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Novel oscillations of membrane current or membrane potential were observed when the transfer of Na* from one
aqueous solution (W1) containing 0.1 M NaCl to another (W2) in the absence of Na* through a liquid membrane (LM)
containing dilute Na* was forced by an applied membrane potential or membrane current, respectively. The current
oscillation was induced by the addition of acetylcholine in W1, and inhibited by the addition of such hydrophobic ions
as tetraalkylammonium ions or glutamate ion in W1. These oscillations were similar to those at biomembranes with so-
called “sodium channels” as regards both induction and inhibition, though the liquid membrane system did not contain any
channel proteins. The current and potential oscillations were also inhibited by the addition of bovine serum albumin in
W2. The mechanisms of the oscillations, the induction and the inhibitions were elucidated by referring to voltammograms
for the ion transfer through a membrane as well as those at aqueous/membrane interfaces, and by taking into account the
adsorption of Na* at the LM/W?2 interface. Various LM systems which exhibit the oscillations accompanied by transports
of ions other than Na* were also investigated, and the general feature of the oscillations of membrane current or potential
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is discussed.

The oscillation of membrane current or potential accompa-
nied by an ion transfer through a membrane, which is closely
related to the electrical excitability in living organisms,”
has been investigated extensively by many authors using
biomembranes or artificial membranes.>® Also, many ef-
forts have been made to develop new sensors utilizing the
oscillations because of the high sensitivity and selectivity of
the oscillations.*”

Most of the oscillations observed with biomembranes have
been attributed to the gating of the “ion channel” composed
of transmembrane proteins present in biomembranes, and
tremendous efforts have been made to elucidate the gating
process, mainly by reconstitution of channel proteins into
bilayer membranes.5—®

On the other hand, the oscillations have also been observed
with thick liquid membranes as well as artificial bilayer lipid
membranes, BLM, in the absence of the channel protein, and
these oscillations are expected to offer plenty of fundamental
information useful in elucidating the oscillation processes at
biomembranes in living organisms.>?

Since even the non-channel oscillations at liquid mem-
branes and artificial BLM are revealed by way of the tangle
of plural ion transfer reactions and interfacial adsorptions,
though their generating processes are supposed to be much
simpler than those at biomembranes, new methodologies and
concepts are required for further understanding of oscillation

processes and physiological phenomena relative to the oscil-
lations.

In the previous proceedings® and review,” the authors
briefly introduced novel types of oscillations of membrane
current or membrane potential observed during the transport
of Na* from one aqueous solution to another through a liquid
membrane, and proposed the corresponding mechanisms of
the oscillations based on the voltammetric concept as well
as the voltammogram for ion transfer through a membrane,
VITTM, and the voltammogram for ion transfer at the aque-
ous/membrane interface, VITAMI. Here, VITAMI is the same
method of the voltammetry for the ion transfer at an inter-
face of two immiscible electrolyte solutions, VITIES,'> '3
which has been recognized as one of the promising methods
for understanding both the static and dynamic features of the
ion transfer at a liquid/liquid or liquid/membrane interface.
The adsorption at the interface taking part in the oscilla-
tion can also be investigated by the VITIES since it causes
the voltammetric maximum.'*'> The induction and inhibi-
tion of the oscillation of the membrane current were also
investigated. The current oscillation was found to have char-
acteristics similar to those of the oscillation at biomembrane
with the so-called “sodium channel”, though the membrane
system did not contain any channel proteins.

In the present paper, the details of the oscillations of the
membrane current and potential observed with the transport
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of Na* are described, and mechanisms for the oscillations,
the induction and the inhibition are discussed. The general
condition to observe the oscillations are also discussed, with
reference to results on other oscillations which have been
found so far in the author’s laboratory.

Experimental

Electrochemical Measurements. A glass cell, illustrated
in Fig. 1, was used for the observation of the oscillations of the
membrane current (current between W1 and W2, Iy—w2) and the
membrane potential (potential difference between W1 and W2,
AVwi—w2), VITTM and VITAMI. Two aqueous phases, W1 and
W2 (2.0 ml each), were separated by 1.0 ml of a nitrobenzene, NB,
which worked as a liquid membrane, LM, with an interfacial area
of 1.0 cm? and thickness of 1.0 cm.

An example of the cell configuration is given in Eq. 1.

0.1 M NaCl 4X 10* M Na*DPA" ‘
1 M MgS0, (SE) 0.02 M TPhAs*DPA" (SE) 2 M MgSO, (SE)
wi] [LM; NB] [w2]
CEl1 RE1— AVwiim —RE3 RE4 —AVpyw2 —RE2 CE2
AVyiwz —_— l
Twi-wa
€Y

Here SE denotes the supporting electrolyte. DPA™ and TPhAs*
mean dipicrylaminate and tetraphenylarsonium ions, respectively.
The concentrations of SE (MgSO,) in W1 and W2 were made to
be 1 M and 2 M, respectively, in order to stabilize the LM between
W1 and W2 with the aid of the difference in specific gravities. W2
was stirred at about 200 rpm when oscillations were investigated.
The AVwi—w2 was applied with the aid of two silver/silver chlo-
ride electrodes, RE1 and RE2, as the potential of RE2 vs. RE1 in
order to realize the ion transfer between W1 and W2 through the
LM. The Iwi—w:2 due to the ion transfer was detected by using two
platinum wire electrodes, CE1 and CE2. Two TPhAs" ion selective
electrodes (TPhASE) with the configuration shown in Eq. 2, RE3

CE1 RE1

CE2

Fig. 1. Glass cell employed to observe the oscillation and
the ion transfer voltammogram. 1; aqueous phase (W1). 2;
organic liquid membrane (LM). 3; aqueous phase (W2). 4;
polytetrafluoroethylene ring. 5; stirring bar. 6; glass filter.
RE1, RE2, RE3, and RE4; reference electrodes. CE1 and
CE2; counter electrodes.
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and RE4, were set in LM close to the W1/LM and LM/W?2 inter-
faces, respectively, and the potential differences at the W1/LM and
LM/W?2 interfaces, AVwi,.m and AVy v w;, during the ion transfer
were monitored as potentials of RE3 vs. RE1 and RE2 vs. RE4,
respectively.

Ag/AgCl | 0.025 M (TPhAs*);S04>~
1MLiCl | 1 M MgSO,
[aqueous] [aqueous]

0.05 M TPhAs*DPA™ | LM
@

[nitrobenzene] [nitrobenzene]

The VITTM was recorded by scanning AVwi—w> and detecting
Iwi—w2. The VITAMI was obtained by monitoring the variation of
AVwijum or AVLvyw: as a function of Iyi—wa.

The polarogram for ion transfer at the interface between an
aqueous phase, W, and NB was investigated at the electrolyte
solution dropping electrode using a polarographic cell described
previously.'®'” The potential difference at the W/NB interface was
applied as the potential of a silver/silver chloride electrode in W
vs. TPhASE or TPhBE in NB. Here, TPhBE denotes a tetraphenyl-
borate ion (TPhB ™) selective electrode, of which the configuration
was given elsewhere.'"'® The electrolyte solution dropping elec-
trode was also used for the measurement of the drop time—potential
curve.

Conductances of electrolyte solutions were measured to evaluate
association constants of ion pairs according to previous works.'*'®

All electrochemical measurements were carried out at 25+0.5
°C.

Apparatus.  The potentiostat/galvanostat, function generator,
X—t and X~Y recorders used were identical with those mentioned in
previous papers.'**%

Chemicals. In order to prepare TPhAs*DPA™, a methanol
solution of TPhAs™Cl~ (Aldrich) was mixed with a methanol so-
lution of Na*DPA™ (Tokyo Kasei Kogyo). After filtration, the
precipitate of TPhAs*DPA™ was dissolved with acetonitrile and
then recrystallized by adding water to the acetonitrile solution.
The recrystallization was repeated three times. Similar procedures
were adopted to prepare DPA™ salts of K*, tetrapropylammonium
(TPrA*) and tetrabutylammonium (TBA*) ions. Tetrahexylam-
monium ion (THexA™) salt of TPhB~ was prepared by mixing
THexA*Br~ with Na*TPhB™~ in water, and the precipitate was re-
crystallized from an acetone-ethanol mixture. TPhB™ salt of Cs™,
tetramethylammonium ion (TMA*) or TPrA* and tetrapentylam-
monium (TPenA¥) salt of SO4>~ were prepared and recrystallized
according to the procedures described previously.'“*” Bovin serum
albumin (BSA) used was a product of Wako (Lot. LEP 3277). Ni-
trobenzene which had been passed through a column of activated
alumina and then distilled under reduced pressure (mp: 5.67 °C,
bp:210.8 °C) was shaken with water prior to use for the electro-
chemical measurements.

All other reagents were of reagent grade and were used without
further purification.

Results and Discussion

1. Oscillation of Membrane Current under an Applied
Membrane Potential. Curve 1 in Fig. 2 gives an example
of the oscillation of membrane current observed with the cell
of Eq. 1 by applying a constant AVyy;—w, of —0.48 V and
measuring the time course of Iyw;—w>. The oscillation lasted
for more than 2 h. Curves 2 and 3 show time courses of
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Fig. 2.

Time courses of membrane current (curve 1) and the potential differences at the W1/LM interface (curve 2) and LM/W2

interface (curve 3) observed by applying a membrane potential of —0.48 V to the cell of Eq. 1.

AVyy1 /v and AVyy w, observed simultaneously with curve
1. From these curves, it is obvious that the current oscil-
lation is accompanied by the oscillations of AVy;/1v and
AVim/w2, though the amplitudes are not large (about 0.08
V). Here, it is notable that the amplitude of the oscillation of
AVyy1 /1M is the same as that of AVyyws.

The range of applied AVy1—w> available for the current os-
cillation was between —0.40 and —0.55 V. When AVyy1—w»
was more negative in the range, the amplitude of the os-
cillation was larger and the period was longer as follows;
Amplitudes (average of 100 oscillations in 5 measurements)
were 53, 38 or 22 uA cm~2 and periods (average of 100 os-
cillations in 5 measurements) were 2.1, 1.8 or 1.6 min when
AVyi—w2 were —0.53, —0.48 or —0.43 V, respectively. The
time required to induce the oscillation, %,4, Was not repro-
ducible and was from 30 s to 3 min at any AVy—w» between
—0.40 and —0.55 V.

The oscillation at AVy;—w2=—0.48 V was not observed
within 2 h when the concentration of Na*DPA~ was less

than 10™* M or more than 2x 1073 M (the concentration of

TPhAs*DPA~: 0.02 M, 1 M=1 moldm~?), and when the
concentration of TPhAs*DPA ™~ was less than 0.01 M or more
than 0.07 M (the concentration of Na*DPA™: 4x10~* M).
The characteristics of the oscillation observed by varying
concentrations of Na*DPA~™ or TPhAs*DPA™ are summa-
rized in Table 1. In the table, activities of dissociated Na*
and associated Na* with DPA~, Na*DPA ", in LM (NB) cal-
culated based on ion-pair formation constants, Kj,, in NB
are added. Here, K;, of Na*DPA™ and TPhAs*DPA™ in NB
were assumed to be 230 and 480, respectively, though Kj,
determined by conductivity measurements with the aid of the
Shedlovsky method* were not very reproducible and were
230480 and 480+120.

It is obvious from Table 1 that the amplitude of the current
oscillation strongly depends on the activity of the dissociated
Na*, but hardly on the activity of the ion pair, Na*DPA ™.

2. Induction or Inhibition of the Current Oscillation.
Similarly to the induction or the inhibition of the current
oscillation at a biomembrane with a “sodium channel”, the
current oscillation at the liquid membrane (without any chan-
nel proteins) accompanied by the transfer of Na* can be in-
duced by acetylcholine ion (Ach*) or inhibited by such rather
hydrophobic ions as alkylammonium and glutamate ions.

The current oscillation shown in Fig. 3 was induced by
adding 2x10~* M Ach* into W1 of the membrane system
as Eq. 1, to which AVy;—w, of —0.30 V had been applied
instead of —0.48 V. Here, —0.30 V is not the AVwi—w2
value effective for the oscillation in the absence of Ach*.
The life time of the induced current oscillation was much
shorter than that observed by applying —0.48 V to the sys-
tem in the absence of Ach*, and was from 20 to 40 min.
The concentration range of Ach* effective for the induction
was from 7x 1075 to 3x10~* M. The life time was longer
with higher concentration of Ach* as follows: 5 to 15, 10
to 25, 20 to 40, and 30 to 45 min when concentrations were
7x1073,1.2x1074, 2x107*, and 3x10~* M, respectively.
The amplitude was larger with higher concentration of Ach*
as follows: about 25, 33, 45 or 50 pA cm~2 when concen-
trations were 7x107>, 1.2x107%, 2x10~% or 3x107* M,
respectively. Periods observed were not very reproducible
especially when the concentration of Ach* was as low as
7x107> or 1.2x 1074 M.

The current oscillation observed by applying AVyi1—wo=
—0.48 V was inhibited when one of the rather hydrophobic
ions such as tetraecthylammonium ion (TEA*), TBA* or glu-
tamate ion was added to W1 to a final concentration of more
than 103 M or when more than 10~% M of BSA was added
to W2,

3. The Oscillation of Membrane Potential under an
Applied Membrane Current.  When a constant ly;—w2
of —20 wAcm™2 was applied to the membrane system of
Eq. 1 in order to realize the transfer of Na* from W1 to W2
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Table 1.
Na*DPA~ and TPhAs*DPA™
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Dependence of Characteristics of Oscillations of Membrane Current and Membrane Potential on Concentrations of

Oscillation of membrane current: The results obtained by applying a membrane potential (AVwi—w2) of —0.48 V. The ampli-
tude and period are averages of 100 oscillations in 5 measurements, and induction time (inq) is the result of 5 measurements.

Oscillation of membrane potential: The results obtained by applying a membrane current (fwi—w2) of —20 A cm™2. The
amplitude and period are averages of 50 oscillations in 5 measurements, and induction time (fing) is the average of 5 measure-

ments.

Concentration of Concentration of Activity of Activity of Oscillation of membrane current

Oscillation of membrane potential

Na*DPA~ TPhAs*DPA™ Na* Na*DPA~  Amplitude Period  find®  Amplitude Period find

x 107*M M x10™*M x107*M  pAcm™? min min \% min min
5.03 0.01 2.5 2.0 47 1.7 — 0.47 1.8 1.7
4.06 0.02 1.7 2.0 38 1.8 — 0.48 1.2 1.4
3.66 0.03 1.3 2.0 27 1.8 — 0.47 0.5 0.7
3.43 0.04 1.1 2.0 20 2.1 — 0.45 03 0.4
327 0.05 1.0 2.0 13 2.1 — —n - —9
3.16 0.06 0.9 2.0 8 22 — —n — —"
321 0.01 1.6 13 35 15 — 0.47 1.0 15
3.94 0.02 1.6 1.9 37 1.8 — 0.46 12 1.3
4.51 0.03 1.6 2.5 38 1.7 — 0.48 1.1 13
4.97 0.04 1.6 2.9 37 1.9 — 0.49 12 14
5.39 0.05 1.6 3.4 39 1.8 — 0.48 1.1 15
5.75 0.06 1.6 3.6 40 1.7 — 0.47 1.0 12

a) ting of current oscillations were not reproducible, and distributed between 0.5 and 5 min.

the applied membrane current of —20 uA cm 2.

addition of acetylcholine ion

b) The potential oscillation was not observed under

AViyi-w2 =-0.30V

N
= 0
E Y
% ) er M *Tvp ™)
?\.
3
2

-50

0 5 10 15 20
Time / min

Fig. 3.

The induction of the oscillation of membrane current by the addition of 2x 10™* M acetylcholine ion in W1 of the cell of

Eq. 1 to which a membrane potential of --0.30 V has been applied.

through LM, and the time course of AVy1—w, was investi-
gated, the oscillation of AVy—w> between about —0.4 and
—0.9 V was observed as illustrated in curve 1 of Fig. 4. The
oscillation continued for 1 to 2 h. Curves 2 and 3 are time
courses of AV 1m and AV w2 observed simultaneously
with curve 1. It was found that the pattern of the oscilla-

tion of AVyw;—w> coincided almost completely with that of -

AVym w2, whereas the oscillation of AVyyy 1y was negligi-
ble. Hence, the oscillation of AV 1—w2 was attributed to that
of AVLM JW2-

The range of Iy;—w; effective for the oscillation with the
cell of Eq. 1 was between —15 and —40 uA cm~2. Though
the amplitude of the oscillation was almost indifferent to
the magnitude of the applied Iywi—w;, the period and f4
lengthened with the decrease of Iyw;—w2 as follows; Periods
(average of 50 oscillations in 5 measurements) were 1.2, 0.8

or 0.5 min and #;,q (average of 5 measurements) were 1.4, 1.1
or 0.7 min when Iy—w; were —20, —30 or —40 pAcm~2,
respectively.

The oscillation was not observed at any Iw;—w2 when
the concentration of Na*DPA~ was less than 10~* M or
more than 2x 1073 M (the concentration of TPhAs*DPA™:
0.02 M), and when the concentration of TPhAs*DPA~ was
less than 0.01 M or more than 0.07 M (the concentration of
Na*DPA™: 4x10~* M). The characteristics of the potential
oscillation observed by varying concentrations of NatDPA™
or TPhAs*™DPA™ are summarized in Table 1. It is obvious
from the table that the amplitude of the potential oscillation
is practically independent of both activities of the dissociated
Na* and the ion pair, Na*DPA ™, but period and f,q depend
strongly on the activity of the dissociated Na*.

When SE in LM, TPhAs*DPA ™, in the system of Eq. 1
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Fig. 4. Time courses of AVwi—w2 (curve 1), AVyi,m (curve 2), and AVyy w, (curve 3) observed by applying a membrane current

of —20 pA cm 2 to the cell of Eq. 1.

was replaced by TBA*DPA™ or TPrA*DPA ™, the positive
limit of AVw;—w? in the oscillation was almost unchanged
though the negative limit of AVy1—w, became about 0.10 or
0.17 V, respectively, less negative, and hence the amplitude
decreased in a similar manner.

The potential oscillation observed by applying Iwi—w2=
—20, —30 or —40 uA cm~2 to the cell of Eq. 1 disappeared
when more than 10~® M of BSA was added to W2.

4. Voltammograms for the Ion Transfer through
LM, VITTM, and at Interfaces of W1/LM and LM/W2,
VITAMI. The VITTM and VITAMI were investigated in
order to understand the processes involved in the oscillations.

Curve 1 in Fig. 5 is the VITTM recorded with the cell of
Eq. 1 by scanning AVy;—w, and measuring Iy;—w,. Curves
2 and 3 are VITAMIs at W1/LM and LM/W2 interfaces
recorded simultaneously with curve 1, measuring AVy;/1m
and AVy/w; as the function of fyi—w2

An extremely large current peak appeared in voltammo-
grams 1 and 3. The peak current was about 12 times larger
than the ordinary diffusion-controlled current for the transfer
of Na* from NB containing 4 X 10~* M Na* to W. Consulting
with voltammograms at the W/NB interface recorded under
various conditions, the negative current peak in voltammo-
gram 3 was attributed to the maximum due to the transfer
of Na* from LM to W2 enhanced by interfacial adsorption
(which will be discussed later). The final rise and the final
descent in voltammogram 2 or 3 were confirmed to be due
to transfers of TPhAs™ from LM to W1 and Na* from W1 to
LM or DPA~ from LM to W2 and TPhAs* from LM to W2,

respectively.

In the previous paper”™® on the ion transport through a
membrane, it was demonstrated that the relation among
AVy—w2 in curve 1, AVyy 1y in curve 2 and AViyyw:
in curve 3 at a definite Iyw;—w, value can be approximated by
Eg. 3, when W1, W2, and LM contain sufficient concentra-
tions of ions as in the case of Eq. 1.

AVwi—wz = AV v + AVivywa. 3

This equation suggests that the membrane potential in the
presence of sufficient electrolytes in W1, W2, and LM is
primarily determined by the potential differences at the two
interfaces, which depend on ion transfer reactions at the
interfaces.

Taking into account the relation of Eq. 3, the negative
current peak in voltammogram 1 in Fig. 5 is considered to
be composed of the peak in voltammogram 3 due to the en-
hanced transfer of Na* from LM to W2 and the final descent
in voltammogram 2 due to the transfer of Na* from W1 to
LM.

The maximum peaks in voltammograms 1 and 3 in Fig. 5
were not observed when the concentration of NatDPA ™~ was
less than 10~* M (the concentration of TPhAs*DPA™: 0.02
M). Figure 6 shows the dependence of the maximum peak on
the activity of the dissociated Na*, aa+, or on that of the as-
sociated Na*, ang+ppa-, under the condition that ayg+ppa— OF
ang+ Was constant, respectively. The magnitude of the max-
imum peak depended strongly on ang,+, although the maxi-
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Fig. 5. Voltammograms for ion transfer through a membrane
(curve 1), at the W1/LM interface (curve 2), and at the
LM/W?2 interface (curve 3) recorded with the cell of Eq. 1.
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Fig. 6. Dependence of maximum peak currents in voltam-
mograms at the LM/W2 interface on activities of disso-
ciated Na* and ion pair, Na*DPA™. Curve 1; depen-
dence on the activity of Na*DPA ™ (activity of dissociated
Na*=1.6x10"* M). Curve 2; dependence on the activity of
dissociated Na* (activity of Na*DPA~=2.0x 10™* M).

mum was practically independent of anz+ppa-—-

The maximum observed with the transfer of Na* at the
LM/W2 interface was suppressed completely by the addition
of 10~ M BSA into W2 by which the oscillations were also
inhibited.

The above-mentioned results on the voltammograms in-
dicate that the condition available for the oscillation of the
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membrane current or potential resembles closely that for the
appearance of the maximum. :

5. Drop Time-Potential Curve at the W/NB Inter-
face. The drop time—potential curve at the electrolyte solu-
tion dropping electrode is expected to be very useful for the
elucidation of the adsorption behavior at an aqueous/organic
interface, as described previously, %29

Curve 1 in Fig. 7 is the drop time—potential curve inves-
tigated using a polarographic cell, and measuring the drop
time of W containing 1 M MgSQ,4 which was forced drop-
wise into NB containing 4x 10~* M Na*DPA~ and 0.02 M
TPhAs*DPA~. When the curve was compared with that in
the absence of Na* (Curve 2), there existed a depressed part
in the former, suggesting the interfacial adsorption of chem-
ical species relative to Na*. Assuming that W and NB in
the polarographic measurement correspond to W2 and LM,
respectively, in the membrane system of Eq. 1, the potential
range for the depression resembles that available for both the
transfer of Na* from LM to W2 and the appearance of the
maximum peak at the LM/W2 interface (cf., voltammogram
3 in Fig. 5). Here, the potential range for the depression lies
at more positive potentials than the point of zero charge (pzc)
of the interface at around 0.2 V vs. TPhASE, and hence W is
polarized to be positive in the potential range.

The depression was more conspicuous with an increase of
ang+, but was practically indifferent to ana+ppa- in the bulk of
NB. Taking into consideration both results on the maximum
peak current shown in Fig. 6 and the drop time—potential
curve mentioned above, it is considered that Na* which has
been transferred from NB to W may adsorb at the interface
from the side of W inducing the adsorption of DPA™ as

12

-
o

Drop time /s

®

pzc
'l lv '
0 02 04

AV /V vs. TPhASE

)1
(

Fig. 7. Drop time—potential curves measured at the W/NB
interface. Compositions of W and NB: curve 1; 1 M MgSO4
in W and 4x10™* M Na*DPA~+0.02 M TPhAs*DPA ™~ in
NB, curve 2; as curve 1 but in the absence of Na*DPA ™ in
NB, curve 3; as curve 2, but in the presence of 10" MBSA
in W.
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a counter ion from the side of NB. At the interface, the
adsorbed Na* may exist as an ion pair, NatDPA™. In this
regards, the possibility of the interfacial ion pair formation
between a hydrophobic cation (or anion) in an organic phase
and a hydrophilic anion (or cation) in an aqueous phase has
been proposed by and Girault and Schiffrin, and Kakiuchi,
et al.?®

6. Mechanisms of the Oscillation. 6.1 Oscillation of
Membrane Current under an Applied Membrane Poten-
tial. - The mechanism will be discussed referring to the
voltammograms in Fig. 5.

The oscillation of the membrane current is brought about
by the mutually-dependent transfer reactions at the W1/LM
and LM/W?2 interfaces. When AVywi—w> in the range effec-
tive for the maximum in curve 1 in Fig. 5 is applied to a
membrane system of Eq. 1, AV w» settles at a potential
(B) available for both the transfer of Na* from LM to W2 and
the adsorption of Na* as Na*DPA ™ at the LM/W?2 interface,
and AVyy /v at a potential (A) in the final descent due to the
transfer of Na* from W1 to LM. Here, it should be noted that
a relation such as Eq. 3 holds among AVwi—w2, AVwiim
and AV} /w2, and magnitudes of currents flowing across the
WI1/LM and LM/W?2 interfaces, Iywi/m and Iy wo, are of
the same magnitude (and equivalent to Iy —w2).

At AViy w2 of B, Na* transfers from LM to W2, and the
Na* transferred to W2 adsorbs at the LM/W?2 interface as
Na*DPA~. The adsorption generates the stirring of the so-
lution in the vicinity of the interface because the adsorption
induces the change of the interfacial tension at the LM/W2
interface. Since the stirring enhances the transfer of Na*
at the interface, /M w2 grows up as the maximum current.
At the same time, Iy v grows up along the final descent
of the voltammogram at the W1/LM interface (see, curve 2
in Fig. 5), causing the negative shift of AVy /1y (to A').
The negative shift of AVyy; 1y results in the positive shift
of AVimywz (to B’) because of the relation of Eq. 3. The
adsorption at B’ may be stronger than that at the original
AVim wa (B), since B’ is a potential more remote from pzc
than B, and hence the polarization of the LM/W?2 interface
is more significant at B’ than that at B. The duration of the
adsorption brings about the saturation of Na*DPA™ at the
interface and the reduction of the stirring. Because of the
reduced stirring and the consumption of Na* in LM near to
the interface owing to the enhanced transfer of Na*, Iy v/w»>
decreases. Simultaneously, Iw; /v decreases accompanying
the positive shift of AVy /1y to around A and the negative
shift of AVLM/WZ to around B (Cf., Eq. 3). At the AVLM/WZ
around B where is nearer to pzc than B/, Na*DPA~ which
has been adsorbed at the LM/W?2 interface desorbs into LM,
because the adsorption at this AVy i w» (around B) is weaker
than that at the positive AV p w2 (B'), and Na*DPA ™ is hy-
drophobic rather than hydrophilic. The desorption followed
by the dissociation of the ion pair restores the activity of
Na* in LM in the vicinity of the interface. Hence, the cur-
rent increases again, causing the positive shift of AVyy/wo.
These processes may repeat to realize the oscillation of the
membrane current.
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In this regards, the shifts of AV, 1y and Apyvyw, accom-
panied with the current oscillation were clearly observed, as
shown in curves 2 and 3 of Fig. 2.

6.2 Induction or Inhibition of the Current Oscillation.
The induction of the oscillation of the membrane current
by the addition of Ach* can be understood with the aid of
ion transfer voltammograms at the W1/LM and LM/W?2 in-
terfaces (Fig. 8). In Fig. 8, curves 1 and 2 are schematic
illustrations of voltammograms 2 and 3 in Fig. 5, and curve
3 is the voltammogram for the transfer of Ach* from W1 to
LM.

When —0.30 V is applied as AVy1—w3 to the cell of Eq. 1
in the absence of Ach®, AVy /v and AVpiy w, settle at
potentials indicated as C and D, respectively, and satisfy
the relation of Eq. 3. The potential D is not effective for
the adsorption of Na*, and hence for the maximum current.
When Ach* is added into W1 to be 2x10~* M (cf., curve 3),
AVyy1/Lm shifts to a less negative potential (C’) because the
current at the W1/LM interface (Iw/im) is undertaken by
the transfer of Ach* from W1 to LM. At the same time, ac-
cording to the relation of Eq. 3, AVyy/w; shifts to a potential
(D) less positive than D, and effective for the adsorption of
Na* as Na*DPA~. AtD’, I; pyw2 grows up as the maximum
current since the transfer of Na* from LM to W2 is enhanced
by the stirring caused by the adsorption. With the growth of
Iimywa, Iwijm due to the transfer of Na* as well as Ach*
from W1 to LM increases. Some processes similar to those
for the oscillation of the membrane current mentioned previ-
ously may succeed, and the oscillation induced by Ach* may
be realized. :

The life time of the induced current oscillation is consid-
ered to be determined by the concentration of Ach™, and the
oscillation may terminate when the concentration of Ach* in
W1 is decreased, owing to its transfer from W1 to LM, which
explains the result that the life time was shorter with lower
concentrations of Ach*. The higher concentration limit of
Ach* effective for the induction can be understood by con-
sidering as follow. When Ach™ of concentration higher than
3x107* M is added to W1, the positive shift of AV w/1m
due to the transfer of Ach* is too large and causes a negative

C—=C' AVwim/V D'=-D AVimmz/V
| v v /

0.7

2

Ach*: Wi—LM
-—Nat:LM—W2
Na*: Wi—LM

Fig. 8. Voltammetric explanation for the induction of the
oscillation by acetylcholine ion (Ach*) under the applied
membrane potential of —0.30 V. Curves 1 and 2; schematic
illustration of curves 2 and 3 in Fig. 5. Curve 3; the voltam-
mogram recorded at the W1/LM interface in the presence
of 2x10~* M Ach* in W1.
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shift of AVim wa (cf., Eq. 3) to a potential less positive than
the range for the maximum current. Therefore, the oscilla-
tion cannot be induced when the concentration of Ach* is
higher than 3x10~* M.

The inhibition of the oscillation by tetraalkylammonium
ions can be explained referring to voltammograms in Fig. 9.
In the following, the inhibition by 0.01 M TEA* will be
adopted as an example. Curves 1, 2 and 3 in the figure
schematically illustrate voltammograms 1, 2 and 3 in Fig. 5,
respectively. Curves 1’ and 2’ are voltammograms observed
under the same condition as that for curves 1 and 2, but
adding 0.01 M TEA* to W1.

Since the final descent in the voltammogram at the W1/LM
interface in the presence of 0.01 M TEA* in W1 (curve
2') lies at much more positive potentials than those in the
absence of TEA* (curve 2), the maximum in the VITTM for
the transfer of Na* in the presence of TEA* (curve 1) appears
at more positive potentials than that in the absence of TEA*
(curve 1) for the sake of the relation of Eq. 3. Therefore, the
AVwi—w> value necessary to observe the current oscillation
in the absence of TEA* (e.g., —0.48 V) is too negative to
continue the oscillation after the addition of TEA*.

The inhibition by BSA is attributable to the strong adsorp-
tion of BSA on the LM/W?2 interface. As clearly seen in
the drop time—potential curve (curve 3 in Fig. 7) obtained at
the W/NB interface by using a polarographic cell, the drop
time of an aqueous solution containing 10~ M BSA and
1 M MgSO4 was quite short over a wide potential range,
indicating that BSA adsorbs on the W/NB interface in the
potential range on both side of pzc as pointed out by Vanysec
and Sun.”” Because the interface is occupied by the adsorbed
BSA, and hence Na* cannot adsorb there, the current oscil-

-0.48V

AVLM/Wa// Vv
0.7

\
Na*:LM—>W2
3

'
X 'TEA*: Wi—LM

Na*: Wi—LM
Fig. 9. Voltammetric explanation for the inhibition of the
oscillation by TEA*. Curves 1, 2, and 3; schematic il-
lustration of curves 1, 2, and 3 in Fig. 5. Curves 1’ and

2'; voltammograms recorded under the same condition for
curves 1 and 2, but in the presence of 0.01 M TEA* in W1.
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lation does not appear. In this connection, the adsorption
of BSA is supposed to be fairly slow, since the significant
depression in the drop time—potential curve was observed
only when the drop time of W was quite long like that in the
experiment of Fig. 7.

6.3 Oscillation of Membrane Potential under an Ap-
plied Membrane Current.  The mechanism will be dis-
cussed with the aid of Fig. 10. Curve 1 schematically illus-
trates the voltammogram at the LM/W2 interface observed
with the cell of Eq. 1 (curve 3 in Fig. 5), and curve 2 or 3 is
the voltammogram for the transfer of TBA* or TPrA* from
LM containing 0.02 M TBA*DPA~ or TPrA*DPA™ to W2,
respectively.

When Iywi—w- available for the transfer of cations from W1
to W2 is applied to the membrane system of Eq. 1, Na* trans-
fers at the LM/W?2 interface, since the transfer free energy
of Na* from NB to W is much smaller than that of TPhAs™*.
The Na* transferred to W2 adsorbs at the LM/W2 interface
as Na*DPA ™, and the adsorption generates the stirring of so-
lutions in the vicinity of the interface. The stirring enhances
the ion transfer at the interface resulting in a current maxi-
mum which is much larger than the ordinary current due to
the ion transfer being controlled by the diffusion. Hence,
when the Iy;—w; larger than the diffusion-controlled current
but smaller than the maximum current is applied, AV /w2
is settled at a potential in the region where the maximum
appears (e.g., E in Fig. 10 when Iy;-w2=—20 pA cm2).
Here, it should be noted that the AVyy/w» is more positive
than pzc of the W/NB interface at around 0.2 V vs. TPhASE.
Due to the enhanced transfer of Na* at the AVy v w2, the con-
centration of Na* in LM near to the interface decreases more
extensively than that in the case of the diffusion-controlled
ion transfer.

The adsorption continues during the transfer of Na*, al-
though the change of the interfacial tension caused by the
adsorption of Na* becomes smaller and the stirring becomes
weaker when an appropriate amount of Na*DPA~ is ac-

AVimwz IV

\ TBA*: LM—W2
TPhAs*: LM—W2
Fig. 10. Voltammetric explanation for the potential oscilla-
tion. Curve 1; schematic illustration of curve 3 in Fig. 5.
Curves 2 and 3; voltammograms recorded at the LM/W2
interface employing TBA*DPA™ and TPrA*DPA™ as sup-
porting electrolyte in LM instead of TPhAs"DPA™.



K. Maeda et al.

cumulated, and the LM/W?2 interface approaches the state
saturated with Na*DPA~. As the results of the consump-
tion of Na* and the weakened stirring, the flux of Na* to
the interface from the bulk of LM decreases to be too small
to undertake the applied Iwi-w2. Then, the coexisting SE
cation, TPhAs*, which requires more energy to transfer at
the interface than Na* may participate in carrying a part of
the applied Iwi—wa. At this time, AV v w shifts to a poten-
tial more negative (E’ in Fig. 10) than the original (E). At E’
where is more negative than pzc, Na*DPA~ which has been
adsorbed desorbs from the interface toward LM, as expected
from the drop time-potential curve in Fig. 7. Owing to the
desorption and the dissociation of the desorbed Na*DPA~,
the concentration of Na* in LM near to the interface may be
restored to be enough to carry the applied Iyw;—w2. At this
time, AVyy/w, returns to E, where the adsorption of Na*
occurs. These processes are then repeated to realize the os-
cillation of AVyn/w2. The oscillation of AVyy/w, causes the
oscillation of AVy;—w, since Eq. 3 holds among AVyi—ws,
AVyiim, and AVinvywy. Here, AVyyy is kept almost
constant during the oscillation because the applied Iyw;—w> at
the W1/LM interface is carried by the transfer of Na*, which
exists in W1 in high concentration.

It is obvious from the discussion above that the amplitude
of the potential oscillation is determined by transfer poten-
tials (which correspond to transfer free energies) of two ions
(Na* and TPhAs* in the present case) transferring at the os-
cillating interface. Therefore, the difference in amplitude of
the potential oscillations observed with different SE cations
such as TPhAs™, TBA*, or TPrA* can be understood by con-
sulting Fig. 10, and taking into account the transfer potentials
of SE cations.

7. Relation between the Oscillations and Voltammetric
Maxima. Various NB-membrane systems other than Eq. 1,
such as Eq. 4 to Eq. 16, have also been investigated in our
laboratory in order to elucidate the general features of the
oscillations of membrane current or potential.

[W1] | (LM; NB]
0.1 M KCl 4% 107* M K'DPA™,
1 M MgSO, (SE) | 0.02 M TPhAs'DPA~ (SE)
| [w2]
‘ 2 M MgSO,(SE) (C))

0.1 M CsCl 4x107* M Cs*TPhB ™,
1 M MgSO, (SE) | 0.05M THexA*TPhB~ (SE)

l 2 M MgSO, (SE) 5
0.1 M TMA*CI™ | 4% 10~ M TMA*TPhB™,
1 M MgSO, (SE) | 0.05 M THexA*TPhB~ (SE)

[ 2 M MgSO, (SE) ©
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0.1 M Nal 5x10™* M THexA*I™,
1 M MgSO, (SE) | 0.05 M THexA*TPhB~ (SE)

l 2 M MgSO, (SE) ™
0.1 M NaBr 5% 107* M THexA*Br ™,
1 M MgSO, (SE) | 0.05 M THexA*TPhB~ (SE)

’ 2 M MgSO, (SE) ®

1 M MgSO, (SE) l 0.05 M THexA*TPhB™~ (SE)

2.5 x 10™*M(TPenA*),S04*~
2 M MgSO, (SE)

)
1 M MgSO, (SE) [ 0.05 M THexA*TPhB~ (SE)

_4 o —
l 5 x 107°M Na*Pic 10)

2 M MgSO, (SE)

5x 10™* M THexA*Pic™
0.05 M THexA*TPhB~ (SE)

0.1 M Na*Pic™
1 M MgSO, (SE)

' 2 M MgSO, (SE) an

1 M MgSO, (SE) l 0.05 M THexA*TPhB~ (SE)
5% 107* M TMA*CI™ 12)
2 M MgSO, (SE)

1 M MgSO, (SE) } 0.05 M THexA*TPhB~ (SE)

—4
' 5x 10™* M NaClOs (13)

2 M MgSO, (SE)

1 M MgSO, (SE) l 0.05 M THexA*TPhB~ (SE)

(14)

5% 10™* M NaBr
2 M MgSO, (SE)

0.01 M TPrA*Cl~ | 5x 10~* M TPrA*TPhB™
1 M MgSO, (SE) | 0.05 M THexA*TPhB™ (SE)

. 2 M MgSO, (SE) as)

1 M MgSO, (SE) l 0.05 M THexA*TPhB~ (SE)

5% 10™* M TPenA*Br~

2 M MgBr, (SE) a6)

The Iwi1—w2 or AVy1—w> applied were those effective for ion
transfer reactions, as follows. K* from W1 to W2 (Eq. 4),
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Cs* from W1 to W2 (Eq. 5), TMA* from W1 to W2 (Eq. 6),
I~ from W1 to W2 (Eq. 7), Br~ from W1 to W2 (Eq. 8),
TPenA* from W2 to LM, and THexA* from LM to W1
(Eq. 9), Pic™ from W2 to LM, and TPhB™ from LM to W1
(Eq. 10), Pic™ from W1 to W2 (Eq. 11), TMA* from W2 to
LM and THexA* from LM to W1 (Eq. 12), C104~ from W2
to LM and TPhB ™ from LM to W1 (Eq. 13), Br~ from W2 to
LM and TPhB~ from LM to W1 (Eq. 14), TPrA* from W1
to W2 (Eq. 15) and TPenA™ from W2 to LM and THexA™"
from LM to W1 (Eq. 16).

It has been found that oscillations of Iywi—w, or AVwi—w>
could be realized by employing membrane systems of Eq. 4
to Eq. 10, although further experiments are required to de-
scribe the details of the oscillations. When membrane sys-
tems such as Eq. 11 to Eq. 16 were examined, however, the
oscillations were not observed at any Iw;—w; or AVwi—wa2.
The oscillations of AVyw—w> observed were confirmed to
be due to the oscillations of the potential difference at the
LM/W?2 interface, AVpv/wo-

Since the voltammetric maximum due to the adsorption
was essential for the appearance of the oscillations of Iywi—w2
or AVyi—w; observed with the membrane system of Eq. 1,
voltammograms (polarograms) were investigated by using
a polarographic cell and employing W and NB of which
the compositions were the same as those of W2 and LM,
respectively, in cells of Eq. 4 to Eq. 16 (but concentrations
of MgSO4 or MgBr; in W were 1 M instead of 2 M).

Polarograms observed are illustrated in Fig. 11. Though
potential differences in the measurements were applied as po-
tentials of a silver/silver chloride electrode in W vs. TPhASE
or TPhBE in NB, they were converted into the TPhE scale
according to the previous paper,'”'® and plotted as the ab-
scissa in Fig. 11. The pzc at the interface lies at around O V
vs. TPhE, which means the transfer free energy is zero.

It is obvious from Figs. 5 and 11 that following polaro-
graphic waves are accompanied by a maximum; (a) the nega-
tive current wave for the transfer of such a hydrophilic cation
as Na*, K*, Cs* or TMA* from NB to W which appears in
the potential range more positive than pzc, (b) the positive
current wave for the transfer of such a hydrophilic anion as
I~ or Br~ from NB to W which appears in the potential range
less positive than pzc, (c¢) the positive current wave for the
transfer of such a hydrophobic cation as TPenA* from W to
NB which appears in the potential range less positive than
pzc, and (d) the negative current wave for the transfer of such
a hydrophobic anion as Pic™ from W to NB which appears
in the potential range more positive than pzc. However, the
following polarographic waves are not accompanied by a
maximum; (e) the negative current wave for the transfer of
such a hydrophobic cation as TPrA* from NB to W which
appears in the potential range less positive than pzc, (f) the
positive current wave for the transfer of such a hydrophobic
anion as Pic™ from NB to W which appears in the potential
range more positive than pzc, (g) the positive current wave
for the transfer of such a hydrophilic cation as TMA* from
W to NB which appears in the potential range more positive
than pzc, and (h) the negative current wave for the transfer
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AV /Vvs TPhE”
L /1L ’

Il

———

-

Fig. 11. Polarograms for transfers of various ions at the
W/NB interface. Concentration of objective ion in W or
NB; 5x10™* M. Supporting electrolytes; 1 M MgSO; in
W and 0.05 M THexA*TPhB™~ in NB. Curve 1, 2, 3, 4
or 5; transfer of TPenA*, TMA®*, Pic™, ClOs~ or Br—,
respectively, from W to NB. Curve 6, 7, 8, 9, 10, 11 or
12; transfer of K*, Cs*, TMA*, TPrA*, Br—, I, or Pic™,
respectively, from NB to W. Curve 13; residual current.

of such a hydrophilic anion as ClO4~ or Br~ from W to NB
which appears in the potential range less positive than pzc.

Drop time—potential curves were investigated under the
same conditions as those for the polarographic measure-
ments; it was confirmed that all polarographic maxima ob-
served were caused by adsorptions of transferring ions at
W/NB interface.

Comparing the results on the oscillations with those on the
polarographic maxima, it was found that the voltammetric
maximum due to the adsorption of the transferring ion at one
of two LM/W interface is the requisite for the oscillations
of membrane current or membrane potential. However, the
oscillations were not observed with the membrane system
of Eq. 16, though they were observed with the membrane
system of Eq. 9, and the transfer of TPenA™* from W to NB
gave a polarographic maximum. Such results suggest that
the condition available for the oscillations is not necessarily
the same as that for the voltammetric maximum.

As described concerning the oscillation mechanisms, the
recovery of the concentration of the objective ion in the
interfacial region of one phase from which the ion transfers to
another is necessary in order to get the sustained oscillations.
The recovery is attained by the dissociation of the desorbed
ion pair which has been accumulated at the interface. In the
case of the membrane system of Eq. 9, TPenA* transferred
from W2 to LM adsorbs at the interface from the side of
LM, inducing the adsorption of SO42~ as a counter ion from
the side of W2, and exists as the ion pair, (TPenA™*),S0,%~,
at the interface. Since (TPenA*),SO,4>~ is composed of
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very hydrophilic SO42~, it is considered to be rather hydro-
philic, so (TPenA*),;SO4>~ may desorb into W2. On the
other hand, in the case of the membrane system of Eq. 16,
transferred TPenA* adsorbs at the LM/W2 interface from
the side of LM inducing the adsorption of Br~ from the side
of W2, and exists as TPenA*Br~ at the interface. Since
TPenA*Br~ is composed of Br~ which is much less hy-
drophilic than SO4%~, it is considered to be rather hydro-
phobic, so TPenA*Br~ may desorb into LM. Therefore, the
concentration of TPenA* in W2 near the interface can be
recovered by the desorption, followed by the dissociation in
the case of Eq. 9, but cannot be recovered in the case of the
Eq. 16. This consideration suggests that the direction of the
desorption of the ion pair is another important factor to get
the oscillations.

Conclusion

In the present paper, novel oscillations of membrane cur-
rent or potential accompanied by the transport of Na* through
a liquid membrane have been introduced, and it has been
stressed that the characteristics of the current oscillation were
somewhat similar to those of the oscillations at a biomem-
brane with a “sodium channel” from the viewpoint of the
induction and inhibition. The usefulness of the voltammet-
ric methods and concepts in the elucidation of mechanisms
of membrane oscillations has also been emphasized.

The voltammetric methods and concept are expected to be
applicable also to the analysis of the oscillation at a very thin
membrane such as a BLM, since even the ion transfer through
a BLM can be observed as a voltammogram and interpreted
by the way similar to that for a liquid membrane.?2"

Though the ion transfer was realized by applying a definite
membrane potential or membrane current in the examples
of oscillations introduced in the present paper, the authors
assume that the consideration presented here may be avail-
able for the interpretation of the oscillation accompanied by
the transfer of an ion promoted by the transfer of the other
ions®? or by an interfacial redox reaction, i.e., electron
transfer, if the role of the transfer of the other ions or the
electron transfer could be regarded as that of the applied
potential or current.’*3V

This work was partly supported by a Grant-in-Aid for
Scientific Research No. 07454200 from the Ministry of Ed-
ucation, Science, Sports and Culture.
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