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Summary. Charge-pulse relaxation studies were per- 
formed on squid giant axons in the presence of 
membrane absorbed lipophili c anions, dipicrylamine 
(DPA) and tetraphenylborate (TPhB), and of specific 
blockers of sodium and potassium active currents. 
With the instrumentation used in this work a time 
resolution of 5 to 10 lasec was easily obtained without 
any averaging, although the voltage relaxations were 
always smaller than 5 mV in amplitude in order to 
keep the membrane voltage in a range where the used 
theory cyn be linearized. Two well distinguishable 
linear relaxations were invariably observed in the 
presence of the lipophilic anions. With DPA the fast 
relaxation (time constants between 8 and 70 gsec) was 
attributed to the redistribution of the lipophilic ions 
within the membrane following the change in mem- 
brane potential. The long relaxation process (time 
constant in the millisecond range) corresponds to the 
normal voltage relaxation of the passive squid axon 
membrane slightly modified by the process of redistri- 
bution of the extrinsic ions. 

The results support the same model for the trans- 
location of lipophilic ions within the nerve membrane 
proposed earlier for artificial lipid bilayers. The fit of 
the data with a single barrier model yields the trans- 
location rate constant, K, and the total concen- 
tration, Nt, of membrane absorbed ions, from which 
the membrane-solution partition coefficient,/~, can be 
derived. Both for DPA and TPhB, K had values close to 
those measured for solvent-free artificial lipid bi- 
layers. The axon membrane appears as fluid mosaic 
membrane with a thickness of about 2.5 nm for the 
lipid bilayer part. 

In axons treated with DPA the dependence of 
relaxation data upon the holding membrane poten- 
tial, /~m, provided information on the asymmetry of 
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the membrane structure. The data were best fitted by 
assuming that nearly 100% of the membrane poten- 
tial drops between the two free energy minima where 
the extrinsic ions are located, indicating that these 
minima lie very close to the membrane-solution in- 
terfaces, in the region of the phospholipid polar heads. 
The asymmetry voltage, Eo, at which the extrinsic 
ions are expected to be equally distributed between 
the two sides of the membrane was found to range 
between - 35 and - 65 mV (inside negative), depend- 
ing on the assumed shape of the free energy barrier 
describing the ion translocation process. This voltage 
is of the same sign and of the same order of magni- 
tude as the equilibrium voltages for the open-close 
transitions of the gates of sodium and potassium 
channels, suggesting that all these voltages result 
from the same membrane asymmetry. A similar anal- 
ogy was found between the asymmetry of the free 
energy barrier which best fitted DPA relaxation data 
and the asymmetrical voltage dependence of the gat- 
ing of ionic channels. Our data were best fitted by 
assuming that about 70~ of the potential drop oc- 
curs between the free energy minimum on the in- 
tracellular membrane face and the top of the barrier. 

The structual properties of artificial and biological 
membranes have been studied in detail in recent 
years by the use of different probe molecules. Where- 
as biological membranes have been mostly investi- 
gated using fluorescent probes (for reviews see Brand 
& Gohlke, 1972; Weber, 1972; Conti, 1975) or spin- 
labels (Hubbell & McConnell, 1968), the structure of 
planar lipid bilayer membranes has been studied to a 
large extent using charged probes (Anderson & 
Fuchs, 1975; Szabo, 1976; 1977; Benz & L~iuger, 1977; 
Anderson et al., 1978; Benz & Cros, 1978; Benz & 
Gisin, 1978; Pickar & Benz, 1978) and only a small 
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number of data is known from optical measurements 
(Conti & Malerba, 1972; Conti, Fioravanti, Malerba 
& Wanke, 1974; Webb, 1977). By the incorporation 
of lipophilic ions, detailed information about dipolar 
potential (Anderson et al., 1978; Benz & Cros, 1978; 
Benz & Gisin, 1978; Szabo, 1976; 1977) and mem- 
brane thickness (Benz & L~uger, 1977; Pickar & 
Benz, 1978) could be obtained. In addition, the influ- 
ence of surface potentials and boundary potentials on 
ion transport have been investigated (Anderson et al., 
1978; Benz & L~iuger, 1977; McLaughlin, 1977; 
McLaughlin & Harary, 1976). 

Similar information on the structure and electri- 
cal properties of the lipid matrix of biological mem- 
branes has been lacking so far due to the difficulty of 
measuring the kinetics of ionic probes in biological 
membranes. Nevertheless, the arrangement of the 
lipid molecules and the dipolar potential probably 
have a large influence on the function of natural 
membranes, and these properties cannot be trust- 
worthily inferred from the results of experiments on 
artificial lipid bilayers. It is still an open question as 
to what extent the latter experiments have direct 
biological relevance, a particularly weak point being 
the necessity of using solvents to form any type of 
planar lipid bilayer membranes, although from the 
thermodynamical point of view the role of the solvent 
may be understood (Benz, Fr6hlich, L~iuger & Mon- 
tal, 1975; White, Petersen, Simon & Yafuso, 1976). 

In nerve membranes the gating of sodium chan- 
nels, as described by the Hodgkin-Huxley (HH) equa- 
tions (Hodgkin & Huxley, 1952), is centered around a 
membrane potential which in squid axons is about 
-35 inV.  Consistently, the charge movements as- 
sociated with the gating of sodium channels (Arm- 
strong & Bezanilla, 1973; for reviews see Arm- 
strong & Bezanilla, 1975; Almers, 1978; Neumcke, 
Nonner & St~impfli, 1978) have about the same mid- 
point potential. The gating of potassium channels as 
described by the HH equations has also a negative 
equilibrium potential in the same range (about 
- 5 0 m V  for squid axons). Most likely these poten- 
tials arise mainly from local asymmetries experienced 
by the gating groups because of their attachment to 
the proteins forming the ionic channels. However, 
some role of the membrane lipids in establishing 
these asymmetry potentials cannot be excluded. Elec- 
tric fields due to asymmetry in the membrane lipids 
can be monitored by studying the kinetics of ionic 
probes absorbed in the lipid part of the membrane. 

In this work we present measurements of the 
kinetics of extrinsic ionic probes in the squid axon 
membrane showing that these ions experience asym- 
metries similar to those which characterize the volt- 
age dependence of the gating of ionic channels. 

These studies may help to understand the role of 
membrane lipids in the gating mechanism. 

The experiments presented in this study were 
performed using the charge-pulse technique (Feld- 
berg & Kissel, I975; Benz & L~iuger, 1976; Benz, 
L~uger & Janko, 1976). tn this technique the mem- 
brane capacitance is charged by a brief current pulse 
of 50nsec duration. At the end of the pulse the 
resistance in the outer circuit is switched to a high 
value and the voltage across the membrane decays 
only by charge movements within, and by conduc- 
tance processes across, the membrane. The charge- 
pulse method has the advantage of a high time res- 
olution which is provided by the recording system 
and is not limited by the membrane conductance and 
capacitance (Benz & L~iuger, 1976; Benz, Fr6hlich & 
L~iuger, 1977). We shall show that this method is also 
applicable to relaxation studies on squid giant axons 
where time resolution of lgsec can be obtained in 
principle without any averaging. In addition, small 
voltage signals can be used in the experiments and 
the perturbation of the membrane can be kept small. 
We shall show that the kinetics of the translocation 
of lipophilic ions across the squid axon membrane is 
fairly accurately described in terms of a simple model. 
The data suggest that the lipid part of the axon 
membrane has a thickness of about 2.5 nm, that the 
intrinsic electric field seen by the ionic probes inside 
the axon membrane for zero membrane potential has 
a value similar to that experienced by channel gates, 
and that there is no obvious formation of lipid do- 
mains in the membrane. 

Materials and Methods 

Axon preparation 

All experiments were performed on giant axons dissected from the 
hindmost stellar nerve of the squid Loligo vulgaris, available in 
Camogli. The axons were thoroughly cleaned of all surrounding 
small fibers for a length of 3 to 3.5 cm. They were then placed in a 
perspex chamber containing a central pool 20 mm in length, sepa- 
rated from the two terminal edges by air gaps of 2 mm width. The 
central pool was confined by two sliding perspex blocks and could 
be transformed in a cylindrical space with a cross-sectional diam- 
eter of 2mm. Platinum foils glued to the inner walls of the cylinder 
and covered with platinum black were used as external current 
carrying electrodes. They were divided into central (10mm) and 
guard (2x5mm) electrodes according to standard techniques 
(Moore & Cole, 1963), whenever voltage-clamp responses were 
monitored. Otherwise they were all connected to ground. The 
extracellular solution was flown continuously and cooled with a 
Peltier cooler. The standard artificial seawater (ASW) had the 
following composition (in raM): 450, NaCI; t0, KC1; 50, CaC12; 1, 
Tris C1; pH 7.8. 300nM Tetrodotoxin (TTX) was added to the 
ASW in most experiments to abolish sodium currents. Tempera- 
ture was monitored with a thermistor and kept constant, with a 
feedback system, within 0.5 ~ Most experiments were performed 
at a temperature of about 12~ 
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The axons were perfused intracellularly with the technique of 
Tasaki, Watanabe and Takenaka (1962), as modified by Rojas and 
Ehrenstein (1965). The standard perfusion fluid was a K +- 
phosphate solution containing 300meq K + and 350mM sucrose, 
pH 7.3. In most experiments 20 mM tetraethylammonium (TEA) 
chloride was added (substituted for sucrose) to abotisir normal 
potassium currents. 

A "piggyback" double electrode assembly (Chandler & Meves, 
1965) was introduced in the axon from the end opposite to that 
from which the perfusion cannula was inserted. Particular care was 
used in the platinization of the internal current electrode, which 
was used both to pass current and to monitor the voltage relax- 
ation after charge pulses. The glass pipette of the piggyback 
asembly, about 80gin in external diameter, was used to con- 
tinuously monitor the intracellular DC potential or as normal 
voltage electrode in standard voltage-clamp measurements. It was 
filled with 0.5M KC1, ended with an Ag-AgC1 electrode, and 
contained a floating platinized platinum wire of 20gin diameter to 
reduce its resistance. A small polyethylene tubing filled with ex- 
tracellular solution and with one end close to the axon was used to 
monitor the extracellular potential with a second Ag-AgC1 elec- 
trode. 

Electrical Set-up 

Figure 1 shows a diagram of the stimulating and recording set-up. 
The voltage-clamp configuration (with switches 1 and 2 in the solid 
position) is very simplified and does not show the positive feed- 
back for series resistance compensation (Moore & Cole, 1963), 
which was present in the actual circuit. The dashed configuration 
of switches 1 and 2 represents the circuit configuration for charge 
pulse experiments. Switch 3 represents schematically an electronic 
switch obtained with FET transistors which could generate pulses 
as short as 50nsec. In the open position the effective resistance to 
ground of the switch was 1012f~, and the steady-state membrane 
potential was set to any desired value by passing through the axon 
a constant current produced by a variable DC voltage through 
1Mf~ resistor. The relaxation of membrane voltage during a period 
of less than 1 msec following a charge pulse was monitored directly 
between the internal and external platinum electrodes. Because of 
the extremely low impedance of these electrodes at high frequen- 
cies, the effective band-width of recording was practically de- 
termined only by the input stage of the recording oscilloscope. At 
the same time the polarization effects which normally prevent the 
use of platinum electrodes for monitoring signals of longer du- 
rations were practically absent in our records of brief voltage 
relaxations. This was expected because the charge pulse delivered 
to the axon membrane in our experiments were just enough to 
raise the membrane potential by at most 5 mV, i.e., a total charge 
of 5 x 10-9 coulomb/cm 2. At any rate, the absence of polarization 
artifacts was checked by applying twice as large pulses to a dummy 
circuit through the same electrodes, all immersed in artificial 
seawater. Figure 2 shows such an experiment. In all these cases a 
purely exponential decay of the voltage with the expected time 
constant was observed after the charge-pulse. 

Records of voltage relaxations were taken with a Polaroid 
camera from a Tektronix 7633 storage oscilloscope. The shortest 
relaxation time constant induced by extrinsic hydrophobic ions 
was of the order of 5 ~tsec. For this reason most of our recordings 
were obtained after prefiltering at 1 MHz with a plug-in amplifier 
(TEK 7A22). 

Analysis of  Relaxation Curves 

Voltage relaxations following charge pulses were analyzed by 
assuming that they were composed of two simple exponentials. The 
time constants and the relative amplitudes of the two components 
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Fig. 1. Schematic diagram of the electrical set-up for charge-pulse 
and voltage-clamp experiments on squid axon 
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Fig. 2. Oscillographic record of a test experiment with a dummy 
circuit (300 nF, 3.3 K~)) replacing the membrane in series with the 
internal and external current electrodes. At t=0  a charge pulse of 
50 nsec duration was applied to the whole system. The decay of the 
voltage is purely exponential with a time constant of about 1 msec 
and an initial voltage U~,(o) of about 2.7 mV, which corresponds 
well with the injected charge of 8.1 x 10 I~ The inset shows the 
maximum time resolution which was obtained with this arrange- 
ment. The oscillations on the trace were caused by a 1.6 MHz 
radio station nearby the lab (Radio Camogli) 

were determined in two steps after having converted the rough 
data (Polaroid pictures) in digital form with a digitizer (Sum- 
magraphic HV-2-20). Semilogarithmic plots were analyzed first by 
the simple peal-off method by drawing straight lines through the 
late part of the record and replotting on a semilogarithmic scale 
the difference between the original signal and the slow component 
previously determined (HP-9820 A calculator with 9862 A plotter). 
In a second step we measured, for each relaxation curve, s(t), the 
time average of s(t), ts(t), t2s(t) and t3s(t), and the best fit of s(Q 
with the sum of two exponentials was determined according to the 
least squares deviation of these quantities from their theoretical 
values (Dyson & Isenberg, 1971). Using as initial values those 
obtained from the peal-off procedure, the second (iterative) method 
gave in most cases converging results, considerably improving our 
estimates. BASIC programs for the above calculations as well as 
for the fitting of the voltage dependence or relaxation parameters 
were run on a computer PDP 11/40 (Dig. Eq, Corp. Italia). 
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Theory 

We develop here the basic equations used to analyze 
the data presented in this work. The theory is basi- 
cally identical tO that already described in previous 
papers (Ketterer, Neumcke & Liiuger, 1971; Benz et 
al., 1976), but we have included some generalizations 
which seen important to interpret our present 
measurements on nerve membranes. In particular, 
since most of our measurements were made at mem- 
brane potentials different from zero, the dependence 
of the relaxation parameters on membrane voltage 
was studied in greater detail. 

The model for the transport of lipophilic ions 
across a membrane postulates that the transport is 
carried out in three distinct steps: (i) adsorption from 
the aqueous phase to the membrane-water interface 
(rate constants k'am and k~'m), (ii) translocation of the 
lipophilic ion between the two energy minima in the 
membrane (rate constants K' and K"), and (iii) de- 
sorption from the membrane to the aqueous phase 
(rate constants k~a and k~). In the following, it is not 
a serious restriction to assume that the adsorption- 
desorption reaction does not play an important role 
in the experiments described here. This is justified 
because the exchange of lipophilic ions between 
membrane and aqueous phase is controlled by slow 
aqueous diffusion (Benz et al., 1976; Jordan & Stark, 
1979) and has time constants in charge-pulse experi- 
ments in the order of minutes (Benz et al., 1976), 
whereas the specific resistance R m of the squid axon 
membrane (1 kf~ cm 2) predicts relaxation time con- 
stants rm =R,~' C~ (C m specific capacitance ~. 1 pF/cm 2) 
in the order of msec. 

The transport of lipophilic ions across the mem- 
brane can be described by simple first-order kinetics. 
Then, the translocation rates K' and K" across the 
barrier from left (intracellular) to right (extracellular) 
and vice versa have, according to the theory of ab- 
solute reaction rates (Johnson, Eyring & Stover, 
1974), the following form: 

K' = (k T/h) exp { - AG[ /R T} 

K" =(kT/h) exp { - AG*/RT} (1) 

where k is the Boltzmann's constant, T is the absolute 
temperature, h is the Planck's constant, R is the gas 
constant, and where the molar free energies of acti- 
vation, AG~ and AG~, are the differences between the 
free energy at the top of the barrier and those at the 
two minima (Fig. 3). The universal frequency kT/h is 
about 6 x 1012s -1. The explicit dependence of AG[ 
and AG2* upon the voltage across the membrane, E,,, 
and upon the distribution of ions within the mem- 
brane is obtained as follows. Let x be a coordinate 
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Fig. 3. Schematic diagrams of the free energy profiIe, G(x), and of 
the relative electric potential profile, E(x), seen by lipophilic ions 
adsorbed near the membrane solution interfaces at the free energy 
minima d 1 and d 2. E(x) is relative to the actual electric potential 
profile existing for E~, = Eo and A G~ = A G~ 

axis perpendicular to the membrane surface with its 
origin at the intracellular membrane-solution inter- 
face, and let dl, d z and d be the positions of the two 
minima and the total membrane thickness (see 
Fig. 3). We can always write: 

AG[ =AG* o - r z F V  

A ~  =~*o +(1 -r) ~ 'V  
(2) 

where: AG* o is the free energy of activation for ion 
translocation at the membrane potential, E o, for 
which the ions are equally distributed between d 1 and 
d 2 in steady-state; V is the voltage drop between d 1 
and d2, relative to its steady-state value for Em =Eo; r 
is the fraction of V which drops between dl and the 
top of the barrier; z is the valence of the ions, and F 
is the Faraday's constant. We shall assume that r is 
constant, which implies that the membrane is not 
subject to significant structural changes (e.g., elec- 
trostriction) within the range of explored values of 
Em. V is determined both by E m and by the distribu- 
tion of ions within the membrane. In order to find 
this dependence, let cr be the surface density of 
charges in solution at the left interface, in excess of 
whatever charge distribution is present (for Ern=O 
and in the absence of lipophilic ions) to equilibrate 
any intrinsic membrane surface charge. Furthermore, 
let N' and N" be the concentrations (in mole/cm 2) of 
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ions located at d 1 and d 2, respectively. The sum of N' 
and N" is considered to be constant during the 
experiments: 

N' + N" = N, = const (3) 

with N t total concentration of absorbed lipophilic 
ions. According to an argument used by Benz et al. 
(1976) in Eq. (AI2) we shall write: 

E~=o~ a/C~ + c~2(~ + zFN')/Cm + C%(cr + zFNt)/C m 
(4) 

where C,. is the membrane capacitance; %, ~x 2 and % 
are structural parameters which correspond to dffd, 
(dz-dl) /d ,  and (d-d2)/d for a membrane with con- 
stant dielectric properties. More generally: 

0{ 1 § ~2 -}- ~3 = 1, (5) 

The second contribution on the right-hand side of 
Eq. (4) is the actual fraction of E~ which drops be- 
tween d~ and d 2. Then, according to the definition of 
V, we have: 

V=o~2 {a + z F N ' -  @o + z FA{ \ ) ~ T - ) ~ / C m  (6)  

where ~o is the steady-state value of o- for E~ = E o and 
we have used the notion that for E~ = E  o the equilib- 

rium value of N' is 2 '  a~ is obtained from Eq. (4) for 

E m = E o and for steady-state conditions: 

Eo={r~ o+~2z FNt /2 +o:3z FNt}/C ~. (7) 

Equations (4) and (7), taking also into account Eq. (3), 
can be used to express a and % in terms of E m, Eo, N' 
and Art. Substituting these expressions into Eq. (6) we 
obtain: 

g=~z(Em-Eo)+~2(1 - c q ) z F ( N ' - N j 2 ) / C  m. (8) 

It is convenient for the following treatment to in- 
troduce dimensionless parameters and variables: 

0 z2FZNt 
CmRT (9) 

/2:N' /~ (10) 

zFEm. zFEo. z F V  
u= R T  ' u ~  R T  ' v -  R T  (1I) 

0 is the total charge conferred to the membrane by 
the lipophilic ions, in units of the amount of charge 
needed to charge the membrane capacitance to the 

R T  
potential zF-"/2 is the probability for a lipophilic ion 

to be at position d~. u, u o and v are reduced poten- 
du dl* 

tiaIs. The differential equations for ~ -  and d7 have 

the following form (see Appendix): 

du d~t u - ~  ~ -  = % 0 (12) 
"Cm 

d / 2  
dt exp{rg)v}[R' ~-*r  (13) 

This is a system of two differential equations, where 
the second is nonlinear. The voltage relaxation u(t) 
- g  following a charge-pulse can only be obtained by 
a numerical solution of Eqs. (12) and (13). However, 
in the case of small voltage deviations (u -g)  in the 
charge pulse experiments the differential Eqs. (12) 
and (13) have the following form (disregarding second 
or higher order contributions in (u - ~) or (la- ]la) ; see 
Appendix): 

K ' K " ]  
dUdt r / ( ' q - R " + ~ 2 ( 1 - c Q ) 0 ~ }  (#-]X) 

(14) 

05'<' 

K ' K "  } 
d#_dt / ( ' + K " + K ' §  ' ' ~2(1-c@0 (#-f i )  

K'R" 
~2 R'  + K"  ( u - a ) .  

05) 

Equations (14) and (15) are a system of two linear 
differential equations in the two unknown ( u -  ~) and 
(/2-/~), The solution for the voltage relaxation u ( t ) - g  
has the following form: 

u(t) - - a = a  I e -t/~ +a2 e-t/,2 (16) 

o r  

Era(t) - Em = Urn(t) = U1 e - ' /"  + U 2 e  -~/~2 . (17) 

Defining the quantities (see Appendix): 

1 1 
z t  = - - + - -  (18) 

T I T 2 

1 1 
Z2 "- (19) 

I- 1 17 2 

z~ : [u~/z, + u~/z=]/(u, + u=) (20) 

the parameters of the transport are given by: 

~. = (z, - z~)/z= (21) 
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2Keff=I~,+[~,,=(Zl__Z3 ) (1--~2) [Z 3 
G2 

K'+K" [G 
0= 

K and N t may be calculated according to: 

(22) 

(23) 

K - Keff (24) 
exp [ ( r -  21-) ~]- cos h [~-/2] 

CmRT2c~ [Z 3 Z2 ] N (25) 
zZF 2 c~ 2 K. e xp  [(r- �89 7] Z I - Z 3 j  

where f is given by Eq. (A25) (see Appendix). 
In general, for any fixed value of ~2, r and u o Eqs. 

(22) and (24) yield a value of K of each charge-pulse 
experiment at any given value of g. When many 
measurements for different values of g in the same 
experimental conditions are available it is possible to 
look for the values of cz z, r and u o which yield the best 
fit of the experimental data with a constant K. A 
similar fit is also possible with Eq. (25). However, 
because of the large deviation in the data for N t (see 
next section) due to nonstationary adsorption, it was 
impossible to obtain a proper answer in such a fit. 

A critical point of the data analysis is the de- 
viation of Eqs. (14) and (15) because of the first-order 
approximation, So we have studied the numerical 
solution of the differential Eqs. (12) and (13) in order 
to check the validity of the approximation, which 
allows a simple linearization. The continuous lines in 
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Fig. 4. Comparison between the solution of the differential equa- 
tions (19) and (21) obtained by first-order approximation (broken 
lines) and the exact solution (full lines). For the derivation of the 
curves K = 5000 sec -1 , Nt=10 -~2mole cm-2 (0 =4), C., 
=l~tF cm 2 zm=l msec (R,.=103glcm2), u(o)-u=0.2~ (U.,(o) 
=5mV) and g-uo=O (E, -Eo=0mV), ~-uo=2 (E~-Eo=5OmV) 
and ~-uo-4 (l~,.-Eo=100mu were used. For E,.--Eo=O the 
exact solution and the first-order approximation show superpo- 
sition 

Fig. 4 show the time course of u( t ) -  ~ obtained from 
numerical solutions of Eqs. (12) and (13) and for the 
following values of the parameters, which have been 
found to be adequate to describe the relaxation of the 
membrane potential in the presence of DPA (see next 
section): 

K = 5  • 103s-1; e 2 = l ;  r=0.5;  0 = 4  

(i.e., N t = 10-12 mole/cm2; C~= 1 g F/cmZ); 

rm=10-3 sec; and for g-uo=O, ~-Uo=2; 

and f f - u o = 4 .  

The dashed lines in Fig. 4 were obtained from the 
solution of Eqs. (14) and (15) using the same parame- 
ters. As can be seen from Fig. 4 the difference be- 
tween the exact solution and the first-order approxi- 
mation is rather small, and it is not possible to 
distinguish between the different solutions in the limit 
of the experimental errors. 

Results 
Kinetics of the DPA Transport 

If the membrane of a squid giant axon, in the pres- 
ence of TTX and TEA but no extrinsic ionic probes, 
is charged by a brief current pulse of 50 nsec duration 
to an initial voltage between 5 and 10 mV, the volt- 
age across the membrane decays in three relaxation 
processes to the holding potential, Em. The fastest 
relaxation process has a time constant in the range of 
1 to 2 ~tsec and an amplitude of 40-50 % of the total 
relaxation amplitude. This relaxation process is pre- 
sumably related to particular structural properties of 
the squid giant axon preparation and reflects a non- 
uniform accessibility of the axolemma through the 
resistance of the Schwan cell layer (R. Benz and F. 
Conti, unpublished results). This component will not 
be considered in further detail in this study. The 
second relaxation process has a time constant in the 
range of 100 to 200 Ixsec and contributes to about 5 ~o 
of the total amplitude. It is likely that this relaxation 
is due to the movement of gating particles within the 
membrane (R. Benz and F. Conti, unpublished re- 
suits). Neither will this process be analyzed further in 
this work. Although the time constant of this relax- 
ation is of the same order of magnitude of that of the 
fast relaxation produced by DPA and TPhB, we 
always worked at such high concentrations of DPA 
and TPhB that its amplitude was negligible with respect 
to the relaxation of the lipophilic ions. 

The third (longest) relaxation reflects the time 
constant, %--R,~C,,, of the membrane. It was found 
to be of the order of milliseconds, corresponding to a 
specific resistance of the squid axon membrane of at 
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least 103f~cm 2, assuming C m ~ l b t F . c m  2. Rm was 
found to be dependent on the holding potential,/~,~. 
For depolarizing voltages (/~m > -  50 mV) R~ tended 
to decrease, probably because of incomplete block of 
K + channels by TEA. 

One of the charge-pulse experiments with an un- 
modified squid axon is shown in Fig. 5. The axon 
membrane is charged by a brief current pulse of 
50nsec duration to a voltage of about 5 mV. The 
decay of the voltage with time is recorded with three 
different sweep times: 20, 100, and 500p.sec/div. The 
figure shows oscillographic records directly photo- 
graphed with a Polaroid camera. It is seen that the 
time resolution of the charge-pulse experiments on 
squid giant axons is very good. The records of Fig. 5 
were taken with 1 MHz bandwidth. However, it is 
possible to obtain similar records with a higher band- 
width (e.g., 5 MHz), easily reaching time resolutions 
close to 500 nsec (R. Benz and F. Conti, unpublished 
results). This is about 20 times better a resolution 
than in voltage-clamp experiments and constitutes 
the major advantage of the charge-pulse relaxation 
method. 

In preliminary experiments with DPA we first 
tried to apply DPA only extracellularly. However, 
even after waiting for periods of the order of 1 hr 
after the application of the lipophilic ions, we could 
detect very little changes in the electrical properties 
of the squid axon membrane in those conditions. This 
observation is qualitatively consistent with the notion 
that the absorption of lipophilic ions by the mem- 
brane is rate limited extracellularly by the presence of 
the Schwann layer (Frankenhauser & Hodgkin, 
1956), as already discussed at the beginning of the 
previous section. When lipophilic ions are applied 
only from the extracellular side, the absorption pro- 
cess is further slowed down because desorption from 
the intracellular membrane face into the axoplasm is 
faster than the absorption process on the opposite 
face. The concentration of absorbed ions remains 
then very small as long as the axoplasmic concen- 
tration is low. Therefore we decided to use routinely 
squid axons perfused both intracellularly and extra- 
cellularly with the same concentration of DPA. Al- 
though this procedure considerably speeded up the 
time required to see effects of the desired size, still 
long times were occasionally needed in order to 
obtain steady-state conditions in the response of the 
axon membrane to the action of DPA. The reason 
for this variability of the axons' behavior is pre- 
sumably caused by the more or less extensive re- 
moval of axoplasm in different preparations. The 
data presented here were all obtained from axons 
which were exposed to the lipophilic ions for a time 
of the order of 1 hr. 
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~ -  - ~ 20 gs/div 
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t 'O ldiv 
Fig. 5. Decay of the membrane voltage U,, after a charge pulse of 
50nsec duration applied to an unmodified squid axon. The decay 
of U m was recorded with different sweep times as indicated on the 
right side of the oscillogram. T= 13 ~ Um(o ) ~ 6 mV; E = -40 mV 
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Fig. 6. Decay of the membrane  voltage U~ after a charge pulse of 
50 nsec durat ion applied to the same axon of Fig. 5 in the presence 
of 10 7M dipicrylamine (internally and externally for 60min). The 
decay of U m was recorded with different sweep times as indicated 
on the right side of the oscillogram. The data were fitted according 
to Eq. (16)with the following parameters:  r1=3.1 x l0-Ssec ,  a I 
=0.137, ~2=2.02 x 10-3sec,  a2 =0.086 , U,~(o)=5.51 mV, T = I 3 ~  
E,, = - 4 0 m V .  K - 6 . 4  x 103 sec -1 and N~= 1.6 x 10 12 mole cm 2 
were calculated according to Eqs. (18) (25) using ~2 = 1, r - 0 . 5 ,  
ir~0, and Cm=l  btF cm-2 ;  f l = l . 6 x  10-2 cm 

All the experiments reported in what follows were 
performed on axons treated with large concentrations 
of TTX and TEA, in order to remove any relaxation 
process associated with the normal development of 
the ionic currents responsible for membrane excit- 
ability. However, the possible influence of the li- 
pophilic ions on the normal excitability of squid axons 
was also studied in preliminary experiments. These 
showed that the voltage-clamp currents were not 
significantly affected by the presence of lipophilic 
ions added in the bathing media at concentrations 
below 10-6M. Higher concentrations of lipophilic 
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ions significantly modified the vol tage-clamp charac- 
teristics of  the axons without  abolishing excitation. 
For  example, 10-5 M-TPhB produced a general shift 
of  about  20 to 30 mV (in the depolarizing direction) 
in the voltage dependence of  the axon responses. 

Figure 6 shows a charge-pulse experiment taken 
from the same axon as in Fig. 5 after the addit ion in 
the bathing solutions of  10-7  M DPA.  The figure 
shows clearly that the presence of  10-TM D P A  
produces a much stronger decay of  the voltage across 
the membrane  at short times. Such decay is caused 
by the fast displacement of  the lipophilic ions. The 
fast decay of the membrane  voltage is even more  
p ronounced  at higher concentrat ions of  the lipophilic 
ions as seen in Fig. 7 for an experiment with 3 
x 10 -7 M DPA.  Figure 7 shows an evident increase 
of  the ampli tude of  the fast relaxation process, where- 
as the amplitude of the slow relaxation decreases. 
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Fig. 7. Decay of the membrane voltage U m after a charge pulse of 
50 nsec duration applied to the same axon of Fig. 5 in the presence 
of 3 x 10-vM dipicrylamine (internally and externally for 60min). 
The decay of U~ was recorded with different sweep times as 
indicated on the right side of the oscillogram. T=13~ 
E m  = - 40 mV. 

Figure 8 shows a semilogari thmic plot of  the data  
presented in Fig. 7. It is evident from this figure that 
the decay of the membrane  voltage after a charge 
pulse can be well described by a sum of two exponen- 
tials as required by the description of  the transport  
model. 

The voltage dependence of  the D P A  transport  
was measured in six different axons for eight inde- 
pendent  conditions. For  any particular condit ion (de- 
termined by the particular axon and by the con- 
centrat ion of  D P A  in solution) a min imum of six 
charge-pulse relaxation measurements  at different 
membrane  potentials was performed. The membrane  
voltage relaxation could be fitted in each case with 
two exponentials according to the presented theory. 
F r o m  the time constants and the relative amplitudes 
of  these relaxations, N t and Kef f were calculated for 
any assumed value of ~2 according to Eqs. (18)-(25). 
Figure 9 shows a plot of  Kcff versus membrane  
potential for one of  these experiments and assuming 
~2 = 1. It is seen that  Kef f is clearly changing with k~ m, 
showing a min imum in the range between - 6 0  and 
- 1 0  inV. The curves through the data  were obtained 
by best fitting the data according to Eq. (24) for r 
= 0.5 and for r =  0.73, respectively. Both curves seem 
to yield a fair fit of  the data, a l though a quanti tat ive 
inspection would show that  the curve for r=0 .73  
gives a substantially better fit. In  general, each set of  
K~ff data calulated from Eq. (22) for any particular 
value of  ~2, was best fitted according to Eq. (24) for 
various values of  r. The error of  the fit, as measured 
by the relative rms deviation of  Kef f from its theoreti- 
cal value, depended strongly upon  c~ z but  showed a 
relatively shallow min imum as a function of  r, for any 
fixed value of ~2. Thus, the fit error was almost  
doubled when ~2 was decreased from 1 to 0.94, for a 
constant  r, while the sharpest dependence of  the fit 
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Fig. 8. Analysis of the data of Fig. 7. The relaxation times zl and the voltage amplitudes U~ [Eq. (17)] were evaluated by the two successive 
plots A and B. In each case the regression line was drawn which gave the best fit to the plotted points�9 From the data given in A and B the 
following values for K, N t and/~ were calculated (C,, = 1 gF cm- 2, ~ = 1, r = 0.5, 7~ 0): K = 5.8 x 103 sec - 1, N~ = 3.8 x 10-1 z mole/cm a and/? 
=1.3 x 10-2cm 
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error upon r, obtained for ~2=1, was an increase 
from 4.9 to 6.1 ~o when r decreased from 0.73 to 0.5. 
Any value of ~2 greater than unity is physically 
unacceptable since the model requires c~ 2__< 1. It was 
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Fig. 9. K~f~ as a function of the membrane potential/~,, as derived 
from charge-pulse relaxation studies with a squid axon (experiment 
3-1; 3x10-TM DPA, T=13~ assuming c~2=1 [Eqs.(27), (29), 
(33) and (38)]. The curves were drawn according to Eqs.(34) and 
(39) using the indicated values for r 

interesting, however, to observe that indeed the fit 
became very rapidly worse when "2 exceeded unity, 
in good support of the model. From this type of 
analysis, we found that our data on DPA kinetics 
were best described by the model of Fig. 3 assuming 
~a = 1 and r=0.73. Table 1 gives the values of K and 
E o obtained from the best fit of eight different set of 
data of the type shown in Fig. 9 (obtained for c~ 2 = 1) 
for r = 0.73 and r = 0.5. The table also gives the values 
of the fit errors showing that for r=0.5  a worse 
overall fit is obtained, although the fit is better in 
several experiments. For this reason we cannot stress 
too much the suggestion derived from our present 
data that r might actually be as large as 0.73. As can 
be seen from the data of Table 1, there is a relatively 
small scatter in the data for K independent of the 
chosen value for r and we believe that such scatter 
might reflect differences between various prepara- 
tions more than experimental errors, as suggested by 
the closer agreement between K values obtained from 
different experiments on the same preparation 
(expts. 3 - 1  and 3 - 2  and expts. 6 - 1  and 6 -2 ) .  The 
table also shows that for any fixed value of r the 
scatter of E o values obtained for the individual runs 
was of the order of + 5 mV, which is rather small, 
considering the shallowness of the voltage depen- 
dence of Keff. 

Table 1. Kinetic data of DPA transport across squid axon membrane a 

Exp. n CDpA/M KIlO 3 sec -1 Eo/mV /~;/pmol cm-2 fi/10 -3 cm ] f / f ~ K ~ r r ] 2  ; 
V \ \ Kef f ] / 

A) Fit with ~ z = l ;  r=0.73 (see text) 

1 6 10 6 6.81 -56.5 1.8 0.9 0,033 
2 9 10 6 6.90 - 6 6  2.4 1.2 0.048 
3-1 12 3 x 10 7 7.71 -61.5 2 3.3 0.046 
3-2 7 10 .6 7.31 -69.5 5.6 2.8 0.016 
4 9 3 x 10 -8 5.08 - 6 3  1.5 25 0.054 
5 9 10 7 5.08 -71,5 0.6 3 0.039 
6-1 12 3 x 10 .7 8.33 - 6 8  1.2 2 0.066 
6-2 t2 3 x 10 6 9.09 -59,5 3.4 0.57 0.055 

Mean value 7.04 - 64.5 0.049 
+SD --+1.42 + 5  

B) Fit with c~2=1 ; r=0.5 (see text) 

1 6 10 .6 5.8 - 2 5  2.1 1.1 0.077 
2 9 10 6 6.03 -38.1 3.1 1.6 0.030 
3-i 12 3 x 10 7 6.63 -31.5 2.5 4.1 0.062 
3-2 7 10- 6 6.47 - 44.5 6.8 3.4 0.014 
4 9 3 x 10 8 4.45 -36.5 1.7 28 0.037 
5 9 10 7 4.43 -40.0  0.6 3 0.063 
6-1 12 3 x 10 7 7.09 -34.5 1.3 2.2 0.107 
6-2 12 3 x 10 6 7.84 -30.5 4.2 0.7 0.026 

Mean value 6.09 - 35.0 0.061 
_+ SD + 1.20 _+ 6 

a n is the number of different voltages/~m used in one set of experimental conditions; T =  13 ~ 
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According to Eqs. (23) and (25) the concentration 
of absorbed lipophilic ions, N~, can also be deter- 
mined from the same data used to determine K and 
E o. In principle, if we assume that N, is voltage 
independent, Eq. (25) could be used to obtain the best 
guess of ~ and E o, leading to the least squares 
deviation of 0 from a constant value. For consistency 
these guesses should agree with those obtained from 
the fitting of Kef f data according to Eq. (24) as 
previously described. In performing such analysis we 
found that Eq. (23) could not be satisfied with a 
constant 0 with any accuracy comparable with that 
obtained in the fit of K m- data. The smallest scatter- 
ing of 0 values which could be obtained within any 
given experiment was in most cases of the order of 
20%. Furthermore, such least squares fit was ob- 
tained for c~ 2 close to 0.9, a value which was far too 
low for a good fit of Kef f data. On the other hand, the 
value of N t calculated from Eqs. (23) and (25) using 
the values of 52 and E o which best fitted Kef f data 
showed a strong dependence on membrane potential. 
We believe that this fact does not invalidate the 
theoretical model but it implies that the assumption 
that Nt is constant is not valid. One reason for N~ 
variations may be related to the difficulty of estab- 
lishing partition equilibria for DPA between the 
aqueous phases and the membrane, most in the same 
way as it has been found for experiments with lipid 
bilayer membranes (Benz et al., 1976; Wulf, 
Benz & Pohl, 1977). Indeed, from Table 1 it is seen 
that there is a large scatter of N~ values obtained 
from different experiments with the same DPA con- 
centration. The values of N t reported in Table 1 were 
obtained from Eq. (25) for g = u  o and assuming C m 
= 1 gF/cm 2. From these values the apparent partition 
coefficient, f l=N]2c ,  was calculated and this quan- 
tity is also reported in Table 1. It is clear that fl tends 
to decrease for increasing DPA concentrations. This 
might imply that we have used in most of our experi- 
ments DPA concentrations for which the absorption 
of DPA by the membrane is near saturation. Indeed, 
the lowest DPA concentration used, 3•  
yielded an extremely high partition coefficient, about 
40 times larger than the one measured for CDpA=3 
X 10-6 M. 

In experiments with squid axon no clear influence 
of DPA concentration upon the values for K was 
observed. However, the concentration dependence of 
/~ (Table 1) provides quite good evidence for bound- 
ary-potential effects (McLaughlin, 1977). 

In two different axons the temperature depen- 
dence of the DPA kinetics was measured. Increasing 
the temperature from 12 to 23 ~ K increased from 6 
• 103 sec- a to 10 ~ sec- ~, i.e., by a factor of 1.7, which 
corresponds to an activation energy of about 33 k J/ 

tool (8 kcal/mol). This activation energy compares very 
well to the activation energies measured in lipid 
bilayer membranes for the translocation rate constant 
of DPA (Benz et al., 1976). The total concentration of 
DPA decreased a little between 13 and 23~ This 
finding is consistent with the observation in lipid 
bilayer membranes that the adsorption of lipophilic 
ions is partly entropy driven (Bruner, 1975; Benz et 
al., 1976). However, the above-discussed possible 
drifts of N t during the experiments do not allow us to 
give a reliable estimate of the activation energy of N t. 

Kinetics of TetraphenyIborate Transport 

The kinetics of TPhB transport in the squid axon 
membrane was not studied as extensively as that of 
DPA. In two experiments on different axons charge 
pulse relaxations were measured for CTPh B = 3 
• 10-TM and for /~,, around -30inV.  Two major 
relaxation processes were found as in the case of 
axons treated with DPA. The same type of analysis 
described in the previous section yielded the follow- 
ing average values for K, N~ and /~, assuming C,~ 
= 1 ~Fcm -2, ~2=1, and Eo~E~: 

K = 4 5 0 _ 5 0 s e c  -~, N t = 3 ( •  x l O - t J m o l / c m  z, 

fl=0.5 x 10-3 cm. 

The value of the transtocation rate constant K for 
TPhB transport is about 15 times smaller than the 
corresponding value for DPA. The corresponding 
value for the ratio KI~PA/KTehB in lipid bilayer mem- 
branes is only slightly higher, between 20 and 40 
(Anderson & Fuchs, 1975; Benz et al., 1976), and it is 
not clear if this difference should be taken as in- 
dicative of major structural differences between the 
two preparations. 

Discussion 

The results presented in this paper show that the 
same model developed for the transport of lipophilic 
ions in artificial lipid bilayer membranes is also ade- 
quate to describe the transport of these ions across 
the squid axon membrane. This suggests that the 
nerve membrane contains large domains where the 
lipid is arranged as a lipid bilayer, a statement which 
supports the fluid mosaic model of Singer and Ni- 
cholson (1972). 

The kinetics of DPA or TPhB in the squid axon 
membrane appears to be much faster than in artificial 
lipid bilayers containing solvents (Benz & L~uger, 
1977; Pickar & Benz, 1978). Taking into account also 
temperature effects the translocation rate constants in 
the nerve membrane are about 40 times larger than 
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in solvent containing artificial bilayers and are also 
larger than, but comparable to, those measured in 
solvent-free membranes (Benz & L~iuger, 1977). This 
finding may have several reasons. One reason may be 
that the content of phosphatidylethanolamine in the 
squid axon membrane tends to hasten the kinetics of 
lipophilic ions as it does in artificial lipid membranes 
(Benz & L~iuger, 1977). Another possibility is that the 
dielectric constant of the squid axon membrane may 
be increased because of the presence of proteins. This 
would result in a lower free-energy barrier and there- 
fore in faster kinetics of the ionic probes (Dilger, 
McLaughlin, McIntosh & Simon, 1980), as well as in 
higher values of the specific capacitance (as found 5y 
Dilger et al., 1980). Finally, the higher value of the 
capacity as well as the faster kinetics could also be 
the consequence of a smaller membrane thickness. In 
black films a strong correlation between the kinetics 
of DPA or TPhB translocation and membrane thick- 
ness is observed (Benz & L~iuger, 1977; Pickar & 
Benz, 1978), which can be very well described by the 
image force model (Neumcke & L~iuger, 1969; Par- 
segian, 1969).According to measurements of mem- 
brane capacitance, solvent-free lipid bilayer mem- 
branes have a hydrocarbon thickness of about 
2.5 nm. If we interprete our results considering only 
this effect, our data would imply that the thickness of 
the hydrocarbon layer in the squid axon membrane is 
of the order of 2.0-2.5 nm. This would correspond to 
a total membrane thickness, including the polar 
layers, of 3 to 3.5 nm. 

The voltage dependence of DPA kinetics, ana- 
lyzed in this work, was found to be consistent with a 
value of the parameter ~2 close to unity. The same 
result was obtained in lipid bilayers, and it implies 
that the free energy minima where the lipophilic ions 
are located lie just at the membrane-solution in- 
terfaces, probably in the phospholipids' polar head 
regions, as expected for typically amphipatic mole- 
cules as DPA. 

The other parameter which could be evaluated 
from the analysis of the voltage dependence of DPA 
transport in the squid axon membrane was the asym- 
metry voltage, E o. Within any reasonable allowance 
for experimental errors, E o was found to range be- 
tween - 3 5  and - 6 5  mV, quite different from that 
expected for a symmetric membrane and found in 
symmetric artificial bilayers. It is unavoidable to 
compare this property of lipophilic ion translocation 
with the voltage dependence of ionic channel gates, 
as described by the HH equations, which have 
equilibrium potentials of about - 35 and - 50 mV for 
sodium and potassium channels, respectively. The 
asymmetric displacement currents believed to be as- 
sociated with the movements of the charged groups 

responsible for the gating of sodium channels (Arm- 
strong & Bezanilla, 1973; s e e  recent reviews by 
Armstrong & Bezanilla, 1975; Almers~ 1978; Neum- 
cke, Nonner & St~impfli, 1978) have midpoint po- 
tentials in qualitative agreement with the HH model. 
Our finding that the asymmetry voltage seen by 
extrinsic lipophilic ions is of the same sign and 
numerically close to that seen by the gating struc- 
tures of ionic channels might suggest a common 
origin of such voltages. A substantial similarity be- 
tween the properties of extrinsic ions and gating 
groups, could indeed exist if the latter structures were 
groups bearing a net charge and moving rather freely 
at the periphery of the ionic channels. One should be 
aware, however, that the above similarities might 
very well be fortuitous. The voltage sensing groups 
which gate ionic channels are likely to have free- 
energy profiles determined to a major extent by their 
tight binding to membrane proteins and/or by their 
dipolar character. Indeed, it is worth noticing here 
that in the frog node the asymmetry voltage, as 
derived from gating current measurements, has very 
different values for DPA-  and for the gating of Na +- 
channels (Benz & Nonner, 1980). In this case E o for 
DPA ranges between 0 and 30mV, whereas E o for 
the gating charge movement ranges between - 2 0  
and - 40 inV. 

The question of compartmentation of the lipids in 
biological mebranes has been discussed in detail in 
recent years (for a review s e e  Sackmann, 1978). Some 
data have been presented pointing to the existence of 
lipid domains and of some sort of annulus around 
membrane proteins having a lipid composition quite 
different from that of the bulk lipid phase (Sackmann, 
1978). These results have been questioned by recent 
N M R  studies, where no evidence for compartmen- 
ration down to 1 lasec time resolution has been found 
(Seelig & Seelig, 1978). According to these studies the 
exchange of lipids between different compartments, 
assuming that such compartments exist, occurs in 
much less than 1 gsec. In agreement with this we 
found no indication, within our time resolution of 
about 5 gsec, that the fast component of our voltage 
relaxation could be further split into two or more 
components, possibly associated with the movement 
of lipophilic ions within domains of different lipidic 
composition. Thus, we found no evidence for a do- 
main structure in the lipidic part of squid axon 
membrane. However, we cannot stress this point too 
much because we could only detect the presence of a 
compartmentation if the time constants of the DPA 
or TPhB relaxation differed in the various domains 
by at least a factor of two. Furthermore, if the 
compartmentation is only limited to lipids either free 
or adsorbed on proteins, then it could be that the 
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la t te r  cons t i tu t e  on ly  a m i n o r  par t  of  the to ta l  l ipids 
a n d  the i r  effect o n  the  average  p roper t i e s  of the  
whole  m e m b r a n e  w o u l d  be ha rd ly  seen. 

F r o m  the  resul ts  p resen ted  here  we c o n c l u d e  tha t  
there  is a s t rong  a n a l o g y  be tween  art if icial  l ipid bi-  
layer  m e m b r a n e s  a n d  the  l ip id  b i layer  par t  of  a ne rve  

m e m b r a n e  a n d  tha t  the  m o v e m e n t  of  charged  par-  
ticles across  b o t h  types  of m e m b r a n e s  is a d e q u a t e l y  
descr ibed  by  the s ame  s imple  m o d e l  i n v o l v i n g  a 
s imple  free energy  barr ier .  This  f ind ing  con t rad ic t s  

the resul ts  which  have  been  fo u n d  by  C o n r a d  a n d  
Singer  (1979) for the p a r t i t i o n i n g  of  a m p h i p a t i c  com-  
p o u n d s  in  b io log ica l  m e m b r a n e s  a n d  l ip id  vesicles. In  
these expe r imen t s  the  p a r t i t i o n  coefficients for chlor-  
p r o m a z i n e ,  2,4 d i n i t r o p h e n o l  a n d  1-decanol  have  
been  found  to be at  least  by  1000 t imes  smal le r  in  the  
b io log ica l  m e m b r a n e  t h a n  in l ip id  vesicles, a resul t  
n o t  s u p p o r t e d  by  the da t a  o b t a i n e d  in  this s tudy.  

The  p resen t  s tudy  was l imi t ed  to the i n t e r ac t i on  

of  ext r ins ic  ion ic  p robes  with the  ne rve  m e m b r a n e .  
However ,  we bel ieve tha t  in  the nea r  future  the  
charge  pulse  r e l axa t ion  m e t h o d  will also offer the 
poss ib i l i ty  of  ga i n i n g  new ins igh t  in to  the proper t ies  
of in t r ins ic  ion ic  g roups  in  the  squ id  a x o n  m e m b r a n e ,  
such as those g o v e r n i n g  the  ga t ing  of ion ic  channels .  
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Appendix 

Derivation of Eqs. (12) (15) and (18)-(25): With the definitions (9)- 
(i1), Eq. (8) becomes: 

12 = 0{2(g  - -  Uo) -}- (d 2 (1  - -  {g2) 0 ( /2  - -  1 ) .  (A1) 

Equation (A1) allows us to write explicitly the general dependence 
of the rate constants K' and K" upon lipophilic ion distribution 
and membrane potential. From Eqs. (1), (2), (1l) and (A1) the rate 
constants K' and K" during a relaxation experiment can then be 
expressed as: 

K' =K'  exp{rav} =K exp{r~-} exp{r6v} (A2) 

K"= K" exp{(r - 1) av} = K exp{(r - 1) 7} exp {(r - 1) cSv} (A3) 

where, from here on, the bar denotes the steady-state value of any 
quantity, K is the equilibrium rate constant for ion translocation at 
E,~=Eo: 

trT 
K = h -  exp { - A G*~/R T} (a4) 

and where V and c~v are given by: 

v = , z ( a -  Uo) + %(1 -z2) 0(F-�89 (A5) 

6] Y = ~.2(u- if0 q- ~ -~2) 0(/2-/~). (A6) 

The differential equations for the time course of u(r) and #(t) 
during a charge pulse relaxation experiment are obtained from the 
definition of K' and K": 

d/2 
- - =  K '#+ K"(1-/2) (A7) 
dt 

and from the equation of continuity of the electric current: 

Em E~ do 
+ (AS) 

R m R,~ dt 

where R m is the membrane resistance per unit surface and R~/R~, is 
the constant current density provided by the current generator to 
maintain across the membrane the steady-state potential, /~,,. By 
taking the time derivative of the expression of G in terms of E m and 
N', as it can be obtained from Eq. (4), and substituting it into Eq. 
(A8) we obtain: 

dd@=O:2o d~ t u - f f  (Ag) 
-c m 

Substituting for K' and K" the expressions given in Eqs. (A2) and 
(A3), Eq. (A7) becomes: 

d# 
- - =  - exp{r6 v} {/Z'g- K"(1 - ~) exp{ -- 6v}}. (A10) 
dt 

Together with Eq. (A6), Eqs. (A9) and (A10) constitute a system of 
two differential equations where Eq. (A10) is nonlinear. The linear 
approximation is obtained considering that in our experiments (u 
-•), and consequently also 5v (see Eq. (A6)), are always much 
smaller than unity. Then, disregarding second or higher order 
contributions in (u-g) or (/2-fi), Eq. (A10) becomes: 

K'/s (All) 
~ = - ( R '  + R") (~*- , ) -  ~7+ Rv6~ 

where we have used the steady-state condition: 

R'fi=R"(1 -fi). (A12) 

Substituting in Eq. (A10) the expression of •v, Eq. (A6), we obtain 

g/2 f . . . . .  K'K" ~2(1_~)0](/2_~)f (A13) 

and substitution of this latter expression into Eq. (A9) yields: 

d~uu=-cqO K ' + K " + % ( 1 - % ) O ~  (12-fi) 
dt 

f l  2 K ' K " )  

Equations (A13) and (A14) are a system of two linear differential 
equations with constant coefficients in the two unknowns (u-~) 
and (/2-fi). The solution of the linear differential equations (A13) 
and (A14) for u(t)-~ has the following form: 

u( t )_9=ale  ~''~, +a2 e-t/:2 (A15) 

where ,ta = 1/% and 22=1/% are the roots of the characteristic 
equation which may be written as: 

,t2 Zt,~@Z2=0 (A16) 

K'/~" 1 Z~ = / ~ ' + K " + % 0 ~ + - -  (A17) 
K' +K" %, 
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1 (g:'+K'+.dl ,~ ~-,~K'R" 
z ~  = - -  - " 9 0 ~  I (A1 8) 

77 m 

According to Vifita's theorem, Z 1 and Z;  may be expressed by the 
roots )q and 2z: 

1 1 
Z 1 =21 +22 = - - + - -  (A19) 

771 "g2 

1 1 
Z~ = 21 "22 - " (A20) 

~'1 "C2 

Furthermore, taking the time derivative of Eq. (A15) for t=0,  
substituting into Eq. (A14) and using the appropriate initial con- 
dition of a charge pulse experiment, i.e.: /*(0)=/7 and u (0) - f f=a  1 
+ %, a third relation is obtained: 

3 R ' R "  1 
Z3 = [al/'r~ + a2/z2](al + a2)="2 0 ~ + - - .  (A21) 

K + K" r m 

z,,, K ' + / ( "  and 0 can be calculated by rearrangements of Eqs. 
(117), (118), and (A21). 

z m = (Z 1 - Z 3)/Z 2 (A22) 

2K~fr=R,+~, ,=(Z _ Z 3 ) _ ( 1 - ~ Z )  (z3 Z2 (A23) 
\ % / Z I - Z  3. 

Z2 
,~OK'K' /(K'+Is  a Z I _ Z 3 ) .  (124) 

is defined by Eq. (A5) and can be expressed after eliminating 0 
and ~7 using Eqs. (124), (A12), (A2), and (A3) - solely as a function 
of fi: 

2{Z3(Z ~ - Z B ) - Z 2 }  (1 - " 2 ) s i n h  {7/2} cos h{g/2} 
vq 

~2(Z~ - z~)  2 - (l - . 2 )  { z ~  (Z~ - Z3) - z ~ }  

= %(fi - uo). (A25) 

For ~2=1, the expression for Kofr=(K'+K")/2 and V are much 
simplified and become: 

Kere=(Zl -Z3) /2  (A26) 

v = u - u o. (A27) 
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