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A number of papers have dealt with the effects of drugs on the rate and height
of action potentials in smooth muscle (cf. Bozler, 1948; Biilbring, 1956), but
there are relatively few descriptions of changes in the resting potential. This is
probably because an external electrode technique has not been available and
resting potential measurements with internal electrodes are difficult to make,
owing to the small size and spontaneous motility of the smooth muscle fibres
(Biilbring, 1955).
A few years ago Staimpfli (1954) described a relatively simple method for

measuring the full value of the resting potential with external electrodes. His
method is based on the theoretical calculation that the full value of the
membrane potential can be measured with external electrodes on a core con-
ductor, when the short-circuiting is negligible (Hodgkin & Rushton, 1946).
Staimpfli obtained this condition by increasing the outside resistance of the
preparation in the interpolar region by replacing most of the ions in the inter-
stitial fluid with a nearly ion-free sucrose solution. This method has so far
been applied to bundles of myelinated nerve fibres (Stampfli & Straub, 1954),
and to non-medullated fibres (Ritchie & Straub, 1956, 1957), where action
potentials were also recorded. The present paper deals with the application of
this technique to smooth muscle.

METHODS
Most experiments were done on smooth muscle strips taken from the taenia coli of the guinea-pig.
They were 10-15 mm long and 0-5 mm in diameter. The strips contracted strongly on removal
from the gut but were stretched to their 'in situ' length when mounted in the apparatus. At this
size the taenia coli exhibits little tension (Bulbring, 1955). In addition, a number of preparations.
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were obtained from the longitudinal muscle coat of the small intestine of the pike, frog, rabbit,
rat, guinea-pig and cat and of the rectum of the trout. These preparations were dissected according
to the method described by Evans & Schild (1953). All strips used were teased off from larger
pieces and never cut to size. Not more than 10 min were required to dissect and mount the prepara-
tions in the apparatus. The results obtained with preparations from different animals were so
similar that they have not been dealt with separately.
The strips were mounted in the apparatus described by Stampfli (1954), and in more detail by

Straub (1956a) so that they lay in a horizontal insulating tube containing isotonic sucrose solution,
while each end was suspended in a vertical tube through which Locke's solution flowed. A pair of
Ag-AgCl electrodes, connected over a KCl-Agar bridge to the Locke's solution, recorded the
potential difference between the two sucrose-Locke junctions. The electrodes were connected to
a pair of cathode followers and the potential difference, amplified by a direct-coupled amplifier,
was displayed on a cathode-ray tube, and recorded on a moving film.
The Locke's solution used for the mammalian preparations contained (mM) NaCl, 154; KCI, 5-6;

CaCl2, 2*2; NaHC03, 1-9; dextrose, 5. The Ringer's solution used for preparations taken from
cold-blooded animals contained (mM) NaCl, 119; KCI, 1 9; CaCl2, 1 1; NaHCO,, 2-2; dextrose, 5.
Solutions with higher potassium concentration were obtained by replacing an equivalent amount
of sodium chloride by potassium chloride. In addition, a 'sulphate-Locke's solution' was used, in
which the chloride ions had been replaced by sulphate ions and the calcium increased to 10 mm.
It was necessary to add an excess amount of calcium to the sulphate-Locke's solution so that in
the final solutions, made up by mixing Locke's with sulphate-Locke's solution, the amount of free
calcium ions calculated from the solubility product 6-1 x 10-5 (Landolt & Bornstein, 1923) varied
by not more than 0 5 mm, except in solutions with less than 80 mm chloride. Throughout the whole
course of the experiment all solutions were equilibrated with 95% 02 and 5% C02. The pH of the
Locke's and the sulphate-Locke's solution was 6-5, that of the Ringer's solution 7 0. The isotonic
sucrose solutions flowing through the horizontal insulating tube of the apparatus contained
sucrose (A.R.), 10% (w/v) for mammalian preparations arid 7.3% for cold blooded preparations,
in distilled water which had been passed over ion-exchange resin. Both had a specific resistance
of more than 105 Qlcm. The fluid in the vertical tube on one side of the chamber was kept at
room temperature (17-20° C.) so that the muscle remained inactive, thus maintaining a stable
potential against which the test solution in the other vertical tube, kept at body temperature,
could be compared.

RESULTS

Assuming that the smooth-muscle preparation acts as a core conductor when
mounted between two recording electrodes, an increase of the outside resistance
produced by the flow of the sucrose solution would be reflected by the increase
in the amount of depolarization produced by a standard potassium chloride
solution applied to one side of the preparation. This supposition was tested in
four experiments where it was found that the depolarization increased during
the first 25 min, and during the next 4 hr it declined slowly to about two-thirds
of its peak value. This implied that the penetration of the sucrose solution was
near completion after the first 25 min, while the decline which followed was
probably due to a progressive deterioration of the preparation. For this reason
no records were taken from muscle strips exposed for more than 4 hr.
When the preparations were placed in the apparatus at 370 C they usually

showed bursts of uneven spike activity as shown in Fig. 1. In some experi-
ments, however, the spikes became larger and more regular. The shape of the
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spikes was similar to that described by Biilbring (1957) and Holman (1957a)
showing an initial slow phase of depolarization and a rapid repolarization with
after-hyperpolarization.

E[

10 sec
Fig. 1. Spontaneous irregular spike activity recorded from a strip of guinea-pig

taenia coli by the sucrose-gap method. Temperature 350 C.

Effects of changes in ion concentration
Potassium ions. Solutions with a high potassium concentration produced

a depolarization which was almost complete within 10-20 sec. On returning
to Locke's solution an initial rapid repolarization was followed by a slow rise
in potential which lasted about 60 sec until the original level was reached.
A characteristic trace of such an experiment is shown in Fig. 2.

Preparations were bathed in a series of solutions containing different
potassium concentrations. The relation between the depolarization produced
and the logarithm of the potassium concentration is shown in Fig. 3, where
the values obtained from a rabbit taenia coli and a trout rectum are plotted.
The measurements were taken after the preparation had been bathed in the
new solution for about 3 min. Table 1 summarizes results from eight experi-
ments on various preparations showing depolarization by isotonic potassium
chloride. The depolarization produced by isotonic potassium chloride was not
more than 30 mV, and the steepest part of the curve in Fig. 3 gives a slope
of 26 mV per tenfold change in potassium concentration.
When, instead of isotonic potassium chloride, potassium sulphate was used,

a much greater depolarization was obtained (Table 1). The value of 51-6-
60-6 mV which we found is close to the resting potential of 60 mV, measured
with internal electrodes for in situ length taenia coli (Biilbring, 1954).
Apart from the changes in resting potential produced by increase in potas-

sium concentration, fast regular spike activity developed gradually, decreasing
in amplitude as the depolarization proceeded. After a potential fall of about
12 mV no further spike activity was observed and on recovery in Locke's
solution the spikes reappeared as illustrated in Fig. 4.

Chloride ions. When the effect of decreasing the chloride concentration was
investigated, chloride was substituted by sulphate, since it is known for
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Fig. 2. Influence of isotonic potassium chloride on the resting potential recorded from a longi-
tudinal muscle strip from the pike intestine. Upward deflexion represents depolarization.
Temp. 180 C.
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Fig. 3. The relationship between the logarithm of the potassium concentration and the depolariza-
tion produced in (a) rabbit taenia coil (0), and (b) longitudinal muscle strips from the trout
rectum (0). Slope per tenfold change =26 mV. Temp. 18° C.

TABLE 1. Depolarization produced by isotonic potassium chloride and sulphate.
Depolarization (mV) in isotonic

Preparation
Trout rectum
Trout rectum
Pike intestine
Rabbit taenia coli
Guinea-pig taenia coli
Guinea-pig taenia coli
Guinea-pig taenia coli

T'emp.
(00)

16
18
16
22
25
35
35

KCI solution
23-6 (17-2-32-5)
26-2
19-3 (13-1-23-6)
23-9 (20-0-30-5)
21-3 (16-5-24-8)
22-0
20-0

K2S04 solution

55-2 (51-7-58-7)
56-1 (51-6-60-6)
54-0

T
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striated muscle that this larger anion does not diffuse through the membrane
(Boyle & Conway, 1941; Hodgkin & Horowicz, 1957). The solutions we used
were made up by mixing different proportions of Locke's solution with one in
which all the chloride ions were replaced by sulphate ions.

Solutions with a decreased chloride concentration caused a rapid depolariza-
tion which was complete in 1 min. The relation between the chloride concentra-
tion and the change in the resting potential is shown in Fig. 5. A tenfold
decrease in the chloride concentration caused a 41 mV fall in potential. In
addition to the change in resting potential, chloride concentrations of
100 and 75 mm produced bursts of regular spike activity.

E[C)

10 sec

Fig. 4. Regular recovery spikes produced after depolarization by KCI solution
(80 mM). Taenia coli preparation. Temp. 350 C.
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Fig. 5. The relationship between the logarithm of the chloride concentration and the depolariza-
tion produced in guinea-pig taenia coil. Slope per tenfold change=41 mV. Temp. 180C.
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Lack of calcium ions. The effect of calcium-free Locke's solution was a

depolarization amounting to about 13 mV. A typical experiment is illustrated
in Fig. 6. This figure shows that the time for complete depolarization was about
1 min, whereas the recovery in Locke's solution took only about 30 sec. The
resting potential recovered to a value 5 mV higher than the initial level in
Locke's solution. The changes in polarization seen in Fig. 6 are similar to those
observed for nerve fibres by Staimpfli & Nishie (1956) and by Straub (1956b).

E

Ca-ft-ee Locke's soln.

Fig. 6. The effect of calcium-free Locke's solution on the resting potential recorded from guinea-
pig taenia coli. Temp. 180 C. The inserted base line signifies the position of the mean resting
potential before the application ofthe calcium-free solution; deflexion upwards, depolarization.

Effects of drugs

Acetylcholine. Concentrations of 10-610-7 g/ml. acetylcholine were used.
When the acetylcholine solution reached the preparation there was an initial
slight fall of the resting potential, followed after some seconds by the sudden
appearance of large regular spikes of about 12 mV at a frequency of 1.6/sec.
This spike activity lasted for about 20 sec, after which the spikes gradually
decreased in amplitude. During this time the resting potential showed a slow
fall to a new level, where it remained. A typical record is shown in Fig. 7,
taken from an experiment in which there was no spike activity before the
application of the acetylcholine.
When some spike activity was already present before the application of the

drug, the main effect of actylcholine consisted of an increase of spike frequency
from 0-9 to 1-6/sec, together with depolarization (Fig. 8). This is the effect
which has been described by Biilbring (1957) with intracellular electrodes.

In five experiments a depolarization ranging from 4 to 8 mV was produced
by acetylcholine (10-6). When the preparation was then washed in Locke's
solution, the potential slowly returned to its original level or to a somewhat
higher value.

Choline. In one experiment (Fig. 9) a solution was used in which all the
sodium chloride was replaced by an equivalent amount of choline chloride.
This solution produced an initial depolarization of 10 mV, followed after 1 min
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by a burst of regular spikes lasting 40 sec. During this burst of activity the
resting potential was still low but afterwards it increased gradually. It is
rather surprising that spikes occur in a sodium-free solution. This finding
suggests that smooth-muscle fibres may produce action potentials in a similar
way to that described by Fatt & Katz (1953) for crab muscle, where large
spikes were observed in sodium-free 'choline-Ringer'. An obvious question,

E

_ .~~~~~~~~~~~~~~~~~~~~~~~~~~C

r
Acetylcholine

Fig. 7. Resting potential changes and regular action potentials produced by the application
of acetylcholine (104) on guinea-pig taenia coli. Temp. 340 C; time 10 sec.

4~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
10 sec

Fig. 8. (a) Effect of ACh (10-7) on guinea-pig taenia cohl, showing spontaneous activity.
(b) Result after 3 min where there was a depolarization of 6-5 mV and a marked increase in
spike rate. Temp. 36° 0.
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E

Choline-Locke
Fig. 9. Change in resting potential and regular spikes produced by the application of a sodium-

free 'choline-Locke's' solution to guinea-pig taenia coil. Temp. 350 C, time 10 sec.
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as already pointed out by Fatt & Katz, is whether there may not have been
retention of sodium ions in the space immediately surrounding the fibre
membrane. This question cannot yet be definitely answered. In the same
experiment, however, the effect of other solutions was complete in 30 sec.
Similar results with low sodium were recently obtained on smooth muscle by
Holman (1957 a). She found that the spikes disappeared only after a prolonged
soaking in sodium-free solutions, and that normal spikes still occurred in a
solution containing only 17 mM-Na.

DISCUSSION

Our results show that the method for measuring resting potentials described
by Stampfli (1954) is applicable to smooth muscle. It was possible to measure
the changes in the resting potential produced by ions and drugs. The values
found were similar to those measured by the micro-electrode technique
(Biilbring, 1954, 1956; Holman, 1957 a). In addition, we recorded spike
activity, the frequency and height of which was altered by drugs and ions.
Our technique allows a quick change of the bathing solution, since the solutions
are continuously flowing. Therefore the whole sequence of changes in resting
potential and spike activity caused by the test solutions could be continuously
recorded.
The question naturally arises, how can one record from smooth muscle with

external electrodes 7 mm apart, when the muscle between the electrodes is
bathed in a high-resistance sucrose solution. As the length of a single muscle
fibre is only from about 50 to 100,u (E. Biilbring, personal communication) the
recording electrodes are separated by a large number of muscle fibres bathed
in the sucrose solution. One possibility is that the sucrose solution fails to
replace all the ions lying in the inter-fibre spaces, so that a low-resistance bridge
exists between them. Another possibility is that there is some kind of electrical
connexion between the individual fibres, since it is known that smooth-muscle
fibres do not behave as single independent units. For instance, Engelmann
(1870) showed that there is a correlation between the contraction of different
fibres. This is also seen by the propagation of action potentials along smooth
muscle which, according to Bozler (1948), cannot be explained by a nervous
mechanism. This hypothesis has recently been confirmed on nerve-free pre-
parations by Evans & Schild (1953, 1956). Finally, Prosser, Sperelakis &
Bergmann (1955) suggested that smooth-muscle fibres are linked by regions
of low impedance. It may be on account of this property of smooth muscle
that we were able to record potential changes with the sucrose-gap method.
One may argue that artifacts due to junction potentials complicate the

interpretation of results obtained with this technique when measuring changes
in resting potential produced by different ion concentrations. At the interface
between the sucrose solution and the Locke's solution there is a junction
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potential of about 35 mV, as calculated from the formula given by Henderson
(1907, 1908), and the ion-mobilities given in Landolt-B6nstein's tables (1936).
Further, when isotonic potassium chloride is applied this junction potential
drops to 3*5 mV, the potassium-treated side being negative. However, only
a small fraction of the difference between these two junction potentials will be
recorded if there is little short-circuiting by the external medium. The exact
value of this fraction cannot be estimated as we lack detailed information
about the value of the short-circuiting factor. For most of the effects we
observed the junction-potential artifacts can almost certainly be excluded
because: (1) concentrations of drugs, too small to alter the junction-potential,
produced changes in the potential between the electrodes as high as 10 mV;
(2) replacement of the Locke's solution by a calcium-free Locke's solution was
followed by a 13 mV change of potential, although this does not appreciably
alter the value of the junction potential; (3) replacement by 'choline-Locke's
solution' resulted in a lowering of the recorded potential, whereas the junction
potential is increased; (4) although replacement by sulphate solutions and
solutions with increased potassium concentrations caused depolarization and
the calculated change in the junction potential would be in the same direction,
the depolarization in potassium chloride could not be to any great extent due
to the junction potential, since the depolarization was found to show the
steepest increase in the high potassium concentrations, whereas the calculated
junction potential changed only very slightly at these concentrations.
The depolarization which we found with isotonic potassium chloride was

relatively low but of the same order as the depolarization obtained by previous
workers in corresponding experiments on smooth muscle. We found that the
depolarization was not more than 30 mV, both for cold- and warm-blooded
animals, and that the steepest part of the curve relating depolarization to the
potassium concentration (Fig. 3) showed a 26 mV depolarization for a tenfold
increase in the potassium concentration. Holman (1957 b) observed a 32 mV
fall per tenfold change in K concentration for taenia coli muscle using the
micro-electrode technique. In frog striated muscle, however, Ling & Gerard
(1950) found that isotonic potassium chloride produced an 80 mV depolariza-
tion and that a tenfold change of potassium resulted in a potential fall of
44 mV. Burgen & Terroux (1953) working on heart muscle recorded a 50 mY
depolarization with isotonic potassium chloride and a 38 mV slope per tenfold
change. If the resting potential were only governed by the distribution of
potassium ions on either side of the membrane, a tenfold change in the outside
potassium concentration should give a 58 mV potential change. The deviation
of the measured membrane potential change from this theoretical value is
known to be due to the permeability of the membrane to other ions than
potassium, such as sodium or chloride (Hodgkin & Katz, 1949; Adrian, 1956).
Recently Hodgkin & Horowicz (1957) found that the part played by chloride
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ions can become important when the potassium concentration is suddenly
changed and the chloride left unaltered. In this condition the chloride may
temporarily dominate the membrane potential, until the chloride concentra-
tion inside the fibre has changed in accordance with the potassium potential.
This may explain why we found a relatively small fall in potential when only
the potassium concentration was changed and the chloride remained at high
constant level. The importance of chloride ions in maintaining the resting
potential in smooth muscle explains also why a depolarization of the order of
the resting potential could be recorded when the muscle was treated by iso-
tonic potassium sulphate. We found under these conditions a depolarization
of 54-58 mV, which is very close to the resting potential of 60 mV measured
by Biilbring (1954) with intracellular electrodes.
Apart from the changes in the resting potential, we have observed both

regular and irregular spikes. Although it is difficult to estimate the number
of muscle cells from which action potentials are recorded, the irregular spike
activity observed in Locke's solution suggests that records were being obtained
from a number of cells firing off fairly independently. The finding that on the
application of acetylchollne or potassium chloride the action potentials became
large and regular suggests that the cells in contact with the electrodes were
firing fairly synchronously. The largest spikes we recorded were about 14 mV,
which is less than the height of the spikes recorded from a single fibre with
intracellular electrodes (Holman, 1957 b). This is not surprising, since we record
from a large number of muscle fibres and even if they seem to fire syn-
chronously, temporal dispersion of individual spikes and the occurrence of
inactive fibres would reduce the height of the recorded spike. In spite of the
fact that the recorded spikes are smaller than those obtained from single fibres
the method we used is suitable for studying the effects of drugs and ions on the
frequency and form of spike activity. It is clear that resting potential and
spike activity are related, spikes disappearing as a depolarization develops
beyond a certain critical level. Drug effects can be studied at different 'pre-
set' resting potential values by a previous application of potassium, or the
change in resting potential caused by a drug can be investigated by testing
this drug in a solution with various amounts of ions. In this way more informa-
tion may be obtained about the mode of action of drugs on smooth muscle.

SUMMARY

1. The application of the 'sucrose-gap' technique for recording resting and
action potentials of strips of smooth muscle from the gut has been described.

2. Isotonic potassium chloride (150 mM) produced a depolarization of up
to 30 mV. A 26mV depolarization per tenfold change in the potassium concen-
tration was observed. Isotonic potassium sulphate produced a depolarization
of 55 mV.
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3. Substituting sulphate for chloride decreased the resting potential by

35 mV and there was a depolarization of 41 mV per tenfold change in the
chloride concentration.

4. Calcium-free Locke's solution produced a potential fall of 13 mV.
5. Irregular spike activity was observed in spontaneously active prepara-

tions, while regular spikes were obtained by application of potassium and
acetylcholine.

6. Acetylcholine produced a depolarization of 4-8 mV.
7. Regular spike activity occurred also in sodium-free 'choline-Locke's

solution'.
The greater part of the experiments were carried out at the National Institute for Medical

Research, but they were concluded at the University Laboratory of Pharmacology, Oxford, and
we wish to thank Sir Charles Harington and Professor J. H. Burn for hospitality, and Dr Edith
Builbring and Dr W. Feldberg for encouragement and advice.
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