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ABSTRACT Potassium conductance-voltage curves have been determined for a
squid axon in high external potassium solution for a wide range of divalent cation
concentrations. A decrease in divalent ion concentration shifts the conductance-
voltage curve along the voltage axis in the direction of more hyperpolarized volt-
ages by as much as 9 mv for an e-fold change in concentration. When the divalent
ion concentration is less than about 5 mM, a further decrease does not cause a sig-
nificant shift of the conductance-voltage curve. These results can be explained by
assuming that on the outer surface of the membrane there is a negative fixed charge
which can bind calcium ions, and that the axon is sensitive to the resulting double-
layer potential. From our data, the best value for charge density was found to be
one electronic charge per 120 square angstroms, and a lower limit to be one elec-
tronic charge per 280 square angstroms.

INTRODUCTION

Frankenhaeuser and Hodgkin (1957) presented evidence that the potassium con-
ductance vs. voltage curve is shifted along the voltage axis as the external calcium
concentration is varied. They also described an explanation suggested by A. F.
Huxley that calcium ions may be adsorbed at the outer edge of the membrane and
thereby create an additional electric field inside the membrane without changing the
over-all potential difference between inside and outside. We consider a more specific
model of this type. We assume that there is a negative fixed charge at the outer
surface of the membrane giving rise to a double-layer potential, and that calcium can
bind to this fixed charge, thus partially neutralizing it. This model predicts the
observed direction of the shift of the potassium conductance curve along the
voltage axis. It also predicts that when the calcium concentration is sufficiently low,
a further decrease would cause only a slight further shift along the axis. This is
because in low calcium solution very little calcium is bound to the fixed charge and
so a further decrease in the amount of calcium bound has little effect.
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In order to test this prediction, we have measured potassium conductance-voltage
curves over a large range of calcium concentrations in high potassium solutions.
High potassium concentration in the external solution enables us to use very low
calcium concentrations without the problem of repetitive firing. Also, we avoid the
difficulty, pointed out by Frankenhaeuser and Hodgkin, that for axons immersed
in an artificial sea water and voltage clamped near the resting potential, other ions
beside potassium contribute substantially to the steady-state current.

A preliminary report of some of the results has previously been given (Gilbert and
Ehrenstein, 1965).

METHODS

Squid (Loligo pealei) axons were voltage clamped at 10°C in a manner previously described
(Ehrenstein and Gilbert, 1966), unless otherwise indicated. Increasing depolarizing pulses
were applied before increasing hyperpolarizing pulses in order to obtain reproducible re-
sults (Ehrenstein and Gilbert, 1966). By this procedure the effects of long time con-
stants on the potassium current were minimized. A liquid junction potential of —4 mv was
assumed (Cole and Moore, 1960). The relative osmolarity was measured by the vapor pres-
sure method at 37°C with reference to the artificial seawater (ASW) composed of 10 mm
potassium, 430 mM sodium, 10 mm calcium, 50 mM magnesium, 560 mm chloride, and buff-
ered with 0.5 mM tristhydroxymethyl)aminomethane (Tris) to a pH of 7.8 & 0.1. Unless
otherwise stated all solutions contained 0.5 mM Tris, were at a pH of 7.8 = 0.1, and chloride
ion was the only anion. The other constituents used and the corresponding values of relative
osmolarity for the high potassium solutions are given in Table I.

In one set of experiments, the effect of a chelating agent, ethylene glycol bis (3-amino-
ethylether)-N, N'-tetraacetic acid (EGTA), was investigated. The log of the binding con-
stant of EGTA for calcium is 10.7 (Schmid and Reilley, 1957). For this set of experiments
the solutions were buffered with 5 mm Tris instead of 0.5 mM Tris; and the control solution

TABLE 1
CATIONIC COMPOSITION AND RELATIVE
OSMOLARITY OF HIGH
POTASSIUM SOLUTIONS

Relative
Mag- osmolarity
Solution Potassium Calcium A8 (Artificial
nesium
seawater
= 1.000)

0.948
0.913
0.950
0.949
0.988
1.069
1.438
0.971

SSOONOE

160

ZQATmMOAWA
DEEEEg8EE
L88LLB oo b

448 BIOPHYSICAL JOURNAL VOLUME 9 1969



contained 500 mM potassium, whereas the experimental solution contained 480 mM potas-
sium plus 10 mM EGTA. Also, the artificial seawater was buffered with 5 mm Tris.

Conductance curves were obtained by dividing the steady-state currents (currents at 40
msec) by the difference between holding potential and the potassium equilibrium potential.
The resulting conductances were then normalized by making the maximum conductance for
each curve equal to one.

For values of resting membrane potentials within about 30 mv from zero, the potassium
equilibrium potential approximates the resting membrane potential (Curtis and Cole, 1942).
Therefore, for all solutions used, with the exception of the artificial seawater solution, it
was assumed that the potassium equilibrium potential was equal to the resting membrane
potential. For the artificial seawater solution, the potassium equilibrium potential was cal-
culated according to the Nernst potential assuming an internal potassium concentration of
400 mm (Hodgkin, 1958).

For the part of the conductance curve in which the slope is positive, the negative potential
(V2) at which the conductance is the average between the maximum and minimum was
measured, and was used as a convenient measure of potential effects.

In a few experiments, the currents were divided into a linear and a nonlinear component
(Lecar et al., 1967), and the conductances of these components were determined.

RESULTS

In Fig. 1, current-voltage curves are shown for solutions in which the potassium con-
centration is high, and the divalent cation concentration is varied. Curve II of Fig. 1
has two negative resistance regions, one for positive and one for negative values of
voltage. The one for negative values of voltage is more pronounced, and corresponds
to the negative resistance region of curves I and III. The effect of decreasing the
divalent cation concentration is to shift this negative resistance region to the left
and also to increase the magnitude of the inward current.

In order to separate these two effects and to demonstrate the voltage shift more
clearly, normalized conductance curves were plotted (Fig. 2) for the data shown in
Fig. 1. Included in this graph for comparison is also a steady-state conductance
curve for an axon immersed in artificial seawater. All the curves show the same gen-
eral shape; the effect of decreasing the divalent cation concentration is to shift the
conductance and the curves to the left. The linear and nonlinear components of cur-
rent were separated. Table II shows that the ¥y, value for the nonlinear component
of the conductance is practically the same as the V3, value for the total conductance.
Since potassium is the principal cation carrying current, both the linear and non-
linear components of conductance should be affected to the same extent. In Table I1I
and in the calculations to follow, ¥7,. for the total conductance curves were used.

Table III gives results of 20 experiments in which the divalent ion concentration
was varied. Generally, the effect of decreasing the divalent ion concentration was to
make V7,2 more negative. However, for low values of divalent cation concentration,
very little effect on V1, was observed. Decreasing the divalent ion concentration also
increased the maximum steady-state conductance and had almost no effect on the
resting membrane potential.
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FiGURE 1 Steady-state current (positive outward) vs. membrane potential (outside zero)
in high external potassium solutions. For each run, axon clamped at resting potential (R.P.)
1 @ 0 mM Ca*t, 0 mm Mg*, 500 mm K¥, 0 mv R.P. I |} 10 mm Ca*t, 50 mm Mgtt, 440
mM K+, 6 mv R.P. Il A 160 mMm Ca*t, 50 mm Mg, 440 mm K+ 1 mv R.P.

The effect of the high calcium solution (Fig. 2) could be due to the fact that the
solution was hyperosmotic, as was necessary to keep the potassium concentration
relatively constant. Therefore, the potassium concentration was decreased to make
the solution isosmotic. Fig. 3 compares the conductance curves for the hyperosmotic
and osmotic high-calcium solutions and shows that there is no hyperosmotic effect
on the steady-state conductance.

Manufacturer’s analysis of the potassium chloride showed that some calcium was
present as an impurity. For the 0.5 M potassium chloride used in our nominal di-
valent cation-free solution, this amounts to 0.01 mm calcium. Leakage of calcium
from the axon and Schwann cell could increase the calcium, perhaps to 0.1 mM. In
an effort to reduce the calcium in the external medium, a calcium-chelating agent
(EGTA) was added to a divalent cation-free solution. As shown in Fig. 4, the steady-
state conductance of the 10 mm EGTA divalent cation-free solution was not changed
from the steady-state conductance of the divalent cation-free solution.
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FIGURE 2 Steady-state conductance vs. membrane potential. Curves I, II, and III cor-
respond to curves I, II, and III in Fig. 1. Curve IV is for an axon immersed in seawater.

TABLE II

ANALYSIS OF TYPICAL EXPERIMENTS INTO LINEAR AND
NONLINEAR CONDUCTANCE COMPONENTS

Linear Maximum
. . . 1%
Calcium Magnesium conductance nonlinear VienL. 12t0tal
conductance

my mu mmho/cm? mmho/cm?

0 0 4.20 9.44 —70 -72

10 50 1.72 9.50 —46 —44

160 50 0.740 5.50 —31 -31

Vwen.y. is the membrane potential at which the conductance is one-half the maximum conduc-
tance for the nonlinear component.
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TABLE III
EFFECT OF DIVALENT ION CONCENTRATION ON NERVE PROPERTIES

. Mag- No. of Maximum Resting
Calcium . Vi .
nesium exp conductance potential
mu my my mmho/cm? my
0 0 4 —67 + 2.4 15.9 & 2.5 1.5 % 1.3
2 0 3 —61.3 + 6.1 13.0 = 1.6 1.3 & 2.0
0 10 2 ~70 + 4 11.6 &= 0.8 51
0 50 1 —63 15.1 3
10 50 5 —43.6 + 3.4 79 14 1.2 +1.5
40 50 1 —48 13.7 2
160 50 4* -29 + 1.1 6.5 £ 0.5 —

* Two experiments contained 215 mM potassium and two experiments contained 440 mm po-
tassium. Since no difference was observed, they were grouped together.

V12 is the membrane potential at which the conductance is one-half the maximum conduc-
tance. All the nerves were immersed in either 500 or 440 mM potassium, unless otherwise indi-
cated.
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Ficure 3 Steady-state conductance in high calcium solutions. O 160 mm Catt, 50 mm
Mg, 440 mM Kt; maximum conductance = 6.2 mmho/cm?; resting potential = 1 mv.
@® 160 mm Catt, 50 mmM MgHt, 215 mm K*; maximum conductance = 6.3 mmho/cm?;
resting potential = —17 mv.
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FIGURE 4 Steady-state conductance in divalent cation-free solutions. © 500 mm K+*. @
480 mM K*, 10 mm EGTA.

DISCUSSION
Relative Effectiveness of Calcium and Magnesium

In order to plot all the data shown in Table II, it is necessary to make some assump-
tion as to the relative effectiveness of calcium and magnesium in shifting the con-
ductance curve. In Fig. 5, the shifts of conductance shown in Table III are plotted
as a function of divalent ion concentrations for three assumptions of the relative
effectiveness of calcium and magnesium.

It has been shown (Frankenhaeuser and Hodgkin, 1957) that magnesium is about
half as effective as calcium in shifting the conductance curve in seawater, and it is
likely that the same ratio applies to the high potassium solutions we have used. This
is one of the assumptions used in Fig. 5. The other assumptions were extreme cases:

(a) magnesium is just as effective as calcium,

(b) magnesium is completely ineffective.
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FicUre 5 Effect of divalent cation concentration on shift of steady-state conductance
curves. [J Assuming Mg and Ca are equally effective. O Assuming Mg is half as effective
as Ca. A Assuming Mg is completely ineffective.

Negative Fixed Charge Model

In this paper, we invoke a negative fixed charge model to explain the voltage shift of
the conductance curve caused by varying the divalent cation concentration. We do
not have an adequate explanation for the magnitude change. Perhaps, it is due to
some channels becoming completely nonfunctional.

We assume a negative fixed charge uniformly distributed over the outer surface
of the axon membrane (Tasaki et al. 1961), at least in the vicinity of the potassium
channel. A negative fixed charge on the inner surface of the membrane has been in-
voked by Chandler et al. (1965) to explain shifts of sodium conductance parameters
along the voltage axis when the ionic strength is varied. We further assume that cal-
cium ions from the external solution can bind to the negative fixed charges, thus
tending to neutralize them. There is evidence that calcium might bind to the bio-
logical membrane (Manery, 1966). The negative fixed charge that is not neutralized
by calcium gives rise to a diffuse double layer since the cations in the external solu-
tion are preferentially attracted toward the membrane surface while the anions are
repelled. This causes the outer surface of the membrane to be more negative than the
bulk of the external solution. If we adopt the usual convention of designating the
membrane voltage as the intracellular electrical potential minus the extracellular
electrical potential, then the effect of the negative fixed charge on the external surface
is to make the membrane potential more positive. Thus, if calcium concentration is
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decreased, the negative fixed charge is increased and the membrane voltage is made
more positive. Therefore, less positive voltage-clamp pulses are required to obtain a
given conductance, and decreased calcium concentration should shift the con-
ductance curve to the left, as it does in Fig. 2. Furthermore, the shift should be a
simple translation along the voltage axis, which is in rough agreement with Fig. 2.
When calcium concentration is sufficiently reduced so that very little is bound to the
negative fixed charges, further reduction will not change the potential significantly,
and the conductance curve will not be shifted much more. Similarly, the conductance
shift should saturate for high calcium concentration. Fig. 5 clearly demonstrates the
low calcium saturation, but the high calcium saturation cannot be seen. We assume
this is because of the experimental limitation on high calcium concentration.

In these experiments, we are essentially titrating the negative fixed charge with di-
valent cations. The difference between the asymptotic potentials for very high and
very low divalent cation concentrations is a measure of the titratable surface fixed
charge density. The total fixed charge density may be greater because some negative
fixed charge is not titratable or because univalent potassium cations bind to some
sites. In fact, there is evidence for the latter (Goodford, 1966; Goldman, 1968;
Ehrenstein and Gilbert, 1968).

Since we have only observed one asymptote, we cannot directly determine the
fixed charge density. But we can make use of the shape of the curve relating voltage
shift to divalent cation concentration to estimate the missing asymptote, and thus the
fixed charge density. Also, without resorting to curve fitting, we can set a lower limit
for the difference between asymptotes, and thus set a lower limit for the fixed charge
density.

Derivation of Relation Between Divalent Cation Concentration and Voltage
Shift

The potential difference across the double-layer increases with increasing charge
density of the membrane phase, but decreases with increasing ionic concentration in
the solution. The reason is that the potential difference depends roughly on the
product of the double-layer charge magnitude and the average separation between
positive and negative charges. As the ionic concentration in the solution is increased,
there are more counterions close to the surface, and the average charge separation is
decreased.

According to the kinetic theory of the diffuse double-layer (Grahame, 1947), the
expression relating the double-layer potential, the surface fixed charge density and
the ionic concentrations in the solution is:

1 [« —Z:FV e
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where o negative fixed charge density

constant at a given temperature

number of ionic species

concentration in the external solution of ionic species i

valence of ionic species 7

Faraday = 96,500 coul/mole

potential difference across the double-layer

gas constant = 8.314 joule/°K mole

temperature of the axon = 283° K

The parameter G is a function of the dielectric constant and temperature:

o= (2) (i)

where N = Avogadro’s number = 6.02-10% electron/mole
D = dielectric constant of water = 84.11 at T
D, = permittivity of free space = (4r) (8.85-10~2 coul’/newt m?)
When C is expressed in moles/liter and ¢ is expressed in electronic charge/square
2
A, then G = 270( A
electronic charge
density can also be expressed as follows:

- -,
| [ T O |

N RTNAO®Q
I

) (mole/liter)!/2. The negative fixed charge

1
&

(3)

1
774
where 4 = average area per electronic charge
d = average spacing between charges
The Donnan or Boltzman factor can be used to determine C,, , the concentration
of ionic species i at the external membrane surface, as follows:

Cp; = Cie 757 (4)
where
F

The value of H = 0.041 mv—1 V is the potential at the external membrane surface
minus the potential in the external solution. This potential difference is, therefore,
negative for the negatively charged membrane. It is related to our measured ¥7,: by:

V="Vy,—B (6)

where B and V3, are in mv and B is an unknown constant,
Some important approximations have been made in the derivation of equation 1.
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It is assumed that the dielectric constant in the double layer is constant and is equal
to the dielectric constant of the solvent in the bulk solution. The negative fixed
charge sites are also assumed to be uniformly distributed on the membrane surface.

In the derivation of equation 1 the electric field in the membrane is neglected.
This electric field appears to be quite small compared to the electric field in the ex-
ternal solution in all our experiments, since we always used high ionic concentra-
tions, i.e., at least 0.5 M (Chandler et al., 1965).

We assume that the negatively charged sites on the membrane can be neutralized
by divalent cations. The equilibrium constant for such a neutralization is:

MS
k=" 7
2 (7)
where k& = equilibrium constant
M,, = effective divalent cation concentration at the membrane

S free negatively charged site concentration
MS = neutralized site concentration
The relation between M, , the effective divalent cation concentration at the mem-
brane, and M, the effective divalent cation concentration in the external solution
is given by equation 4 where the valence is equal to two. The maximum number of
sites is:

S.= S+ MS (8)

where S; = maximum number of sites.
Combining equations 7 and 8 results in:

N 1
S T mLEl (9)

Since the negative fixed charge is equal to —ZN times the concentration of free
sites,

¢ _—~ZNS _ 1

ot —ZNS: kM, + 1 (10)

where ¢; = maximum surface charge. When ¢ = o,, then 4 = 4;, d = d;,
V = Vt, and Vl/z = Vl/2¢ . )

Since the negatively fixed charge sites become neutralized by the divalent cations,
it is implicit in our derivation of equation 10 that the negatively fixed charge sites
have an effective valence of minus two. We have also ignored any nonspecific
adsorption.

GILBERT AND EHRENSTEIN Potassium Conductance of Squid Axons 457



Combining equations 1, 3, 5, 6, and 10 results in:

kM ) = O - (1)
{E cierae=rd — 11}

tm=1

Equation 11 gives the relation between M and V3,2 . In our experiments, the ionic
constituents were K+, Cl-, Ca*t+, and Mgtt, so that n equals four.

Determination of Surface Fixed Charge Density

There are three unknowns (d. , k, and B) in equation 11, and we can determine them
by fitting this equation to our 20 experimental points. This is shown in Fig. 6, where
we have assumed that the effective divalent cation concentration is the sum of the
calcium concentration plus one-half the magnesium concentration (cf. Fig. 5).
The parameters used for the curves in Fig. 6 are:d, = 10 A, B =2 mv, and k =
0.0001 mMm,

The lower solid curve and the dashed curve were calculated for a potassium con-
centration of 0.50 M and a magnesium concentration of zero, and should correspond
to our data up to an effective divalent cation concentration of 25 mM. The upper

V—'z-(mv)

1 § 1
100 1000 10000

EFFECTIVE DIVALENT CATION CONC:= [Ca*]+ & [Mq*] (mM)

FIGURE 6 Theoretical fit of experimental voltage shifts for various divalent cation con-
centrations. The curves were calculated from equation 11. The lower solid curve was ob-
tained for potassium equal to 0.5 M and magnesium equal to zero. It is valid for our data
up to an effective divalent cation concentration of 25 mm. The upper solid curve was ob-
tained for potassium equal to 0.44 M and magnesium equal to 0.05 m. It is valid for effective
divalent cation concentration of 25 mM or more.
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solid curve was calculated for a potassium concentration of 0.44 M and a magnesium
concentration of 0.05 M, and should correspond to our data for greater effective
divalent cation concentrations. The difference between the two curves is quite
small, and is negligible at high divalent cation concentrations.

In Fig. 6, two of the points for M = 185 mM were obtained from experiments
where the potassium concentration was only 215 mM. According to equation 11,
however, this would change the ordinate by only 1 mv compared to the ordinate for a
potassium concentration of 440 mm.

The above parameters should also be corrected for activity coefficients. The mean
activity coefficient of 0.5 M KCl is equal to 0.65 (Conway, 1952). If the concentra-
tion of the divalent cation is ignored, then the actual value of G should be divided
by the square root of 0.65. Using this corrected value of G increases the value of
d. to 11 A. Thus, 4, in our experiments gives a value of 120 A% Multiplying M by its
activity coefficient in equation 11 would also increase our estimate of k. This esti-
mate, however, is only within an order of magnitude.

Each of the parameters in equation 11 influences the curve of Vy2 vs.In M in a
quite different manner (cf. Fig. 6). A change in the parameter B, which depends
upon the reference point for the measurement of the voltage shift, merely shifts
the curve up or down along the ¥y, coordinate. A change in the parameter X,
which depends upon the strength of the binding between divalent cations and nega-
tive fixed charge sites, shifts the curve left or right along the In M axis. The parame-
ter d, , which is a measure of the fixed charge density, determines the amplitude of
the curve.

The maximum slope of the ¥y vs. In M curve is determined primarily by d,,
but is also influenced by k. When k is large, the sites become saturated at low con-
centrations of divalent cations (cf. equation 7), and the curve in Fig. 6 is shifted to
the left. In this case, the slope is relatively independent of k, and maximum slope
can be related directly to d;, as shown in Fig. 7. In our experiments, k was rather
small, and Fig. 7 is only roughly true. For example, d; = 10 A corresponds to a
maximum slope of 7.2 mv/e-fold change of M in Fig. 7, compared to a value of
9.2 from the more accurate equation 11.

The amplitude of the V7,2 vs. In M curve is completely independent of k and B.
The asymptote for high divalent cation concentrations can be seen from equation
11 to be:

Vi = B. (12)

The asymptote for low divalent cation concentrations can be obtained by using a
simplified version of equation 1 valid for uni-univalent ions:

2 ap . H
o = —=C"sinh = V. (13)
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FiGure 7 Relation between average charge separation and maximum rate of change of
voltage shift for large values of equilibrium constant k.

This equation is valid for our experimental conditions at low divalent cation con-
centrations, since 0.5 M potassium chloride was present. Combining equations 3, 6,
10, and 13 results in:

d‘Z[kMe—ZH(V”g—B) + l] = I';G . ( 14)
2C** sinh = (Vi; — B)

The asymptote for low divalent cation concentration occurs when M = 0 in equa-
tion 14 and is:
_ 2 .., G
V1/2—B—ﬁsmh ZCI—W' (15)
The amplitude of the V7,2 vs. In M curve is the difference between the values of V;,.
in equations 12 and 15:

Amplitude = 2 sinh™ -2

H 2C 24 (16)
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Amplitude vs. d, from equation 16 is plotted in Fig. 8. The amplitude correspond-
ing to d; = 10 A is 68 mv. Even if our curve-fitting is inaccurate, however, the
amplitude is at least 38 mv (cf. Fig. 6 and Table II). From Fig. 8, this gives a maxi-
mum value for d, of 15 A. After correction for activity coefficients, this gives a
lower limit for fixed charge density of one electronic charge/280 square A.

In our calculations, we have assumed that the negative fixed charge is uniformly
distributed. Cole (1969) has shown that if the charge distribution is discrete rather
than uniform, then more charge is required to produce a given potential. This ef-
fect increases our calculated charge density by a factor that may be as great as 2.5,
depending upon the particular geometry of the charges with respect to the current
flow.

Another assumption, which we have made, is that the negative fixed charge
sites are either divalent or at least occur in closely spaced pairs. However, if the
negative fixed charge sites are univalent, then it is possible that a sufficiently large
concentration of divalent cation could result in a net positive charge on the mem-
brane surface that is as great in magnitude as the original net negative charge. In
this event, the voltage difference between asymptotes in Fig. 6 would correspond to a
change in surface charge density of twice our maximum surface charge density
rather than iust the maximum surface charge density. Thus, this effect would pos-
sibly decrease our calculated charge density by a factor of two.

Since the nonhomogeneity of the sites and the possibility of univalent sites have
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FIGURe 8 Relation between average charge separation and maximum voltage shift. Re-
lationship calculated from equation 16. The value of C was set equal to 0.5 M.
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opposite effects on our estimation of the charge density, it would appear that the
value of one electron charge/120 square A is our best estimate for the external
negative surface charge density.

Comparison With Other Charge Density Measurements

Our data indicate a maximum slope of about 9 mv/e-fold change of divalent cation
concentration. Previously, Frankenhaeuser and Hodgkin (1957) obtained a slope
of 6-9 mv/e-fold change of calcium for squid axons in solutions containing 10 mm
potassium. These investigators also found a similar shift in the sodium conductance.
Therefore, if the negative fixed charge model is correct, it is likely that the charge
density of one charge/120 square A applies to the sodium channels as well as to the
potassium channels.

Calcium also produces a similar voltage shift on myelinated nerve (Albrecht-
Biihler, 1968; Frankenhaeuser, 1957; Hille, 1968), lobster axon (Julian et al., 1962),
cockroach nerve (Narahashi, 1966), and muscle (Frankenhaeuser and Lénnergren,
1967; Hagiwara and Takahashi, 1967).

Dan (1947) found that changes in calcium concentration shifted the zeta potential
in eggs of the sea urchin, Strongylocentrotus pulcherrimus. On a semilog plot similar
to our Fig. 6, the shifts were linear for relatively high concentrations of calcium,
but departed from linearity for low calcium in a manner qualitatively similar to our
results. Thus, Dan’s electrokinetic results may also be explained by this negative
fixed charge model.

Several other cations have also been shown to produce similar voltage shifts
(Blaustein and Goldman, 1968), presumably by the same mechanism.

It is also possible to determine the charge density by varying the ionic strength
with no divalent cations (cf. equation 13). This technique was used by Chandler
et al. (1965) to determine the charge density at the internal side of the squid axon
membrane near the sodium channel. They found a charge density of about one
electronic charge/700 square A. Using a rather indirect method, Rojas and Atwater
(1968) estimated the charge density at the internal side of the squid axon near the
potassium channel to be about one electronic charge/1600 square A.

It would be interesting to compare these values of surface charge density near
the ionic channels with the average charge density for the entire axonal membrane.
But such a value is not available. The charge densities for other membranes, as
measured by electrophoresis, appear to be smaller. Elul (1967) has found that the
surface charge density on the membrane of cells of a variety of types, including
cerebellar neurons and erythrocytes, is nearly the same, but could not measure the
value directly. The value for erythrocytes, however, had been previously measured
(Abramson et al., 1964), and is about one electronic charge/2000 square A. Re-
cently, Segal (1968) has used electrophoresis to measure the surface charge density
at the shear surface of squid and lobster axons. Since there are closely held layers
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of Schwann cell and connective tissue surrounding these axons, it is quite possible
that his measurement applies to these surrounding cells rather than to the axonal
membranes. In any event, he found a charge density for squid axons of one elec-
tronic charge per 80,000 square A.

There are no inconsistencies in the measurements mentioned above. In the re-
gion around the conducting channels, the surface charge density appears to be
somewhat greater on the outside than on the inside, but it is not yet possible to
compare these values with the average surface charge density over the entire axonal
membrane.
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