
Abstract The exposure of frog skeletal muscle to caf-
feine (3–4 mM) generates an increase of the K+ (42K+)
efflux rate coefficient (kK,o) which exhibits the following
characteristics. First it is promoted by the rise in cytosol-
ic Ca2+ ([Ca2+]i), because the effect is mimicked by iono-
mycin (1.25 µM), a Ca2+ ionophore. Second, the inhibi-
tion of caffeine-induced Ca2+ release from the sarcoplas-
mic reticulum (SR) by 40 µM tetracaine significantly re-
duced the increase in kK,o (∆kK,o). Third, charybdotoxin
(23 nM), a blocker of the large-conductance Ca2+-depen-
dent K+ channels (BKCa channels) reduced ∆kK,o by 22%.
Fourth, apamin (10 nM), a blocker of the small-conduc-
tance Ca2+-dependent K+ channels (SKCa channels), did
not affect ∆kK,o. Fifth, tolbutamide (800 µM), an inhibi-
tor of KATP channels, reduced ∆kK,o by about 23%. Sixth,
Ba2+, a blocker of most K+ channels, did not preclude
the caffeine-induced ∆kK,o. Seventh, omitting Na+ from
the external medium reduced ∆kK,o by about 40%. Eight,
amiloride (5 mM) decreased ∆kK,o by 65%. It is conclud-
ed that the caffeine-induced rise of [Ca2+]i increases K+

efflux, through the activation of: (1) two channels (BKCa
and KATP) and (2) an external Na+-dependent amiloride-
sensitive process.
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Introduction

In skeletal muscle fibers the intracellular Ca2+ concentra-
tion ([Ca2+]i) is maintained at a submicromolar level by
the Ca2+-ATPases of the sarcolemma and the sarcoplas-
mic reticulum (SR) as well as by the sarcolemmal
Na+/Ca2+ exchanger. Increases of one to two orders of

magnitude in [Ca2+]i are easily produced by the release
of small amounts of Ca2+ from the SR induced by caf-
feine. This will, in turn, generate a muscle fiber contrac-
ture as well as the activation of Ca2+-ATPases and the
Na+/Ca2+ exchanger [9].

We found that, in addition to those effects, the caf-
feine-induced rise in [Ca2+]i, produces a large increase in
K+ efflux, to our knowledge not previously described,
which can be reasonably explained in terms of the acti-
vation of two K+ channels (BKCa and KATP) and a K+ ef-
flux which is dependent on external Na+ and amiloride
sensitive.

Materials and methods

Experiments were performed on isolated frog sartorius muscles
from Leptodactylus ocellatus. Animals were chilled to full immo-
bility in an ice-water mixture and subsequently double pithed. The
isolated muscles were attached to thin purpose-made stainless-
steel holders which kept them at a slack length while allowing free
access of bathing media to the preparations. The normal Ringer
solution had the following composition (mM): NaCl, 115; KCl,
2.5; CaCl2, 1.8; Na2HPO4, 2.15; NaH2PO4, 0.85; pH=7.2. Tris-Cl
buffer (5 mM) was used instead of phosphate buffer when BaCl2
(5 mM) was added to the Ringer. In some experiments a Na+-free
medium of the following composition was used (mM): Tris-Cl,
119; KCl, 2.5; CaCl2, 18; pH=7.2. Under these conditions increas-
es in Ca2+ concentration were made by isosmotic replacements of
Tris-Cl by CaCl2.

Caffeine was purchased from Fluka, Switzerland and chary-
bdotoxin (CTX) and ionomycin from Calbiochem, San Diego, Ca-
lif., USA. Tolbutamide was a gift from Dr. J.J. Gagliardino. Tris,
tetracaine and amiloride were from Sigma. Ionomycin and amilo-
ride were dissolved in dimethylsulfoxide (DMSO) before being
added to the experimental solutions. No effect of the solvent per se
on K+ efflux could be detected.

K+ efflux was measured using 42K+ which was obtained from
Comisión Nacional de Energía Atómica (Argentina). Muscles
were first loaded with 42K+ by bathing them in normal Ringer so-
lution labelled with the isotope (≈740 kBq·ml–1 or 0.02 mCi·ml–1)
for 2.5–3.5 h. After the loading period, the preparations were
prewashed for 60 min in unlabelled Ringer solution and the ra-
dioactivity released during this period was discarded. Subse-
quently, the muscles were washed in a series of rotating (60 turns
per min) tubes containing 3 ml of unlabelled media at intervals
of 5–15 min. At the end of the experiment each muscle was kept
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in a tube containing 3 ml of distilled water. The radioactivity of
the washout tubes and of those containing the muscles was de-
termined using a gamma-counter (Tracor analytic 1191). The
correction for radioactive decay (half-time: 12.4 h) and the
rate of release of 42K+ was calculated using a microcomputer
and expressed in terms of efflux rate coefficient (kK,o; in units of
min–1).

ATP and creatine phosphate (CP) were determined using the
method of Lamprecht et al. [14].

Values from identical experiments are expressed as means ±1
SEM. Student’s t-test was used to estimate the statistical signifi-
cance of differences.

Results

An effective way of increasing [Ca2+]i in frog muscle fi-
bers is to promote the release of this cation from the SR
by exposing them to an adequate concentration of caf-
feine. We used 3 and 4 mM caffeine. These concentrations
of the drug produce moderate contractures and, as we
found, increase kK,o. Figure 1 shows a typical response of
kK,o to 4 mM caffeine.

We are not aware of any direct effect of caffeine on
K+ permeability unrelated to the increase in [Ca2+]i. In
order to test the contribution of the change in [Ca2+]i to
the observed effect on K+ efflux, [Ca2+]i was raised by
promoting a net Ca2+ influx mediated by ionomycin, an
ionophore for this cation. Figure 2A shows the response
of kK,o to the addition of 1.25 µM ionomycin to Na+-free
Ringer ([Ca2+]o=1.8 mM). In these experiments, Na+ was
excluded (replaced by Tris) from the medium to favor
the increase of [Ca2+]i by preventing the activation of the
Na+/Ca2+ exchanger as [Ca2+]i rose. However, it was
found (see below) that the lack of external Na+ has its
own effect on kK,o. As shown in Fig. 2B, in the presence
of ionomycin, the magnitude of ∆kK,o augmented mono-
tonically with [Ca2+]o (isosmotic replacement of Tris-Cl
by CaCl2). The exposure to 1.25 µM ionomycin pro-
duced a moderate contracture in the presence of 1.8 mM
[Ca2+]o similar to but slower than those observed in the
presence of 4 mM caffeine (at higher Ca2+ concentra-
tions they were somewhat more pronounced). Most like-
ly, therefore, the stimulation of kK,o by caffeine is some-

how the result of the increase in [Ca2+]i. As can be seen
there was a small effect of the ionophore in the virtual
absence of Ca2+ (0 Ca2+; 1 mM EGTA). This may reflect
either the presence of a low concentration of ionomycin
in the cytosol, which would translocate Ca2+ from inter-
nal reservoirs (i.e., SR, mitochondria) into the cytosol, or
a minor ability of this ionophore to transport K+.

The faster time course of caffeine’s effect on kK,o as
compared with that of ionomycin could be due, in part,
to the high permeability to caffeine and will be referred
to later in the Discussion.

Quinine also releases Ca2+ from the SR [10]. In three
identical experiments this drug (2 mM) produced, on av-
erage, an eightfold increase in kK,o (data not shown).

Local anesthetics are known to block caffeine-in-
duced contractures [5]. The caffeine-induced Ca2+ release
from the SR is significantly reduced by low concentra-
tions of tetracaine [19]. We speculate that if the effect of
caffeine on kK,o were mediated by the increase in [Ca2+]i,
in the presence of tetracaine it should be reduced or abol-
ished. A low concentration of tetracaine (40 µM) was
used to avoid any significant direct effect of this anes-
thetic on K+ permeability (PK) while still significantly
inhibiting the SR Ca2+-release channel [25]. Figure 3
shows that tetracaine produced a marked reduction of the
∆kK,o induced by caffeine. However, applying the same
concentration of anaesthetic when the effect of caffeine
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Fig. 1 Typical response of the K+ efflux rate coefficient (kK,o)
from a sartorius muscle to exposure to 4 mM caffeine

Fig. 2 A Effect of 1.25 µM ionomycin on kK,o. Mean from four iden-
tical experiments. B Increase of kK,o (∆kK,o) promoted by 1.25 µM
ionomycin at 60 min from the beginning of the exposure to the
ionophore in the presence of 0 (1 mM EGTA), 1.8, 30 and 60 mM
[Ca2+]o. Na+-free (Tris) Ringer. Each bar represents the mean from
four identical experiments



on K+ efflux was well developed failed to affect ∆kK,o,
indicating that PK was not altered.

Two types of Ca2+-activated K+ channels have been
characterized in several preparations: one of small con-
ductance – the SKCa channel, which is blocked by the hon-
ey-bee venom apamin – and the other of large conduc-
tance, the BKCa channel, selectively blocked by CTX. In
an attempt to dissect the components of the ∆kK,o pro-
moted by caffeine we used both of these toxins. Apamin
binds to several tissues including skeletal muscle with a
KD of 15–60 pM [20] and effectively blocks a Ca2+-de-
pendent component of the slow outward current on frog
skeletal muscle [26]. Apamin (10 nM) did not affect ∆kK,o
(data not shown). The effect of 23 nM CTX, on the other
hand, was rather modest. This concentration of CTX is
about one order of magnitude greater than the apparent
dissociation constant (1–3.5 nM) of the toxin from its re-
ceptor [7, 22, 27].

Figure 4 shows the effect of CTX. The reduction of ∆kKo
towards the end of the exposure to CTX was about 22%.

It has been shown [8] that in the presence of 5 mM
caffeine frog muscles are rapidly depleted of high-ener-
gy phosphate compounds. We measured the ATP and
CP contents in four sartorii which had been exposed to
4 mM caffeine for 15 min and also in their matched

pair kept in normal Ringer (controls). ATP was reduced
from an average of 3.90±0.40 µmol·g–1 in control mus-
cles to 0.77±0.08 µmol·g–1 in caffeine-treated ones. Sim-
ilarly, CP content fell from 8.90±0.72 µmol·g–1 to
0.93±0.08 µmol·g–1. The fact that caffeine produces both
a reduction of ATP content and a rise in kK,o suggests the
involvement of ATP-dependent K+ channels (KATP chan-
nels), first described by Noma [18], in the response of
K+ efflux to application of the drug. Under resting condi-
tions, presumably, KATP channels of skeletal muscle, as
in other cell types, are closed most of the time but their
open probability increases as [ATP]i decreases [23]. The
sulfonylurea derivative tolbutamide is a well-known in-
hibitor of these channels. We studied the effect of 800 µM
tolbutamide. This is shown in Fig. 5. The drug reduced
the resting kK,o by about 40% (P<0.05 for the last two
paired values before caffeine), suggesting that a sizeable
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Fig. 3 A The effect of 40 µM tetracaine on the increase in kK,o in-
duced by caffeine (● ) as compared with controls (●● ). B Once the
caffeine effect was established, exposure to tetracaine did not af-
fect kK,o (● ). The data indicate that tetracaine acts by blocking the
caffeine-induced Ca2+ release and not the K+ permeability. The da-
ta shown in each panel represent the means from four identical ex-
periments carried out on paired control (●● ) and experimental (● )
preparations

Fig. 4 Effect of charybdotoxin (CTX), an inhibitor of BKCa, on
the increase of kK,o induced by 4 mM caffeine. Forty minutes after
the application of 4 mM caffeine, the experimental muscles were
exposed to 23 nM CTX. The 22% reduction of the caffeine effect
produced by the toxin (● ) was significant (P<0.05 for the last three
paired values). Data from four identical experiments performed
using paired preparations

Fig. 5 Effect of tolbutamide, a blocker of the KATP channels, on
kK,o. The addition of 800 µM of the drug to the normal Ringer at
the 40 min mark produced a 44% reduction in kK,o (P<0.05 for
the last three paired values before caffeine). In the experimental
muscles (● ) the exposure to 4 mM caffeine produced a ∆kK,o
(with respect to the last value before caffeine) 23% lower than in
control muscles (●● ) (P<0.03; 0.06 and <0.05 for the last three
paired values; n=4)



fraction of these channels are open in quiescent muscle
fibers. On the other hand, the ∆kK,o produced by 4 mM
caffeine was reduced by tolbutamide by aproximately
23% (P<0.05; =0.06 and <0.05 for the last three paired
values). In control experiments (not shown) the effect of
400 µM tolbutamide was similar in magnitude to that
produced by 800 µM. The moderate inhibition of this drug
is consistent with results of Castle and Haylett [1] in
metabolically exhausted frog muscle.

External Ba2+ is a non-selective blocker of most K+

channels [2]. As is shown in Fig. 6, Ba2+ (5 mM) dramat-
ically reduced the resting kK,o which at 75 min amounted
to 86±2%. The subsequent application of caffeine (3 mM)
produced a substantial increase in kK,o in the absence as
well as in the presence of Ba2+. Thus, at the end of this
run the inhibition by Ba2+ fell to 46±7%. At this point
kK,o was not steady but still rising; therefore, the effect of
Ba2+ should not be quantitatively compared with that be-
fore the addition of caffeine.

As mentioned before, the experiments of Fig. 2 were
performed using Na+-free media to block the forward
activity of the Na+/Ca2+ exchanger and thus to enhance
the rise of [Ca2+]i in the presence of ionomycin. Later
on, however, control experiments revealed that a normal
[Na+]o did not reduce the ∆kK,o induced by ionomycin.
Furthermore, it was found that the caffeine-induced
∆kK,o is diminished in Na+-free medium. Figure 7 illus-
trates this point. It can be seen that in the absence of ex-
ternal Na+ the response of kK,o after a 30-min exposure to
caffeine was about 40% lower than in the presence of nor-
mal [Na+]o. This suggests that the exit of K+ was some-
how associated with the entry of Na+.

It has been shown that the caffeine-induced Na+/Ca2+

exchange in frog skeletal muscle is reduced by about
80% by 5 mM amiloride [9]. The Na+ dependence of
∆kK,o promoted by the methylxanthine suggests the pos-
sibility that ∆kK may also be affected by amiloride. Fig-
ure 8 shows that with most of the K+ channels blocked
by Ba2+, amiloride reduced by about 65% the ∆kK,o gen-
erated by caffeine. These results, which may suggest

coupled Na+/K+ exchange, should be interpreted cau-
tiously, because, although they have not been described
in studies of skeletal muscle, epithelial cells have amilo-
ride-sensitive and Ca2+-activated non-selective channels
which do not discriminate between Na+ and K+ and
which could play a role here [6, 17]. In connection with
this, it can be seen that amiloride alone (first 40 min in
Fig. 8) reduced kK,o, which represents a decrease in the
resting K+ permeability (PK). Incidentally, this is an in-
dication that in the presence of amiloride the sarcolem-
ma did not deteriorate, otherwise an increase in 42K+

leak would have been observed. Upon addition of Ba2+,
which blocks about 90% of PK, kK,o both in control and
amiloride-exposed muscles diminished and there was no
longer any difference between them. Ba2+ blocks a host
of K+ channels very effectively, not only in excitable but
also in epithelial cells [12]. Therefore, taken together,
the reduction of the caffeine-induced ∆kK,o by amiloride
and by zero external Na+, tentatively, may represent in-
hibition of either a transporter (K+/Na+ antiport?) or a
non-selective (K+/Na+) Ba2+-insensitive amiloride-sensi-
tive ionic channel.
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Fig. 6 Ba2+, a blocker of most K+ channels, does not suppress the
increase in kK,o promoted by the rise of [Ca2+]i. The exposure of the
experimental muscles (● ) to 5 mM Ba2+ drastically reduced kK,o.
The subsequent application of 3 mM caffeine induced an increase
of K+ efflux, similar to that observed in control muscles (●● ); n=4

Fig. 7 Effect of Na+-free (Tris) medium on the caffeine-induced
∆kK,o in paired muscles. *P<0.05 (n=4)

Fig. 8 Effect of 5 mM amiloride on the caffeine-induced ∆kK,o in
paired muscles in the presence of 5 mM Ba2+. Means from four
identical experiments (*P<0.02)



Discussion

We have studied the ∆kK,o produced by caffeine. This
drug inhibits the phosphodiesterase and consequently
raises cAMP. Nonetheless, the effect described here
does not seem to be caused by the increase in the intra-
cellular level of the nucleotide but rather the rise of
[Ca2+]i subsequent to Ca2+ release from the SR. This is
supported by the fact that the increase in kK,o also occurs
when the rise in [Ca2+]i is promoted by the translocation
of extracellular Ca2+ mediated by ionomycin. The time
course of the effect of caffeine was considerably faster
than that of ionomycin even though the ionophore binds
to the sarcolemma, while the binding sites for caffeine
are in the SR. Two factors contribute to make the caf-
feine stimulation faster than the effect of ionomycin on
kK,o: (1) the high caffeine permeability (similar to PCl,
[13]); (2) caffeine acts on a fast transport system like
the SR Ca2+-release channels. On the other hand, the in-
corporation of ionomycin into the membrane as well as
the translocation of Ca2+ by the ionophore are two pro-
cesses considerably slower than those involved in the
caffeine effect.

That the caffeine-induced release of Ca2+ from the SR
triggers a change in kK,o is further supported by the fact
that, at a low concentration (40 µM), tetracaine, an inhib-
itor of caffeine-induced SR Ca2+ release, significantly re-
duced the effect, without affecting PK. Two pieces of evi-
dence indicate that the decrease of ∆kK,o produced by tet-
racaine is caused by the reduction of the Ca2+ released
by the SR and not by a decline of K+ permeability. First,
prior to the application of caffeine, tetracaine had no sig-
nificant effect on kK,o (Fig. 3A). Second, application of
the same concentration of tetracaine did not affect the
∆kK,o induced by caffeine when the effect was well de-
veloped (Fig. 3B), meaning that this concentration of the
anesthetic does not significantly affect PK. In addition, it
can be inferred from the data in Fig. 3A that 40 µM tet-
racaine does not completely abolish the caffeine-in-
duced Ca2+ release. Thus, most likely, [Ca2+]i remained
high during the exposure to tetracaine in Fig. 3B, there-
by keeping kK,o high.

Initially, the results suggested the involvement of
Ca2+-activated K+ channels and consequently it was ex-
pected that CTX and/or apamin would substantially re-
duce ∆kK,o. The data, however, showed that apamin had
no effect and that CTX modestly inhibited the caffeine-
induced ∆kK,o. This agrees well with data of Spruce et al.
[24]. They did not find BKCa channels in the surface
membrane. The presence of a low density of this type of
channel in the T tubule membrane, however, is not un-
likely. In fact, Latorre et al. [15] demonstrated their pres-
ence in the T tubules of rabbit skeletal muscle.

The fall in the content of high-energy phosphate com-
pounds produced by caffeine prompted us to investigate
the possible participation of KATP channels. Tolbutamide
(800 µM), a blocker of these channels, produced a rela-
tively greater reduction of the resting kK,o (44%) than of
∆kK,o produced by caffeine (23%). This suggests, at vari-

ance with data from other cell types, that KATP channels
contribute substantially to the resting PK, as if the resting
open probability of these channels in skeletal muscle fi-
bers of the presently studied species (Leptodactylus ocel-
latus) were higher than that in most other cell types. In
frog muscle from Rana temporaria, Davies [4] found a
KD for the ATP block of KATP channels of 0.14 mM. Our
data show that in the presence of caffeine [ATP]i fell to
0.77 µmol·g–1 or about 1.28 mM (assuming that the in-
tracellular water represents about 60% of the muscle
mass). Since under these conditions ∆kK,o and resting
kK,o were reduced by tolbutamide, we suspect that the KD
in our preparation may be considerably higher. It is note-
worthy that, according to Spruce et al. [23], the density
of these channels in the sarcolemma of frog muscle fi-
bers is as high or higher than that of the delayed rectifier
channels.

Ba2+ (5 mM), a non-specific blocker of most K+ chan-
nels which reduced the resting kK,o by about 90% (see
Fig. 6), did not preclude an increase of kK,o mediated by
the caffeine-induced rise of [Ca2+]i.

An interesting and unforeseen result was that concern-
ing the external Na+ dependence of ∆kK,o. In principle
this may suggest that the increase in [Ca2+]i promotes a
Na+

o/K+
i exchange. We have characterized the Na+/Ca2+

exchange in frog skeletal muscle [9], where the activation
of the exchanger by 4 mM caffeine produced an external-
Na+-dependent increase in Ca2+ efflux which was mark-
edly reduced by 5 mM amiloride, a blocker of the ex-
changer in other tissues. (It has been shown that the fall
of ATP produced by caffeine does not affect the activity
of the skeletal muscle type of exchanger [16].) The pres-
ent ∆kK,o, induced under similar experimental conditions,
was also diminished by about 65% in the presence of the
same concentration of amiloride. These data make us
wonder whether K+, in addition to Ca2+, is exchanged for
Na+ in these fibers, as seems to be the case in retinal rods
[3, 21] and platelets [11]. Nevertheless, the possibility of
some sort of Na+/K+ exchange through the activation of
Ca2+

i-dependent non-selective cation channels of the type
present in epithelial cells cannot be discarded, even though
the presence of these channels in muscle, as yet, has not
been reported.

In conclusion, we have found that the rise in cytosolic
Ca2+ caused by caffeine-induced release of SR Ca2+ pro-
motes an increase of K+ efflux. The ∆kK,o is not the re-
sult of an increase in the permeability of a single type of
K+ channel. The data indicate that about one-half of this
increase can be ascribed to the rise in the PK of KATP and
BKCa channels. The rest of the caffeine-induced ∆kK,o –
which is Ba+ insensitive, amiloride sensitive and, on ac-
count of its [Na+]o dependence, somehow associated with
a Na+ influx – may represent a Na+

o/K+
i trade, whose na-

ture deserves further investigation.
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