kys=0.66 uM and for the Na /H} component:
Ak, = 00097 min~" and K5 = 287 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
Ak values obtained in the presence of normal Ringer.
The simplest conclusion to be drawn from this analysis
is that monensin, as it does in artificial lipid mem-
branes, in addition to sodium exchange, induces a
sodium/ proton exch: accross the The

i i diated i in Mk is about

four times greater (0.0379/0.0097 =3.91) for Na;/
Na, than for Na;j /H} exchange.

‘The intraceliular 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 uM
monensin. Determinations were done at 30, 60 and 120
min exposure to the ionophore and in the presence of
30 M ouabain to block the Na* pump. Paired control
muscles were kept i the same medium but without
monensin. The difference in Na* content under these
two conditions was taken as the monensin-mediated
increase in Na,. It can be seen that the increase in
Na; produced by the ionophore was linearly related to
time. The slope of the line represents a monensin-
mediated net Na” infiux which in this experiment
amounted to 0.183 uM g~! min~' of muscle or 7.10
pmol cm~2 s~', A similar linear relationship was found
in the presence of monensin concentrations ranging
from 1 to 40 ‘LM

Since i [Na*];, the i h
should meciate an exchange of Na} for an intra-
cellular cation other than Na*. Given the abundance
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Fig. 7. {A) intraccllular Na* content as a function of exposure time
10 5 uM monensin plus 30 M ouabain (#) and in the presence of 30
#M ouabain glone (0) in paired preparations. Differences between
paired values are represented by filled squares. Linear regresion
s were fitted to cach set of values, The slope of the solid line
represents the net Na* influx mediated by monensin. Each pair of
values (8, O) were obtained from eight muscles (four pairs) Symbols
indicate means :1 S.E. (error bar absent when smaller than symbol).
(B) Reduction tracellular K* mediated by 10 «M monansia as a
function of exposure time to the ionophore. Values were obtained
following the same prccedure 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 ionophore whose value
is 0.2953:0.033 xM g~ min~' or 11.411.3 pmol cm® s~ '. Each
filled triangle is the mean value obtained from four pairs of muscles
{error bar = +1S.E).
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Fiz. 7B iliustrates the time conrse of the K* loss

diated by 10 uM in under Jiti identi-
cal to those used to determine Na* uptake. As in the
case of Na" increase. K* loss was lincarly related to
the exposure time to the ionophore. We found that
moncnsin-mediated net Na* influx (V) was greater
than net K* cfflux (%) regardiess of [MON]. This is
illustrated in Fig. 9. 1t is clear that th:oughout the
whole range of [MONT's (1 to 40 M) ¥/ > KJ_ Data in
Fig. 9A are fitted to a hyperbolic function (similar to
Eqgn. 1), that is, J=J [MON]/(K,;+[MON]. The

into K* free medium d ined by AA - At the
60-min mark all preparations were exposed 10 10 uM mone
which produced a considerable efflux increase. From the 120-mi
mark to the end of the run four muscles (one member of exch pair)
were bathed in monensin-free medium (0), while their paired com-
panions were exposed to Na *-free medium (Mg2* replacement) and
the same [MON] (®). Notice that although both maneuvers. abolish
(he effect of monensin, Na* withdrawal acts much faser than

ion. All solutions ined 30 M ouabain Sym-
bols represent means:+ 1 S.E. (error bar absent when smaller than

symbol),

of K* in the cytosol, a possibility that seemed likely
was that Na™ uptake could occur through a K} /Na}
exchange. The experiment shown in Fig. 8 indicates
that, indeed, Na* uptake is linked, at lcast partly, to a
monensin-mediated K* exit. It can be seen that 10 M
monensin produced a marked release of K; which was
canceled either by withdrawal of the drug or by Na*
free medium despite the presence of mom:nsm INa*],
=0 quickly abolished the
in the rate of K* fi I loss, while withdi of
in from the I medium without ch:

[Na*], resulted in a much stower effect. This differ-
ence 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
of the extracellular space.

It is likely that in the absence of external Na* and

* a fraction of the ionophore molecules reaching the
external side of the membran= as monensin-K* com-
plexes might returnato the internal side in their proto-
nated form As shuwn in Fig. 6 and below, about 20%
of les moving
with Na™ return to the inner side protonated (and the
rest lexed with Na*). P , a similar propor-
tion of protonated and Na* d i

s of the curves, i.c.. maximum flux (J,) and
Kys are: MU, =325+ 5.4 pmol em™ 7 s !, KJ_ = 142
+28pmolem 2 s7 !, VK, = 11.6+52 uM "K', =
6.7+4.2 uM. As can be scen in pancl B, for hysio-
logical ionic gradients across the sarcolemma Ny Ky
ratio, is about 2 and apparently independent of [MON]).
In cylindrical cells the relationship between Na*
efflux (N47,) and Nk is given by: N = ="Nk[Na*}r/2
[8], where r is the fiber radius. Fig. lI)A shows [Na’]
as a function of [MON] after I h exposure to the
ioncphore, a time at which the effects of monensin are
well establishcd. From these data and the values of Nk
in the pres of in (also at 1 h and
in its absence, the increase in J, (AJ,, i.e., the mon-
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Fig. 9. (A) Net fluxes (J) of Na* (® and K* (a) mediated by
mnnensm determined in the same preparation as a function of the

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 ®& to fall to a level sumewhat higher
than the basal one. This suggests that the K} /H?
exchange might be very small, although, its magnitude
remains to be determined.

Data were fitted to a hyperbolic function
of the form J = J,[MON]/(K,,5 +IMON)), where J,, represent the
maximum flux and K5 the [MON] at which Jo, /2. The parame-
ters’ values are N/, = 32,54 5.6 pmol cm * Ky = 11652
#M, KJ =143 28 pmol cm~? 57!, KK, = 67142 gM. Each
symbol represents the mean from 4 to 12 muscles. Data were
obtained as shown in Fig. 7. (B) ¥/ /XJ from all prepurations used
[32). The solid line represents the linear regresion fit to data and the
dashed line denotes the mean of all values.
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Fig. 10. (A) Intracellular Na* concentrarion as a function of [MON]
for 1 h exposure to the ionophore and in the presence of 30 uM
ouabain for 2 h. Values are fitted to equation: [Na*}),={(83.9
[MOND/(11.6+[MON]) +16.7 mM. The value of [Na* J; for [MON)
=0(16.7 mM) represents the mean from 32 muscles, the rest of the
filled circles are means from 4 to 12 muscles. In normal Ringer in the
absence of monensin and ouabain {Na* }; = 13.5+ 1.3 (n = 32). Error
bars: +1 S.E. (absent when smaller than symbol. (B) Na} /Nay (e)
and Na! /H} (@) efflux components as a function of [MON]

calculaied according to Eqn. 2 (see text).

ensin mediated Na* efflux) can be estimated using the
following equation:

AN, = ('[Na* - Nk (Na* J)r /2 @

where primed terms represent values in the presence
of monensin. A mean fiber diameter of 62 um has
been esti d for this [51 and

an r value of 31 um was used. Fig. 10B shows
Na} /Na} and Na} /H; components of Na* efflux

diated by in as a function of i h
concentration. The fitting of hyperbolic dose-response
curves to the data yielded a maximum Na* efflux of
112413 pmol cm~2 s~! for Naj /Na;} exchange and
30.7 + 4.3 pmol cm~2 s~! for Na; /H} exchange. The
K, values were 85429 and 12.7+44 uM for
Na /Na} and Na} /H} exchange, respectively. This
means that in the presence of normal Ringer’s solu-
tion, about 80% of monensin molecules moving out
associated with Na*, return to the inner face of 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 of all Na* inward going arrows
in Fig. 11 is 175.2 pmol cm™2 s~'. In excellent agree-
ment with this estimate the measurement of total Na*

Maximum fluxes mediated by monensin

IN M ouT
Na : 112
‘Na
"
‘Na* 30.7
K 14.2
Na* 83.2
H* 49
Nar = 325
Net fluxes | k- - 142
(pmolem .8 } | H+ = 18.3

Fig. 11. Maxiiaum unidirectional and net fluxes mediated by mon-
ensin across the sarcolemma (M). Numbers on the sight denote
values of fluxes in pmol cm? s™". The value of the sixth arrow from
the top is given by 32.5 (net Na* influx)+ 30.7(Nu;" /H, exchange)
=62.2 pmol cm~! 5~ ", Total cationic influx is 2059 pmol em? s~*
and since the i mediates i neutral ionic

it should be equal to total cationic efflux. The value of the lower H*

arrow is given by 205.9 - (112+30.7+ 14.2) = 49 pmol cm =2 5~ .

influx yielded a maximum value of 177 pmol cm =2 s~!
(Fig. 12). The differcnce between Na* gain and K*
loss mediated 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 maximan
mediated net H* flux (i.e. for [MON] = ) wouid be
32.5-14.2=18.3 pmol cm~2 s~! and for :MON] = 40
1M, the highest concentration used here, it would be
13 pmol cm~2 s~ . This means that, for example, 200

100

80
60
40
20

Na+ tnflux (proot.em=2.a=1)

0 15 30 45
[Monensin] (uM)

Fig. 12. Monensin-mediated Na* influx as a function of [MON].
Experirrents were performed on d muscles. #*Na* influx was
measured in both members of the pair one in the presence of normal
Ringer containing 30 M 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 represeni+ 1 S.D. Cusve corresponds to the fitting of the data
to a hyperbolic Michaelian function whose parameters are: Maxi-
mum influx = 177+57 pmol cm =2 5! and [MON] for half-maximum
influx = 37 u M.




TABLE |
Apparent H * efflux mediated by 40 uM MON (AM1)
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Discussion
—.In this work we have investigated the effect of

and K* movements through the
of frog skeletal muscle fibers, a prepara-

Expt. HJ (pmol em=2 51) aty monensin on Na*
control MON

a 1.051 1101 0.050

b 1.368 1635 0.267

¢ 1013 1.300 0282 Upon d

d 0.489 0561 0.072

e 0.446 0574 0.128

Means+1S.E.  0874+0177 103440209 0.159+0.049 *

tion were the fluxes of these iones through a variety of
pathways are reasonably well characterized.
forms
neutral complexes with alkali metal ions. The ionophore
Na*/H“ selecnvnty ratio is 10 [1]. We found that the

* P<005.

mg of muscle in the presence of 40 uM monensin
would release 4 umol of H* ion in ! h. Such a release
of H* would represent an increase in [H*], of 0.8
mequiv. If the external medium were 5 ml of phos-
phate-buffered normal Ringer’s solution ([Na,HPO,]
= 4.3 meguiv.; [NaHzPO,] 085 mequiv.), accordmg
to the Hend ion, the red;

d Na* efflux, 142.7 pmol
em~2 57! (=112 + 30.7, Fig. 11), is 10-tims greater
than the maximum monensin-mediated K* efflux (14.2
pmol cm~2 57'), even though under our experimental

i [Na ], alth significantly i d (84
mM, see Fig. 10A), was still lower than [K*]; (about
134 mM) *. 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*],
is 46-times greater than [K*),, explains why we were
unable to detect a monensin-mediated K* influx: the
probability of K* complexation at the external mem-

of pH, (4pH,) would be: 4pH,=log (4.3(0.85 +
0.8)/0.85 (4.3-0.8)) = 0.38. This possibility was tested
in five experiments where it was measured the pH

brane i is much lower than at the internal one.
At variance with c.hannel-fonnmg moiecules (grami-
c:dm, for i ionic
like in are i itive to b

change produced in 5 ml of Ringer 40 uM
monensin by the addition of 203 to 598 mg of muscle.
Paired control muscles a similar

and rate limited by the ioncphore’s diffusion
time across the membrane [12]. Therefore, the fact.

except that the medium was monensin free (see Meth-
ods). Table 1 shows that, under these conditions, the
estimated monensin-mediated H* efflux (4"J™) is
about two orders of magnitude lower than that calcu-
lated as the difference between Na* and K* net
fluxes. Biological are highly ble to
H*, this discrepancy, therefore, might reﬂecl the pres-
ence in the of a

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

H* back-flow. Such a possibility is strenghened by the
fact that about 4/5 of monensin-mediated H* efflux
should take place through T-tubular membrane. T-tub-
ular volume represents about 0.3% of fiber volume [9]
and the ratio between tubular surface area and volume
(a/v) is on the order of 5 - 10 cm . It is not unreason-
able, therefore, to assume that [H] in the tubular
lumen ((H +]-,-) may raise considerably in the presence
of ducing a Iarge in the i di

di i H* el h I gradi If the inward
driving force on H* were large enough and considering
that H* permeability in frog muscle fibers is about
10~? cm s~ [10}, most H* ions released by monensin
in the tubular lumen would flow back passively to the
cytosol. Consequently, little or no change in pH,, would
occur under experimental conditions where, otherwise,
a change on the order of 0.5 to 1 pH units would be
expected. The model di d in the dix sug-

influx mediated (205.9 pmol cm~2 s~1),
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 1 h exposure to [MON] =,
Maximum [Na*]; under these conditions was estimated
to be 84 mM (see Fig. 10A),

‘When maximun monensin-mediated Na™* influx and
efflux are compared with [Na*]; (see ahove and Fig.
10A) and [Na*},, it is found that the monensin-media-
ted Na* influx/ efflux ratio (175.2/142 = 1.23) is close
to the [Na*],/[Na*)ratio (115/84 = 1.37). This sug-
gests that the degree of complexation at each side of

* For a surface/muscle weight ratio of 430 cm?/g and 60% of
intracellular water (scc Methods), a net outward flux of 14.2 pmol

nmzs" represents 2 K™ loss of about 6 mmol per 1 of

gests that this might well be the case.

water per hour. Therefore, assuming a normal (K*);
of 140 mM [11], we have: 1406 = 134 mM.
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the is prop: 1 to the corresponding
[Na*]

From the data in (Fig. 9) it can be estimated that 1 h
exposure to [MON]=10 uM, a concentration that

produces about half-maximum net fluxes, will i

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

{Na*1, by 39 mM and reduce [K*}; by 22 mM, respec-
tively. The difference, 17 mM, represents the exit of
H* due to the d of the ionophore in
its protonated form.

In addition to the cytosolic buffering power, wh|ch is
about 30 mM H*/pH unit {13-16], olher h

the of which, otherwise, would
produce an app inizati

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

may contribute to the cy Ikalini

gain of Na* and a net loss of K* and H*. The
lated net fluxes mediated by the
t in the of normal Ringer’s solution

tion produccs by the electroncutral exchange of NaJ
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*];
increase and reduction in [H*]. In this regard, it
should be ioned that lic alkanization in-
duced by monensir has been shown to occur in chick
skeletal muscle fibers [17] bringing the Na*/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®* exchanger which in frog muscle ac-
counts for about one third of Ca** efflux {18}]. Thus,
the reduction of the Na* gradient promoted by mon-
ensin could produce an increase in [Ca®*); which in
turn, might displace H* from binding sites in some
proteins or by Ca>*/H* exchangc between organelles
and cytosol as it occurs in heait Purkinje fibers [19].

The fact that under experimental conditions where
the calculated proton efflux is about 13 pmol em=2 5!
(ie. in 40 pM MON) we could only detect a pH,,
change corresponding to a H* efflux of only .16 pmol
cm~2? 577, 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 io H* ions. T
tubuies with tieir large surface/volume ratio seem to
be a suitable structure for the buildup of the necesary
inward driving force on H*. It is reasonable to assume
that in distributes hc ly throughout
the sarcolemma and therefore, about 80% of the H*
ions moving d as the i d 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*];) 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 fi bers i€ Iowcr
than in the bulk solution [20}, so that,

are 32.5, 14.2 and 18.3 pmol cm~? s~! for Na*, K*
and H*, respectively, that is, 7 Na} for 3 K/ and 4
+

i
Appendix

The rate of change of tubular proton concentration
([H*];) 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,

d{H* Jr/de ="M a/e)- ky(H* To=[H* 1)
~{(a/ e PuBAH" Jie? ~(H " Irp1—e#) '}
(A1)

where MJ* is the flux of H* mediated by monensin
(mol s™! cm™2 of tubular membrane), k,, is the rate
constant for H* diffusion from the tubules to the
external medium whose value is assumed to be 15!
and equal to that of other ions in the tubule to satisfy
electroneutrality (Hodgkin and Horowitz, 1959;
Bezanilla et al., 1972), Py, represents H* pcrmeability
of tubular membrane and B = VF/RT (V: membrane
potential = ~90 mV; F, R and T have their usual
meaning) and a/¢ =5+ 10% cm~! (tubular area to vol-
ume ratio),

Under steady-state conditions (d[H*},/d¢ = 0} and
solving for [H*]y,

H Jr={"1"a/e)+ kylH* Jo=Ca /0)PyBIH LeP(1-#) '}
Akn=taseypypia-e') (a2

Let us use a numerical example to have an estimate
of the sort of [H*]; values that should be expected in
the presence of monensin at steady state. Thus, for
[MON] = 40 uM the calculated H* efflux mediated by
the ionophore is about 13 pmol s~! cm~? of surface
mcmbrane (see results) or, assummg 4 cm? of tubular

the presence of monensin, [H*] in the unstirred Iayer

d to each cm® of surface mem-
brane, a MJ® of 2.6. pmol cm~2 s~'. If in addition,



[H*],=63.1 nM (pH,, = 7.2). [H*], = 126 nM (pH, =
6.9)[13,24] and Py, = 10~% cm s~' [10), Egn. A-2 yields
[H*]; =718 nM, that is pH; = 6.14. It should be no-
ticed that in the numerator the second and the third
terms are considerably smaller than the first one (2 - 10*
and 200 times, respectively) anc therefore, both can be
neglected. Similarly, the second term in the denomina-
tor is more than three orders of magnitude larger than
ky. Eqn. A-2, then reduces to,

[H* =M1 -e)/ P8 (A3)

If back-flow component in Eqn. A-1 were igncred,
then, at steady state,

H* fr= (MM / o)/ k) +H o (A)

The [H*); value for MJ" = 2.6 pmol cm =2 s~} will be
1300 pM, that is, 1800-times greater than that with
back-flow component.

In steady-state conditions net passive H* flux (*71)
is given by,

M 2 pyB(IH” Le? - [H* (1 -e/) ™ (AS)

While under contro! (MON free) conditions (pH; =
6.9; pHo=7.2; V= —90 mV) [H*]; is about I8-times
greater than [H*]e?, in the above example, [H*);/
[H*)e? = 206. Therefore, Equation A-5 can be re-
duced to,

M~ Py BIH® Jr1-et) ! (A6)

and from Egns. A-3 and A-6, the net H* efflux is,

FrH g MpH (A7)

This means that most if not all protons released by
monensin in the tubular lumen would return to the
cytosol by passive back-flow which would contribute to
keep pH; near its normal value.

In the of ph buf Ringer
([HPO}~} = 4.30 mequiv.; [H,PO~]=0.85 mequiv.) it
can be estimated that a redncnon in tubular pH (ApH)

will require (from F ) a

131
(2.6 pmol cm ™2 57') it can be estimated that the time
required for a pH reduction of | unit and thus, to
reach steady state, in our example, would be on the
order of 2 s.
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