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The sodium-current voltage-clamp data of Haydon and Kimura obtained on squid nerves treated with n-pentane (J. 
Physiol. 312 (1981) 57) arc fitted with a previously described model (K.A. Rubinson, J. Physiol. 281 (1978) 14P; Biophys. 
Chem. 15 (1982) 245). The apparently complex action of the perturbant can be interpreted as due to a shift in shielding of the 
applied potential jumps, a change in channel conductivity, and an increase in the rate constant of channel shutoff. The shift in 
shielding due to n-pentane is found to be quantitatively the same for variables describing both kinetic and equilibrium 
quantities, which are independent. The transmembrane sodium potential remains unchanged, however. 

1. Introduction and background 

Until recently the experiments probing the 
sodium channels of nerve primarily relied on volt- 
age-clamping for the current-measuring assay. 
Patch-ciamping and noise spectral measurements 
are being used increasingly since a wider range of 
tissues can be probed. In both cases, one aim is to 
understand - or at least limit the possible choices 
of - the kinetic and structural models to explain 
the time-dependent and voltage-dependent sodium 
currents. 

In a simple clamp experiment the opening times 
of channels are distributed in time after the step- 
jump in potential. This behavior is clearly seen in 
patch-clamp noise-analysis experiments [l-4]. The 
distribution in opening times was originally desig- 
nated by the author as ‘heterogeneous kinetics’ 

l Address for correspondence. 

[5]. Subsequently, it has been found that analyses 
of this type have been done for numerous types of 
chemical reactions where the reactants retain at 
least some spatial order over the measurement 
time of the reaction. Included in these are fast 
solution reactions initiated by irradiation [6]. 

In analogy to these fast-reaction results, it was 
suggested that the opening-time distribution can 
result from a nonconcerted chemical process - 
simultaneous thermal and electrodiffusion of some 
part of the sodium channel - resulting in a confor- 
mational transformation of the channels [5,7]. 
Since the diffusing entity is likely to be bound 
within a macromolecular assembly, the motion is 
not diffusive in the usual sense of random free 
motion over an extensive time. Knapp et al. [S] use 
the term quasi-diffusive mode to describe motions 
of constrained submolecular units for which the 
motion cannot be discerned from conventional 
diffusion over the time course of the experimental 
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measurement. This quasi-diffusion proceeds over 
a distance of the order of 1 nm or less, and it 
cannot be observed in conventional ways that 
measure migration distances of 1 pm and larger. 
Nevertheless, the diffusion coefficient and viscos- 
ity associated with the quasi-diffusion over 0.1 ms 
and longer periods (the approximate time of the 
sodium channel kinetics) are expected to he of the 
same magnitude as for regular diffusion. 

As pointed out in extensive detail by Mac- 
Donald [9], time lags can be modeled as concerted 
processes or distributed ones. He notes that the 
concerted processes represent deterministic mod- 
els and the distributed lags represent stochastic 
models. The latter are expected [9]. This point of 
view previously had been extensively demon- 
strated in studies of the kinetics of reactions in- 
volving polymers. For instance, in relaxation mea- 
surements a distribution of relaxation times al- 
ways appears. Peterlin [lo] has presented a short, 
clear discussion of the origin of the heterogeneity 
in macromolecular translation. The theoretically 
more tractable and experimentally more accessible 
area of molecular rotation was treated generally 
by Cukier and Lakatos-Lindenberg [ll]. They 
showed how the introduction of anisotropy into 
the molecular environment results in a distribu- 
tion of relaxation times. This is abundantly ob- 
served at the atomic level in, e.g., r3C-NMR. 
Heatley and Begum [12] describe a number of 
different treatments of the distribution of relaxa- 
tion times found experimentally. One specific ex- 
ample is found in the relaxation of a protein 
sampled in the range 10-7-10-9 s by Miissbauer 
emission. The temperature dependence of the 
lineshapes could only be fitted by assuming oc- 
cupation of a distribution of conformations [8]. 

Thus, it would appear questionable whether the 
use of any small set of microscopic states describ- 
ing the kinetics of biomacromolecular systems will 
lend much chemical insight (such as structure- 
function relationships) into the sodium channel 
or, perhaps, allosteric enzymes. A notable effort 
was made by Horn and Vandenberg (131 to test a 
large number of kinetic schemes on noise-analysis 
data from sodium channels. All but one (see ref. 
14) other sodium channel kinetics model of which 
the author is aware are formulated using the con- 

certed kinetics of small molecular assemblies as 
well. A recent review by Fishman [15] outlines the 
majority of models of the sodium channel kinetics. 

The remainder of the paper is organized as 
follows. Section 2 contains a brief review of 
fundamental characteristics of the author’s model. 
In section 3 is a presentation of some data con- 
sistent with the model which have subsequently 
appeared. Section 4 follows with the results of the 
data fitting on n-pentane-treated nerves and the 
associated controls. Finally, section 5 includes 
some suggested interpretations of the results. A 
companion paper [lSa] presents a general discus- 
sion of interpretations (with continuum models) of 
the sodium channels’ Popen voltage dependence. 
P open data from both noise analyses and as derived 
here from clamp experiments are both included 
and are directly comparable. 

In both papers, the term ‘variable’ is used for a 
quantity in the curve-fitting equation used to fit 
the experimental data. The variables include rate 
constants, delay times, and quantities used to scale 
the currents (e.g., mA or mA cmm2). On the other 
hand, the term ‘parameter’ alludes to a quantity 
which appears in an equation describing relation- 
ships of the variables to, e.g., potential. The 
parameters include diffusion coefficients, charges 
of activation, conductances, and the like. 

2. Overview of the model 

As illustrated in fig. 1, the sodium currents are 
calculated as the product (mathematical convolu- 
tion) of a normalized Gaussian distribution of 
opening times, a normalized mathematical de- 
scription of the kinetics for a consecutive reaction, 

A2 C 2 D, 
closed conducting closed 

and a current factor which scales the product 
curve to the measured current. The Gaussian dis- 
tribution was chosen to approximate the true dis- 
tribution and to make the mathematics expressible 
in a closed-form equation. 

AS was demonstrated previously, the distribu- 
tion of opening times is consistent with a” origin 
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Fig. 1. The components of the nonhomogeneous kinetic model 
for the voltage clamp currents. (Top left) The opening times of 
the collection of channels are distributed in a Gaussian distri- 
bution characterized by a delay time to the peak of Ar and a 
width in time, (I. This is multiplied by the fraction of channels 
open over time (top right) to yield the kinetics of the channels. 
The resulting curve is multiplied by A, to fit the measured 
current (bottom). The data shown here are for the 50 mv 
depolarization of the nerve before pentane was added (‘A’). 
The fit illustrated is typical of those in this set. The values of 
the variables are given in table 1. 

in simultaneous electrodiffusion * and thermal 
diffusion processes. The characteristics of the 
Gaussian approximation are illustrated in fig. 2. 
The time distribution is a continuum. 

It should be understood that the distribution 
reflects an integral part of the kinetics. One might 
write the stoichiometric equation including the 
diffusional term in the following manner. 

(distributed continuum form) diff”ytA 2 C 2 D 

However, with good reason, this type of expres- 
sion has not been used to describe numerous 
chemical processes which involve both mass trans- 
port and Arrhenius-type rates: e.g., electrode 
kinetics [17,1X] and radiation-induced reactions 
[12]. One problem with this nomenclature is that it 
does not suggest the random transformations 
within the distributed forms nor the possibility of 

* A significantly different model utiliing electrodiffusive 
processes was created by Neumcke et al. [14]. A review of 
earlier considerations of electrodiffusion related to squid 
nerve appeared in 1965 [16]. 

Time b-ns) 

Fig. 2. The nature of the Gaussian time distribution approxi- 
mation. Graphs A and B show simulations of the distribution 
of transit times plotted as an arbitrary linear population vs. 
time. The curve shapes are sensitively dependent on the diffu- 
sion coefficient. A plot of l/Al found vs. the velocity is shown 
in C. Circles are from A, and squares from B. The dotted line 
in C shows the result expected in the limit of relatively slow 
diffusion - a Gaussian (symmetrical) peak appears. There is 
certainly some error associated with the use of a normalized 
Gaussian distribution in time. However, the mathematical and 
computational simplicity argues for its use. The number den- 
sity distributions shown in A and B are found as follows. The 
reactable species is assumed to be at distance x = 0 at f = 0 in 
a delta-function distribution. It becomes reactable as it reaches 
a distance d away. The resulting distribution in time is calcu- 
lated from the equation 

where M scales the distribution, D is the diffusion constant, 
and u the ion velocity. A constant value of d ts assumed equal 
to 10 A. Note the diffusion coefficient is lo-times larger for A 
than B. (A) D =l x10-” cm’ s-‘; o (sharp to broad) are 
2x10C3, l~lO_~, 5~10~~. 2x10-‘, ~xIO-~ cm SC’. (B) 
D=IxlO-‘* cm2 s-‘; u (sharp to broad) are 1X10m3, 5X 
10-4, 2x1o-4, 1x1o-4 cm s-‘. 

transitions from or to a number of different forms 
from an observable single state (such as A). 

Finally, one can consider the period of the 
presence of the conducting form, C, as a time 
window. The behavior within this time allows 
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inferences to be made about the preceding and 
following states of the system. However, firm con- 
clusions require more direct measurements of all 
the molecular states. Thus, the exact natures of 
states A and D are still open to wide surmise. 

With the present kinetic model, the following 
variables are used to fit the current-time curves: 
At, the delay time to the midpoint of the distribu- 
tion of times; Q, the standard deviation of the 
width of the distribution; k,, the on rate constant; 
k,, the rate constant for the decay upon pro- 
longed depolarization; A,, the scaling term for the 
current. From previous work [5,7] these variables 
in the equation describing the currents are found 
to possess the characteristic behaviors illustrated 
in fig. 3. The following characteristics of the graphs 
(fig. 3a-f) should be noted. 

h&g pat. ’ - 

0 V- 
OL 
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(a) A plot of l/At vs. potential is a straight 
line. The extrapolation of this line intersects the 
baseline at a potential V, from the holding poten- 
tial. 

(b) A plot of u vs. At 3/2 is a straight line.‘The 
extrapolation of this line towards the origin passes 
near to the origin. 
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(d) A plot of k, vs. potential has exhibited two 
types of behavior. One shows a horizontal straight 
line: k, is approximately constant. The other con- 
sists of a linear decrease followed by a linear 
increase with the minimum near the zero of trans- 
membrane potential. 

(e) A plot of A, vs. potential shows a rising 
phase and a linear falling phase. 

(r) A plot of the ratio of the measured value of 
A, (the dots in fig. 3e) to its expected value 
(dashed line in fig. 3e) vs. potential yields a curve 
with a rising portion reaching a plateau. This ratio 
was called f in the earlier papers. From single- 
channel measurements, it is now clearly the prob- 
ability of r: channel being open, which is usually 
designated by P or Pope,,. The data found from 
noise measurements and as derived here from 
voltage-clamping are directly comparable. 

Fig. 3. Graphs illustrating the behaviors of the variables of the 
nonhomogeneous model found when fitting experimental cur- 
rents. (a) The straight line resulting from plotting l/At vs. the 
depolarization potential is characterized by a slope propor- 
tional to an ion mobility over a fixed distance. The extrapo- 
lated V-intercept is at the point of the intramembrane zero 
potential. V, is the shielding potential. (b) The straight line 
resulting from plotting o vs. At312 is characterized by the 
square root of a diffusion coefficient. (c) The straight line 
resulting from plotting log k, vs. the depolarization potentid 
is characterizable by a single charge of activation. (d) The 
value of k, is essentially independent of potential. (e) A plot 
of A, vs. the transmembrane potential has a linear segment 
with a slope proportional to the conductance. (f) A plot of the 
proportion of channels open shows a sigmoid shape reaching 
saturation. Two parameters characterize it: a potential where 
P = 0.5 and a parameter describing the sharpness of the 
sigmoidal curve. 

3. Support for the model 

The values of the variables as determined from A number of characteristics and predictions of 
fitting of Haydon and Kimura’s voltage-clamp the author’s model have been confirmed. Among 
data [20] are listed in table 1. these are: 

The existence of the last step in a channel’s 
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Table 1 

Variable values found from curve fitting 

Experimental conditions [20]: external medium (mM) - 215 NaCl, 215 choline Cl, 10 KCl, 10 CaCl,. 50 M&I,, 10 Trisma (pH 7.6); 
internal medium (r&I) - 340 CsF, 400 sucrose, 10 NaCI, 10 Hepes (pH 7.3). Holding potential, - 70 mV. Prepulse protocol; holding 

potential/ - 90 mV (50 ms)/depolarization. Temperature (O C), 7 + 1. n-Pentane concentration, 275 CM. 

Depolarization 

(mv) 

Standard (‘A’) 

30 

40 
50 

60 

70 

80 

90 

+ Pentane (’ v) 
30 

40 

50 

60 

70 

80 
90 

Pentane removed (’ C’) 
30 

40 

50 

60 

70 
80 

90 

k, k, AI d A0 
(s-l) (s-‘) W) (PSI (mA cmm2) 

1108 709 436 239 1.333 

1890 700 250 157 1.921 
2667 595 186 108 2.520 

4140 574 139 34 2.407 

5 228 656 131 39 2.203 

6561 705 124 30 1.834 

9231 708 138 32 1.419 

2136 953 262 120 1.348 

3189 988 197 10s 1.751 
5269 818 101 48 1.435 

1279 896 115 32 1.254 

10838 957 106 29 1.051 

14744 1010 117 30 0.881 

13 501 995 91 10 0.644 

1000 735 800 419 0.452 

1380 652 419 250 1.243 

1970 599 252 84 1.853 

2816 603 199 69 2.133 

4368 543 157 45 1.808 

6 474 422 147 8 1.424 

8 789 483 157 6 1.198 

opening - characterized by k, - caused by an 
approximately monovalent charge transfer [21] 
across an interface. 

The probability of a channel being open changes 
with potential. Low at small depolarizations 
[4,21,22], it reaches an upper limit around -10 
mV transmembrane potential_ This result is derived 
from A, and described by POP,,. 

The slow inactivation upon prolonged depolari- 
zation, characterized by k,, may be voltage-inde- 
pendent [4,23,24]. However, some voltage-depen- 
dent effects also have been seen (ref. 25 and this 
work). 

The charge of activation involved with the rapid 
repolarization is found to be equal to that for the 
final channel-opening step as expected from the 
usual behavior [26] of such processes (but see ref. 
27). 

In addition, the model is in agreement with the 
observation by Fishman et al. [28] that the sodium 
channel noise spectrum indicates that a nonre- 
versible process is involved. 

4. Physical interpretation 

A physical interpretation of the events leading 
to the observed currents follows from the rela- 
tively simple behavior of the variables and known 
descriptive chemistry. 

4.1. From d t and (I 

Net ionic velocities are zero in the absence of 
an electric field. In the nerve, the peak of the 
distribution of transit times behaves as expected 
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for an electrodiffusion. Therefore, the linear ex- field - electrodiffusion - while the charge distri- 
trapolation of the ionic velocity to zero ~ l/At = 0 bution in the sheet simultaneously broadens due 
- indicates the true intramembrane zero potential to Brownian motion. These motions are related to 
at the region of the motion. The intramembrane the slopes of graphs of the types shown in fig. 3a 
zero potential does not occur at the holding poten- and b. The slope of fig. 3a is characteristic of 
tial as seen in figs. 3a and 5. The difference electrodiffusion; the slope of fig. 3b is characteris- 
between the holding potential and the l/At inter- tic of Brownian motion in the moving frame of 
cept is the voltage equivalent of the shielding - VS. reference. Therefore, the following conclusion is 
The following conclusion is suggested. suggested. 

(1) At the site of molecular action, the poten- 
tial jump is partly shielded - most likely from 
changing surface charges. (This effect was ex- 
pected by Cole [16] and also discussed in some 
detail in Haydon et al. [20,29] for alkane-treated 
squid nerves.) 

In the case of the sodium channel, the cause of 
the distribution of opening times may be viewed 
as the motion of a sheet of charges. As illustrated 
in fig. 4, the plane of the center-of-charge of the 
sheet moves under the influence of the external 

(2) Upon depolarization, the initial ionic mo- 
tion is diffusive. Both electrodiffusion and 
Brownian diffusion occur simultaneously (both 
quasi-diffusion). The process occurs inside the 
membrane. The description is equivalent to mo- 
tion described by the Fokker-Planck equation 
[30,31] although the explicit form of the differen- 
tial equation is not used. 

A directly measured diffusion coefficient of the 
sodium channel [32] agrees closely with the diffu- 
sion coefficient calculated from the model (ref. 5 
and this work)_ Both are in the range for general 
protein diffusion in membranes [19]. Because a 
one-dimensional diffusion involves atomic jumps 
in directions perpendicular to the measured direc- 
tion of travel, both transverse and lateral diffusion 
coefficients (for the quasi-diffusion) are expected 
to be of the same order of magnitude. The follow- 
ing conclusion is suggested. 

Fig. 4. Visualizing the charge movement associated with the 
delay time and its distribution. (a) The charged material is held 
in a narrow distribution at a distance C? from a conformation 
where the channel opening step - k, - can proceed. (b) After 
a depolarization, the charged material migrates and its distri- 
bution broadens. The shaded fraction possesses the correct 
conformation. (c) The same as (b) but with a larger depolari- 
zation so that the migration is faster and less time exists for 
diffusional broadening. At the right is illustrated the effects 
observed in the time domain for the two figures. 

(3) The diffusing species is a relatively large 
fraction of the entire sodium channel. The diffu- 
sion may be transverse or lateral. The matrix 
through which the quasi-diffusion proceeds may 
be the membrane, the protein assembly, or a com- 
bination of both membrane and protein. 

Since the measurements of the electrodiffusion 
and the thermal diffusion are made simulta- 
neously, we find that: 

(4) The magnitude of the net charge which 
diffuses can be determined from the data. When 
assuming a dielectric coefficient of unity and as- 
suming the charge transverses the full applied 
potential, the net charge moving has been found 
to be in the range of 3-15 elementary charges 
depending on the conditions. 

4.2. From k, 

The logarithmic dependence of k, on voltage is 
characterizable by a charge of activation, AZ* 
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[26]. Conclusions 5 and 6 follow from this. 
{5) After the initial diffusive motion, the next 

reaction step is characteristic of charging (or dis- 
charging) at an interface. The charge of activation 
is in the range of unity. This is a reversible (as 
opposed to a dissipative) reaction. Possible mecha- 
nisms for such behavior might be the filling or 
emptying of an ion site in the channel with an ion 
that crosses the solution/membrane interface. 

(6) The reversal of step 5 occurs when the 
external potential jump is reversed. This rapid 
channel turnoff is characterized by the same charge 
of activation. This process is commonly char- 
acterized by Hodgkin and Huxley’s &. 

4.3. From k, 

Conclusion 7 follows from the constancy of k,. 

(When k, does appear to be voltage-dependent, 
its relative change is small compared to that shown 
by k, or At.) 

(7) The slow turnoff upon prolonged depolari- 
zation (Hodgkin and Huxley’s h-process) may be a 
voltage-independent reaction. Voltage indepen- 
dence is consistent with a number of different 
physical processes: (a) Charge motion perpendicu- 
lar to the applied field; (b) the motion of neutral - 
e.g., ion paired - species; (c) a restoring force 
provided by protein chains of the channel acting 
as rubber-like springs. This last suggestion is sup- 
ported by evidence described in the following 
paper [15a]. 

4.4. From A, 

The voltage dependence of A, exhibits a rise 
followed by a linear downward-sloping segment. 
A straightforward analysis of the potential depen- 
dence of the A, curve yields the same results as 
found from multiple pulse experiments, 

(8) The extrapolation (if necessary) of the Iin- 
ear segment intersects the zero-current axis at the 
sodium transmembrane potential. 

The interpretation of the underlying molecular 
processes leading to the voltage dependence of P 
is the topic of the following paper. However, 

(9) The P vaIue reflects a quasi-equilibrium of 

the sodium channel which is stable over the milli- 
second time course of the experiments. 

5. Results of the analysis: the effects of n-pentane 

The data for the analysis were obtained from 
published data [20]. Approx. 15 current-time points 
were used for each curve with the number con- 
centrated at the early times through the peak. An 
example of a typical fit is illustrated in fig. 1. No 
correction for leakage was able to be made since 
the information needed was unobtainable. The 
precision of the numerical data was such that the 
uncompensated leakage produced by far the grea- 
test error. This error produces the largest effect in 
values of k,. 

The numerical values of the variables for the 
curves at each depolarization potential are found 
by using a non-linear least-squares fit of the data. 
The fitting program - which is the same one 
previously run on a mainframe system [S] - was 
translated into BASIC and run on a personal 
computer which operates with 16-bit precision for 
mathematical calculations (Commodore 8032). The 
values of the variables found here from the experi- 
mental currents are listed in table 1. 

Graphical presentations of the variables found 
from data fitting are shown in figs. 5-10. The 
parameters characterizing the variables found from 
the data fitting are summarized in table 2. It 
should be noted in passing that because straigbt- 
line relationships are expected in the plots, ran- 
dom errors from the data can be averaged. As an 
extra benefit, deviations are easily seen and stan- 
dard deviations can be calculated. 

The slopes and/or intercepts of the best-fit 
lines of each of the six types of graph are char- 
acterized by parameter values. These are 

Fig. 5: I$ and the slope d(l/At)/dv for l/At 
vs. the depolarization voltage. 

Fig. 6: D (using an assumed average distance) 
for u vs. At312 

Fig. 7: AZ* for log k, vs. the depolarization 
voltage. 

Fig. 8: {k2) for k, vs. depolarization voltage. 
Fig. 9: a conductance for the linear portion of 
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-a- 

0 20 40 60 80 
mV Depolarization 

Fig. 5. A plot of l/At vs. depolarization voltage for the three 
sets of data. (0) The standard (‘A’), (0) with pentane present 
(‘B’), (A) after recovery (‘Cl). The letters refer to the entries in 
table 1. Parameter values for the curves are listed in table 2. 
The experimental conditions are listed in table 3. The straight 
lines are least-squares fits to the data. 

6 

0 
0 4 8 12 16 

at 3h~ 10”bec 3/2 ) 

5001 , , , , , , ,I 
0 20 40 60 80 

mV Depolarization 

Fig. 7. Plot of log k, vs. depolarization voltage for the three 
sets of data. (0) The standard (‘A’), (0) with pentane present 
(‘B’),(A) after recovery (‘C’). The straight lines are least-squares 
fits to the data. The slopes are equivalent to a decadic change 
in (A)68 mV,(B) 59 mV and(C)62 mV. 

A, vs. V and a value for V,, assuming a linear 
extrapolation to A, = 0. 

Fig. 10: shown are two of possibly many differ- 
ent ways to characterize P vs. V. These two are 
discussed briefly below and in more detail in the 
following paper. 

As can be seen from figs. 5-10 and table 2, the 
following properties are left unchanged by the 
presence or absence of n-pentane: 

(a) V,,, the sodium transmembrane 

Fig. 6. Plot of cr vs. At’/* for the three sets of data. The larger 
values are from the smaller depolarizations. (0) The standard 

mV Depolarization 

potential 

(‘A’), (0) with per&me present (‘B’), (A) after recovery (‘Cl). Fig, 8. Plot of k, vs. depolarization voltage for the three sets 
The straight lines are least-squares fits to the data. The fitting of data. (0) The standard (‘A’), (0) with pentane present (‘B’), 
equations are: (A) 46.84r 3’2 -3.0~10~‘; (B) 31.9Ar3” -4.3 (a) after recovery (‘C’). The straight lines are least-squares fits 
X1O-6; (C) 34.961~‘~~3.2~10-~. to the data. 
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’ lil 1 I, 13 t-,1 

\I 
(table 2, line 7). The values agree within 6 mV. 

I> 
>\ (b) AZ*, the net charge of activation for the 

3- \\ 
‘, \\ 

last step of activation (the process characterized 
by k,) (table 2, line 1). The lines plotted in fig. 7 
are essentially parallel. 

-60 -40 -20 0 20 40 60 
V (mV1 

(c) The intramembrane ionic velocity - specifi- 
tally of the entity/entities responsible for the 
electrodiffusion effects (table 2, line 3). The slopes 
of the lines in fig. 5 are nearly parallel and without 
correlation with the presence of pentane. 

The observed changes in the voltage-clamp cur- 
rents can be explained by changes in three proper- 
ties of the nerve. These are: 

Fig. 9. Plor of A, vs. transmembrane potential voltage for the 
three sets of data. (0) The standard (‘A’), (0) with pentane 

present (‘B’), (A) after recovery (‘C’). The straight lines are 
least-squares fits to the data on the solid line. 

Table 2 

Table of numerical results from data fitting a 

Line 
number 

A 
(Standard) 

B 
( + 215 uM uentane) 

C 
(after recoverv) 

From log k, plots (fig. 9): 
(1) AZ* (at 6“C) 0% O.Y, 0.90 

From l/At plots (fig. 5): 

(2) v, 15., mv 4.e mV 20., mV 
(3) d(l/At)/dAV (ion mobility)-’ 1.6 x 10’ V-’ s-’ 1.5 x lo5 1.3x105 

From k, plots (fig 8): 

(4) (k2) 6., x102s-t 9.,x102 s-t 
From o vs. At 3/2 plots (fig. 6): 

- 0 
(5) D ford=lOA 4.4X10~“cm2 s l., x10-l’ 2.4x10-t’ 

From A, plots (fig. 9): 
(6) conductance, & 39 mS cm-2 19.5 29.3 
(7) VNa (linear extrapolation) +56mV +54mV +60mV 

From Q vs. At3j2 and l/At plots (figs. 5 and 6): 

(8) 2 3.5 gik-2 5.1 
(constant d; full AV, c ‘1) 

From plots of P (fig. 10): 
Nemst analysis 

(9) f&o, -34mv _ -3OmV 
(10) net charges -2., -3.R 
Complementary error function 

(11) VP-,, -33 mv _ -3OmV 
(12) Factor in 44.5 70.9 

erfc[factor ( v - V,,,)] 
(V in volts) 

Shift in true internal zero potentiaf relative to standard: 
(13)Fromlog k, at k,=800 0 (std) -12mV CYmV 

(14) From l/Ar extrapolation 0 (std) -11 mV +5mV 

(15) From plots of P 0 (std) -1SmVb +4mVE 

a Estimated errors are approximately one unit in last digit or five in subscript digits (from statistics of linear fit of parameters). 
h One point only. 
’ At mid-point (P = 0.5). 
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-80 -60 -40 -20 0 20 

V(mV) 

Fig. 10. Plot of P vs. transmcmbrane potential voltage for the 
three sets of data. (0) The standard (‘A’), (0) with pentane 
present (‘B’), (A) after recovery (‘C’). The solid lines arc 
least-squares fits to the data with the equation P = [exp Q/(1 
- exp Q)] where Q = - [ z( V - Vp_0.5)/0.024] at 6°C. The 
dashed line is fitted by P = erfc[factor.(V- Vp_o,s)] with V in 
volts. 

(1) A shift in shielding of the intramembrane 
region from the external field (table 2, lines 13-15 
derived from lines 2 and 9 or 11). This is seen in 
three different parameter plots: those for l/At, 

k,, and P (figs. 5, 7 and 10) vs. voltage. The 
results from all three agree within the experimen- 
tal and calculational errors. 

(2) Lowering of the Na conductance in the 
presence of n-pentane (table 2, line 6). As noted 
by Haydon and Kimura, only partial recovery is 
seen. This effect is seen in the slopes of the 
straight line segments of fig. 9. 

(3) Acceleration of the slow turnoff (kz in- 
creases) in the presence of n-pentane (table 2, line 

4). 
Since the values for CT are less sensitive to the 

data fit, the value of D characterizing them is less 
certain. It is not clear whether there is: 

(4) A possible decrease in diffusion coefficient, 

D, of the body/bodies in the membrane (table 2, 
line 5). 

One cause of the changes seen upon applying 
pentane may be: 

(5) An increase of the net charge on the mov- 
ing body/bodies in the membrane (table 2, line 8) 
in the presence of pentane. Again, this conclusion 
is less certain due to the relatively large scatter of 
the u values. 

Finally, the sigmoidal graph of P vs. potential 
is sharper after the partial recovery from the pen- 
tane perturbation (table 2, lines 10 and 12). This 
reflects changes in the quasi-equilibrium state of 
the channels. 

6. Discussion 

This section is divided into two parts. First, the 
conclusions of Haydon and Kimura’s analysis are 
compared with the results of this analysis. Second, 
some possible molecular properties of the channel 
which can be inferred from the data and this 
model are presented. 

6.1. Descriptive parameters 

Within the formalism used here, the changes in 
sodium currents can be explained somewhat more 
simply than done using the Hodgkin-Huxley model 
as done by Haydon and Kimura [20]. With regard 
to the kinetics: both of the models indicate a 
change in the channel turnoff rate. And both 
suggest a shift in the intramembrane voltage 
shielding. On the one hand, Haydon suggests that 
the turn-on rate constant changes depending on 
conditions. However, the results from the rate 
analysis here demonstrate that these changes are 
due to the shielding alone: the linear plots of 
log k, and l/At are shifted equally. 

It should be noted that the values of k, are not 
as constant here as they appear for other data 
analyzed in an earlier paper [5]. Among the rea- 
sons may be the lack of resistance compensation 
and/or the leakage of the membrane. One expects 
to need the greatest resistance compensation with 
the largest currents. The values of k, seem to be 
inversely dependent on the magnitude of the in- 



K.A. Rubinron /Effects of n-pen&me on voltage-clamped sodium current 53 

ward current indicating a possible dependence on 
this factor. 

The conductance of the clamped area of the 
membrane decreases with the application of n- 
pentane and partially recovers upon returning the 
nerve to its original solution. Both formalisms 
indicate this point. 

The quasi-equilibrium P value is the probabil- 
ity that a channel is open, and is directly compara- 
ble to the same quantity found from single-chan- 
nel measurements. As seen from table 2, lines 
13-15, the P value curves are shifted due tq 
shielding by the same amount as found from the 
kinetics. This is an independent measure of the 
shift since A, is independent of the form of (nor- 
malized) kinetics. 

The voltage and conductance shifts are such 
that the full P curve is not obtainable from the 
n-pentane-treated nerve. However, the partially 
recovered membrane indicates that the curve may 
be sharper in the presence of pentane. There are 
two different functions used to fit the curves: the 
Nernstian form and a complementary error func- 
tion which is the integral of a Gaussian curve. The 
Nernstian function is the same, in effect, as that 
used by Hodgkin and Huxley to fit the h, curves 
and were used by Haydon and Kimura [20] in 
their fig. 4. The sharpening of the curve implies an 
increase in the charge in the presence of pentane. 
This point is discussed below. 

6.2. Information of underlying processes 

In addition to the descriptive variables, the 
changes in their associated parameters suggest 
possible underlying causes for the action of pen- 
tane. For instance, AZ* - the charge of activation 
for the k, process - can be interpreted as a 
less-than-unit net charge associated with the rate- 
controlling step. On the other hand, if we assume 
that the charge is 1.00, the value then becomes the 
fraction of the transmembrane potential traversed. 
This is in the range of 80-95% and is in agreement 
with previous work [5]. * It appears that the value 
of AZ* remains unchanged in the presence of 

* The number AZ* was incorrectly given as 1.13 in ref. 5, p. 
256, and should have been 0.88. 

n-pentane. (The values are the same within a 
standard deviation.) Since V,, also remains un- 
changed, it appears that the presence of pentane 
has no effect on processes that occur within the 
solution environment. However, the similar shifts 
in potential of the plots of log k,, l/At and P,,, 

indicate that the potential inside the membrane 
does change with pentane. 

The parameter values indicate that while the 
ionic mobility changes only slightly if at all, there 
is a decrease in the diffusion constant when pen- 
tane is present. For the usual classical viewpoint, 
the diffusion constant decreases because of an 
increase in viscosity and/or an increase in size. 
(Of the two properties, we usually expect that the 
viscosity can be changed by relatively large 
amounts more easily.) If the viscosity increases, 
we expect that, ceteris paribus, the ion mobility 
will decrease **. However, it appears that there is 
an approximately compensating increase in the 
charge - 1 z ) (table 2, line 8) - which keeps the 
ion mobility constant. 

The calculated value of 1 z 1 is not independent 
of other, associated variables. Nevertheless, it does 
change in tandem with the steepness of the Pop,, 

vs. voltage plot, which is not dependent on the 
kinetics. (The Nemstian charge and the factor in 
the complementary error function used to fit the 
P Open curve (table 2, line 10 or 12) reflect the 
steepness.) Whether this charge-viscosity com- 
pensation is adventitious or causally related is still 
an open question. 

7. The sodium channel as a probe of polymer 
motion 

As opposed to most man-made polymers, the 
sodium channel as a protein is expected to be 
nearly monodisperse. In addition, the channels are 
oriented ~ fixed in the membrane and oriented 
relative to the applied electric field. The currents 
appearing while a channel is in the conducting 

** Related to the ion velocity, there is an error in ref. 5 in the 
last equation of the left column on p. 252. It should be 
u/force. The conclusions remain unchanged. However, the 
surrounding material is less viscous than noted. 
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(open) state offer a powerful probe of the presence 
of one specific channel conformation. This unique 
combination of properties may be useful in prob- 
ing fundamental questions of macromolecular 
conformation and relaxation. In addition, the vari- 
ations in the apparent shielding of the applied 
voltage - as seen in the wide variations of V, 
under different conditions - would appear to offer 
a sensitive probe of the solution/membrane inter- 
faces near the channel sites. 

Appendix: Determining the charge on the diffusing 
species 

The fundamental equation (eq. Al) relates the 
diffusion coefficient, D, to the velocity, u, due to 
the force, F, on a particle. 

kT F -=_ 
D u 641) 

In the equation, k is the Boltzmann constant and 
T the absolute temperature. A clear discussion of 
this equation appears in a review by Barker [33]. 

It is common to separate the processes of elec- 
trodiffusion and thermal diffusion through an ap- 
proximate model of the motion: a sphere of radius 
r passing through a homogeneous fluid with 
viscosity 9. As a result, the term 6sqr appears 
and yields the Stokes equation, eq. A2, and the 
Einstein-Stokes equation, eq. A3. 

F 

l)=6aqr 

kT 
D=- 

67rqr 

(A21 

(A31 

In measuring the distribution of firing times of 
the sodium channels in the clamp, both the ther- 
mal diffusion and electrodiffusion of the same 
entity (or entities) are quantified simultaneously. 
As a result, its net charge can be determined in the 
manner derived below. 

The force on a particle with 1 z 1 charges in an 
electric field is given by 

F=1.602~10-‘~1zI dynV-‘cm (A4) 

In other words, for an electric field of 1 V cm-‘, 

the force on a particle with unit elementary charge 
is F = 7.602 X lo-l2 dyn. 

The field, which is generated over the distance 
the charged species moves, is related to the ap- 
plied voltage by 

(A51 

where V,, is the potential across the membrane 
having taking the shielding V, into account; d the 
distance over which the charged species moves; + 
the fraction of the applied potential which appears 
across that distance; and E the effective dielectric 
constant. Note that 0 Q + zz 1. 

As a result, the force appearing in eq. Al can 
be written as 

Kff . (P F=1.602~10-‘~Izl~ (A61 

The velocity of the molecular species is simply 
related to At by 

d= vAt 

or 

u =&l/At) (‘47) 

Label the slope of the u vs. (At)3/2 graph with 
the Greek letter fl_ From the model [2], 

/3=&5/d 

Thus, 

D = l/j$j2 
2 t-48) 

and eq. Al may be rewritten. 

2kT -= 1.60~10-‘~JzI a#~ V& .-. 
&P -2 d c (l/At) 

(A9) 

Cancelling out the average-distance terms and re- 
arranging, eq. A9 becomes 

IzI= l_60ylo_‘2 .;-y-+ (AlO) 

For T = 280 K, eq. A10 yields 

IzI =o.,,;.Q+-+ 
eff 

(All) 
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The term 

(l/Al > 
V err 

is a constant and equals the slope of the plots of 
l/Al vs. the depolarization voltage. Thus, the 
value of 1 z ] C#B/C is fixed unambiguously by the 
parameters describing the experimental results. In 
reporting the values of 1 z ] found, it is assumed 
that E = 1 and that the entire potential is traversed, 

i.e., 4 = 1. Since 

O~+rlande~l, 

the reported values of 
for the true net charge. 
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