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Theophylline enhances the force of diaphragmatic contraction and delays fatigue. The mechanism is not known, but
recent evidence suggests it may act at the cell membrane. To test this hypothesis, we studied the effect of theophylline on
resting membrane potential and tension in hamster diaphragm cells. Muscle strips were obtained from five adult hamsters
and placed in Krebs solution, aerated with 95% 02, 5% CO2. Resting membrane potential was measured using 3-M KCI-
filled glass microelectrodes; 15-22 fibers in each strip were sampled. Force frequency curves (twitch to 100 Hz) were
obtained. The muscle bath was then changed to one containing 100 mg/liter (0.55) theophylline. Resting membrane
potential was -76 +/- 3 mV (mean +/- S.D.) in Krebs solution and increased to -85 +/- 3 mV (P less than 0.01) with added
theophylline. Tension increased from 5% (at 100 Hz) to 20% (at 10 Hz) with theophylline. Hyperpolarization indicates an
increase in intracellular to extracellular potassium concentration. Net potassium outflow occurs with each contraction,
causing the cell membrane to become depolarized with repeated contractions, ultimately leading to fatigue. The
hyperpolarization of the skeletal muscle cell membrane observed with theophylline may play an important role in
prolonging time to fatigue.
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Abstract

Theophylline enhances the force of diaphragmatic contraction
and delays fatigue. The mechanism is not known, but recent
evidence suggests it may act at the cell membrane. To test this
hypethesis, we studied the effect of theophylline on resting
membrane potential and tension in hamster diaphragm cells.
Muscle strips were obtained from five adult hamsters and placed
in Krebs solution, aerated with 95% O,, 5% CO,. Resting mem-
brane potential was measured using 3-M KCl-filled glass mi-
croelectrodes; 15-22 fibers in each strip were sampled. Force
frequency curves (twitch to 100 Hz) were obtained. The muscle
bath was then changed to one containing 100 mg/liter (0.55)
theophylline. Resting membrane potential was —76+3 mV
(mean+S.D.) in Krebs solution and increased to —85+3 mV (P
< 0.01) with added theophylline. Tension increased from 5%
(at 100 Hz) to 20% (at 10 Hz) with theophylline.

Hyperpolarization indicates an increase in intracellular to
extracellular potassium concentration. Net potassium outflow
occurs with each contraction, causing the cell membrane to be-
come depolarized with repeated contractions, ultimately leading
to fatigue. The hyperpolarization of the skeletal muscle cell
membrane observed with theophylline may play an important
role in prolonging time to fatigue.

Introduction

Methyl xanthines, such as theophylline, improve the contractility
of fresh diaphragm muscle, delay the onset of fatigue, and hasten
the recovery from fatigue (1, 2). These drugs are thought to
affect the calcium release and/or reuptake mechanisms (3, 4)
but the exact mechanism of action is unclear. Verapamil blocks
the action of theophylline, but not caffeine (5), which raises the
possibility of a cell membrane site of action for theophylline.
The resting membrane potential is largely determined by the
ratio of intracellular to extracellular potassium (6). Hypokalemia
has been reported in patients with theophylline overdose (7, 8),
and appeared to be due to shifts in potassium to the intracellular
space, rather than external potassium loss. If such a shift occured,
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one would predict an increase (hyperpolarization) in resting
membrane potential (E,,).! To test the hypothesis that theoph-
ylline acts to hyperpolarize skeletal muscle cell membranes, we
measured E,, in isolated perfused hamster diaphragm muscle
before and after incubation with theophylline.

Methods

Diaphragm muscles were obtained from adult golden hamsters. The an-
imals were anesthesized using 15 mg/100 g sodium pentobarbital injected
intraperitoneally. Strips 5-7 mm wide (extending from the rib to the
central tendon) were excised from the lateral costal portion of the dia-
phragm where the fibers are most parallel. The strips were stored in
Krebs solution at 0°C and bubbled with 95% O,/5% CO,.

The control studies were done in Krebs solution (Na, 118 mM; KCl,
49 mM; CaCl,, 2.5 mM; MgSO,, 1.18 mM; KH,PO,, 1.18 mM;
NaHCOs, 25 mM; and glucose, 2 g/liter). The test solution was identical
to the Krebs solution except for the addition of 100 mg/liter (0.55 mM)
theophylline. Both solutions were at 37°C during experiments; pH
was 7.37.

The muscle strips were first positioned in the control solution with
the rib end sutured to a fixed rod with 2-0 silk thread. The central tendon
was positioned under a glass rod which acted as a fulcrum, and attached
to an FT03 force transducer (Grass Instrument Co., Quincy, MA) with
2-0 silk thread. The signal from the force transducer was amplified using
a preamplifier (Hewlett-Packard Co., Palo Alto, CA) and displayed on
an oscilloscope (Tektronix, Inc., Beaverton, OR).

Resting membrane potentials of 15-22 fibers were measured using
3-M KCl-filled glass microelectrodes (tip resistance 10-20 megohms)
which were connected to an amplifier (World Precision Instruments,
Inc., New Haven, CT). The signal was displayed on the oscilloscope.
Satisfactory penetration was assumed to have occurred when a sudden
and sustained drop in voltage was observed. The muscle length was ad-
justed to the length at which twitch tension was maximal. Control mea-
surements of resting potential and tension production were made. Force
frequency curves were generated by stimulating the muscle with trains
of 0.2-ms pulses at frequencies ranging from 10 to 100 pulses/s for
0.4 s. The bath was then changed to Krebs plus theophylline solution
and the above measurements were repeated after 15-20 min of equili-
bration.

Membrane potentials in the two solutions were compared using
analysis of variance. Tension production was compared using the paired
t test.

Results

Data was obtained from strips from six hamster diaphragms.
One strip was discarded because maximum tension was <1.0 g/
cm?, suggesting it was damaged. The remaining 10 strips were
analyzed. Tension was increased at all frequencies in 9 of 10

1. Abbreviations used in this paper: E.,, resting membrane potential.
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Figure 1. Force frequency relationships expressed as percent maxi-
mum tension (%7 ,,) produced at varying frequencies of stimulation
in control diaphragm strips (- -0 - -) compared with theophylline-
treated strips (—m—). Bars are +S.E. (*P < 0.01) by paired ¢ test.

strips, with the largest increase at low frequency (Fig. 1). Max-
imum tension increased 170+20 g/cm? (mean+SEM) in the-
ophylline solution compared with control (P < 0.05). Membrane
potential was —76+3 mV in control solution and —85+3 mV
in theophylline solution (P < 0.05). Analysis of variance con-
firmed no significant differences in E,, of muscle strips within
either group. Of note, in the one strip which did not increase in
tension with theophylline, E,, did not change either.

Discussion

This study demonstrated hyperpolarization of the hamster dia-
phragm membrane in the presence of theophylline (0.55 mM).
Although the dose of theophylline used was high compared with
the commonly used therapeutic range (10-20 ug/ml), it is a small
dose for in vitra work. Studies in man at blood levels of 10-13
ug/ml have shown an increase in transdiaphragmatic pressure
of 15% in nonfatigued states and a reversal of low frequency
fatigue when given after fatigue is induced (9, 10). Similar in-
crease in tension and reversal of low frequency fatigue in an in
vitro preparation of human sternomastoid muscle required
1 mM/liter, i.e., 180 ug/ml (11). Similarly, dose-response curves
in isolated rat diaphragm required from 250 to 1000 ug/ml to
produce increases in tension of 19-75% (12), while in in vivo
studies in dogs (1) only 20-80 ug/ml produced the same increase
in tension (12-60%). These studies suggest that higher doses are
required in the isolated preparation in vitro to achieve the same
effect. This difference in drug requirements has also been noted
with caffeine. While 8 ug/ml caffeine increased transdiaphrag-
matic pressure by 50% in normal human subjects (10), 18 ug/
ml in an in vitro preparation of human sternomastoid muscle
increased tension <10% (12). Our increase of 17% suggests that

we were seeing an effect comparable to that seen at therapeutic
levels in vivo.

Resting membrane potential is determined predominantly
by the ratio of intracellular to extracellular potassium and sodium
(6), as described by the Nernst equation: E = (nRT)/F - In ([K],/
[K]s). Slight variations in measured E,, from that predicted by
this equation are due to Na* ion activity. Our observation that
theophylline hyperpolarizes the cell membrane suggests that in-
tracellular potassium has increased. Hypokalemia has been re-
ported in patients with theophylline overdose (7, 8), and has
been attributed to respiratory alkalosis, or elevation of either
insulin or catecholamine levels. Insulin has been noted to hy-
perpolarize sarcolemmal membrane (13), but the role of potas-
sium in this phenomenon remains unclear. Neither insulin nor
catecholamines were present in the bath and pH was controlled.
Therefore it is unlikely that these factors contributed to the hy-
perpolarization in this study.

The precise mechanism of theophylline activity at the cellular
level in skeletal muscle is unclear. Theophylline, like caffeine,
increases the free intracellular Ca**; initially these drugs were
both thought to be acting by increasing Ca** release from the
sarcoplasmic reticulum (14). However, the potentiation of force
by theophylline does not occur in the absence of external Ca**
(15) or in the presence of verapamil (5). Therefore, it appears
that theophylline causes an influx of Ca** from the extracellular
space. Calcium influx has not been thought to play a large role
in skeletal muscle contraction. However, slow inward Ca** cur-
rents and associated slow action potentials have been demon-
strated in mouse skeletal muscle (16) under specialized experi-
mental circumstances. These Ca** currents are blocked by ver-
apamil.

In many nerve cells there is a Ca**-induced K* current which
leads to hyperpolarization of the membrane. This hyperpolar-
ization is potentiated by theophylline (17). Ca**-dependent K*
channels have also been demonstrated in rabbit skeletal muscle
T tubule membranes, but their physiologic role is not known
(18). It is possible, although highly speculative, that theophylline
induces an influx of Ca**, which in turn activates these Ca**-
dependent K* channels and results in the hyperpolarization we
observed. In support of this hypothesis we have preliminary data
on the effect of verapamil and theophylline combined; with this :
combination hyperpolarization of the membrane does not oc-
cur (19). _

Theophylline preparations have been shown to effect both
contractility and fatiguability. Resting potential is an important
determinant of Na* channel activation and therefore the mag-
nitude of the action potential. As E,, decreases, Na* channel
activation decreases. However, since Na* channel activation is
nearly maximal at usual E,, it is unclear whether significant
increase could occur with mild hyperpolarization.

Marked hyperpolarization may have a detrimental effect by
raising the voltage change needed to reach activation threshold
and thus inhibiting contraction. Moderate hyperpolarization may
have a role in delaying fatigue. With repeated contractions, there
is a shift of potassium from the intracellular space to T tubules
and other extracellular space (20, 21). This leads to a depolar-
ization of the resting E,, with a resulting diminution of action
potential and failure to contract once E,, reaches —40 mV. The
loss of potassium with each contraction is relatively constant
(22). Therefore, as E, increases one might expect the time to
fatigue to increase. Support for this hypothesis comes from ob-
servations in physically conditioned dogs (23). After several

Effect of Theophylline on Membrane Potential 639



weeks of treadmill training, their endurance times increased from
20-100 to 36-140 min. The resting E,, of intercostal muscles
was —87+5 mV before training and increased to —95+4 mV
after training. Although intracellular K* was increased, it was
not sufficient to account for this degree of hyperpolarization.
Na*-K* ATPase activity was also increased, raising the possibility
that increased Na* permeability could also contribute to mem-
brane hyperpolarization.

In summary, addition of the theophylline to the in vitro
hamster diaphragm preparation was associated with hyperpo-
larization of the resting sarcolemmal membrane. The mechanism
of this is not known, but may involve increases in intracellular
potassium, possibly mediated by calcium influx. It is unlikely
that the theophyllin effects were mediated by pH, insulin, or
catecholamines.
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