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SUMMARY

This paper discusses the origin of the membrane potential in the model mem-
brane which simulates taste receptor potentials in response to the electrolyte stimuli,
on the basis of the results obtained with the model membrane and with the liposomes
made of the same lipids as used for the model membrane.

1. The electric resistance of the model membrane was almost independent of the
external salt concentration. A sandwiched membrane in which a platinum plate was
placed between two sheets of the model membrane produced potential deflections
similar to those observed with a sheet of the model membrane.

2. The {-potential of liposomes was measured under the presence of various
concentrations of the salts (NaCl, KCl, CaCl, and MgCl,). The relationship between
the change in the {-potential and the NaCl concentration followed the taste equation
proposed by Beidler (Beidler, L. M. (1954) J. Gen. Physiol. 38, 133-139). However,
the surface charge density of liposomes calculated from the {-potential data did not
increase with increase of salt concentration, which implied that the increase of the
{-potential is not attributed to the Langmuir type adsorption of Na™ on the anionic
sites on the liposome surface. An application of 2: 1 type electrolytes (CaCl,
and MgCl,) reversed the sign of the surface charge when the salt concentration
exceeded about 30 mM.

3. FeCl, produced a large positive change in the {-potential due to the binding
of Fe*” to the liposome surface. An application of NaCl to Fe®*-bound liposomes led
to a decrease in the {-potential with an increase of the NaCl concentration.

On the basis of the above results, it was proposed that taste stimulation with
salt stimuli is initiated by a change in the phase boundary potential at the microvilli
membrane in taste cells.

INTRODUCTION

In 1954 Beidler [2} proposed a theory of taste reception stating that a chemical
stimulation is initiated by the adsorption of taste substances onto specific sites of
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microvilli membrane in taste cells. This theory was derived from his finding that the
relationship between the taste response induced by sodium salts and their concentra-
tions followed an equation similar to the Langmuir adsorption isotherm. The equa-
tion is generally referred to as the “‘taste equation” in the field of chemoreception. In
the derivation of this equation, Beidler postulated that the taste nerve response is
linearly related to the number of cations bound to the receptor sites. There is, how-
ever, no definite information about the interaction acting between cations and the
sites. The adsorption of the cation onto the receptor sites induces a potential change
in the taste cells, the so-called taste receptor potential. The mechanism of generation
of the taste receptor potential is also not known at the present. These situations led
us to the undertaking of the model analysis reported in this series of papers.

It was shown in Part 1 [1] of this series that a model membrane composed of
a Millipore filter paper and the lipids extracted from bovine tongue epithelium pro-
duced a change in membrane potential in response to salts, acids and distilled water
similar to the receptor potential observed with a living taste cell. In this paper, we present
several data on the electric resistance and the membrane potential of the model mem-
brane together with the electrokinetic potential ({-potential) of liposomes prepared
from the same lipids as used for the model membrane. Taking these data into consider-
ation, a plausible mechanism of the generation of potential in the model membrane
is discussed. It becomes clear that the surface potential or the phase boundary poten-
tial at the interface of the membrane-stimulating solution is responsible for the salt
stimulation. The implication of the taste equation proposed by Beidler [2] is discussed
in the light of the phase boundary potential.

EXPERIMENTAL

Materials

The lipids used in the present study were extracted from bovine tongue epithe-
lium and the model membrane was prepared as described in Part I [1]. Salt solutions
were prepared by dissolving the analytical grade reagents in distilled water.

Measurements of the electric resistance of the membrane

The d.c. resistance of the membrane was evaluated from the relationship
between the current applied to a membrane and the magnitude of the electric poten-
tial produced across the membrane. The induced voltage depended linearly on the
current strength. The impedance of the membrane was measured by a dielectric-loss
bridge (Ando Electric Co., Tokyo, Type TR-1B) in applied frequencies ranging
between 10? and 3 - 10° Hz. The d.c. resistance was obtained by extrapolating to
zero frequency, which agreed well with that obtained from the relationship between
current and voltage. A pair of Pt—Pt plate electrodes were placed as close to the
membrane surface as possible so as to eliminate the contribution of the resistance of
the solution phases which are contiguous to the membrane.

Preparation of liposomes

The liposomes were prepared according to the essentially same method as
employed by Bangham et al. [3]. The lipid was thinly coated on the inner surface of a
round-bottom flask by the rotary evaporation of a chloroform solution under vacuum
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and then distilled water was added. Dispersions were prepared by agitation of the
flask with a Vortex mixer until all the lipids were freed from the wall of the flask. The
lipid dispersions thus obtained were mixed with salt solution so as to give a desired
salt concentration.

Measurement of {-potential
The {-potential was calculated from the electrophoretic mobility of the lipo-
somes in accordance with the Helmholtz-Smoluchowski equation [4];

{ = 4mqu/D (1)

Here u is the mobility of the liposome, and 5 and D are the viscosity and dielectric
constant of the dispersion medium, respectively. The viscosity of the solution to be
measured was taken from an appropriate table, while the dielectric constant of the
salt solution was assumed to be the same as that of pure water. The electrophoretic
mobilities were measured by a micro-electrophoretic apparatus (Karl Zwiss, West
Germany, Cytopherometer). Measurements were made by the direct observation of
the velocity of dispersed particles at the “‘stationary layer’™ [5] in a quartz flat cell
regulated at 28 °C. The observed velocity of the liposome was proportional to the
electric field applied externally and was independent of the size of vesicle observed.
Under a given salt condition, 10 liposomes were timed in each direction of the field
to eliminate the polarization of the electrodes and the average value was taken as the
velocity of a particle.

Calculation of surface charge density

The surface charge density, o, of the liposomes dispersed in an aqueous solution
of 1:1 type salt was calculated from the observed (-potentials using the Gouy-
Chapman relationship [6] for a flat double layer in the form

,")"77 / 4
10007

- = 2

2RT (2)
where [/ is the ionic strength, R the gas constant, T the absolute temperature and F
the Faraday constant. When the suspension medium was a solution of asymmetric
salt such as CaCl, or FeCly, ¢ was evaluated from the following approximate
equation [6]

o= l 2DRTI (,Fi) (3)
1000r \2RT

where the Debye-Hiickel linearization approximation was introduced.

RESULTS AND DISCUSSION

The electric resistance of the model membrane was measured in the presence
of various concentrations of NaCl, KCI and CaCl,. The observed membrane resis-
tance in a given salt solution varied from one membrane preparation to another, but
the membrane resistance of a membrane was practically independent of salt composi-
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tion and concentration in the bulk solution with most membrane preparations (see
Curve 1 in Fig. 1). The membrane resistance only rarely decreased with increase of
salt concentration as shown by Curve 2 in the figure, but the extent of decrease was
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Fig. 1. Electric resistance of the model membrane in the presence of various concentrations of NaCl,
KCI and CaCl,. The resistance was measured with the model membrane interposed between two
identical salt solutions. The ordinate represents the ratio of the membrane resistance (#) at any con-
centration over that at | mM NaCl (r,). Data shown by Curve 1 were obtained from the membrane
(Q = 20.2 mg/cm?2, ro = 25 M£2 - cm?) and those by Curve 2 with the membrane (Q = 14.0 mg/cm?,
ro = 110 M£2 - cm?). O, NaCl; (D, KCI; O, CaCl; for membrane 1. @, NaCl for membrane 2.

Fig. 2. The potential responses of the sandwiched membrane interposing a platinum plate between
two sheets of the model membrane (Q = 13.9 mg/cm?2, Q = 24.5 mg/cm?) to various concentrations
of NaCl (Curve |, @——@). The ordinate represents the magnitude of the potential defiections
induced by the application of the salts to the membrane bathed in tap water. Curve 2 (CO——0O)
shows the potential deflection induced by the application of NaCl to the membrane which had been
treated with 60 mM FeCl; for 12 min.

very small. [n a different series of papers [7, 8], we have shown that various transport
processes, e.g. membrane potential, ion permeability, electric resistance, etc., across
a partially permeable charged membrane are represented quantitatively in terms of
the effective charge density of the membrane as a sole parameter. The effective fixed
charge density calculated from the observed membrane potential for the membrane
used above was 0.08 M and 0.25 M in 10 mM and 300 mM NaCl solutions, respec-
tively. The theoretically calculated electric resistance of the same membrane with the
use of these values for the fixed charge density decreased by a factor of about 10
when the salt concentration was changed from 10 to 300 mM. The observed value of
the resistance of the membrane under the same conditions was much smaller than
the predicted value even in the case of Curve 2 in Fig. 1. This implies that ions in the
external solution scarcely permeate through the model membrane under study.

The above thought was also supported by the following result. When we denote
the conductances at low and high frequency limits by G, and G, respectively, the
ratio of the porous leaky area to the total area of the membrane is approximately
represented by G,/(G,—G,), provided that the specific conductance of the lipid
region is negligibly small compared with that of an external solution. When the
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conductance measured at 3 MHz, which was the high frequency limit accessible by
our apparatus, was taken as G, the value of G,/(G,—G,) was evaluated to be
7-107*. The real value of G must be much larger than that at 3 MHz and then,
the ratio of the porous area is definitely less than 0.07 9.

As described in Part I [1], the function of the model membrane to respond to
the electrolyte stimuli was practically independent of the quantity of adsorbed lipids
if the amount of the adsorbed lipids exceeded about 8 mg/cm?. Judging from the
porosity of the filter paper and the amount of the adsorbed lipids, the void space in
the filter paper must be fully filled up with the lipids. This fact, together with the
results on the membrane resistance described above suggests that the membrane
potential across the model membrane is not produced by the diffusion process of
ions across the membrane.

The fact mentioned above has been confirmed further by the following experi-
ments: a platinum plate was placed between two sheets of Millipore-lipids membranes,
and the sandwiched membrane was subjected to the chemical stimulation. The mem-
brane thus prepared should be impermeable to ions across the membrane. As shown
in Fig. 2, the application of NaCl induced potential deflections similar to those
observed in Part I [1] with a sheet of Millipore-lipids model membrane. In addition,
the characteristic effect of FeCl; on the membrane potential [1] was reproduced with
the sandwiched membrane; the application of NaCl to the membrane which was
previously treated with FeCl, induced a potential change with a polarity opposite to
that normally displayed. These results strongly support that the potential deflection
observed with the model membrane is not produced by ion permeation through the
membrane.

The origin of the potential across the membrane which is scarcely permeable to
ions has been investigated by several authors by the use of various membranes
[9-12]. For example, it was demonstrated that there was a drastic change of ionic
specificity of a glass electrode when the external surface of the electrode was coated
with a thin layer of collodion [9]. If the overall permeability of ions across the mem-
brane is responsible for the ionic specificity of the membrane as postulated by Hodgkin
and Huxley [13], there must be only one type of ionic specificity even in such a
collodion-coated glass electrode; since the thin collodion coating possesses a relatively
low resistance, the total resistance or ion permeability of the coated glass electrode
should not be materially different from that of the parent glass electrode. From this
reason together with other experiments, Ling [9] concluded that the adsorption of
ions onto the surface of the electrode was responsible for the potential of the coated
electrode. Clearer examples indicating that the specific adsorption of ions at a mem-
brane surface plays an essential role for the generation of the overall potential difference
across a membrane have been demonstrated by us in a previous paper [11]. For exam-
ple, when a mercury layer was interposed between two KCl and NaCl solutions of
different concentrations, the membrane potential changed as if the mercury membrane
were an ideal cation permselective membrane. On the other hand, the membrane
behaved as an ideal anion permselective membrane when it was contiguous with
(CH;),N*CI™ solution. These phenomena virtually indicate that the membrane
potential is determined by the specific adsorption of individual ion species at the
mercury surface.

The experimental facts described above lead us to a notion that the potential
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difference across the present model membrane stems from the difference in the phase
boundary potentials at two interfaces of membrane and solution phases. The phase
boundary potential of an oil membrane which scarcely dissolves ionic species can be
represented by the same functional form as that of the Donnan potential (see Appen-
dix). It is also known that the phase boundary potential represented in terms of the
equilibrium is not very different from that of the solution of the Poisson-Boltzmann
distribution of ions at a plain surface of a dielectric immersed in an electrolyte solu-
tion [14]. Therefore, it is desirable to measure the surface potential or surface charge
density of the model membrane which is closely related to the phase boundary poten-
tial. The measurements of the surface potential or surface charge density are, however,
not accessible experimentally with the present model membrane. Therefore, the {-
potential of the liposomes prepared from the same lipids as used for the model mem-
brane was measured as an experimental approximation to the phase boundary poten-
tial. In Fig. 3, the observed {-potential is plotted against the concentration of the 1 : |
type (KCI, NaCl) and the 2 : | type (CaCl,, MgCl,) electrolytes. It is noted that the
liposomes show a negative {-potential in the whole range of salt concentration of
I : I electrolytes, which indicates that the relatively excess anionic groups exist on the
liposome surface. These are considered to be mainly phosphate groups of the phospho-
lipids exposed on the surface of the liposomes. An application of 1 : I type electro-
lytes brought about a positive-going potential change in the {-potential. The relation-
ship between the {-potential and the concentration of I : | type electrolytes is quite
similar to that between the membrane potentials across the model membrane and the
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Fig. 3. The {-potential of the liposomes as a function of salt concentration. 2, CaCl,; @. MgCl,:
O. NaCl; &, KCl.

Fig. 4. Plot of the magnitude of the changes in the {-potential of the liposomes induced by NaCl
according to the taste equation. R was obtained by subtracting the value of ~ 47.6 mV, which is the
potential level for tap water, from the value of the {-potential shown by the curve for NaCl in Fig. 3.
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salt concentration. As seen from the figure, an application of 1 : | type electrolytes
never brought about a reversal of the polarity of the {-potential, while 2 : 1 type elec-
trolytes caused the {-potential to become positive when the salt concentration exceeded
about 30 mM. It is noted that there is no appreciable difference in the observed (-
potential between NaCl and KCIl which compared with the case of the membrane
potentials observed with these salts.

It is important to note here that the relationship between the {-potential of the
liposomes and the NaCl concentration given in Fig. 3 strictly follows the taste equa-
tion when R is defined by the magnitude of change in the {-potential measured from
the potential level in tap water (see Fig. 4). The apparent equilibrium constant K
calculated from the straight line in the figure was 14.8 mole ™', which is close to that
obtained from the electrophysiological data on taste stimulation with NaCl [15]. If
the fact that the variation of the (-potential follows the equation means uniquely
that Na™ forms a complex with the anionic site at the surface of the liposomes, the
negative charges at the liposome surface must be masked by the binding of Na™ on
the surface. However, the density of the negative charge at the liposome surface
calculated from the observed {-potential increased with the concentration of salt in
the dilute region, and approached an approximately constant level with a further
increase of the salt concentration (see Fig. 5). Therefore, the change in the {-potential
induced by NaCl is not attributable to the Langmuir-type adsorption of Na* on the
anionic sites at the liposome surface. It is not unreasonable to consider that the cations
of 1:1 type salts surround the anionic groups to form a diffused electrical double
layer by the long range interaction of ions.
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Fig. 5. The surface charge density of the liposomes as a function of salt concentration. The notations
are the same as in Fig. 3.

Contrary to the case of | : 1 type electrolytes, the charge density of the liposome
surface increased monotonously from negative to positive in sign by the application
of 2 : 1 type salts (see Fig. 5). This is attributed to the binding of the divalent cations
to the anionic groups of the lipids. In the case of FeCl,, a more dilute solution is
sufficient to reverse the sign of the surface charge of the liposomes as shown in Fig. 6.
The {-potential decreased with the application of FeCl; in a higher than 0.5 mM
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Fig. 6. The {-potential and surface charge density of the liposomes as a function of FeCl; concentra-
tion. . {-potential; @, surface charge density.

concentration. In this concentration range of FeCl;, the surface charge density
increased with the increase of the FeCl; concentration, hence the decrease in the
{-potential is attributed to an effect of ionic strength on the thickness of the electrical
double layer with an increase of the FeCl; concentration.

When NaCl was applied to the liposomes carrying positive charge due to the
binding of Fe*, the positive {-potential decreased with increase of NaCl concentra-
tion as illustrated in Fig. 7. This result closely compared to the potential deflection
caused by the NaCl application against the FeClj;-treated model and taste cell
membranes [16]. As shown in the figure, the surface charge density of FeCl;-treated
liposome did not change by the application of NaCl of various concentrations. There-
fore, the decrease of the {-potential shown in the figure is attributed to the effect of
the ionic strength on the thickness of the double layer, which is the same reason as
described in Fig. 5. Tateda and Beidler [16] reported that cocain also induces an
effect similar to that of FeCl; on the taste cells. The following results obtained by
Bangham et al. [17] seem to suggest that the mechanism of the action of cocain is
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Fig. 7. The effect of various concentrations of NaCl on the {-potential and surface charge density of
the liposomes in the presence of 10 mM FeCl;. O, {-potential; @, surface charge density.
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similar to that of FeCl;; they measured the electrophoretic mobility of the liposome
in the presence of cocain, and found that cocain, which is carrying a positive charge,
adsorbed on the surface of the liposome and brought about a positive-going change
in the {-potential.

From the results described above, the effect of FeCl; or cocain on the membrane
potential in taste cells can be interpreted as follows; Fe** or cocain adsorbs strongly
on the lipids in the microvilli membrane, which leads to a reversal of the sign of the
surface potential at the microvilli membrane. The increase of ionic strength in the
medium by the application of NaCl to FeCl,-treated membrane leads to a decrease
in the thickness of the electrical double layer at the surface of the membrane, which
brings about a potential deflection with a polarity opposite to that normally dis-
played. At a certain FeCl; concentration, the negative charges carried by the phospho-
lipids are concealed by the adsorption of Fe**, where no concentration of NaCl
applied to the membrane produced a response, as demonstrated with taste cells {16]
and the model membrane [1].

CONCLUDING REMARKS

Various results presented in this paper indicate that the potential across the
model membrane composed of Millipore and lipids is attributed to the difference in
the phase boundary potentials at two sides of the membrane. Since the model mem-
brane gives a potential response quite similar to the receptor potential observed with
the taste cells in response to the electrolyte stimuli, taste receptor potentials observed
in living taste cells also seem to be generated by a similar mechanism. As pointed
out in Part I [1], there are a number of reasons that the sodium theory proposed by
Hodgkin and Huxley [13] is not applicable to the microvilli membrane. For example,
as for the salt stimulation, the theory was not in accordance with the experimental
facts that the microvilli membrane is scarcely permeable to ions and that both Na™
and K* applied on the tongue surface induce, a more or less similar depolarization
in the taste cells. On the other hand, the mechanism proposed here is in line with these
facts.

Recently, it was reported that HCI, 2 : 1 type salts or distilled water produced
either a slight change or no change in the electrical resistance of the taste cell mem-
brane, when the receptor potential is elicited by these stimuli [18, 19]. An observable
change in the membrane resistance is measured when a high concentration of 1 : |
type salts is applied to the taste cell [18, 19]. Although the change in the membrane
resistance is not always accompanied with the transports of ions, the results described
above may imply that the diffusion process of ions in the membrane is not negligible.
However, this is not inconsistent with our interpretation of the receptor potential
discussed in this article, since the membrane potential inherently consists of two phase
boundary potentials and an intramembrane diffusion potential (see Appendix).

The bovine taste buds bearing papillae contain five kinds of phospholipids
(phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidyl-
inositol, and sphingomyelin) [20]. Recent studies on the molecular arrangements in
the lipid membrane or biological membrane indicated that the lipids in the membrane
do not exist in a homogeneously mixed state, but each respective lipid or similar
species of lipids forms clusters [21-24]. According to our preliminary studies (Miyake
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et al., unpublished data), the model membrane containing only phosphatidylcholine
did not respond to the sait stimuli, but did to distilled water. On the other hand, the
membrane containing only phosphatidylethanolamine responded to the salt stimuli,
but did not to distilled water. Therefore, it seems to be reasonable to consider that
the microvilli membrane has small receptor domains carrying different functions.

At the present, we do not know how a change in the phase boundary potential
at the microvilli membrane is transmitted to the endings of the taste nerve, but one of
the hypothetical transmissive mechanisms is as follows: taste cells have a resting
potential being positive on the outside with respect to the inside of the cell, and the
application of cation species onto the microvilli membrane brings about a negative-
going potential deflection in the phase boundary potential at the receptor domains.
This change in the phase boundary potential at the domains creates an inwardly-
directed circulating current, by which the nerve endings attached to the taste cells
will be discharged. Depolarization induced by the stimuli which has been observed
by inserting a microelectrode into a taste cell seems to be brought about by the poten-
tial drop caused by the circulating electric current. There is a possibility that the con-
formational change of the domain surface is induced by the variation of the phase
boundary potential caused by taste stimuli, which in turn, regulates the circulating
current. Although other explanations on the transmittance process may be possible,
it can be safely concluded that the taste stimulation with the electrolyte stimuli is
initiated by a change in the phase boundary potential at the surface of the microvilli
membrane.

APPENDIX

The quantitative theory of membrane potentials across charged membrane
may be said to have started in 1935 by the pioneering works of Teorell and of Meyer
and Sievers [25, 26]. These authors obtained a mathematical expression for the mem-
brane potential by integrating the Nernst-Planck equation for the diffusion of ions
and subsequently adding the two-phase boundary potentials to the intramembrane
diffusion potential. This method itself is applied even in the membrane made of non-
aqueous lipid as illustrated below. For the sake of simplicity of discussion, we consider
a system where two aqueous solutions of a 1 : 1 type electrolyte of different concen-
trations of C, and C, are separated by a membrane. The potential difference across
the membrane is represented by the following equation;

C> _
Ap = — RT ( e Co—u_Co (A.1)
Fleu,Ci+u_C_

under the assumption that no mass movement occurs across the membrane. In
Eqn (A.1), 4; and C, are the mobility and concentration of the ion speciesi (i = +, —)
in the membrane phase. The basic equation (A.1) is shown to be valid even in the case
where the membrane is an oil membrane or a dense ion-exchanger membrane. If the
concentration of cations and anions in the membrane are calculated by use of the
Donnan equilibrium, the well-known expression of the Teorell, Meyer and Sievers
theory (TMS theory, in abbreviation) is derived. The Donann equilibrium in the
ordinary sense, however, is not applicable for the oil membrane as is encountered in



21

the present study. The electrochemical potential of species i in the membrane is
expressed by

fi; = ud(m)+RT In C;+z, Fy/’ (A.2)

while that in the bulk aqueous solution which is contiguous with the membrane is
represented by

fi; =y +RT In C+z, Fy (A.3)

Here z; is the valence of ions, i.e. +1 or —1, and y is the electrical potential. Note
that the standard chemical potential of an ion species in the membrane, u°(m), is
different from that in the aqueous solution, x?. When the thermodynamic equilibrium
holds between the membrane and solution phases, Eqns (A.2) and (A.3) must be
equal to each other. Then we have

[u(m) =41+ RT In (Ci/C)+ 2, F(Y' —) = 0 (A.4)

Elimination of (' —) from the equations for the cation and anion species given by
Eqn (A.4) leads to

C,C_ = CHK2)? (A.5)
where K2 is defined by the following equation

b (m)+p2(m)] = (S +42)} = —RT In K, (A.6)

and represents the difference in solubilities of the electrolyte component between the
oil and the aqueous solution phases. The value of K? is a constant irrespective of the
salt concentration of the external solution for a given combination of membrane and
electrolyte components under consideration. Making use of the condition of electro-
neutrality in the membrane, i.e. C, —C_ = X, where X is the charge density fixed
in the membrane, Eqn (A.5) is solved to give

X 4CK2YE X .
C, == [1+ : XTJ +=  (i=4+,-) (A7)

2 2
Introducing Eqn (A.7) into Eqn (A.1) and integrating between the two bulk solutions
across the membrane, we obtain the following equation for the membrane potential
under the assumption that X is constant irrespective of the salt concentration in the
external solutions;

2 3% 2 2\4
4 = — KT [m Co y ypn (O H4C) +UO mﬂﬂi‘@zlﬁ} (A-8)

C, (0*+4CHE+UO (0% +4CT) +0

where U and 0 are defined as (v, —u_)/(z,+u_) and X/K,°, respectively. This
equation is identical to the TMS theory except that the fixed charge density X is
replaced by 6. It is important to note that the TMS theory retains its original form
even in the oil membrane, and that the effective fixed charge density in Eqn (A.8)
includes a factor representing the difference in solubilities as given by Eqn (A.6).
When the membrane is scarcely permeable to the ion species as in the present
system under study, the observed membrane potential mainly stems from the phase
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boundary potential at the membrane surface. Thus the membrane potential given by
Eqn (A.8) is simplified to give
(ACIO +1—1
49 = = KT [HGOE
F 2(C/9)

when the concentration of salt in one side of the membrane is fixed. Eqn (A.9)
together with Eqn (A-6) implies that the phase boundary potential is represented by
the relative concentration, C/8, with the effective fixed charge density 6 of the mem-
brane surface as the sole parameter. As pointed out above, the value of # depends on
the combination of the species of membrane and electrolyte components used. Thus
the observed membrane potential must be affected not only by the cation species
but by the anion species involved, although the effect of the anion species is much
smaller than that of the cations and of the characteristics of the membrane used.

Although the contribution of the diffusion potential in the membrane phase,
the first and second terms in Eqn (A.8), is neglected in the above discussion, this term
should be taken into consideration in the more general cases, e.g. the membrane is
immersed in an extremely high salt concentration medium.

} + constant (A9)

ACKNOWLEDGEMENTS

The authors are indebted to Dr Kondo of the Science University of Tokyo for
permitting us to make the measurements of the {-potential of liposomes in his
laboratory. This work was supported in part by a grant from the Ministry of Educa-
tion, Japan.

REFERENCES

Kamo, N., Miyake, M.. Kurihara, K. and Kobatake, Y. (1974) Biochim. Biophys. Acta 367

1-10

Beidler, L. M. (1954) J. Gen. Physiol. 38, 133-139

Bangham, A. D., Standish, M. M. and Watkins, J. C. (1965) J. Mol. Biol. 13, 238-252

Davies, J. T. and Rideal, E. K. (1961) in Interfacial Phenomena p. 129, Academic Press, New York

Alexander, A. E. and Johnson, P. (1949) in Colloid Science p. 312, Oxford University Press,

London

6 Verwey, E. J. W. and Overbeek, J. Th. G. (1948) in Theory of the Stability of Lyophobic Colloids
p. 32, Elsevier Publishing Co., Amsterdam

7 Kamo, N., Toyoshima, Y., Nozaki, H. and Kobatake, Y. (1971) Kolloid. Z. u. Z. Polymere 248,
914-921

8 Ueda, T., Kamo, N., Ishida, N. and Kobatake, Y. (1972) J. Phys. Chem. 76, 24472452

9 Ling, G. N. (1960) J. Gen. Physiol. suppl. 43, 149-174

10 Ohki, S. (1972) Biochim. Biophys. Acta 282, 55-71

11 Kamo, N. and Kobatake, Y. (1974) J. Colloid Interfacial Sci. 46, 85-93

12 MacDonald, R. C. and Bangham, A. D. (1972) J. Memb. Biol. 7, 29-53

13 Hodgkin, A. L. and Huxley, A. F. (1952) J. Physiol. 117, 500-544

14 Eriksson, E. (1951) Science 113, 418-420

15 Beidler, L. M. (1961) Progress in Biophysics and Biophysical Chemistry, vol. 12, pp. 109-151,
Pergamon Press

16 Tateda, H. and Beidler, L. M. (1964) J. Gen. Physiol. 47, 476-486

17 Bangham, A. D., Standish, M. M. and Miller, N. (1965) Nature 208, 1295-1297

18 Sato, T. and Beidler, L. M. (1973) Brain Res. 53, 455-457

[PV )

[V =Y



23

19 Akaike, N., Noma, A. and Sato, M. (1973) Proc. Japan Acad. 49, 464-469

20 Kurihara, Y. (1973) Biochim. Biophys. Acta 306, 478-482

21 Hayashi, M., Muramatsu, T. and Hara, I. (1973) Biochim. Biophys. Acta 291, 335-343

22 Pagano, R. E., Cherry, R. J. and Chapman, D. (1973) Science 181, 557-559

23 Bretscher, M. S. (1972) J. Mol. Biol. 71, 523-528

24 Zwaal, R. F. A., Roelofsen, B. and Colley, C. M. (1973) Biochim. Biophys. Acta 300, 159-182
25 Teorell, T. (1935) Proc. Soc. Exp. Biol. 33, 282-285

26 Meyer, K. H. and Sievers, J. F. (1936) Helv. Chim. Acta 19, 649-664



