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Summary. Asymmetrical displacement currents are 
measured in the absence and in the presence of the 
lipophilic anion dipicrylamine (DPA) in the extracel- 
lular solution of nerve fibres of the frog Rana  escuIen- 

ta. DPA (30 nM --3 gM) enhances the current by a 
component that has the properties expected for a 
translocation current of DPA ion across the lipid 
membrane. Analysis in terms of a single-barrier model 
yields the translocation rate constant (k), the total 
surface density of DPA absorbed to the membrane 
(Nt),  and the equidistribution voltage (~). The value 
of k of  about 10 ~ s 1 is similar to that for a solvent- 
free artificial bilayer formed by the Montal-Muelter 
method. The surface density Nz varies with the DPA 
concentration as it does in the artificial bilayer, but 
is about tenfold smaller at all concentrations. The 
DPA ions sense an intrinsic electric field that is offset 
by a transmembrane voltage between 0 and 30 mV 
(inside positive). The part of the axolemma probed 
by the DPA ion appears as a thin (<2.5  nm), fluid 
bilayer of lipids. DPA ions seem, however, to be ex- 
cluded from the major part of the axolemma as if 
this area is occupied by integral proteins or negative 
charges. 

Transport properties of lipophilic ions have been 
extensively studied in lipid bilayers and have been 
found to reflect the structure and dynamics of such 
artificial membranes [1, 2, 6-9, 30, 33]. Thus trans- 
port kinetics are strongly sensitive to the dipolar 
potential and the thickness of the membrane [7, 8, 
30, 33]. The adsorption of negatively charged lipo- 
philic ions to the lipid bilayer is probably governed 
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by the electrostatic potential of the lipid phase, which 
results from the superposition of surface charge po- 
tentials and dipolar potentials. 

The fluid mosaic model for biological membranes 
postulates that such membranes contain areas of pure 
lipid bilayers [32]. Some properties of biological 
membranes, like electrical capacity, seem to be de- 
termined by these bilayer areas, whereas functions 
such as the transport of substrates and the respira- 
tory chain are achieved by the activities of integral 
and peripheral proteins [32]. Although the fluid mosaic 
model has been questioned occasionally [15], it has 
been widely used. Nevertheless, little is known about 
the lipid areas of particular biological membranes 
such as the electrically excitable membrane of nerve, 
and it is not clear to what extent artificial bilayers are 
a model for the lipid part of the biological mem- 
branes [16]. 

In this paper we explore the lipid part of a nerve 
membrane using the lipophilic anion dipicrylamine 
(DPA) as a probe. Translocation of this ion across 
the membrane phase is studied with a technique 
already developed for measuring displacement cur- 
rents associated with the opening and closing of the 
Na channels in nerve membranes (gating currents) 
[3, 21, 24, 29]. We find that adding DPA to the extra- 
cellular solution generates an additional displacement 
current. Analysis of this current reveals kinetics of 
DPA movements similar to those in a 'solvent-free' 
artificial membrane made from monoiayers [6, 7]. The 
nodal axolemma, however, adsorbs about ten times 
less translocatable ion than a bilayer of neutral lipids 
[34], indicating that integral proteins and negative 
surface charges dominate most of the area in this 
nerve membrane. 

Materials and Methods 

Single myelinated nerve fibers of Rana esculenta with diameters 
between 15 and 20gin were studied under voltage-clamp con- 
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ditions [27]. The nerve fiber was cut in isosmotic CsC1 solution to 
block current in K channels; this block was enforced by including 
tetraethylammonium (TEA) ion to external solutions. Sodium cur- 
rents were measured with an external solution containing 110.5 mM 
NaC1, 2ram N-morpholino-3-propane-sulfonic acid (MOPS)- 
NaOH buffer at pH 7.4, 2raM CaC12 and 10mM TEAC1. For 
measurements of displacement currents, tetramethylammonium 
ion was substituted for Na ion and 300 nM tetrodotoxin (TTX) was 
added for blocking current in Na channels. Dipicrylamine (Fluka, 
Buchs, Switzerland; puriss.) was dissolved in water or in ethanol. 
Small aliquots of the stock solution were added to the external 
solutions for final concentrations of DPA between 3 x 10 8 and 
3 • 10 -6 g. The ethanol content of these solutions was less than 
0.1 ~ (v/v) and did not affect the properties of the nerve membrane. 
The temperature was 13 ~ if not otherwise indicated. 

Membrane currents were sampled and averaged on line with a 
digital computer, which also generated the voltage pulses to be 
applied to the membrane [28]. For measuring the nonlinear part 
of the capacity current (which represented gating and DPA cur- 
rent) each positive test pulse (Ep+) was followed at 0.5-sec in- 
tervals by two negative control pulses (Ep-) that had half the 
amplitude of the test pulse. As a rule 64 such pulse sequences were 
applied for each voltage, and all records were added algebraically 
yielding the asymmetrical displacement current. Voltage pulses 
were superimposed on a holding potential of E~= -98  mV (inside 
negative). The asymmetrical displacement current was first mea- 
sured without, and again with, DPA in the external solution. DPA 
currents were calculated as differences of such records. Least- 
squares fits of DPA currents were done on the computer using 
expressions for a one-barrier model. 

potential ~ [8, 20]. Finally, the bias potential ~ can be thought to 
include also a possible 'chemical' asymmetry between the two 
layers of the lipid bilayer. The rate constants k' and k" are then 
functions of the total voltage E - ~ .  For a symmetrical central 
barrier and a monovalent anion that senses the fraction c~ of the 
total voltage, the rate constants are given by the Eyring ex- 
pressions 

k '=kexPL 2 ~ 3  (5a) 

~F(E- ~)] (5b) 
k"=k exP k 2RT J" 

(Y is the Faraday constant, R the gas constant, and T the absolute 
temperature.) 

According to Eqs.(4) and (5), the surface concentrations N' 
and N" are functions only of E -  ~, of the parameter c~ and of the 
total concentratio n N~ of lipophilic ion absorbed to the membrane. 
Under the conditions of our experiments voltage steps to levels 
Ep+ (test) and Ep+ (control) were applied to the membrane be- 
ginning from the holding voltage E H. The time course of the 
current relaxations and the charge movements may be calculated 
from the differential Eq. (2) and the boundary conditions for the 
surface concentrations N' and N" at the voltages ~, E/4- and 
?-Er+ or ? -Ep  . 

Results 

Dipicrylamine Does N o t  Interact  with N a  Channels 

Description o f  the Transport Model  

Lipophilic ions have been postulated to move across a lipid bilayer 
membrane in three steps [20]: (i) adsorption from the aqueous 
phase to the lipid-water interface, (ii) translocation over the central 
barrier in the middle of the membrane, and (iii) desorption into the 
aqueous phase. The transport is strongly limited by the rate of 
diffusion in the water [8, 19], so voltage-jump experiments yield a 
large transient current, carried by adsorbed DPA ions that are 
translocated to the other side of the lipid phase, and a much 
smaller sustained current. For an analysis of the transient current, 
it is correct to consider the number of adsorbed DPA ions as a 
constant quantity. Then, the sum of both surface concentrations N' 
and N" equals a constant total concentration of DPA in the 
membrane 

N'+N"=N t (1) 

and the variations of the surface concentrations by jumps across 
the membrane (rate constants k' and k") 

dN' 
d~-= -k 'N '  +k"N", (2) 

dN" 
UN'-U'N", (3) 

dt 

cancel each other: 

dN' dN" 
- - +  =0. (4) 
dt dt 

The DPA ion senses the sum of several voltages on its way across 
the membrane. One is due to the external field imposed by the 
voltage clamp E. The others are the surface potentials and dipole 
potentials at both sides of the membrane, resulting in a bias 

In  t he  e x p e r i m e n t  o f  Fig.  1, N a  c u r r e n t  was  first 

m e a s u r e d  wi th  the  N a + - c o n t a i n i n g  ex t e rn a l  s o l u t i o n  

(solid curve).  T h e n  1 0 - T M  D P A -  was  a d d e d  to  t he  

s a m e  so lu t ion ,  a n d  N a  c u r r e n t  was  m e a s u r e d  aga in  

( d a s h e d  curve).  B o t h  r e c o r d s  are  c lose ly  s u p e r i m -  

p o s e d  i n d i c a t i n g  t h a t  the  p r e s e n c e  o f  D P A  ions  does  

n o t  m o d i f y  the  ga t ing  p r o c e s s  of  N a  channe l s .  If  

D P A  ions  are  t a k e n  up  by the  n e r v e  m e m b r a n e ,  t hey  
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Fig. 1. Effect of dipicrylamine on Na current. Solid line: control; 
dashed line: 5 rain after adding 10-vM DPA to the extracellular 
solution. Test pulse to -10mV,  applied after 50msec hyper- 
polarizing prepnlse to -110 inV. Temperature 13 ~ fiber 4A/77. 
Holding potential was - 70 mV in this experiment 
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Fig. 2. Asymmetrical displacement currents. Solid line: control (a); dashed line: 10 7M DPA (b). DPA translocation current (c) (difference 
of records (b) and (a)). Depolarization to 30mV from holding potential of -98mV. Fiber 3B/77. The areas under the on- and off- 
transients (c) represent charges of 40.8 and 44fC 

obviously are confined to membrane  areas where 
they do not appreciably interact with the Na  chan- 
nels. 

A large fraction of the normal  asymmetry current 
arises from the voltage-gated Na  channels (at least 
90~o in the axolemma of the squid giant axon) [10] 
and reflects transitions among different configu- 
rations of the Na  channel protein. Since D P A  ions 
do not interfere with this process, translocation 
currents of D P A  ions in the nerve membrane  should 
also be practically independent of the gating currents 
or vice versa, and may be separated by a simple 
subtraction method as described now. 

Dipicrylamine Ions are Translocated Across 
the Nerve Membrane 

Fig. 2 shows asymmetrical displacement currents 
measured with the node bathed in the Na-free, TTX- 
containing external solution. The current was first 
measured without (a) and again with 10 7M D P A  
added to this solution (b). It is clear that the displace- 
ment current is larger with D P A  (dashed trace) than 
without (solid trace (a)). The difference of the two 
records (c) follows a time course basically similar ot 
that of the gating current (a) and reveals properties 
expected for a D P A  translocation current. Thus, the 
integrals of the forward current during the pulse and 
of the reverse current after the pulse are almost equal 
(see legend of Fig. 2), and, as is shown later, this 
equality holds over a large range of potentials 
(Fig. 4B). The time constants of decay are about 

90 psec for the forward, and 20 psec for the reverse, 
current and are thus comparable to D P A  translo- 
cation time constants of Montal-Mueller membranes 
[7]. 

Fig. 3 shows time courses of the integrated cur- 
rents obtained for various test voltages between - 7 0  
and +90 mV. The traces (A) give the charge move- 
ments in the absence of D P A  (gating charge move- 
ment), traces (B) those in the presence of 10-TM 
DPA, and traces (C) the algebraic differences (DPA 
charge movement). Obviously, D P A  enhances the 
charge movement  over a large range of voltages. 

Fig. 4 plots the charges moved within the first 
0.5 msec after the make (circles) or break (squares) of 
the pulse. The DPA-induced charge movement  in 
Fig. 4B is somewhat less steeply dependent on vol- 
tage than the gating charge movement  in Fig. 4A and 
follows, as described in the subsequent analysis, the 
voltage dependence expected for a monovalent  
charge that moves between the membrane surfaces. 
These observations support the view that the ad- 
ditional displacement current is due to a translo- 
cation of D P A  ions adsorbed to the axolemma. It 
will, therefore, in the following be referred to as 
translocation current. 

The translocation current appeared, and reached 
its full size, within 3-4 min after D P A  was applied in 
the bath. The measurements analyzed in the sub- 
sequent sections were begun no earlier than 5 min 
after application of DPA. The effect of D P A  develops 
here faster than in lipid bilayer experiments [7, 8] 
probably because of the continuous perfusion of the 
nerve chamber (bilayers can adsorb as many D P A  
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Fig. 3. Families of integrated asymmetrical displacement currents. 
(A) control, (B) 10-7~4 DPA, (C) difference of (B) and (A). Test 
pulse varied in 20-mV steps between -70  and +90 mV. (A) gives 
the movement of gating charge, (C) the translocation of DPA. 
From same fiber as Fig. 2 
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Fig. 4. Steady-state gating charge (A) and DPA translocation (B) 
vs. voltage. Symbols: charges measured at 0.5 msec after the make 
(circles) and the break (squares) of the test pulse. Note that gating 
charge movement is not fully reversible within 0.5 msec because of 
'immobilization' [28], but DPA translocation is. The dashed curve 
in (A) represents Eqs. (6) and (10) with qma~-135fC, effective 
valency 1.4, ~ = - 2 5  mV and fits the gating charges. The solid 
curve in (B) describes the DPA translocation with qmax= 80 fC, 
--0.9, ~--20 mV; the dashed curve in (B) is the renormalized curve 
from (A) and shows the difference between the gating charge and 
DPA translocation characteristics. Arrows mark the midpoint 
potentials of the charge distributions. Fiber 3 B/77 

ions as are con ta ined  in a 1-mm thick layer  of 10-  7 M 

D P A  solut ion [7, 34]). 

Analysis of DPA Translocation Currents 

Our m e t h o d  of measur ing  the t r ans loca t ion  current  
exploi ts  the observa t ion  on bi layers  that  the d is t r ibu-  
t ion of D P A  ions sa turates  at ex t reme voltages.  Then 
a vol tage  step between a s t rongly  negat ive  vol tage  
towards  a more  negat ive  one should  p roduce  very 
litt le t r ans loca t ion  (nearly all D P A  ions being al- 
ready  on the respect ive surface), whereas  a posi t ive 
step should  t rans loca te  a fraction, or  a lmos t  all, D P A  

ions to the o ther  surface. Our  p rocedure  measures  the 
net charge movemen t  

Aq(t)=Eq+(t)-qo ]+2[q ( t ) - q o  ], (6) 

The t ime course of the charge d i s t r ibu t ion  function is 

q(O =qoo + [%-qoo] e ~/~. (7) 

Since the d is t r ibu t ion  curve of a monova l e n t  charge 
is ra ther  flat, a self-consistent  analysis  of the  charge 
t r ans loca t ion  has to consider  the charge t r ans loca ted  
at the ho ld ing  po ten t ia l  (qo) and  the charge  moving  
dur ing  the cont ro l  pulses t oward  a more  ext reme 
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distribution (q (t)-qo). Indeed, our translocation 
currents revealed a marked rising phase during pulses 
[Fig. 2, (c)] as expected if a rapid inward transient 
current was subtracted from the outward transient. 

The one-barrier model described before predicts 
at a given voltage E the time constant 

= r . . . .  ( 8 )  

cosh [2RFT ( O - E ) f  

1 
Zmax--2k (9) 

and the steady-state distribution of charge 

qoo = q~ax . (10) 
~F 

1 + exp [~-~ ( O - E ) ]  

The total concentration of lipophilic ions in the nod- 
al membrane can be calculated from 

j~, _ qmax (11)  
' F~A 

where A is the surface area of a frog node. In the 
following, this area will be assumed to be 50 gm 2 in 
agreement with a recent morphological study on the 
same preparation, yielding nodal areas of 30-60 gm 2 
(B. Uhrik and R. St~impfli, personal communi- 
cation). 

For analyzing a family of records as in Fig. 3 C, 
the individual curves were fit according to Eq. (6). 
The parameters c~ and ~ were given tentative values 
and were maintained for all curves of a family. The fit 
of each individual curve yielded an estimate for q .... 
and "Cma x. The procedure was repeated for different 
choices of c~ and ~b until the variation of qmax and rma x 
among all individual curves was minimal. The trans- 
location rate constant, k, and the total concentration 
in the membrane of DPA, N~, were then calculated 
from the average rmax and qma~ by Eqs. (9) and (11). 

The fraction of the membrane voltage that is 
effective between the adsorption planes of DPA ions, 
c~, had to be close to one for a minimal variation of 
qmax estimates, but had to be about 0.8 for a minimal 
variation of V~ax estimates. The phenomenon has 
been observed in experiments on artificial lipid bi- 
layers [8] and indicates that the empirical rate con- 
stant of DPA translocation varies less steeply with 
voltage than is consistent with the single-barrier mod- 
el. As a compromise we finally assigned to ~ the 
value 0.9, and calculated the other parameters on this 
basis. As already mentioned, this result shows that 
the translocation current reflects movements of 

monovalent charges between two surfaces that are 
close to the lipid-water interfaces of the nerve mem- 
brane. 

The optimal values of the midpoint potential, ~,, 
were found between 0 and 30 mV (~=0.9). Fig. 4B 
plots the translocation charges from one experiment 
versus the test voltage (symbols). The solid line repre- 
sents the net charges Aq(oo) calculated according to 
Eqs. (6) and (10); the parameters a r e  qmax=80fC, 
= 0.9, ~ = 20 mV. In this and in other experiments the 
translocated charge did not saturate within the range 
of voltages studied (saturation was, however, observed 
in one experiment with more positive test voltages of 
up to 126 mV). Therefore, the estimates of the mid- 
point potential were mainly determined through the 
voltage dependence of the translocation kinetics. 
They indicate that the DPA ions sense a bias poten- 
tial different from that of the gating charges of Na 
channels. Evaluation of the gating charges in Fig. 4A 
in terms of the same model (dashed curve) yields a 
midpoint potential of - 2 5  mV, close to that ob- 
served previously [-29]. 

We also studied the variation of the DPA ion 
concentration in the membrane (column N t in Ta- 
ble 1) with the DPA concentration of the bath (col- 
umn CoeA). The membrane concentration increased 
proportionally between 30 and 100 riM, but saturated 
and decreased again for larger concentrations (up to 
3 gM). The partition coefficient 

N~ 
fi = 2 CDp A (12) 

therefore became smaller at large bath concentrations 
of DPA. The saturation of the membrane concen- 
tration of DPA was accompanied by a decrease of 
the translocation rate constant k (Table 1), which has 
also been observed for the transport of lipophilic ions 
through artificial lipid bilayer membranes [8, 9, 33]. 

The concentration of DPA adsorbed in the nerve 
membrane, as will be discussed later, is much smaller 
than that adsorbed in artificial bilayers of lipid. For 
detecting artifacts due to complexation between DPA 
anions and some large cations used in our experi- 
ments on nerve, control experiments were done on 
bilayers with 0.1 e solutions of NaC1, KC1, CsC1, 
NH~C1, TMAC1, and TEAC1 for two DPA con- 
centrations in the bath. Bilayers of egg phosphatidyl- 
choline (3 • 10 -8 and 10-TM DPA, 25 ~ gave rate 
constants k of 420, 470, 460, 410, 480, 450 per second, 
and adsorption coefficients, in 10 .2  cm, of 2.9, 3.1, 
2.8, 3.0, 2.9, and 2.7, respectively. Thus there is no 
indication that the concentration of free DPA ion in the 
solutions used for nerve was lower than that present 
in solutions commonly used in bilayer experiments. 
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Table 1. Analysis of translocation current in the axolemma 
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CDpA/M r qmJ10-15 A- sec Zmax/#Sec k/lO 3 s-  ~ NfflO- 12 mol cm -2 fi/lO 3 cm 

3x10 -s 2 12_+4 41_+13 12 _+2.9 0.28_+0.09 4.7 
10 v 6 39_+5 54_+ 5 9.3_+0.8 0.90_+0.12 4.6 
3 x 10 v 4 29_+4 78-+15 6.4-+1.0 0.67_+0.09 1.1 
10 6 2 26-+9 110_+41 4.5_+1.2 0.60-+0.20 0.30 
3 x 10 .6 1 18_+1 77-+ 7 6.5_+0.5 0.41 _+0.02 0.07 

The analysis was done for a fixed value ~=0.9 and the optimal values of 0, ranging between 0 and +30inV. r is 
the number of translocation current families analyzed for each DPA concentration. 

In experiments with one nerve fiber (CDp A 
=100nM) the temperature was varied between 13 
and 23 ~ The total concentration of DPA in the 
membrane decreased by the factor of two between 13 
and 23 ~ (from 0.98 pmol/cm 2 to 0.53 pmol/cm2), 
whereas k increased simultaneously by 30~ .  This 
finding is consistent so far with the idea that in lipid 
bilayer membranes the adsorption of lipophilic ions 
is partly driven by entropy [8, 9]. More measure- 
ments are required, however, for an accurate estimate 
of the activation energies. 

Discussion 

The experiments show that the lipophilic anion dipic- 
rylamine is adsorbed to the axolemma of myelinated 
nerve and can be translocated across the membrane 
by brief voltage pulses. On the assumption that the 
total number of adsorbed DPA ions is constant 
during such relaxation measurements [8, 19], our 
experiments directly reveal the rate constant of trans- 
location across the membrane lipid, k, and the densi- 
ty of DPA ions adsorbed to the axolemma, N t (Ta- 
ble 1). These quantities are known for a variety of 
artificial lipid bilayers [6-8, 34]. Hence, properties of 
the nerve membrane may be deduced by comparison. 

Let us first consider the rate of translocation. In 
artificial systems, it has been shown to be strongly 
sensitive to the thickness of the lipid phase and to the 
dipolar potential of the membrane lipid. Electrostatic 
image forces create a potential energy barrier for ions 
in the dielectric of the membrane; the height of this 
barrier increases with thickness [26]. The dipolar 
potential presumably originates at the level of the 
ester linkages of the membrane lipid. These linkages 
form dipoles, with the negative poles (oxygens) orien- 
ted towards the water. The interior of the membrane 
becomes therefore electrically positive with respect to 
the aqueous phases. The difference can be several 
hundred millivolts [23]. Reducing the dipolar poten- 
tial (e.g. by forming the film from lipids with ether 
linkages) reduces the rate of translocation for lip- 
ophilic anions [7]. 

We find for the rate constant, k, values near 
104/sec at 13~ (Table 1). Such a rate constant is 
clearly at the upper end of the range measured for 
artificial membranes. Solvent-containing, 4-5 nm 
thick bilayers yield values between 4 x 102/sec and 
103/sec at 25 ~ Montal-Mueller membranes [5, 25], 
which are almost free of solvent, are thinner and give 
larger rate constants, e.g., 8.5 x 103/sec (25 ~ for a 
2.5 nm thick bilayer of dioleoyl phosphatidylcholine 
[7]. Thus the part of the axolemma probed by the 
DPA ion is likely to be even somewhat thinner than 
2.5 nm, and its dipolar potential is not likely to be 
smaller than that of the dioleoyl phosphatidylcholine 
membrane. This thickness is consistent with capacit- 
ance and X-ray diffraction measurements on other 
natural membranes ( see  Ref. [31] for a summary). It 
is considerably smaller than the twofold length of the 
fully extended C18-chain (4 nm) and would indicate 
that the hydrocarbon chains of the axolemma are in 
the disordered state implied by a fluid membrane. A 
large dipolar potential of the axolemma might seem 
incompatible with the large cation currents through 
the Na and K channels. Gramicidin pores, however, 
are shielded from the lipid by only a single layer of 
polypeptide and conduct monovalent cations at an 
even higher rate; their conductance varies little 
among lipid bilayers with different dipolar potentials 
[4]. 

While the axolemma appears as quite similar to a 
thin lipid bilayer so far, the amount of dipicrylamine 
adsorbed to the axolemma is considerably smaller. 
The apparent partition coefficient fi (Table 1) is no 
larger than 5 x  10 3 cm (13~ In Mueller-Rudin 
membranes of egg phosphatidylcholine, the partition 
coefficient has a maximal value of 6 •  
(15 ~ or, in membranes of egg phosphatidylethanol- 
amine, of  2 • 10-2 cm (15 ~ (R. Benz, u n p u b l i s h e d ) .  

On the other hand, the saturation characteristics of 
the axolemma are very similar to those of an artificial 
bilayer [34]. The surface density of DPA, N t, is 
maximal at a bath concentration near 10- 7 M, and it 
falls to ca. one-half maximum at 3 x 10-6M (Table 1). 
Thus the axolemma behaves as if about one-tenth of 
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its total area translocates DPA like an ordinary 
bilayer, and nine-tenths of its area either does not 
adsorb DPA or does not allow the translocation of 
DPA. We also find no obvious deviation from the 
exponential time course in the translocation current, 
like a superposition of several exponentials. If dif- 
ferent lipid domains [31] exist, their translocation 
characteristics for DPA must be either similar or 
much slower than those of the rest. 

Part of the nodal membrane area must be formed 
by integral proteins like the electrically excitable 
cation channels and cation pumps. For example, if 
each Na channel protein fills an area of 50 nm 2, then 
l0 s Na channels [12] would contribute 5 gm 2, or 
10 ~, to the nodal membrane area. All of the integral 
proteins together may form a considerably larger 
area, but are probably not the only factor for exclud- 
ing DPA from the axolemma. Thus such proteins 
may be surrounded by an ordered shell of lipid 
molecules ('boundary' lipid). The Ca 2+ pump protein 
of the sarcoplasmic reticulum, for instance, has been 
suggested to be intimately associated with 27 mol- 
ecules of phospholipid [22]; this would be a lipid 
area of about 27 x 0.6 nm 2~_ 16 nm 2. Such boundary 
lipids could be in an immobilized state preventing 
translocations of a lipophilic ion. Another important 
factor for exclusion of DPA anions may be negative 
charges of the lipids or integral proteins. In bilayers 
of negatively charged phosphatidyl serine, the par- 
tition coefficient for DPA follows the ionic strength 
in the way predicted by the Gouy-Chapman theory 
1-7]. An increase of the negative surface potential by 
-58  mV reduces the partition coefficient for 10-SM 
DPA c a .  tenfold. Indeed, surface potentials of the 
nodal membrane have been predicted from the effects 
of external protons or divalent cations on the gating 
properties of Na and K channels [13, 14, 17, 18]; 
estimates range from c a .  - 50 to - 9 0  mV at pH 7.4. 
A surface potential of this size would explain our 
observation, but it should be noted that these values 
may apply only to the vicinity of the ionic channels 
and that the surface potential may be smaller else- 
where. Both a shell of boundary lipids or negative 
charges of the Na channel protein could exclude 
DPA from the vicinity of the channels and prevent 
effects of DPA anions on the voltage-sensitive gating 
process (Fig. 1). Finally, the midpoint potential of the 
DPA distribution curve (Fig. 4B) indicates that there 
is only a small electrical asymmetry in the axolemma 
when the external voltage is zero. Hence, the DPA 
ion probes a membrane in which the electrical sur- 
face and dipolar potentials and the chemical asym- 
metries are approximately balanced between both 
sides of the membrane. 

Thus, partitioning and transport of DPA in the 

axolemma seem either to be very similar to those in a 
lipid bilayer membrane or at least the differences 
between both kinds of membranes can easily be 
explained. In any case it is not necessary to postulate 
a fundamental difference between the lipid part of the 
nerve membrane and lipid bilayers in order to ex- 
plain the somewhat different behavior of DPA. Con- 
rad and Singer [11], who studied the partitioning of 
chlorpromazine, 2,4-dinitrophenol, and 1-decanol, 
found the partition coefficient of these amphipatic 
compounds to be at least by 1000 times smaller in 
cell membranes than in lipid vesicle membranes. 
They explained the discrepancy by postulating that 
cell membranes, but not vesicle membranes, have a 
large internal pressure and therefore exclude amphi- 
patic molecules [11]. Our experiments with the am- 
phipatic compound DPA reveal a much smaller ratio 
of about 10 between the partition coefficients of a 
nerve membrane and lipid bilayer membranes and do 
not support the hypothesis of a large internal pres- 
sure in biological membranes. 

The authors wish to thank Drs. P. L~uger and R. Stgtmpfli for 
many helpful discussions and Dr. B. Hille for a critical reading of 
the manuscript. This work has been financially supported by the 
Deutsche Forschungsgemeinschaft (Sonderforschungsbereich 38, 
W.N., and 138, R.B.) 

References 

1. Andersen, O.S., Feldberg, S., Nakadomari, H., Levy, S., Mc- 
Laughlin, $. 1978. Electrostatic interactions among hydro- 
phobic ions in lipid bilayer membranes. Biophys. J. 21:35 

2. Andersen~ O.S., Fuchs, M. 1975. Potential energy barriers to 
ion transport within lipid bilayers. Studies with tetraphenyl- 
borate. Biophys. J. 15:795 

3. Armstrong, C.M., Bezanilla, F. 1973. Currents related to the 
movement of the gating particles of the sodium channels. 
Nature (London) 242:459 

4. Bamberg, E., Noda, K., Gross, E., L~uger, P. 1976. Single- 
channel parameters of gramicidinA, B and C. Biochim. Bio- 
phys. Acta 419:223 

5. Benz, R., Fr/Shlich, O., L~iuger, P., Montal, M. 1975. Electrical 
capacity of black lipid films and of lipid bilayers made from 
monolayers. Biochim. Biophys. Acta 394:323 

6. Benz, R., Gisin, B.F. 1978. Influence of membrane structure on 
ion transport through lipid bilayer membranes. J. Membrane 
Biol. 40:293 

7. Benz, R., L~iuger, P. 1977. Transport kinetics of dipicrylamine 
through lipid bilayer membranes. Effects of membrane struc- 
ture. Biochim. Biophys. Acta 468:245 

8. Benz, R., L~iuger, P., Janko, K. 1976. Transport kinetics of 
hydrophobic ions in lipid bilayer membranes. Charge pulse 
relaxation studies. Biochim. Biophys. Acta 455:701 

9. Brunet, L.J. 1975. The interaction of hydrophobic ions with 
lipid bilayer membranes. J. Membrane Biol. 22:125 

10. Cahalan, M.D., Almers, W. 1979. Block of sodium conductance 
and gating current in squid giant axons poisoned with quater- 
nary strychnine. Biophys. J. 27:67 

11. Conrad, M.J., Singer, S.J. 1979. Evidence for a large internal 



134 R. Benz and W. Nonner: Lipophilic Probe Ion in Nerve Membrane 

pressure in biological membranes. Proc. Natl. Acad. Sci. USA 
76:5202 

12. Conti, F., Hille, B., Neumcke, B., Nonner, W., St~impfli, R. 
1976. Conductance of the sodium channel in myelinated nerve 
fibres with modified sodium inactivation. J. Physiol. (London) 
262 : 729 

13, Drouin, H., Neumcke, B. 1974. Specific and unspecific charges 
at the sodium channels of the nerve membrane. Pfluegers Arch. 
351:207 

14. Drouin, H., Th6, R. 1969. The effect of reducing extracellular 
pH on the membrane currents of the Ranvier node. Pfluegers 
Arch. 313:80 

15. Evans, E.A., Hochmuth, R.M. 1976. Membrane viscoelasticity. 
Biophys. J. 16:1 

16. Fettiplace, R., Andrews, D.M., Haydon, D.A. 1971. The thick- 
ness, composition and structure of some lipid bilayers and 
natural membranes. J. Membrane Biol. 5:277 

17. Hille, B. 1968. Charges and potentials at the nerve surface. 
Divalent ions and pH. J. Gen. Physiol. g1:221 

18. Hille, B., Woodhui1, A.M., Shapiro, B.I. 1975. Negative surface 
charge near sodium channels of nerve: Divalent ions, monova- 
lent ions, and pH. Philos. Trans. R. Soc. London, B 270:301 

19. Jordan, P.C., Stark, G. 1979. Kinetics of transport of hy- 
drophobic ions through lipid membranes including diffusion 
polarization in the aqueous phase. Biophys. Chem. 10:273 

20. Ketterer, B., Neumcke, B., L~iuger, P. 1971. Transport mecha- 
nism of hydrophobic ions through lipid bilayer membranes. J. 
Membrane Biol. 5:225 

21. Keynes, R.D., Rojas, E. 1974. Kinetics and steady-state proper- 
ties of the charged system controlling sodium conductance in 
the squid giant axon. J. Physiol. (London) 239:393 

22. McIntyre, J.O., Wang, C., Fleischer, S. 1979. The insertion of 
purified D-/?-hydroxybutyrate apodelhydrogenase into mem- 
branes. J. Biol. Chem. 254:5199 

23. McLaughlin, S. 1977. Electrostatic potentials at membrane- 
solution interfaces. In: Current Topics in Membranes and 
Transport. F. Bronner and A. Kleinzeller, editors, p. 71. Aca- 
demic Press, New York 

24. Meves, H. 1975. The effect of holding potential on the asym- 
metry currents in squid giant axons. J. Physiol. (London) 
243:847 

25. Montal, M., Mueller, P. 1972. Formation of biomolecular 
membranes from monolayers and a study of their electrical 
properties. Proc. Natl. Acad. Sci. USA 69:3561 

26. Neumcke, B., Liiuger, P. 1969. Nonlinear electrical effects i~ 
lipid bilayer membralaes. II. Integration of the generalized 
Nernst-Planck equations. Biophys. J. 9 : 1160 

27. Nonner, W. 1969. A new voltage clamp method for Ranvier 
nodes. Pfluegers Arch. 309 : 176 

28. Nonner, W. 1980. Relations between the inactivation of Na 
channels and the immobilisation of gating charge in frog 
myelinated nerve. J. Physiol. (London) 299:573 

29. Nonner, W., Rojas, E., St~impfli, R. 1975. Gating currents in 
the node of Ranvier: Voltage and time dependence. Philos. 
Trans. R. Soc. London, B 270:483 

30. Pickar, A.D., Benz, R. 1978. Transport of oppositely charged 
lipophilic probe ions in lipid bilayer membranes having various 
structures. J. Membrane Biol. 44 : 353 

31. Sackmann, E. 1978. Dynamic molecular organization in ves- 
icles and membranes. Ber. Bunsenges. Phys. Chem. 82:891 

32. Singer, S.J., Nicolsola, G.L. 1972. The fluid mosaic model of the 
structure of cell membranes. Science 175:720 

33. Szabo, G. 1976. The influence of dipole potentials on the 
magnitude and the kinetics of ion transport in lipid bilayer 
membranes. In: Extreme environment: Mechanisms of Mi- 
crobial Adaptation. M.R. Heinrich, editor, p. 32I. Academic 
Press, New York 

34. Wulf, J., Benz, R., Pohl, W.G. 1977. Properties of bilayer 
membranes in the presence of dipicrylamine. A comparative 
study by optical absorption and electrical relaxation studies. 
Biochim. Biophys. Acta 465:429 

Received 1 July 1980; revised 18 November 1980 


