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SUMMARY

1. Efflux curves of 24Na, 42K and 36C from the guinea-pig taenia coli
were obtained in normal Krebs solution, and in hypertonic Krebs solution
in which the osmolarity had been doubled by the addition of sucrose.

2. The efflux curves were complex, and in order to get average curves
each was analysed as the sum of three exponential terms, and average
curves were constructed from the means of the constants found.

3. In order to estimate the membrane permeability to the ions, it was
necessary to make assumptions as to the distribution of ions in the tissue.
Several models have been examined and the predictions of the models with
respect to the membrane properties were compared with the data obtained
by using electrophysiological methods by other workers.

4. It was found that reasonable predictions of membrane properties
could only be made using models in which the majority of the rapidly
exchanging sodium is considered to be extracellular. This amount of
sodium is more than can be accounted for as freely dissolved in the extra-
cellular water.

5. A possible interpretation of the ion exchange and distribution would
be to suppose that some proportion of the three ions is contained in an
extracellular compartment not available to the normal extracellular
markers, and limited in its exchange by the rate of diffusion in the extra-
cellular phase, and that the truly intracellular fractions of the tissue ions
do not exchange with the external solution in a simple exponential manner,
but in a manner described by an aggregate of exponential terms due to
inherent variation in the permeabilities of the individual cell membranes.

6. There is no evidence for any change in the membrane permeabilities
to sodium and potassium in hypertonic solution, but there is evidence for
a decrease in chloride permeability in this solution.
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INTRODUCTION

This paper is an attempt to correlate ion flux data with some ofthe known
electrophysiological properties of smooth muscle and to study the effects
of hypertonic solution on the membrane parameters.
The taenia coli reaches a steady state in Krebs solution of twice the

normal osmolarity made by addition of sucrose. In this solution, the elec-
trical and mechanical behaviour of the tissue is modified. Tomita (1966a)
has shown that the membrane of the muscle cell undergoes hyperpolariza-
tion, accompanied by a cessation of spontaneous activity. The tissue is,
however, still able to conduct action potentials, although the mechanical
response is reduced or abolished. Under this condition the tissue shrinks
to about 75% of its fresh weight (Brading & Setekleiv, 1968). The cells
retain most of their sodium and potassium content, although they lose a
certain amount of chloride (in excess of the sodium + potassium lost). The
concentration ofsodium and potassium ions in the cell, however, must have
increased, and the hyperpolarization observed could be accounted for by
an increased potassium equilibrium potential.

It is also possible that treatment with hypertonic solution may alter
the membrane permeability to the ions, and this may contribute to changes
in the membrane potential. It is important to establishwhether such changes
in permeability occur. The quiescent tissue in hypertonic solution has been
used extensively for studying the electrophysiological properties of the
tissue, and may provide a stable preparation for the study of the factors
affecting ion fluxes. The use of hypertonic solution reduces artifacts due to
tissue movement, and eliminates the contribution by ion movements
during spontaneous spike activity.
The most difficult problem encountered, when trying to gauge the effect

of hypertonic solution on the permeability of the cell membrane to ions,
is the interpretation of the steady-state efflux curves in both normal and
hypertonic solutions. In this paper the approach taken will be to calculate
the membrane permeabilities using various assumptions as to the ionic
distribution in the tissue, and the factors limiting the exchange of ions,
in the hope of finding a model which will predict the membrane parameters
that have been established by electrophysiological techniques in the two
solutions used.

METHODS

Apparatus. The apparatus is illustrated in Fig. 1. It consisted of a narrow channel
in which the tissue was inserted on a special holder and washed by a continuous flow
of solution. Solutions were saturated with the gas mixture, and were kept at con-
stant level in storage baths above the apparatus, with which they were connected
through jacketed tubes. The chamber and storage baths, and also the organ baths
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ANALYSIS OF ION EFFLUXES 395
used for loading and keeping the mounted tissues were all kept at the same constant
temperature with circulating water. The washing solution was collected in a series
of tubes mounted on a sliding rack beneath the apparatus.

Solutions. A modified Krebs saline was used of the following composition (mM):
Na+ 136*9 K+ 5.9 Ca2+ 2*5 Mg2+ 1*2 Cl- 133-5 HC03- 15*5 H2P04- 1*2 and glucose
11-5, equilibrated with a gas mixture of 3% C02 and 97% 02 at 370C. The solution
was made hypertonic by addition of 10 g sucrose to every 100 ml. saline. This in-
creased the volume by about 6 %, which was taken into account in the calculation of
the results.
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Fig. 1. a, tissue holder; b, vertical section of the jacketed apparatus;
c, diagrammatic horizontal section. A, glass stopper; B, polyethylene sleeve;
C, stainless-steel wire with cross bars; D, channel for tissue and holder;
E, tap controlling rate of flow of solution; F, two way tap allowing change
of solution; G, bleed out tube (one for each solution) to allow removal of
stagnant fluid. Arrows show direction of flow of solution (from Brading,
1967).

Di8sectton. Male white guinea-pigs were stunned and bled, and thin pieces of taenia
coli were dissected from the caecum. The in situ length of each piece was measured,
and the pieces were weighed after removal, on a torsion balance, to determine the
fresh weight (F. wt.). The pieces were then mounted on special holders (Fig. 1). The
pieces were then placed in gassed Krebs solution, at 370 C, for at least 1 hr to reach
a steady state.

Loading. The tissue was loaded with either 24Na, or 42K or 36C1 obtained from the
Radiochemical Centre, Amersham. Sodium and potassium isotopes were supplied as
isotonic solution of the chloride, and the chloride isotope as a solution of sodium
chloride, which was diluted to isotonicity before use. To make the loading solutions,
the relevant radioactive isotonic solution was used to replace some of the isotonic
stock solution used. Small heated water-baths, capacity 15 ml., were used to take the
radioactive solutions. The tissues were loaded in the normal or hypertonic active
solutions for sufficient time for equilibration of the radioactive ions with the tissue
ions, and for a steady state to be reached in the hypertonic solution. Normally, a
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minimum of 1 hr was used in each experiment before the first washout, but most
tissues were loaded for several hours.

Washout. When a washout was started, a holder with the muscle was removed
from the loading bath, washed in a large bath of heated non-active solution for about
one second to remove adhering surface activity, and plugged into the dry channel of
the apparatus. The flow rate was then turned up to maximum, and the solution run
through until no air bubbles remained in the channel. The flow was then quickly
adjusted to the desired rate. The liquid run through the channel during this pro-
cedure (usually about 1 ml.) was collected in the first tube in the rack, and was later
counted and used in the estimation of the efflux curves. When the correct rate of flow
had been established, the second tube was placed to collect the efflux. The time elap-
sing from the removal of the holder from the loading bath until the correct flow had
been established was usually about 25 sec. Subsequently, the washing solution was
collected for 1 min in each tube, with the same number of drops in each sample.

Counting procedure. For sodium and potassium, the washing solution was collected
as 2 ml. samples in glass tubes, and these were counted in a sodium iodide well
crystal. After the end of the washout the radioactivity of the tissue was counted
whilst it was still on the holder, in two mls of solution. Tissues could then be reloaded
and used for a second time. For chloride, the efflux was collected in 1 ml. samples in
polyethylene tubes which could be used for counting in an automatic liquid scintil-
lation counter (IDL Tritomat). Five ml of Bray's scintillation fluid (Bray, 1960)
was added directly to the washout sample. To count muscle 36C1 activity, the tissue
was removed from the holder. The muscle was extracted in distilled water for 12 hr,
and an aliquot was taken and counted. Thus, in the chloride experiments the tissue
could only be used once. On two occasions, to check for reproducibility of results,
tissues were used twice and, to work out the results, a reasonable figure for the tissues'
radioactivity was assumed. Standards were diluted from the loading solutions, and
these and blanks were treated identically to the efflux samples.

Analysis of results. The counts per second in the muscle at each minute interval were
calculated from the count rate of the samples by summing the counts in reverse
order. These figures were normalized by taking the total counts per second in the
muscle at the beginning of the experiment as unity. A computer programme was
written to calculate this result for 24Na, 42K and 36C1. The programme also corrected
the sodium and potassium results for decay of the isotopes. The normalized figures
were plotted against time on semi-logarithmic graph paper, and further analysis
was done fitting lines by eye, as described by Solomon (1960). The counts in the
tissue at zero time were converted into m-mole/kg F. wt.:

Total ions c.p.s./mg in tissue at zero time x=~~~~~~~~x ion content of Krebs solution.(m-mole/kg F.wt.) c.p.s./mg in loading solution

Chemical analysis. In the sodium and potassium efflux experiments, after counting
the radioactivity of the tissue, it was returned to a non-active medium to allow for
recovery fromeffects of exposure to room temperature. Then the pieces were removed,
blotted and weighed, and treated for determination of ion content, by the methods
described by Casteels & Kuriyama (1965). In the chloride efflux experiments, an
aliquot of the solution in which the muscle had been extracted in distilled water for
12 hr was analysed.

Analysis of efflux curves. The efflux curves calculated from tissue washouts using
the apparatus described were very similar to those obtained by the other method of
transferring the tissue through a series of tubes containing non-radioactive solution.
The curves were smooth and fluctuations cut down to a low level. Due to variations
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ANALYSIS OF ION EFFLUXES 397

in the amount of surface radioactivity carried over from the loading solution, the
washout curves were shifted up and down the y axis, and it was difficult to construct
average curves for washouts of the same ion, and thus difficult to compare the effluxes
in normal and hypertonic solution. In order to construct a meaningful average curve,
individual results were subjected to exponential analysis, as described by Solomon
(1960).
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Fig. 2. Method ofanalysis ofefflux curve. (e) Experimental results, percent-
age radioactivity in the tissue on a logarithmic scale plotted against time
after beginning washout of the activity. After 20 min the points can be con-
sidered to fall on a straight line. The middle component of the curve is ob-
tained by subtracting the line from the experimentally determined points.
The values of this second component (0) also can be considered to fall on a
straight line after about 5 min, and subtraction of this line from the earlier
values gives the third component, the values for which (0) can all be
considered to fall on a straight line. The slopes of the three lines represent
the rate constants for the three terms, and the extrapolation of the lines to
zero time give the values A, B and C (Table 1).

It was found that it was impossible to get a good fit for any of the effluxes by using
two exponential terms, but in every case the curves could be satisfactorily described
as the sum of three exponentials, so that the counts in the tissue at the time (t) after
the beginning of the washout (Pt) could be calculated from the equation:

Pt = Aexp(-Alt)+Bexp(-At)+Cexp(-At),
where A,, A2, A3 are the rate constants of the components (min -1), and A, B, and C are
the extrapolations of the components to zero time (% total counts). Fig. 2 illustrates
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this method of analysis applied to a sodium efflux curve in normal solution. The
lines have been fitted by eye.

It was thus possible to evaluate the constant terms in the equation for each result,
and to calculate means and standard errors for each constant in the two conditions,
and to construct average curves, with some estimate as to the significance of any
differences between the effluxes. It should be pointed out that no physiological
significance need be placed on the fact that the curves can be described in this
manner.

RESULTS

The washouts-of sodium, potassium and chloride were carried out on
many tissues in normal and hypertonic solutions. Each efflux curve was
analysed by the method described. The mean and s.E. of the six variables
were obtained for the three ions in both solutions, and these are given
in Table 1. This table also shows the half-time of exchange for each
component:

e0693
half-time (tj) = rate constant'

Equilibration of the radioactive ions
The total sodium, potassium and chloride in the tissue determined by

flame photometry, was not significantly different from the values esti-
mated from the effluxes using the specific activity of the bathing medium,
indicating that the radioactive ions were probably completely equilibrated
with the non-radioactive species. This was true for all three ions, although
the conditions in the ionic estimations were not exactly parallel. The
efflux curves yield estimates of the concentration at the beginning of the
washout curve, after an initial rinse in non-radioactive solution, whereas
the ionic content determined by flame photometry represents the value at
the end ofthe washout, and after the surface solution had been removed by
blotting.

Sodium efflux
The total amount of sodium in the tissue at zero time calculated from

the efflux curves was equivalent to 65-8 m-mole/kg F.wt. in the normal
solution, and 64 3 m-mole/kg F.wt. in hypertonic solution. The difference
was not significant, and it appears that the tissue loses no sodium under
these conditions during exposure to hypertonic solution. This contrasts
with the findings of Brading & Setekleiv (1968) who reported a loss of
about 10-20% sodium in the hypertonic solutions. The tissues were
mounted in the previous work at considerably less than their in vivo length,
and some of the loss could be explained by a reduction in the extracellular
space. In the present experiments the tissues were stretched approximately
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to their in vivo length, and there is some evidence that there was little
change in extracellular space under these conditions.

Fig. 3a was obtained by computing the curves from the figures for the
variables given in Table 1. The graph shows the average curves for sodium
efflux in normal and hypertonic solution. Typical curves from one experi-
ment are shown in Fig. 3b. The curves are very similar, and it would-be

100 a 2ANa efflux 100 'a b 2Na efflux
X 50 50

C 00~~~~~~~~~~

* 0 \ 10
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0 10 20 30 40 50 0 10 20 30 40
MC M

Fig. 3. Efflux curves of 24Na in normal (continuous line) and hypertonic
(dashed line) solution.

a. These curves are average curves and have been computed from the
equation

P = Aexp(-A1t)+Bexp(-A2t)+Cexp(-A3t),
where P is the percentage of the counts in the tissue at time t, and the
values for the six variables are the average values shown in Table 1.

b. The results from a typical experiment. The tissue was first loaded with
24Na and a washout curve obtained, using normal Krebs solution (filled
circles), and then the tissue was reloaded and equilibrated in hypertonic solu-
tion (open circles), and a second washout curve obtained.

impossible to detect significant differences by observation only. The ex-
ponential analysis does, however, indicate that there may be some sig-
nificant difference between the curves. The rate constants and extra-
polated size for the fastest and for the slowest components in normal and
hypertonic solutions were not significantly different from each other (see
Table 1). The rate constant of the middle component was, however, sig-
nificantly higher in hypertonic solution, and the extrapolation to zero
time significantly larger than in normal solution.

Potassium efflux
The total amount of potassium calculated from the efflux curve was

64-7 m-mole/kg F.wt. in normal solution and 67-2 m-mole/kg F.wt. in
hypertonic solution. Again these figures are not significantly different,
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indicating no loss of potassium from the tissue. This also is in contrast to a
slight loss noted by Brading & Setekleiv (1968).
In the potassium efflux, there is no significant difference between the

behaviour of the tissue in normal and hypertonic solutions with respect to
the rate and extrapolated size of the fast and middle components (see
Table 1). There is, however, a significant difference between the slow rate
constants in the two solutions, the exchange being faster in hypertonic
solution than in normal solution, although the extrapolated sizes of these
components are not significantly different.
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Fig. 4. Efflux curves of 42K in normal (continuous line) and hypertonic
(dashed line) solution.

a. These curves are average curves and have been computed from the
equation

P = Aexp(-A1t)+Bexp(-A2t)+Cexp(-A3t),

where P is the percentage of the counts in the tissue at time t, and the
values for the six variables are the average values shown in Table 1.

b. The results from a typical experiment. The tissues was first loaded with
42K and a washout curve obtained, using hypertonic Krebs solution (open
circles), and then the tissue was reloaded and equilibrated in normal (filled
circles) Krebs solution and a second washout curve obtained.

The average curves are shown in Fig. 4a, and curves from a single
experiment in Fig. 4b. The values for the size and rate of the two faster
components of the potassium efflux are probably the most inaccurate of
the whole series, since the majority of the tissue potassium exchanged
relatively slowly. Very small errors in measuring the slope of the slow
component can result in large differences in the faster two components,
and therefore not much weight should be placed on these figures.

Chloride efflux
The total amount of chloride calculated from the efflux curves was

64-0 m-mole/kg F.wt. in normal solution, and 59-1 m-mole/kg F.wt. in
hypertonic solution. These figures are not significantly different, although
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the extrapolated size of the slow component is very significantly larger in
normal solution than in hypertonic solution (normal 15.0 m-mole/kg F.wt.
hypertonic 6-0 m-mole/kg. F.wt.). This reduction may reflect the loss of
chloride shown by Brading & Setekleiv (1968). The rate constants and
extrapolated sizes of the other components are not significantly different
in the two solutions (see Table 1). The average curves are shown in
Fig. 5a, and curves from single experiments in Fig. 5b.

100 to b 36CI efflux
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Fig. 5. Efflux curves of 36C in normal (continuous line) and hypertonic
(dashed line) solution.

a. These curves are average curves and have been computed from the
equation

P = Aexp(-Alt)+Bexp(-A2t)+Cexp(-Aet),
where P is the percentage of the counts in the tissue at time t, and the
values for the six variables are the average values shown in Table 1.

b. The results from a typical experiment. One tissue was loaded with
86C1 and washed out using normal Krebs solution (filled circles), and a second
tissue from the same animal was loaded and washed out using hypertonic
Krebs solution (open circles).

Interpretation of efflux curves
In order to make estimates of the membrane permeability to an ion

species from flux data, it is necessary to know the concentration of the
species on either side of the membrane, and the rate of exchange of the ion
across the membrane.

If a tissue could be considered simply as a two-compartment system,
consisting of an extracellular and a uniform intracellular phase, and the
tissue ions taken to be freely dissolved in the two phases, then theoretically
the washout of tracer ions should be described by the sum of two expo-
nential terms, or by a diffusional and an exponential term if the exchange
of the extracellular material is limited by diffusion. In such a tissue, the
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extrapolation of the slower exponential phase of the efflux curve to zero
time, when corrected for possible back diffusion of ions (Huxley, 1960)
should give an estimate of the amount of ion in the intracellular compart-
ment, and the slope of this line can be used to give an estimate of the rate
of exchange between the compartments (if suitable corrections are made
to allow for distortion due to diffusional delays in the extracellular space;
Harris & Burn, 1949; Keynes, 1954). From the efflux curve, knowing the
extracellular concentration of the ion in question, one should also be able
to calculate the size of the extracellular compartment. Ideally those values
should agree with estimates of extracellular space and ion distribution
calculated directly from a knowledge of the total tissue water and ions.

In smooth muscle, the efflux curves are more complex than this ideal,
and it is difficult to identify with certainty one phase of exchange as being
from a homogeneous intracellular compartment, especially in the case of
Na+ and Cl-. Estimates of internal ionic concentration and membrane
permeability become very uncertain and depend to a large extent on the
assumptions made as to the distribution of ions in the tissue. These diffi-
culties in interpretation are commonly met in other tissues, as, for example,
kidney (Kleinzeller, Janicek & Knotkova, 1962) and intercostal muscle
(Lipicky & Bryant, 1966); also a similar complexity is seen in more detailed
analysis of the efflux from the frog skeletal muscle (Keynes & Steinhardt,
1968).

Casteels (1969) has attempted to analyse the membrane permeabilities
of the guinea-pig taenia coil in Krebs solution, using the simple two-com-
partment model. He has some difficulty in determining the rate constant
of exchange, particularly for sodium ions, and he uses information from
total tissue analysis and from uptake measurements to estimate intra-
cellular ion concentrations. His estimates, when inserted into the Goldman
equation, predict a membrane potential of -37 mV, and using his values
of GK and Sal, and a value for GNa calculated from his figures, the pre-
dicted total membrane resistance can be shown to be about 30 kQ cm2.
Using a similar model with the results presented here (giving a higher value
of [Na]1 and thus PNa than described by Casteels) the predicted membrane
potential in normal Krebs solution was -21 mV, and in hypertonic Krebs
solution -24 mV, and the predicted membrane resistance was 24 kK2 cm2
in normal and 21 kQ cm2 in hypertonic solution.

This model is therefore inadequate to describe the tissue, which has
been shown (Tomita, 1966a) to have a membrane potential of about
-51 mV in normal solution and -63 mV in hypertonic solution, and a
membrane resistance in hypertonic solution of 30-50 kQ cm2 (Abe &
Tomita, 1968). The fact that this model is inadequate means that it
is necessary to consider other models. The most immediately obvious
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possibility is the presence of an extra tissue compartment, exchanging
with kinetics different from the exchange of ions across the cell membrane.
Before any such explanation is assumed, however, it is necessary to examine
other possible sources which could account for the complex curvature of
the efflux analysis. If it is assumed that in this tissue there are basically
two compartments, and that the cell membrane is the only rate-limiting
step in the exchange of intracellular electrolytes with those in the extra-
cellular space, then two factors can distort the efflux from the tissue, and
lead to deviations from a single exponential relationship. These are in-
homogeneity of cell sizes, and variations in the individual membrane
permeabilities of the cells.

Zierler (1966) has considered the interpretation of tracer washout curves
from a population of muscle fibres of different sizes, and comes to the
following conclusion: If the radii of the majority of the cells differ by less
than 50 %, and if the washout from one fibre follows a single exponential,
then the washout from the whole population will mimic a single exponen-
tial for several time constants, whether the distribution of radii is normal
or skewed. In the taenia coli, the muscle is reasonably homogeneous with
respect to cell size (Dr H. Nishihara, personal communication), and, as the
variation is probably well within the limits specified by Zierler, it seems
justifiable to ignore this factor in the present interpretations.
Van Liew (1967) has investigated the other situation, where the mor-

phology of the tissue is homogeneous, but the rate processes vary from cell
to cell within the tissue. Such variations can result in curvature, instead
of a straight line in a semilogarithmic plot. This author gives details of
analysis which allow estimations to be made as to whether or not a par-
ticular flux curve could describe an aggregate of simple processes. Analysis
of the present results by this method will be considered in the next section.
Another possibility that will be examined is that the slowly exchanging

fraction of the ions (represented by the third exponential term of the
original analysis) is the transmembrane phase. This leaves the faster ex-
changing fractions to be accounted for, and the possibility that these can
be described by diffusion curves will be examined.

Models
In this section, the aim is to examine some possible interpretations of the efflux

curves, and use them to predict the electrical properties of the cell membrane. The
usefulness of a model can be gauged by comparisons of the predicted properties with
results obtained with micro-electrode studies by other workers. In the next few
paragraphs the numerical values and equations used will be described, and then these
will be fitted to two basic models. These two models were the only useful ones out of
a number tried.
The size of the extracellular compartment will be taken from [6OCo] EDTA spaces

obtained from washout experiments as described by Brading & Jones (1969). This
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method will be used because the extracellular space from tissues mounted at their in
vivo length (as in washout measurements) is smaller than the space in tissues mounted
for tissue analysis (Brading & Setekleiv, 1968) at less than their in vivo length. The
average value for nine washouts of [80Co]EDTA was 33-06 + 1-5% F.wt. In the
following calculations, a value of 33 % F.wt. will be taken for the extracellular
space in normal and hypertonic Krebs solution. A value of 17 % F.wt. will be taken
for the dry weight in both cases (unpublished observations). From these values the
cell water is 50% F.wt. in normal solution and 25% F.wt. in hypertonic solution
(tissue behaving as a perfect osmometer, Brading & Setekleiv, 1968). No corrections
have been made for tissue density.
A value for the volume/surface area ratio is needed for estimations of the trans-

membrane fluxes. The value of 1-5 gz has been used in normal solution for the whole
cell volume (Freeman-Narrod & Goodford, 1962). If it is assumed that the intracel-
lular ions are dissolved in the cell water, the volume of the cell water has to be used
instead, and the ratio becomes 1-07 /z. The calculated transmembrane fluxes are the
same whichever concept is used (Casteels (1969) determined the V/A ratio from the
whole cell volume, but assumes the ions to be dissolved in a volume equivalent to
the volume of cell water, and thus his values for the fluxes are higher than they would
have been if the same concept had been used throughout). In calculating the mem-
brane permeabilities, the assumption used will alter the values of PK and Pcj, since
the efflux of these two ions is passive, and the calculation requires a value for the
intracellular concentrations without V/A. In hypertonic solution, the volume of the
cell water is half that in normal solution, and, on the assumption that the surface
area of the membrane does not change, the ratio V/A becomes 0-963 gz assuming
that the ions are dissolved in the whole cell volume, and 0 573 Its if they are dissolved
in the cell water.
The calculations of the membrane properties will be worked out on the assumption

that the intracellular ions are dissolved in the volume occupied by the cell water. If
the other assumption is used, the calculated membrane permeabilities for potassium
and chloride ions are 30-40% greater in normal solution, and 60-80% greater in
hypertonic solutions, depending on the model used. If the surface area of the mem-
brane decreases in hypertonic solution, then the fluxes per unit area will be greater,
and this will be reflected in an increased value of the permeabilities of the membrane
to the three ions in hypertonic solution. The ratio of the permeabilities should, how-
ever, remain unchanged.

Ion fluxes (M) can be calculated from the equation of Keynes & Lewis (1951)

M = K(V/A)C1,

where K is the rate constant (sec-1),V/A the volume/surface area ratio, and C, the
intracellular ion concentration. Harris & Burn (1949) and Keynes (1954) have pointed
out that this estimate of the apparent flux will in fact be incorrect if there is an
appreciable diffusion delay in the exchange of ions between the centre of the muscle
and the surrounding medium. The flux values will thus be corrected using Keynes
correction. The diffusion coefficient (D) for sodium is taken as 3-1 x 10-6 cm2 sec-'
(see model 1) and for potassium and chloride 4-5 x 10-6 cm2 sec-. The radius of the
tissue pieces is taken to be 300 p in normal solution as calculated approximately from
the length and weight of the tissues, and 260 ,t in hypertonic solution. The same value
for D will be used under both normal and hypertonic conditions. In the two models
described below, only the corrected value of the potassium fluxes were significantly
different from the apparent fluxes, being 12-33 % higher, depending on the
conditions.
The permeability of the membrane to the ion species will be calculated using the
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method described by Katz (1966). This method holds good only for passive fluxes of
ions. For effluxes, the permeability (P) can be calculated from the equation

M

C, ~1 VF/RTI
exp (- VFIRT)

where V is the membrane potential, and is taken to be negative when the ion move-
ment is opposed by the electric field, and positive when the movement is assisted.
In normal solution the value for the membrane potential is taken to be -50 mV,
and in hypertonic solution -62 mY (Tomita, 1966a). For influxes, the extracellular
concentration is used. Under steady-state conditions, it may be assumed that the
efflux and influx are equal. If it is assumed that there is a sodium-potassium exchange
pump in the taenia coli, then the passive fluxes of these two ions will be the potassium
efflux and the sodium influx, and these fluxes have been used to estimate themembrane
permeabilities to these ions. There is some evidence (Casteels, 1965) that there is an
active component of chloride influx, and so the membrane permeability to this will
be calculated from the efflux.
Membrane potentials can be predicted from the constant field equation, and at

370 C can be estimated from the equation:

E = 1-5 0gloPK[Ki] + PWa[Nai] + P01jClo]
PK[KO1 + PNa[Naol + Pc,[C~l

The ionic conductances will be calculated from the following equations from
Hodgkin & Katz (1949)

F2 E [Ko] -[K,] exp(- EFIRT)
GK=PK TEEx 1-exp (-EF/RT) '

=

F' E [Cl]- [ClO] exp( -EFIRT)
G C,BT E-Ecx 1-exp (-EF/RT) 9

F2 E [Nao] - [Nat] exp (- EFIRT)Gxa = [N.xa BT= N^7-Es,,X 1- exp (-EFIRT)

Model 1
The model will use data from the analysis of the efflux curves. It will be

assumed that the slow components of the efflux curves represent the trans-
membrane fluxes of the ions. The middle component of exchange together
with the fastest phase are both considered to be extracellular. This may
seem an unlikely situation because the amount in these two components
will be greater than that which could be present dissolved in the extracel-
lular medium. There is, nevertheless, some justification in this approach.
Brading & Jones (1969) observed that the kinetics of exchange of the
extracellular markers, [6sCo]EDTA and [14Cqsorbitol, were remarkably
similar to the two fast phases ofthe sodium exchange in smooth muscle, and
that these exchanges could all be fitted by a bulk diffusion curve, although
the 'sodium space' was larger than the [60Co]EDTA and [14C]sorbitol
spaces. Fig. 6 in the present paper shows the two fast phases from the
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average curves of the three ions sodium, potassium and chloride in normal
and hypertonic solutions, in relation to bulk diffusion curves calculated for
diffusion through a plain sheet (Crank, 1956). The value D/12 for each of the
curves shown is 0 00344 which for sodium represents a diffusion co-
efficient of 0-31 x 105 cm2 sec-', and a half thickness of 0 03 cm. The
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{(D,12) X t}I
Fig. 6. Analysis of the fast exchanging 24Na, 42K and 36C0. The points are
from the sum of the two fastest exponential terms from the efflux curve
analysis. The filled symbols are from effluxes in normal solution, and the open
symbols from effluxes in hypertonic solution. Ordinate: fraction of counts
in the fast components. Abscissa: non-dimensional time parameter
(Crank, 1956; see text). The curves represent the theoretical relationship
based on bulk diffusion through a plain sheet.

value D for the best fit is identical with the value obtained by Keynes
(1954) for diffusion in the extracellular space of frog toe muscle. If the
diffusion constant for potassium and chloride ions is taken to be 0*45 x
10-5 cm2 se-IL (see Keynes, 1954) then the half thickness of the pieces
would be 0-036 cm. In fact, the piece of taenia dissected for the sodium
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flux experiments were normally cut thinner than those for potassium and
chloride to reduce time taken for diffusion of sodium since Goodford &
Hermansen (1961) had shown that sodium entry was limited by diffusion
in the extracellular space. The potassium points can be fitted better by
using a larger value for I or a smaller value for D, but since these points are
likely to be the most inaccurate, no great significance should be attached
to them. It can be seen that it is possible to get a reasonable fit for all three
ions, although the fit for potassium and chloride ions is never as good as
that for sodium ions. It follows that the two fast phases of ion exchange
could be described as a single component whose exchange is limited by
diffusion in the extracellular space, although this may be an over-simpli-
fication, especially for potassium and chloride ions.

If then, the slowly exchanging components are considered to represent
the transmembrane components, the next problem is to estimate the size
of these components. The information available is the size of the extra-
polated components, and their rate constants. However, as has been pointed
out previously, the size ofthe extrapolated components goes not correspond
exactly with the actual size. If the system is considered to be a two-
compartment one, then Huxley's correction factor (Huxley, 1960) may
give an estimation of the actual size. This correction factor has been
derived from a consideration of efflux curves that can be described as a
sum of two exponential terms, which is not the case here, but in the
absence of any other simple method it may give a reasonable estimate
of the size of error involved.
The correction factor predicts that the size of the slowly exchanging

component will be
XY (Ax-Ay)2

where Y is the extrapolation to zero ofthe slowly exchanging compartment,
and A. its rate constant. X is the extrapolation of the extracellular com-
ponent to zero time and Ax its rate constant. Calculations show that with
the values of Y and A. in these experiments, the size ofX makes relatively
little difference to the corrected size ofthe slowly exchanging compartment,
and the magnitude of the correction is determined by the rate AX; the
smaller the value of Ax the larger the correction. The value taken when
applying the correction was an intermediate value, obtained by averaging
the two values Al and A2 (see Table 1). Table 2 gives the parameters worked
out assuming a size for the intracellular compartment calculated using the
above correction.
The ratio of the permeabilities are PNa/KP = 0-0098 in normal solution

and 0-0082 in hypertonic solution. PCl/PK = 0-66 in normal and 0-58 in
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hypertonic solution. The predicted membrane potentials are - 57-2 mV in
normal and - 76-0 mV in hypertonic solution, and the total membrane
resistance calculated from the sum of the ionic conductances is 72-2 kQ cm2
in normal and 74 k2 cm2 in hypertonic solution.

TABLE 2. Properties of Model 1

Na

Extracellular 136-9
ionic concentra-
tion (mm)

Total intracellular 1-57
ions (m-mole)/
kg F. wt.

Concentration in 3-14
cell water (mM)
Transmembrane 0-0355
rate constant
(min-)
Apparent fluxes 0-20
(p-mole cm-2 scC-1)

Corrected fluxes 0-20
(p-mole cm-2 sec-')

Permeabilities (cm 0-066
sec-1 x 10-8)

Equilibrium + 100-8
potentials (mV)

Ionic conductances 0-13
G(mho cm-2 x 10-6)

Predicted mem-
brane potential
(mv)

Predicted mem-
brane resistance
(kQ cm2)

Normal
A_
K C1

5-9 133-6

56-99 12-51

113-98 25-02

Hypertonic

Na K Cl

129-2 5-56 126

1-65 58-67 4-87

6-6 234-28 19-48

0-0107 0-0546 0-0309 0-0149 0-0551

2-17 2-44 0-18 3-12 0-96

2-6 2-44 0-18 4-03 0-96

6-71

-79-1

4-4 0-056 6-84 3-94

-44-7 +79-4 -99-9 -49-9

5-73 7-99 0-12

- 57-23

72

7-64 5-75

-75-99

74

Model 2

This model will be used to consider the possibility that the slow and
middle components of potassium and chloride fluxes represent efflux from
a population of fibres with rates of efflux distributed about a mean value.
Van Liew (1967) has published populations of curves that are aggregates
of exponential processes, and has described methods of estimating the
mean and standard deviation of the rate constants from the efflux curves.
These methods have been applied to the last two phases of efflux of the
three ions. This curve for sodium ions will not fit any of Van Liew's curves,
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and is, in fact, so different as to render negligible the chances that this
method can be applied to sodium ions. On the other hand, the curves for
potassium and chloride do appear to be similar to Van Liew's curves.
Fig. 7 shows points from the last two components of the chloride curve
plotted using Van Liew's technique. The lines are the predicted efflux from
an exponential aggregate system of components with a truncated normal
distribution. The ratio of the standard deviation to mean halftime of the
rates are given. The experimental points follow the same shape, and have
a ratio of S.D./Xi similar to the value for Van Liew's curve, although the

100

0

10

0 1 2 3 4
xi

Fig. 7. Analysis of the slowly exchanging 36C1. The points are from the sum
of the middle and slow components of the efflux curve analysis for chloride
in normal (filled squares) and hypertonic (open squares) solution. Ordinate:
percentage counts in the slowly exchanging components. Abscissa: time ex-
pressed in terms of the half-time (X;) of the curves. The curves taken from
Van Liew (1967) are of exponential aggregate systems with truncated
normal distribution, the upper curve having the ratio s.D.IXI of0 76, and the
lower curve 056. The S.D./Xj of the chloride points in normal solution is
054, and in hypertonic solution 066.

agreement is better in normal solution than in hypertonic solution. The
deviation of the s.D./XY from Van Liew's curve may indicate that some
other process is occurring, or that the distribution of the individual values
is asymmetric. The calculated mean and S.D. of the chloride flux was mean
4 8-3 min S.D. + 4-5 (s.D./XI = 0.54) in normal solution, and mean tj
6*1 min S.D.+ 4 (S.D./Xi = 0-66) in hypertonic solution. The potassium
effluxes were not carried out for long enough to compare them with Van
Liew's but the general shape seems to be similar. The calculation of the

410



ANALYSIS OF ION EFFLUXES

mean and S.D. of the potassium fluxes are, in normal solution: mean
tj 62-0 min S.D. + 11 (S.D./Xi = 0-18) and in hypertonic solution: mean
tj = 44-5 min S.D. + 9-2 (s.D./XI = 0-21).
In this model the parameters for the sodium exchange and distribution

will be the same as in model 1. In order to make an estimate of the intra-
cellular amount of potassium and chloride ions, the Huxley correction

T"LT 3. Properties of Model 2

Normal
r A-A

Hypertonic

Na K Cl Na K Cl

Extracellular 136-9
ionic concentration
(MM)

Total intracel- 1-57
lular ions (m-
mole/kg F. wt.)
Concentration in 3-14
cell water (mM)
Transmembrane 0-0355
rate constant
(min-)

Apparent fluxes 0-20
(p-mole cm-2 SeC-1)

Corrected fluxes 0-20
polee cm-2 sec-1)

Permeabilities 0-066
(cm sec-' x 10-)

Equilibrium + 100.8
potentials (mV)

Ionic conductances 0-13
G (mho cm-2 x
10-6)

Predicted mem-
brane potential
(mV)

Predicted mem-
brane resistance
(kQ cm2)

5 9 133-6 12

60-67 24-6

121-34

;0-0112

49-2

0-0829

19-2 5-56 126

1-65 63-19 16-81

6-6 252-76 67-24

0-0309 0-0156 0-1136

2-42 7-28 0-18 3-52 6-84

2-96 7-28 0-18 4-70 6-84

7-17 6-69 0-056 7-4 3.95

- 80-8 - 26-7 + 79-4 - 101-9 - 16-8

6-35

-y49
- 40 9

17-5 0-12 8-84 11-9

-54-0

41-6 47.9

will be used, although it is realized that it will not strictly apply; neverthe-
less, it can be used to correct in some measure for back diffusion from the
extracellular space. The values X and k will be taken from the fast
component of exchange, and Y will be the sum of the extrapolation to zero
time of the slow and middle components, and Ay from the mean t, values
given above. From the corrected values, some idea of the amount of
potassium and chloride ions in the fastest component can be gained. If all
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the fast exchanging chloride is free in the extracellular space, the size of
the space would be 29.5% F.wt. in normal solution and 33.6% F.wt in
hypertonic solution. These values are within the range of extracellular
spaces calculated from the [6OCo]EDTA space quoted above. There is
more potassium ion content in the corrected fast exchanging fraction than
could be freely dissolved in an extracellular space of this size. Assuming
a space of 33 %, the extra potassium is 2-08 m-mole/kg F.wt. in normal and
2*28 m-mole in hypertonic solution.
Table 3 lists the values for the ion fluxes and membrane permeabilities

of this model. The ratios of the permeabilities are: PNa/PK is 00092 in
normal and 00074 in hypertonic solution; PClIPK is 0962 in normal and
0534 in hypertonic solution. The predicted membrane potential is - 410
mV in normal solution and - 54-0mV in hypertonic solution, and the total
membrane resistance 41*6 kQ cm2 in normal and 47 9 kQ cm2 in hypertonic
solution.

DISCUSSION

The original aim of the experiments described in this paper was to
evaluate the effect of solutions made hypertonic with sucrose, on the
permeability of the membranes of the smooth muscle of the guinea-pig
taenia coli. It soon became obvious that although it was comparatively
simple to get good efflux curves for the various ions studied, the interpreta-
tion of these curves and the estimation of the membrane permeability
were extremely difficult. The approach taken was to consider possible ion
distributions, and various factors that might contribute to the shape of the
curves, and to construct models of the tissue with which to evaluate the
various membrane parameters. Each model was then tested to see how far
the parameters it predicted in both normal and hypertonic solutions agreed
with the values established under these conditions by other workers using
electrophysiological techniques.
Many more models were tested than the two described in detail in this

paper. The main conclusion that was reached was that any model that
considered to be intracellular all the sodium that could not be contained
dissolved in the extracellular water, gave very unsatisfactory predictions
of the membrane parameters in both solutions. Models were similarly
unsatisfactory if the rate of exchange of sodium was taken to be relatively
fast, with a half-time similar to that of the middle phase of the sodium
exchange.

Casteels (1969) has described a model with relatively fast exchanging
transmembrane sodium, which predicts properties not in agreement with
the established parameters, and he postulates some other factors such as
an electrogenic pump to explain the discrepancy. When the values from

412



ANALYSIS OF ION EFFLUXES
the efflux curves in the present experiment were used in a similar model
to Casteels, the predicted parameters were even less satisfactory, and also
failed to predict the hyperpolarization observed in hypertonic solutions.
The results in this paper suggest that it is not necessary to involve some
unknown factor in order to account for the membrane properties, if it is
assumed that the intracellular sodium concentration is low, and the rate of
exchange is derived from the slowly exchanging fraction of this ion.
There are two justifications for using this distribution and exchange of

sodium. Electrophysiological evidence clearly suggests that the membrane
is much more permeable to potassium that it is to sodium, since the effects
of sodium on the membrane potential (Kuriyama, 1963) and on the mem-
brane resistance (Tomita, 1966b; H. Ohashi, personal communication) are
very much smaller than those of potassium which both indicate a low
membrane permeability to sodium. Also the experiments of Brading &
Jones (1969) indicate that the majority ofsodium is only limited by diffusion
in its exchange with the external medium. It is unlikely that an exchange
diffusion process is occurring in the tissue, since Goodford (1966) showed
that there was little change in the efflux of sodium in a sodium-free medium.
The two models described in detail in this paper both assume that the

slowly exchanging part of the efflux curve for sodium represents the trans-
membrane exchange. It must be pointed out that the exact values for the
parameters predicted by both models depend to a quite considerable extent
on the sizes taken for the extracellular, and thus intracellular spaces.
The variable that this effects most markedly is the intracellular chloride
concentration, and hence the values of EC1 chloride flux and membrane
permeability to chloride ions.

In formulating the first model, the slow phases of the exchange of the
three ions only were considered to be the transmembrane fluxes. This
assumes that there is a proportion of all three ions over and above those
dissolved in the extracellular water, that is only limited by diffusion in
its exchange with the bathing medium. In justification ofthis it was shown
that the faster exchanges of the three ions could be reasonably well (but
not perfectly) described by diffusion curves from a plane sheet. This
model predicts an increase in the membrane potential in hypertonic
solution, but the potentials and the resistances are rather higher than
those obtained by more direct measurements. It would seem probable that
this model underestimates both the amount of ions in the intracellular
water, and also their rates of exchange.
The second model uses the same assumptions for sodium distribution,

but for potassium and chloride the fastest phase of exchange for each ion is
considered extracellular exchange, and the rest to be transmembrane. The
curvature of this latter phase of the efflux curve is considered to be due
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to cell to cell variations in the permeability of the membrane to ions, and
in justification it is shown that this phase of efflux of potassium and
chloride follow roughly the shape calculated by Van Liew (1967) for efflux
from a system consisting of an aggregate of exponential processes with a
truncated normal distribution. This model also predicts the increase in
membrane potential in hypertonic solution, and predicts reasonable
figures for the membrane resistance, but the predicted values for the
potentials are a little lower than those measured. It seems probable that
this model over-estimates the amounts of intracellular potassium and
chloride.
The fact that neither model exactly predicts the membrane parameters

might be expected from the fact that experimental results cannot be
precisely described using either of the assumptions. It seems that there is
no easy way to get a direct estimate of the membrane permeability from
the efflux curves. The models do, however, suggest that a likely inter-
pretation would be that there is a certain amount of extracellular material
not freely dissolved in the extracellular water, but nevertheless exchanging
sufficiently fast to be limited in its exchange by diffusion, and that the
true transmembrane exchange will be curved on a semi-logarithmic plot
due to a variation of individual cells in their ionic permeabilities. Such a
combination of features might predict membrane parameters near to the
means of model 1 and 2 estimates, so that the predicted resting potential
in normal solution would be about 49 mV, and 65 mV in hypertonic
solution, with membrane resistances of 57 kQ in normal and 52 kQ in
hypertonic solution, which values are reasonably close to the experi-
mentally observed ones.

Goodford (1970) has calculated that there may be about 4 m-equiv of
fixed anionic sites on the cell membranes, and he has derived equations
which suggest that 5-2 m-mole/kg wet wt. of sodium ions, 0 45 ofpotassium
and 6 of chloride might be held in association with these sites. (Also
145 m-mole/kg wet wt. of Ca2+ and 0-72 of Mg2+.) These would be rapidly
exchanging, and might well explain the additional amounts of the ions in
the extracellular phase proposed in this paper.
The evidence suggests that solutions made hypertonic by the addition

of sucrose do not markedly affect the membrane permeability, although
it is possible that the chloride permeability may decrease slightly under
these conditions. None of the models examined suggested any significant
change in potassium permeability.
In conclusion, it seems that although neither of the models described

in this paper precisely predicts the membrane parameters derived from
electrophysiological experiments, nevertheless they suggest that these
properties could be predicted from the passive membrane properties and
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distribution of ions, without having to postulate any special mechanisms
such as electrogenic pumping to account for the experimental results.

I should like to thank Professor W. D. M. Paton for allowing me to work in his
Department, Professor Edith Biilbring and Dr T. Tomita for much helpful advice
and discussion, and the Medical Research Council for a grant.

REFERENCES
ABE, Y. & TOMITA, T. (1968). Cable properties of smooth muscle. J. Phy8iol. 196,

87-100.
BRADING, A. F. (1967). A constant flow apparatus for measuring radioactive ion

effluxes from guinea-pig taenia coli. J. Physiol. 192, 15-16P.
BRADING, A. F. & JoNES, A. W. (1969). Distribution and kinetics of CoEDTA in
smooth muscle and its use as an extracellular marker. J. Phy8ol. 200, 387-401.

BRADING, A. F. & SETE1iruIv, J. (1968). The effect of hypo- and hypertonic solu-
tions on volume and ion distribution of smooth muscle of guinea-pig taenia coli.
J. Physiol. 195, 107-118.

BRAY, G. H. (1960). A simple efficient liquid scintillator for counting aqueous
solutions in a liquid scintillation counter. Ann. Biochem. exp. Med. 1, 273-283.

CASTEELS, R. (1965). The chloride distribution in the smooth muscle of the guinea-
pig taenia coli. J. Phyeiol. 178, 10-11P.

CAsTEELs, R. (1969). Calculation of the membrane potential in smooth muscle cells
of the guinea-pig's taenia coli by the Goldman equation. J. Phyaiol. 205, 193-208.

CAsTEELs, R. & KVErIYAMA, H. (1965). Membrane potential and ionic content in
pregnant and non-pregnant rat myometrium. J. Physiol. 177, 263-287.

CRANK, J. (1956). The Mathematic8 of Diffu8ion. London: Oxford University Press.
FREEMAN-NAMROD, M. & GOODFORD, P. J. (1962). Sodium and potassium content of

the smooth muscle of the guinea-pig taenia coli at different temperatures and
tensions. J. Phygiol. 163, 399-410.

GOODFORD, P. J. (1966). An interaction between potassium and sodium in the smooth
muscle of the guinea-pig taneia coli. J. Phy8iol. 186, 11-26.

GOODFORD, P. J. (1970). Ionic interactions 'M' smooth muscle. In Smooth Mu8cle,
pp. 100-121, ed. BuLBRING, E., BRADING, A. F., JoNEs, A. & TomrTA, T. London:
Edward Arnold.

GOODFORD, P. J. & HERMANSEN, K. (1961). Sodium and potassium movements in
the unstriated muscle of the guinea-pig taenia coli. J. Phyeiol. 158, 426-448.

Haps, E. J. & Bu-RN, G. P. (1949). The transfer of sodium and potassium ions be-
tween the muscle and the surrounding medium. Trans. Faraday Soc. 45, 508-528.

HODGKIN, A. L. & KATZ, B. (1949). The effect of sodium ions on the electrical
activity of the giant axon of the squid. J. Phy8iol. 108, 37-77.

HuxLEY, A. F. (1960). Compartmental methods of kinetic analysis. Appendix 2.
In Mineral Metaboliem, vol. lA, Pp. 163-166 ed. CoTAR, C. L. & BRONNER, F.
New York: Academic Press.

KATZ, B. (1966). Nerve Muscle and Synap8e. New York: McGraw Hill.
KEYNEs, R. D. (1954). The ionic fluxes in frog muscle. Proc. R. Soc. B 142, 359-382.
KEYNES, R. D. & LEwIs, P. R. (1951). The resting exchange of radioactive potassium

in crab nerve. J. Phyeiol. 113, 78-98.
KEYNEs, R. D. & STEINHARDT, R. A. (1968). The components of the sodium efflux

in frog muscle. J. Phyeiol. 198, 581-599.
KLEINZELLER, A., JANicEK, L. & KNoTcovA, A. (1962). A simple method for measur-

ing steady state ion compartments and rate constants of ion fluxes in tissue slices.
Biochim. biophy8. Acta 59, 239-241.

416



416 ALISON F. BRADING
KusrYAmA, H. (1963). The influence of potassium, sodium and chloride on the mem-

brane potential of the smooth muscle of taenia coli. J. Phy8iol. 166, 15-28.
LipiCEy, R. J. & BRYANT, S. H. (1966). Sodium, potassium and chloride fluxes in

intercostal muscle from normal goats and goats with hereditary myotonia. J. gen.
Phyaiol. 50, 89-111.

SOLOMON, A. K. (1960). Compartmental analysis. In Mineral Metaboliem, vol. 1A.
ed. ComAR, C. L. & BRONNER, F. New York: Academic Press.

TOMITA, T. (1966a). Electrical responses of smooth muscle to external stimulation
in hypertonic solution. J. Phy8iol. 183, 450-468.

TOMITA, T. (1966b). Membrane capacity and resistance of mammalian smooth
muscle. J. theor. Biol. 12, 216-227.

VAN LIEw, H. (1967). Graphic analysis of aggregates of linear and exponential
processes. J. theor. Biol. 16, 43-53.

ZIERLER, K. L. (1966). Interpretation of tracer washout curves from population of
muscle fibres. J. gen. Phy8iol. 49, 324-431.


