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Abstract. A fast component of displacement current 
which accompanies the sodium channel gating current 
has been recorded from the membrane of the giant axon 
of the squid Loligoforbesii. This component is character- 
ized by relaxation time constants typically shorter than 
25 #s. The charge displaced accounts for about 10% (or 
2 nC/cm 2) of the total displacement charge attributed to 
voltage-dependent sodium channels. Using a low noise, 
wide-band voltage clamp system and specially designed 
voltage step protocols we could demonstrate that this 
component: (i) is not a recording artifact; (ii) is kineti- 
cally independent from the sodium channel activation 
and inactivation processes; (iii) can account for a signif- 
icant fraction of the initial amplitude of recorded dis- 
placement current and (iv) has a steady state charge 
transfer which saturates for membrane potentials above 
+20 mV and below -100 inV. This component can be 
modelled as a single step transition using the Eyring- 
Boltzmann formalism with a quantal charge of I e- and 
an asymmetrical energy barrier. Furthermore, if it were 
associated with the squid sodium channel, our data 
would suggest one fast transition per channel. A possible 
role as a sodium channel activation trigger, which would 
still be consistent with kinetic independence, is discussed. 
Despite uncertainties about its origin, the property of 
kinetic independence allows subtraction of this compo- 
nent from the total displacement current to reveal a rising 
phase in the early time course of the remaining current. 
This will have to be taken into account when modelling 
the voltage-dependent sodium channel. 
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Introduction 

The analysis of displacement charge movements generat- 
ed by voltage-dependent ion channels provides basic in- 
formation for quantifying the structure-function relations 
of ion channels. This includes the identification of states 
corresponding to the channel conformations observed in 
ionic current recordings and the estimation of the quantal 
charge involved in voltage-dependent transitions be- 
tween these states. The voltage-dependent sodium chan- 
nel shows a particularly complex kinetic behaviour (e.g. 
Bezanilla 1985), which has led to the proposal of models 
having up to 16 states (e.g. Bezanilla and Taylor 1982). 
The characterisation of the voltage-dependent properties 
of the transitions between these states is a difficult task 
and two general approaches for the analysis of displace- 
ment currents have been employed, separately or in com- 
bination, with the aim of observing a limited number of 
transitions: chemical modification of the channel function 
(e.g. Stimers et al. 1985) and using voltage step protocols 
designed to restrict charge movements between a subset 
of states (e.g. Armstrong and Bezanilla 1977; Greeff et al. 
1982). One desirable feature of this latter approach is that 
the channels should still function as close to their normal 
mode of behaviour as possible. 

Recently we have adopted this approach to study dis- 
placement charge movements in the membrane of the 
giant axon of Loligoforbesii occurring between the subset 
of states the sodium channels occupy after inactivation 
(Bekkers et al. 1989, 1990). In this study, two states 
associated with the inactivation pathway were identified, 
the transition kinetics of which have a voltage-depen- 
dent relaxation between 50-100 ~ts. These two states 
were shown to be coupled to the lumped closed states 
of the activation pathway by a transition more than 
10 times slower. This latter transition corresponds to the 
recovery from inactivation states which is also observed 
in macroscopic current measurements (Armstrong and 
Bezanilla 1977). In addition, the high resolution record- 
ings enabled us to resolve a further component of dis- 
placement current for the first time in the squid prepara- 
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tion which became most evident after inactivating the 
sodium channels. The relaxation time of this component 
is typically less than 25 [As and up to 5-10 times faster 
than the speed of the fastest relaxations previously re- 
ported (e.g. Armstrong and Bezanilla 1977, Armstrong 
and Gilly 1979). Using kinetic parameters derived from 
the analysis, we have shown that the fast component can 
be modelled satisfactorily as a two state transition which 
is kinetically independent from the above mentioned in- 
activated states. Furthermore, we suggested that this fast 
transition was also present in the total displacement cur- 
rent as well, based on the form of the early time course of 
the displacement current recordings obtained for a depo- 
larising step without previous inactivation. This reason- 
ing followed from the presence of a fast current spike 
coinciding with the command pulse onset. This spike has 
a qualitatively similar form to that seen in records where 
the sodium channels are already inactivated and could 
not be accounted for by instrumentation asymmetries 
which might distort the initial time course of such wide- 
band recordings. These observations lend support to the 
hypothesis of there being an independent charge move- 
ment which parallels the main, sodium channel-associat- 
ed, gating charge movement. However, in this initial 
study, we were unable to separate kinetically the fast 
component from the total charge displacement and there- 
fore no direct evidence of kinetic independence could be 
provided in support of this hypothesis. Finally, the func- 
tion and origin of this component has remained some- 
what speculative. 

The purpose of this present study was to extend the 
work of Bekkers et al. (1990) by testing the hypothesis 
concerning kinetic independence more directly, improv- 
ing the accuracy with which the fast component could be 
resolved and examining in more detail its possible origins. 
We have used novel voltage step protocols which both 
restrict the voltage-dependent transitions contributing to 
the total recorded displacement current to those between 
a limited subset of states and take advantage of the rapid 
kinetics of the fast component, thereby facilitating its 
separation using exponential curve fitting. Interpretation 
of these data provided clear evidence that this component 
was a parallel transition, kinetically separable from both 
the inactivation resistant and total sodium channel gating 
charge. Furthermore, the fitting of these data to a model 
based on Eyring-Boltzmann transition rate theory has 
allowed an estimate of the quantal charge to be made 
which would be consistent with there being one fast tran- 
sition per sodium channel of the squid giant axon. Al- 
though no other direct evidence for its association with 
the sodium channel gating process was otherwise avail- 
able, the kinetic independence of this transition did allow 
us to obtain a more accurate description of the early time 
course of the main sodium channel-associated displace- 
ment current. The work contained herein has already 
appeared in abstract form (Forster and Greeff 1990b, 
1991). 

Materials and methods 

Preparation and recording chamber 

Giant axons from the squid Loligo forbesii, measuring 
700-900 [Am in diameter were dissected, fine cleaned and 
mounted in an air-gap recording chamber (Fishman 
1970; Forster and Greeff 1990a). The chamber had a 
central recording region 5 mm in length with two 6 mm 
long guard regions on either side. Porous dialysis tubing 
was threaded inside the axon, as described by Bullock 
and Schauf (1978), through which the solution determin- 
ing the internal ionic composition flowed under gravity 
feed. Bath solution temperature was controlled by feed- 
ing the solutions through a Peltier cooling element so that 
the bath temperature could be preset remotely. Most ex- 
periments were performed at 12 °C or less because fibre 
deterioration (see later) was diminished at lower temper- 
atures. 

Solutions 

After mounting the axon, the presence of sodium cur- 
rents was confirmed using solutions as follows (in mM): 
dialysis-330 tetramethylammonium fluoride (TMAF), 
20 NaF, 400 sucrose and 10 Hepes buffer and bath-430 
NaC1, 10 KC1, 10 CaC1 z, 50 MgC12, at pH 7.2. For gating 
current recording the solutions were changed to the fol- 
lowing (in mM): dialysis-350 TMAF, 400 sucrose and 
10 Hepes buffer at pH 7.2; bath- (/) Std-TRIS-TTX: 524 
TrisC1, 11 CaC12, 55 MgC1 z, and 1 [AM TTX, a tpH 7.4, or 
(ii) 1/5 Na-TTX: 103 NaC1, 11 CaC12, 55 MgC12, 421 
TrisC1, 1 [AM TTX, at pH 7.4. The Std-TRIS-TTX solu- 
tion was found to result in axon fatigue (Greeff et al. 
1982) leading to distortion of the early time course of 
displacement current and therefore was not routinely 
used (see Discussion). 

Voltage clamp and data acquisition hardware 

The voltage clamp hardware was based on a wide-band, 
low-noise design (Bekkers et al. 1986; Forster and Greeff 
1990a) incorporating improvements to chamber con- 
struction, internal voltage sensing electrode and clamp 
electronics. This permitted displacement currents to be 
registered with a typical signal-to-noise ratio of 50 at 
100 kHz bandwidth and with as few as 4 signal averages, 
thus ensuring that preparation rundown during the 
course of an experiment would be minimal. 

The design of the clamp feedback circuitry allowed up 
to 100% of the membrane series resistance (Rs) to be 
compensated with a typical true membrane risetime (10- 
90%) down to 3 [As being possible. The displacement cur- 
rents which flow in response to a change in membrane 
potential are inherently band-limited by the speed of 
membrane charging since this can be taken as the dis- 
placement current driving function. It has been shown 
that for a third-order clamp design, which very closely 
models the characteristics of the real clamp used here, the 
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3 dB bandwidth of displacement currents given by 2.2/zr 
rad s - 1  where z, is the membrane risetime (Forster and 
Greeff 1990 a). Since it would be desirable to charge the 
membrane at least five times faster than the fastest ex- 
pected relaxation to avoid significant distortion of the 
time course of the measured charge, the present clamp 
would be suitable for recording relaxations down to at 
least 15 Ixs. Usually somewhat less R~ compensation was 
applied (typically, 70-80%) for two reasons. First, with 
100% compensation, the presence of a slow tail in the 
capacitive transients of some fibres would have resulted 
in significant ringing of the transient and consequent dis- 
tortion of the displacement currents (see Discussion). In 
practice, R s compensation was increased to a point just 
before the onset of ringing as observed in the capacitive 
transient measured at the output of the clamp current-to- 
voltage converter (IVC)-this condition was termed criti- 
cal compensation (Greeff et al. 1982). Second, an im- 
provement in noise performance of the clamp could be 
obtained by reducing the % Rs compensation and con- 
comitantly increasing the loop speed to maintain the de- 
sired membrane voltage risetime (Forster and Greeff 
1990 a). 

Although a rapid membrane charging is necessary for 
wideband recordings, the associated increase in capac- 
itive transient amplitude will place greater demands on 
the dynamic linearity of the voltage clamp and data ac- 
quisition hardware. It was therefore necessary to com- 
promise on the available dynamic response of the clamp 
hardware so that hardware asymmetries, enhanced by 
these rapid signal transitions, did not introduce signifi- 
cant asymmetry artifacts during the initial time course of 
the displacement currents. This was achieved by both 
post-filtering of the clamp command input from the dig- 
ital-to-analog hardware using a 6 pole Bessel filter with 
variable risetime (typically set between 1-3 ~ts) and ad- 
justing the clamp natural frequency (Forster and Greeff 
1990 a). The magnitude and time course of such artifacts 
were measured with a dummy passive membrane simula- 
tion set up to give the same membrane current transient 
as observed from the axon using the same voltage step 
protocol. The artifacts so measured accounted for less 
than 20% of the fast component of charge observed 
(Forster and Greeff 1990 a). 

Data acquisition was performed using a laboratory 
interface (CED 502, Cambridge Electronic Design, Cam- 
bridge, U.K.) controlled by a LSI-11/73 processor (Digi- 
tal Equipment Corp., Maynard, Mass.) together with as- 
sociated display and storage peripherals. Analog-to-digi- 
tal (AD) conversion was done at either 3 or 5 gs per point 
using the CED hardware with 16 bit resolution or at 
0.5 gs/point with 12 bit resolution using a transient 
recorder (Model 1090AR, Nicolet) interfaced to the LSI- 
11/73 internal bus. The transient recorder master clock 
was synchronised to the CED clock using a phase locked 
loop so that no asymmetries due to clock jitter would 
appear in the recordings. In addition to the inherent filter- 
ing of the membrane currents referred to above, all data 
were filtered at 100 kHz with a 6 pole Bessel filter prior to 
AD conversion. For most experiments, synchronous data 
sweeps of 1024 points were acquired using both AD hard- 

ware systems. Transient and linear current elimination 
was achieved using a scaled back reference pulse between 

- 150 and - 180 mV. Linear transients were further sup- 
pressed prior to AD conversion using a two time constant 
active transient simulation network (Armstrong and Be- 
zanilla 1977) which provided a tenfold improvement in 
dynamic range with respect to the signal at the IVC out- 
put. Data acquisition software was written using DAOS 
(RT-11 version 6.0) (Mycon Technology, Melbourne, 
Australia) with additional machine code and Fortran 
routines for the CED-502 and transient recorder inter- 
faces respectively. 

Data analysis 

Data were reformatted into MS-DOS format and 
analysed offline using DAOS (MS-DOS version 7.2) (My- 
con Technology, Melbourne, Australia). After acquisi- 
tion, all currents were automatically normalised with re- 
spect to the membrane area based on a visual estimate of 
the axon diameter made at the time of mounting. Since 
errors in this procedure could lead to a subsequent spread 
of the pooled data, these were checked for later by com- 
paring the integrals of the uncompensated capacity tran- 
sients, assuming a constant intrinsic capacitance per unit 
area of membrane. In some cases the data were then ap- 
propriately scaled according to the mean estimate of in- 
trinsic membrane capacitance. The exponential curve fit- 
ting routine, based on the Chebychev transform (G. C. 
Malachowski, personal communication), was found to 
provide a particularly robust fit to signals in the presence 
of noise. In general, where it was suspected that more 
than one exponential was present, a multiple exponential 
fit was performed to confirm the number of resolvable 
exponentials present and provide initial estimates of the 
time constants involved. In some cases, where the separa- 
tion of time constants was large and the noise contamina- 
tion small, these fits were accepted accordingly, however 
in order to obtain the greatest accuracy in estimating time 
constants, particularly for the very fast component of dis- 
placement current under investigation here, an exponen- 
tial peeling off procedure was usually adopted. The slow- 
er components were thus successively peeled off with sin- 
gle exponential fits (i.e. where possible starting each fit at 
least 4 -  5 times the time constant of the next fastest com- 
ponent after the pulse onset) as determined from the trial 
multi-exponential fit, finally leaving the fastest compo- 
nent. For the fitting algorithm used here, this method 
gave significantly smaller errors compared with multiple 
exponential fitting for signals in the presence of noise as 
confirmed by a Monte Carlo comparison of the two fit 
procedures using simulated exponentials and added 
white noise. In particular, under some conditions it was 
found that for time constants separated by less than a 
factor of four, noise (which in practice might arise from 
residual 50 Hz components buried within the instrumen- 
tation noise) could give rise to additional exponential 
components-i.e, where there was only one known compo- 
nent, a "valid" fit to two exponentials could be obtained. 
Therefore it was found advisable to monitor visually the 
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fitting process and ensure that the fitted data did not 
show any singularities or irregularities with respect to the 
parameter under investigation. Finally, it was necessary 
to apply droop correction to some data which would 
have otherwise given erroneous fits. The so-called droop 
appeared as a non-linear leakage current which could not 
be eliminated by the transient-leak subtraction procedure 
and depended on both the fibre condition and bath solu- 
tion composition. The use of an ADC time window which 
extended well beyond the slowest relaxation was found to 
be advantageous here so that the droop component could 
be characterised accurately and fitted to a sloping base- 
line. The charge associated with the fast component was 
found by integration of the signal remaining after peeling 
off the slower components. The time course of this inte- 
gral after the fast component had settled was also used as 
a sensitive measure of the goodness of the fit since small 
errors in the peeling off procedure (e.g. setting the fit start 
too early) show up as slow fluctuations in the integral, 
which ideally should remain constant. The slower charge 
components were found from the product of the corre- 
sponding time constant and amplitude at the peak of the 
original signal. Both estimates of charge are prone to 
errors discussed in the Appendix. 

R e s u l t s  

We investigated the properties of the fast component of 
displacement current using two types of voltage step pro- 
tocol. The first type always involved a test voltage step 
between the same two potentials, chosen so that the fast 
component was easily detectable. With these protocols 
we explored the independence of the fast component from 
both the activation and inactivation pathways of the 
sodium channel system by varying the total amount of 
charge available for transfer during the subsequent test 
step. This was achieved by changing the time spent at the 
starting potential which itself was preceded by a long 
period of either hyperpolarization or depolarization so 
that channels had equilibrated between resting or inacti- 
vated states respectively. Assuming only memoryless ki- 
netic processes to be involved, it was expected that the 
same time constants would be present in the relaxation 
following the test transition for any given target potential, 
independent of the time spent at the starting potential. 
This would facilitate the identification of specific dis- 
placement current components and allow the recovery 
and interdependence of each component to be character- 
ised. For the second type of protocol, in which the voltage 
dependence of the fast component was explored, we took 
advantage of its faster kinetics so that it could be recorded 
over a range of test potentials in the presence of a reduced 
fraction of the slower components of displacement cur- 
rent. We expected this to result in an improved accuracy 
for the fast component charge estimation compared with 
our earlier study (Bekkers et al. 1990), since as will be 
shown, significant distortion of the fast component can 
arise due to the presence of slower components when the 
voltage clamp risetime is finite. 

Kinetic properties of the fast OFF component with 
and without an inactivating prepulse 

In this protocol the relative size of the main OFF (repo- 
larizing) displacement current components was varied 
with fixed target and starting potentials by depolarizing 
the membrane for a variable duration. First the test pulse 
was preceded by an inactivating prepulse so that channels 
would be expected to occupy the inactivated states only 
and the fast component ought to be easily detected. The 
same protocol was then repeated without a prepulse so 
that channels would now occupy resting states prior to 
the test pulse. 

Figure 1 A shows the displacement currents recorded 
using the voltage step protocol given in the inset. A test 
pulse from a holding potential of -100 mV to + 20 mV 
and lasting for seven durations between 50 gs and 2000 gs 
was preceded by an inactivating prepulse at 0 mV for 
20 ms. According to the steady state inactivation curve 
for normally inactivating sodium channels (e.g. Chandler 
and Meves 1970; Greeff et al. 1982), at the end of the 
prepulse all channels should be at equilibrium, occupying 
inactivated states. The interpulse gap of 300 ~ts at 
- 100 mV was chosen according to the criterion that this 
recovery period would allow sufficient time for equilibri- 
um to be reached between the inactivation resistant states 
at the holding potential without significant recovery from 
inactivation occurring (Armstrong and Bezanilla 1977; 
Bekkers et al. 1990). The potential jump was chosen to lie 
in a range in which the fast component would be easily 
detectable (Bekkers et al. 1990). It can be seen that both 
the ON (depolarizing) and OFF (repolarizing) displace- 
ment currents exhibit homogeneous relaxations showing 
either strict concavity or convexity respectively, over the 
whole test pulse duration td. The OFF current contained 
a very slow tail which has been shown to match the time 
course of recovery of the ionic current produced by nor- 
mally inactivated channels (Armstrong and Bezanilla 
1977) and more recently confirmed under the present ex- 
perimental conditions by Bekkers et al. (1990). Further- 
more, the initial amplitude of the more rapidly relaxing 
OFF current grew initially as td increased, however for 
td > 500 ~ts this remained constant. This behaviour would 
be consistent with there being an initial growth in the 
number of channels reaching the equilibrium condition 
for the inactivated states at + 20 inV. In turn this would 
be reflected in an initial growth in the OFF charge mag- 
nitude. For t~>500 gs, the ON current has almost re- 
laxed completely and this would place an upper bound on 
the amount of charge which could then be returned dur- 
ing the repolarisation step, giving rise to a constant initial 
amplitude of the OFF current. 

These observations were further quantified by curve 
fitting the data (see Methods). The homogeneous relax- 
ations shown here validated exponential curve fitting 
from the initial peak and backward extrapolation of fits 
starting after the peak, based on the usual assumption 
that the displacement currents could be described in 
terms of a sum of decaying exponentials. Figure 1 B shows 
by way of example the exponential fits (dotted curves) for 
the ON trace and the first and second last OFF traces of 
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Fig. 1 A-C. Effect of depolarising pulse duration td, o n  the OFF 
displacement current after previously inactivating sodium channels 
with a 20 ms pulse to 0 mV. A Typical recordings using the pulse 
protocol shown in the inset for td=50, 100, 150, 250, 500, 1000 and 
2000 ps. Vertical arrows indicate transitions of interest. B Records 
for the ON transition and two OFF transitions (t  d = 50, 1000 Its) on 
an expanded time scale. Dotted curves are slow component and 
the sum of the slow and intermediate components found by expo- 
nential curve fitting of these records (see Methods). The sum of the 
fitted exponentials was extrapolated backwards beyond the time of 
pulse transition and subtracted from the corresponding record to 
give the fast component for each t a. C Fast components separated 
from the records in A (except td=2000 ItS where insufficient data 
points were available for fitting) plotted on same time scale as B. The 
ON fast component is shown on a twice expanded amplitude and 
time scale in the inset. The undershoot of the basehne m arrowed. 
Sampling interval 3 Its, each record is the average of 16 sweeps, 
filtered at 100 kHz with a 6 pole Bessel filter, temperature 5 °C, axon 
K05NOV (1) 

Fig. 1 A on an expanded time scale. For  the O F F  traces, 
we fitted two exponentials by the peeling-off procedure 
which were termed the intermediate and slow (or recov- 
ery) components  according to their mean time constants 
(~) of 96.7_+6.7 gs and 1438+36 gs respectively. After 
peeling off the recovery component,  we were also able to 

fit the main relaxation to two further relaxations. How- 
ever these were only separated by a factor of two with a 
larger spread in r ' s  compared with the single exponential 
fit and were therefore not accepted in this study. For  the 
O N  trace, we fitted two intermediate speed components  
with ~'s of 129 las and 417 ps to the main relaxation start- 
ing about  135 gs after the initial peak. 

The backward extrapolation of these slow and inter- 
mediate components  clearly revealed the fast component  
in both the O N  and O F F  traces. After subtraction of the 
fitted exponentials the remaining fast components  of each 
trace are shown in Fig. 1 C. The area of the fast O F F  
component  (approximately-equal  to the charge trans- 
ferred-see Appendix) was nearly constant for td > 150 laS. 
It  was also noticably larger than the area of the fast O N  
component.  In fact the fast O N  component  also showed 
a slight undershooting of the baseline (see Fig. 1 C, inset) 
suggesting that the overall relaxation was not homoge-  
neous over the test pulse duration and therefore the inter- 
mediate speed relaxations could not be simply extrapolat- 
ed back to the time of pulse onset. Both the fast O N  and 
O F F  components  could be fitted well to a single exponen- 
tial decay. The O N  component  had a ~ of 12.3 gs and the 
mean -c of the 6 fast O F F  component  relaxations was 
18.3-t-0.6 gs. 

The same protocol  without a prepulse is shown in 
Fig. 2 A. Here the total O N  displacement current for the 
same - 1 0 0  to + 20 mV step as above did not show a 
homogeneous (convex or concave) relaxation but instead 
a definite shoulder was present. This precluded fitting 
multiple, decaying exponentials from the time of pulse 
onset to the O N  record. A small current spike preceding 
the shoulder was also seen (arrowed in Fig. 2 A) and con- 
firmed our previous observations (Bekkers et al. 1990; 
Keynes et al. 1990). However, in contrast to the O N  
records, the O F F  records appeared to have homogeneous 
relaxations which were qualitatively similar to those in 
Fig. 1 A, at least for small values of t d .  For  ta = 500 and 
1000 gs, a shoulder was also present. As in Fig. 1 A, the 
initial amplitude of the O F F  traces grew with t d which 
would be expected as more channels left the resting state. 
We found that for t d < 250 gs the main O F F  relaxation 
could be well fitted by one intermediate speed exponen- 
tial. For  larger td, two components  having ~'s separated 
by a factor of 4 or more gave the best fit. The ~ of the faster 
of these components  agreed well with that found for the 
single fit with t~ < 250 ~ts, having a mean of 110.5_ 8.0 gs 
over the range of t a investigated. This suggested that the 
slower component  was associated with the appearance of 
the shoulder. As shown in Fig. 2B when these compo-  
nents were extrapolated and peeled off, a fast relaxation 
remained which reached a constant amplitude for 
td < 150 gS and resembled the fast O F F  component  found 
using a prepulse (Fig. 1 C). This component  was then fit- 
ted to a single exponential with a mean -c for the first three 
records of 19.6+2.0 gs. We did not find a single decaying 
relaxation in the fast component  for b > 250 gs from the 
peeling off procedure, pointing to the invalidity of back- 
ward extrapolation of the intermediate components.  

Figure 3 summarises the kinetic parameters  obtained 
from the curve fitting procedure for the data of Figs. 1 and 
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Fig. 2 A, B. The effect of depolarizing pulse duration t a, on the 
OFF displacement currents following hyperpolarization of the 
membrane to - 100 mV. A Typical recordings using the pulse pro- 
tocol shown in the inset for td=50, 100, 150, 250, 500 and 1000 ~ts. 
Vertical arrows indicate transitions of interest. Arrow shows initial 
spike at test pulse onset which is followed by the characteristic 
shoulder in the ON record for this test potential. B Fast component 
separated using the curve fitting procedure (see Methods) shown on 
the same time scale as A. Note that the slight shoulder clearly visible 
in the OFF records for t a = 500 and 1000 Ixs severely distorted the 
fast component found by peeling off the fits for t a >_ 250 ~ts. Same 
recording conditions and axon as in Fig. i 

Fig. 2, where filled and open symbols refer to fits of  
records with and wi thout  an inactivating prepulse, re- 
spectively. In  Fig. 3 A the cons tancy of the fitted z's with 
t d confirmed the effectiveness of the fitting procedure  in 
extracting the kinetic components .  Such behaviour  would  
be expected for memoryless  processes with a constant  
target potential  ( - 1 0 0 m V ) .  The slight var ia t ion in z ' s  

with t d could be accounted  for by the sensitivity of  the 
fitting procedure  to noise and the reduct ion in the num-  
ber of  points fitted as t~ increased. This was part icularly 
noticable for the slow recovery component ,  which was 
also sensitive to fibre d r o o p  and any residual 50 Hz  with- 
in the baseline noise (see Methods).  On  the other  hand,  
the small increase in the intermediate z's with t~ (approx- 
imately 10% over the range of td investigated) might  indi- 
cate the existence of  addit ional  kinetic components ,  as 
observed in the case where no prepulse was used. Howev-  
er, these componen t s  would  have been difficult to detect 
with the fitting procedure  used here. Figure 3 B shows the 
charge magni tudes  (Q) associated with each fitted relax- 
at ion (see Methods).  The variat ion of  Q indicated a clear 
difference in the dependence on t a for the fast componen t  
compared  with the other  components .  Whereas  the Q of 
the intermediate componen t s  with or  wi thout  a prepulse, 
reached a limiting value only for t~ > 500 Ixs, the Q for the 
fast components  attained a plateau after 100 ps. The inter- 
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Fig. 3 A, B. Summary of the curve fitting data for the protocols of 
Figs. t and 2. A Fitted time constants (zr~t~a) plotted against depo- 
larizing duration t~. Filled symbols are from fits to data with an 
inactivating prepulse (Fig. t) and open symbols are without a pre- 
pulse (Fig. 2) for the same t~. • o: fast component; • ~: intermediate 
component and A: slow (or recovery) component. Data points joined 
with straight lines for clarity. Note that for ta > 500 ~ts two interme- 
diate OFF components were resolved when no inactivating prepulse 
was used. B Charge magnitude (Q) for each fitted exponential plot- 
ted against t d. Note that for td> 500 I~S where two intermediate 
components are found for the records without an inactivating pre- 
pulse, the slower relaxing component is associated with the smaller 
charge. For the fast OFF charge without a prepulse (open circles) 
only data for the first four values of ta has been plotted. Dotted curve 
is the intermediate ON charge QoN, which would be transferred 
during the ON period t d following a prepulse, for the faster of the 
two fitted ON intermediate components (see text). This has been 
plotted according to the equation: QoN=Q'oN(1-exp( - - td /ZON) ,  
where Q~N is the total ON intermediate charge (9.78 nC/cm 2) and 
Zor~ is the corresponding fitted time constant for this component 
(129 Izs). Data points joined by straight lines for clarity 

mediate O F F  Q with a prepulse recovered with a z of  
about  155 ~ts which was close to the faster intermediate 
O N  relaxation z (129 Ixs) using a prepulse. Fur thermore ,  
there was very good  agreement  between the recovery of  
this Q and the amoun t  of the faster intermediate O N  Q 
transferred during the depolar izat ion interval tn following 
a prepulse. This is shown in Fig. 3 B where the relation- 
ship for the expected O N  Q, using the fitted O N  z and 
corresponding  total O N  Q, has been super imposed on the 
data  (see legend, Fig. 3). This result suggested that  the 
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faster ON intermediate component and the O F F  inter- A 
mediate components were one and the same. Further- 
more, this behaviour was consistent with our previous 
findings concerning the inactivation resistant states of the mAlcm z 
sodium system (Bekkers et al. 1990). 

The similarity between the fast component O F F  z and 0"1 
Q with and without a prepulse also suggested that the 
same component  was present in both O F F  traces and 
further supported our previous conclusion that the fast 0 
charge is not influenced by the state of channel inactiva- 
tion (Bekkers et al. 1990), In contrast for the same voltage 
step, the fast O N  Q (1.1 nC/cm 2) was only 50% of the -0"1 
mean plateau value of the fast O F F  Q (2.2 nC/cm2). Al- 
though this would not be consistent with there being the 
same fast kinetic component  in both the ON and O F F  
records, closer examination of the time course of the fast 
ON charge (Fig. 1 A, inset) revealed a slight undershoot of B 
the baseline which would then reduce the effective charge 
found by integration. The presence of this undershoot 
suggested that backward extrapolation of all the fitted 0.10 
exponentials was invalid in this case i.e. the total relax- 
ation was not strictly concave. This could arise if part of rnA/cm 2 
the displacement current recorded with a prepulse had a 
time course with a rising phase related to the marked 
shoulder in records without a prepulse (Fig. 2 A). Assum- 00 5 
ing that this shoulder arose from charge movements of 
channels that had fully recovered from inactivation, then 
it was possible that during the 300 ~ts gap used here, some 
channels would have recovered to contribute to the rising 0 
phase component  and lead to distortion of the apparent 
fast component. 

0 mV +20 mV i - - - 

;i?i:Tk 
500 ~s 

I I 

A 

, 200)is , 

The effect of  recovery conditions on the fast ON current 

Here we investigated the above discrepancy between the 
magnitude of the fast ON and OFF  Q by studying the 
effect on the fast ON Q of  changing the duration of  the 
recovery interval which followed the inactivating pre- 
pulse. 

Figure 4A shows displacement current recordings 
from the same axon as above made using the protocol in 
the inset. The Na channels were inactivated by a prepulse 
to 0 mV for 20 ms and then allowed to recover at 
- 1 0 0  mV for an interval t,, in the range 100-4000 ~ts. 
The membrane was then depolarized to + 20 mV by the 
test pulse as before. As t, increased the initial amplitude 
of the ON displacement currents relaxed to that of  the 
record without a prepulse (tr= ~ )  (see also Fig. 2A). At 
the same time the shoulder seen in Fig. 2A appeared to 
mask progressively the fast component.  These ON 
records were curve fitted, starting the fit beyond the time 
when the fast component  should have relaxed fully based 
on the above estimate of  the fast ON z, and taking ac- 
count of  the inhomogeneous relaxation for larger tr. We 
fitted two intermediate speed components to all records 
with mean T's of  138 __+ 11 Ixs and 494 + 70 ~ts respectively, 
except for tr = 100 ~ts where only one relaxation of  137 ~ts 
was found. The faster of the two relaxations remained 
reasonably independent of  t ,  however the slower z 
showed a larger variation and was more sensitive to 

Fig. 4 A, B. Effect of recovery interval t r at -100 mV on the ON 
displacement currents. A Displacement current records for the 
voltage step protocol shown in the inset for t,= 100, 200, 400, 800, 
t 500, 2400 and 4000 ~ts. Records have been superimposed to show 
the growth in the shoulder and decrease in peak amplitude (indicat- 
ed) of the ON current as t, increases. Vertical arrow indicates start 
of curve fitting for the main relaxation. B Fast ON components 
found by peeling offfitted exponentials to the records in A, for t, up 
to 800 Ixs plotted on an expanded time scale. Superimposed is the 
total ON current for t, = ~ showing clearly how the initial spike 
coincides with the fast component. Same axon and recording condi- 
tions as in Fig. t. 

droop artifacts in the recordings (see Methods). Back- 
ward extrapolation of  these components followed by 
peeling off  produced the fast relaxations shown in 
Fig. 4 B. The peak amplitude of  the fast component  de- 
creased progressively and for tr > 200 ~ts a definite under- 
shoot of  the baseline was seen which coincided with the 
appearance of  the shoulder. 

The magnitude of  the fast ON Q for t, = 100 Ixs was 
2.0 nC/cm z which agreed well with the plateau value of  
fast O F F  Q of  2.2 nC/cm 2 shown in Fig. 3 B. This result 
was consistent with there being the same kinetic compo- 
nent in both O F F  and ON steps for the same potential 
change. It confirmed our hypothesis that recovery of  
channels during the interval t r would lead to a distortion 
of the extracted fast component.  I f  the current spike seen 
at the start of the ON records without a prepulse did 
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Fig. 5 A, B. Effect of changing the recovery potential V~ on the dis- 
placement currents with and without an inactivating prepulse and 
the peeled-off fast ON component. A Typical recordings for 
V, = - 120, - 100, - 80 and - 60 mV for a test pulse of + 20 mV and 
interpulse gap of 100 gs except for V , = - 6 0 m V  where a gap of 
500 ps was used. Arrow indicates the peak amplitude of the fast 
component in each case. Sampling interval 5 ps per point, tempera- 
ture 5 °C, each record is average of 4 sweeps, filtered at 100 kHz, 
axon I15NOV (1). B Pooled data from four axons for the same 
protocol m which the amplitudes have been normalised to the peak 
of the current recorded with an anactlvating prepulse. Lines are 
drawn through the mean for each V,. Normalised peak amplitude 
with prepulse: • and dotted line; normalised peak amplitude without 
prepulse: [] and dashed line; normalised peak amplitude for fast 
component: o and continuous line. Data from axons I8NOV, 
I14NOV, I15NOV, K25NOV. Note that  data for all four values of 
V, were not  available from each axon 

belong to the fast component,  then the initial amplitude 
of the fast ON component  for t ,=  100 gs should have 
been less than or equal to the initial amplitude of the total 
displacement current without a prepulse and this was 
indeed the case (Fig. 4 B). This finding suggested that the 
initial step onset of  the total ON displacement current, at 
least at recovery potential of - 1 0 0  mV, arose mainly 
from the fast component.  

The records shown in Fig. 5A confirm that this be- 
haviour is also consistent for other recovery (or starting 
potentials) V~, in the range - 1 2 0 m V  to - 6 0 m V .  
Recordings are shown for a different axon under the 
same experimental conditions as above, i.e. 100 ~ts recov- 
ery interval, except at V , = - 6 0  mV where this was 
500 gs. The displacement current with and without a pre- 

pulse together with the fast component,  derived from the 
former by the standard curve fitting procedure, have been 
superimposed. The fast component  was consistently con- 
tained within the total current without a prepulse, al- 
though we observed some variation between experiments 
which could be accounted for by curve fitting errors, 
noise and residual instrumentation asymmetries. These 
findings are summarised in Fig. 5B which gives the 
pooled data for several axons. The curve fitting of these 
data gave a fast ON z of 15.3 +_ 1.4 gs (n = 8) averaged for 
the four potentials and showed independence from the 
starting potential (V,) as would be expected for a memo- 
ryless process. Similarly, the intermediate ON compo- 
nent over the same range of V~ was 135.4 + 7.7 ps (n = 7). 
The initial amplitude of the total ON displacement cur- 
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rent without prepulse (a) was relatively independent of  A 
recovery potential V,. In contrast,  both  the initial ampli- 
tudes of  the fast component  (o) and the current with an mA/cm 2 
inactivating prepulse (zx) increased as V~ became more 
negative. However  the fast component  peak amplitude 0-1 
approached,  but did not exceed, the peak current with a 
prepulse for V ~ > - 1 0 0 m V .  This result was consistent 
with our previous observation that the fast component  O 
charge transfer exhibits saturation below about  
- 100 mV (Bekkers et al. 1990) which also would be ex- 
pected here since the fast O N  ~ is independent of  V,. -0.1 

The voltage dependence of the fast component 

_.A 

~ - --20ms ~,-" I ~,,- 60~s Vp 
+60mV 

--i 

100~s 
I I 

In our previous study of  the fast component  (Bekkers et 
al. 1990) three protocols were used to characterise its 
voltage dependence as channels moved between inactiva- g 
tion states. These protocols resulted in relatively large 0.1 
amplitudes for the intermediate and slow recovery com- mk4cm 2 
ponents at certain test potentials compared with that  of  
the fast component .  As simulations have shown (see Dis- 
cussion and Appendix) the finite voltage clamp risetime 0 
could lead to a significant amount  of  the fast charge being 
effectively lost in the rising phase of  these intermediate 
and slow components.  Furthermore,  for the protocols C 
using an inactivating prepulse, Bekkers et al. (1990) used 
a recovery gap of  500 I~S, which as has been shown above, mA/c~ 
will result in distortion the fast component.  Having 0.1 
demonstrated that  the fast component  is independent of  
the intermediate components,  at least between + 20 mV 
and - 100 mV, we now developed two protocols using a 

0 
short 60 gs conditioning pulse to probe the fast compo-  
nent and leave the other components  for the most  par t  at 
equilibrium. These protocols ensured that over the poten- 
tial range investigated here ( - 6 0  mV to + 60 mV) the -0.1 
contaminat ion of the fast component  by the slower com- 
ponents was as small as possible and that recovery of  
intermediate components  at the holding potential was 
reduced. Furthermore,  the initial conditions were not re- 
stricted to the case where channels were only in the inac- 
tivated states. Also, be eliminating the slow recovery D 
component ,  we were able to use a shorter time window 0 
which allowed us to sample at up to 0.5 ItS per point, mA/cm 2 

Figure 6 A shows a family of  typical recordings using 
a 0.5 gs/point sampling rate for the protocol  shown in the -0-1 
inset which was designed for measuring the O N  fast com- 
ponent. Channels were initially allowed to reach a steady 
state by holding the membrane  at the test potential Vp for 
20 ms. The membrane  was then repolarized to the hold- 
ing potential  of  - 100 mV for a period of  60 I~s before 
being depolarized to Vp for the test (ON) transition. We 
chose the recovery gap of  60 laS to be as short as possible 
yet allowing the recovery of  the fast component  at 
- 1 0 0  mV to be almost complete. In contrast  with the 
protocol  of  Fig. 4 A, the prepulse and test potentials used 
here were always the same. This meant  that the displace- 
ment  current during the test step comprised mostly the 
fast component  together with only a small fraction of  the 
intermediate component  which had recovered during the 
gap. i.e. for the charges associated with slow transitions 

L~ 
60,~-~ Vp 

+60 mV 

-60mV qOOmVl l 

Fig. 6 A-D. Voltage dependence of the fast component for the test 
potent]al lip in the range - 60 to + 60 inV. A Typical displacement 
current recordings made with the protocol shown in the inset used 
to characterise the fast ON component. B Fast ON components 
found by peeling off one intermediate component from the traces in 
A. C Typical displacement current recordings made with the proto- 
col in the inset used to characterise the fast OFF component starting 
from Vp in the same range as A to the holding potential of -- 100 mV. 
D Fast OFF components found by peeling off one fitted intermedi- 
ate component from the traces in C. Sampling at 0.5 ItS per point, 
each record is the average of 4 sweeps, filtered at 100 kHz, temper- 
ature 12°C, axon L18NOV (1). Note to ensure that no errors oc- 
curred with the smaller 0.5 ms window used here, the intermediate 
fits were checked for agreement within 10% of those obtained using 
a 3.07 ms time window under the same conditions 
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the gap was transparent. We fitted these data to one inter- 
mediate component and after peeling this off, the fast 
component family was obtained shown in Fig. 6 B. 

Figure 6 C shows a family of typical recordings from 
the same axon under the same experimental conditions 
for the protocol shown in the inset which was designed 
for measuring the OFF fast component. This protocol 
was essentially the complement of that shown in Fig. 6 A, 
whereby the membrane was initially hyperpolarized to 
the holding potential of - 100 mV and then depolarized 
to Vp for 60 txs before being once more repolarized to 
-100 mV for the test (OFF) transition (see Fig. 2A). 
Again, the pulse to V~ was sufficiently long for the fast 
component to reach a steady state at Vp, but short com- 
pared with the time necessary for the slower components 
to contribute significant charge movement during the 
OFF pulse, such as the slow recovery component seen in 
Fig. 1 B. Figure 6 D shows the fast OFF family obtained 
by peeling off as above, 

Figure 7 summarises the kinetic characteristics of the 
fast and intermediate components obtained from these 
two protocols for one axon, where open and filled sym- 
bols refer to the OFF and ON records respectively. In 
Fig. 7 A the fitted r's show a voltage dependence for the 
ON charge movement which was expected since the 
target potential was changing. Furthermore, the form of 
voltage dependence was different for the fast and inter- 
mediate components. In contrast, the OFF "c for the fast 
component was essentially independent of the starting 
potential (abscissa) having a mean value of 22.2 + 1.0 gs 
over the 120 mV range of Vp. The intermediate OFF v did 
show a slight voltage dependence-decreasing by 20% 
over the same potential range, suggesting the presence of 
other components which were not detected by the fitting 
procedure. The Q magnitudes given in Fig. 7 B show very 
good agreement between the fast ON and OFF Q with no 
hysteresis as would be expected for a parallel component. 
Furthermore, the fast component charge transfer clearly 
saturated for Vp > + 20 mV. For the intermediate compo- 
nent, both the ON and OFF Q's increased approximately 
linearly with Vp up to about 0 mV; the ON Q being about 
0.5 nC/cm 2 larger. Thereafter, the intermediate ON Q 
began to saturate and the OFF Q continued to increase. 
This behaviour correlated qualitatively with the growth 
of OFF and ON Q for increasing Vp (i.e. the area of the 
current record) during the 60 gs gap and depolarizing 
pulse respectively. In contrast to the fast component, 
charge balance would not necessarily be expected for the 
intermediate components since they do not represent the 
same kinetic component for the ON and OFF transitions. 
Although the behaviour of the intermediate components 
would be of importance in channel modelling, their char- 
acterisation was not pursued further here - the principal 
point being rather the independence and charge balance 
of the fast component. 

Distortion of the fast component correlates with the form 
of the membrane capacity transient 

In the course of investigating the fast component, we 
found two factors to be of critical importance for its 
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Fig. 7 A, B. Voltage dependence of the fast and intermediate com- 
ponents derived from the protocols of Figs. 6 A and C. A Fitted 
time constants ('Cfitted) plotted against test (target) potential ~. Fast 
and intermediate component data points joined by continuous and 
dotted lines respectively. Horizontal lines have been drawn through 
means of intermediate and fast OFF components (22.2 Its and 
81.6 Its, respectively). B Charge transfer magnitude (Q) plotted 
against test (target) potential Vp. Filled and open symbols are for 
ON and OFF transitions respectively 

accurate registration: the setting of series resistance (R,) 
compensation and the condition of the axon. As shown 
below, the form of the membrane capacity transient is a 
sensitive indicator of the membrane charging time course 
which will affect the early phase of displacement currents. 

The effect of slight variations in the setting of the % Rs 
compensation on the membrane charging and the fast 
component are shown in Fig. 8. In Fig. 8 A the capacitive 
transient charging current (Ic) and the integral of I c (Qm), 
which shows more clearly the time course of membrane 
charging, are given for under-, critical (see Methods) and 
over-compensation conditions. The % Rs compensation 
variation around the critical condition was approximate- 
ly 5% and the true membrane risetime for this case was 
6 ~ts. The overcompensated condition is clearly reflected 
in the ringing of lc and Qm. In Figs. 8 B and C the ON 
displacement current was recorded in response to a pulse 
to + 20 mV from a holding potential of - 80 mV without 
and with an inactivating prepulse respectively, under the 
same Rs compensation conditions. For both records, the 
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Fig. 8 A-D.  Effect of R, compensation on the capacity transient 
and early phase of displacement currents. In each panel, the corre- 
sponding waveforms are shown sequentially for three settings of R~ 
compensation (left to right): undercompensated, critically compen- 
sated and overcompensated. A Capacity transient (Ic) recorded us- 
ing a voltage step between - 8 0  and - l l 0 m V .  Q,, is the time 
integral of I c for each R s compensation setting normalised to the 
value at 600 gs after pulse onset and gives the relative time course 
of membrane charging. Horizontal line indicate time at which 90% 
of membrane charging is complete. Vertical lines indicate start of 
test pulse for each case. B ON displacement currents recorded in 
response to a depolarizing step from a holding potential of - 80 mV 
to +20mV. Arrows indicate time at which 90% of membrane 
charging is complete. C ON displacement currents recorded as in B 
with a preceding inactivating prepulse at 0 mV for 20 ms and a 
300 ~ts recovery gap to the - 80 mV holding potential. D Fast com- 
ponent of displacement current which has been separated using the 
peeling-off curve fitting procedure as before. All displacement cur- 
rents are the average of four sweeps, sampling at 0.5 gs/point. All 
records have been low pass filtered at 100 kHz with a six pole Bessel 
filter which results in an additional delay and slowing down of the 
capacitive transient. Temperature 7 °C, axon L29NOV (1) 
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effect on the ampli tude o f  the initial peak  was similar. 
Peeling off  the intermediate c o m p o n e n t  f rom the records 
in Fig. 8 C resulted in the fast c o m p o n e n t  (Fig. 8 D), the 
magni tude  and time course o f  which was clearly depen- 
dent  on the Rs compensa t ion  setting. As indicated in 
Fig. 8 for  the critically compensa ted  case, the peak of  the 
fast c o m p o n e n t  occurred at the 90% charging time o f  the 

/ N  
O / ~ _ _ / - - " ~  ~- . .  _ ~ . 

Fig. 9 A-C. Effect of axon condition on capacity transient and dis- 
placement current for critical R~ compensation setting with another 
fibre freshly mounted using 1/5 NaSW-TTX as bath solution and 
approximately one hour later using Std-TRIS-TTX as bath solution 
(see Methods for solution details). A Capacity transient (Ic) and 
time integral (Qm) normalised to the value at 1000 ~ts after pulse 
onset in response to a voltage step from - 8 0  mV to -110 inV. 
B ON displacement current recorded for a depolarising step from 
- 80 mV to 20 mV following an inactivating prepulse as in Fig. 8. 
C Fast component of displacement current, separated as before. Left 
hand traces are from the fresh axon. For both the fresh and fatigued 
cases, the same antermediate component was peeled off from the 
total displacement current. Same recording conditions as in Fig. 8. 
Axon L28NOV (1) 

membrane ,  in contras t  to the under-  and over -compen-  
sated cases, where the 90% charging time occurred after 
and before the peak o f  the displacement  current,  respec- 
tively. 

In  contras t  to the effects o f  R s compensa t ion  which 
could be adjusted reversibly, we also observed a slow tail 
in the capaci ty  transient  (see Fig. 8 A) which could no t  be 
eliminated simply by increasing the % Rs compensat ion .  
We found  that  it grew in magni tude  during the course o f  
an experiment,  resulting in the so called fatigued axon 
(Greeff  et al. 1982) which is though t  to be due to inhomo-  
geneous distr ibution o f  the series access resistance 
(Greeff  1986; Stimers et al. 1987) (see Discussion). This 
condi t ion was also aggravated  by ba th  temperatures  
greater than 12 °C and the use o f  sodium free bath  solu- 
tions. Figure 9 shows the effect this had  on the membrane  
charging transient  and cor responding  displacement  cur- 
rents. Here  the signals recorded under  the same condi-  
tions as above for  a freshly moun ted  axon  and the same 
axon approximate ly  1 h later are compared  and in bo th  
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cases critical Rs compensation was used. The capacitive 
transient (Fig. 9 A) for the fatigued case, was character- 
ised by a significantly slower charging time course. The 
effect of fatigue on the displacement current (Fig. 9 B), 
was to attenuate the early time course and distort the fast 
component shown in Fig. 9 C. In this example, the appar- 
ent fast component Q is reduced by about 50% compared 
with that measured in the fresh axon case. The total 
charge was independent of the axon condition as con- 
firmed by integration and the lost fast charge now be- 
came included with the intermediate component, also re- 
sulting in an error in its estimation. 

D i s c u s s i o n  

The main findings of this study are summarised as fol- 
lows: 

1) A fast component of displacement current could be 
separated from the main intermediate speed components 
using specially designed voltage step protocols and expo- 
nential curve fitting. 

2) This component was present whether or not the 
normally inactivating sodium channels had been previ- 
ously inactivated and showed a kinetic behaviour which 
was independent of the slower components of displace- 
ment current. 

3) This component accounted for the fast current 
spike seen at the time of voltage step onset in the total ON 
displacement current and contributed to a significant 
proportion of the initial amplitude of the ON displace- 
ment current. 

4) The fast component charge transfer characteristic 
saturated at potentials above +20mV and below 
- 100 mV. 

5) The fast kinetics of this component made its detec- 
tion and quantification susceptible to distortion from 
poor control of the membrane voltage. 

The results presented here are in general agreement 
with our previous findings (Bekkers et al. 1990). The 
optimised voltage step protocols have resulted in larger 
estimates for the fast charge as expected. Furthermore, in 
contrast to our earlier study, we did not find fitted -o's for 
the fast component less than 10 Its. This discrepancy 
could be due to a number of factors including the pres- 
ence of residual instrumentation asymmetries, slight 
overcompensation of the membrane, the lower sampling 
rate and the curve fitting algorithm used. The influence of 
these factors on the accuracy of both recording and anal- 
ysis have been addressed in the present study. 

Evidence for a fast displacement charge from other studies 

Although a complete kinetic characterisation of the fast 
component has not been reported in other studies, its 
existence is confirmed in at least three different giant 
axon preparations. For the squid preparation, there is a 
suggestion of a fast initial spike in the displacement cur- 
rent recordings of Stimers et al. (1987) from the squid 

LoIigo pealeii. Unfortunately, these recordings were 
blanked for the first 12 lxs thus making a more precise 
confirmation of the fast component difficult without us- 
ing an inactivating prepulse to expose more of the fast 
relaxation. In the same preparation, additional evidence 
for a fast component has also come from the result of 
frequency domain analysis techniques (F. Bezanilla, per- 
sonal communication). In the displacement current 
records of Ichikawa et al. (1991) from the squid Loligo 
budo, which were not blanked during the initial phase of 
recording, a fast spike followed by a relaxing shoulder is 
shown which confirms our findings. In the crayfish giant 
axon preparation, a component having a similar form to 
that observed here in the squid has been reported by 
Starkus et al. (1981) in the total ON displacement cur- 
rent. More recent studies (Starkus and Rayner 1991) have 
shown that the relaxation time constant and charge mag- 
nitude of the fast component at one potential ( -  20 mV) 
are comparable with our data. In contrast, Goldman 
(1991) has specifically referred to the absence of a fast 
component in the Myxicola giant axon preparation al- 
though the reported membrane risetime of 30 Ils would 
severely distort the initial time course of the displacement 
currents (see Appendix). In other preparations where gat- 
ing currents have been recorded [e.g. node of Ranvier 
(Drews and Rack 1988); oocytes (Conti and Stiihmer 
1989); cardiac myocytes (Hanck et al. 1990) and neuro- 
blastoma cells (Moran and Conti 1990)], no fast compo- 
nent having an appearance similar to that seen in the 
squid or crayfish has been reported. Although this could 
simply reflect species differences, we think that in all these 
studies the presence of a fast component would be diffi- 
cult to detect because of technical factors such as the slow 
membrane voltage risetime, limited recording band- 
width, low sampling rate and the use of voltage step pro- 
tocols without initial inactivation of the sodium channels. 

The fast component is not an artifact 

Despite the evidence presented so far, the small magni- 
tude of this component, the fact that its relaxation time 
constant is close to the membrane charging time and its 
sensitivity to the recording conditions and state of the 
axon, prompted us to consider in detail whether it might 
be partly or wholly artifactual in origin. Three likely 
sources of displacement current-like artifacts were con- 
sidered: 

1) Instrumentation asymmetry." It is a tacit assumption in 
the analysis of displacement current records that the cur- 
rents arise only from asymmetric membrane charge move- 
ments and not from instrumentation non-linearities. We 
identified the various potential sources of asymmetry in 
the measurement system and took precautions to ensure 
that their contribution was minimal. This was confirmed 
by repeating the same protocols using a membrane simu- 
lation realised with passive linear components. Neverthe- 
less, slight asymmetries, arising principally from the in- 
herent non-linearity of the digital-to-analog converter 
remained and became enhanced by the fact that the corn- 
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mand input was effectively differentiated by the mem- 
brane-clamp system. Based on the performance of our 
voltage clamp (Forster and Greeff 1990 a), the instrumen- 
tation asymmetries from a typical 120 mV step would 
account for 0.096 nC/cm 2 or only about 5% of the charge 
associated with the fast component. Two other observa- 
tions suggest that these asymmetries were not significant. 
First, they were only present during the first 15 gs after a 
voltage transition which was significantly shorter than 
the duration of the fast relaxation (see Fig. 1, Bekkers et 
al. 1990). Second, from dummy membrane studies, no 
saturation of the residual asymmetry charge was seen 
even up to potentials of + 160 mV, in contrast to the fast 
charge which saturates above + 20 mV. 

2) Overcompensation of membrane series resistance. 
Both from simulations (Forster et al. 1988) and record- 
ings it is clear that overcompensation of the membrane 
series resistance resulted in an overshoot in the mem- 
brane voltage. This could lead to recruitment of charge 
from intermediate transitions having a time course the 
same as the membrane voltage. However, this distortion 
would not last longer than the capacity transient itself 
(i.e. less than 15 rts). Furthermore, any overshoot of the 
membrane potential would have been seen in the capacity 
transient itself which we routinely monitored during all 
experiments. 

3) Incomplete or &homogeneous charging of the mem- 
brane capacity." We have shown that when R~ compensa- 
tion has been set to the critical condition, the peak of the 
fast component occurs when 90% of the membrane 
charging is complete. Thereafter the membrane charging 
often exhibits a slow tail (see Figs. 8, 9) during part of 
which the fast relaxation is taking place. The slow tail is 
thought to arise from an inhomogeneous distribution of 
the series access resistance leading to the membrane ca- 
pacitance which can be accounted for either by reversible 
changes in the geometry of the periaxonal space (Stimers 
et al. 1987) or irreversible morphological changes in the 
transglial tubular network (Zwahlen et al. 1988; Greeff et 
al. 1990). This could lead to parts of the membrane being 
charged more rapidly than others or even overcompen- 
sated to result in a corresponding distortion of the main 
displacement current. Could this alone be the source of 
the fast component? 

This hypothesis was tested by simulating the fatigued 
axon condition using a two branch lumped electrical 
equivalent of the membrane with each branch shunted by 
a single relaxation displacement current generator 
(Forster et al. 1988). Although a slight distortion ac- 
counting for < 10% of the total initial amplitude did 
occur in the contributions from the under and overcom- 
pensated branches as expected, we were unable to obtain 
records which were quantitatively similar to those ob- 
tained experimentally, whereby up to 50% of the initial 
amplitude arose from the fast component. With fresh 
axons in which the tail in the capacity transient was virtu- 
ally absent, a fast component with characteristics the 
same as those from more typical axons having a slight 
amount of fatigue was still observed. The main effect of 

fatigue was to attenuate the amplitude of the fast compo- 
nent. Furthermore, if the fast component were the result 
of some form of hidden overcompensation not detectable 
in the capacity transient, leading to distortion of the ini- 
tial time course of the intermediate component, we would 
expect that both the fast and intermediate components 
would recover in parallel. However, as we have shown 
(Fig. 3), the fast component recovers much faster than 
the intermediate component allowing this hypothesis to 
be rejected. 

In summary, provided precautions are taken to elimi- 
nate instrumentation artifacts and monitor the charging 
of the axon, we estimate that more than 90% of the fast 
component recorded here represents a genuine compo- 
nent of the total recorded displacement charge. 

Non-artifactual candidates for the fast charge 

1) Electrostriction of the lipid bilayer: This effect, in 
which a change in membrane potential results in a change 
in the membrane thickness and hence capacitance, has 
been suggested as a potential source of displacement cur- 
rents in excitable membranes (Keynes and Rojas 1974; 
Blatt 1977; Almers 1978). It has been subsequently reject- 
ed on the grounds that the electrostrictive displacement 
current would be opposite in sign to that of the observed 
current and if anything would tend to reduce the ampli- 
tude observed (Blatt 1977). However, this conclusion is 
based on the assumption that the bilayer capacitance- 
voltage relationship is symmetrical about zero membrane 
potential. If the axis of symmetry were displaced as a 
result of surface charge effects as suggested by the optical 
retardation experiments of Cohen et al. (1971) and stud- 
ies of lipid bilayers (Schoch et al. 1979), it is indeed pos- 
sible to predict an electrostrictive displacement current 
which would sum with that from the ion channels. This is 
confirmed by measurements using lipid bilayers (Alvarez 
and Latorre 1978). Nevertheless, assuming the voltage 
dependence of the squid membrane capacitance to be 
similar to that of artificial bilayers, simulations based on 
available data for surface charge in the squid (e.g. Gilbert 
and Ehrenstein 1984), indicate that electrostriction would 
account for less that 10% of the fast charge (I.C. Forster, 
unpublished results). Futhermore, the observed voltage- 
dependent behaviour and saturation of charge transfer in 
the range - 100 to + 20 mV would not be consistent with 
this model. 

2) Non-specific membrane bound proteins: In his review, 
Almers (1978) considered the relative contributions to the 
total membrane capacitance from (/) the loss free lipid 
bilayer; (it') non-specific membrane proteins and (iii) 
channel gating charge movement, as well as the experi- 
mental conditions under which kinetic and charge con- 
tamination would be affected. By using a back-reference 
pulse in the range -150 mV to -180 mV, we have as- 
sumed that the protocols revealed the total charge trans- 
fer associated with a particular voltage step, i.e. charge 
contamination from the transient subtraction procedure 
could be neglected. This assumption is also consistent 
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with the findings of Armstrong and Gilly (1979) and 
Stimers et al. (1985). However, as discussed by Almers 
(1978), it is possible that a proportion of the displacement 
charge measured under these conditions might be associ- 
ated with saturable non-specific membrane bound 
proteins such as pumps (e.g. Niggli and Lederer 1991). 
Almers (1978) speculated that for a voltage step from 
-150 mV to +50 mV involving 212 nC/cm z of total 
charge movement, 85 % of this represents linear charging 
of the membrane capacitance and linear charge move- 
ments associated with non-specific proteins which can be 
subtracted from the total charge movement. After sub- 
traction, between 7-15 % of the total would be due to ion 
channel gating - t h e  8% variation representing the un- 
certainty in the amount of saturable non-specific proteins 
which would also contribute to the actual displacement 
charge movement. Thus, charge movements within non- 
specific proteins might easily account for the magnitude 
of the fast charge observed here (about 2 nC/cm2). Nev- 
ertheless, it seems unlikely that a heterogeneous ensemble 
of saturable non-specific proteins would result in the 
Q -  V curve obtained here for the fast component. This 
curve saturates between -100 and + 20 mV, coinciding 
with the operating range of voltage-dependent ion chan- 
nels and, as shown below, can be well fitted to the sig- 
moid curve characteristic of a single step Eyring-Boltz- 
mann barrier model. 

Furthermore, evidence from recent gating current 
studies in squid, in which channel function is altered us- 
ing external agents and both ionic currents and corre- 
sponding gating currents compared, suggests that most 
of the recorded displacement charge is indeed associated 
with ion channels, in particular the sodium channel (e.g. 
Cahalan and Almers 1979; Carbone 1982; Armstrong 
and Croop 1982; Stimers et al. 1985; Bekkers et al. 1984). 
Such procedures might be expected to reveal only the fast 
component if it were resistant to the presence of the mod- 
ifying agent. This would be one possible interpretation of 
the recordings of Ichikawa et al. (1991), in which calmod- 
ulin inhibitors such as trifluoperazine (TFP) suppressed 
both the total gating charge and sodium ionic currents in 
a parallel, dose-dependent manner. Here the prominent 
fast current spike superimposed on the total displacement 
current (their Figs. 3, 4) appears to be resistant to the 
action of TFP. However, their records also show that the 
reduction of the initial amplitude of the total displace- 
ment current roughly parallels that of the total charge. 
Since we have shown that the fast component contributes 
significantly to the initial displacement current ampli- 
tude, this observation would imply that the TFP also 
supresses the fast component. Furthermore it suggests a 
possible association of the fast component with the sodi- 
um channel. 

3) Membrane bound ion channels." Perhaps the most com- 
pelling evidence so far concerning the origins of mem- 
brane displacement charge movements recorded from ex- 
citable cells comes from the oocyte study of Conti and 
Stfihmer (1989). They have reported that only oocytes 
injected with channel expressing RNA show displace- 
ment currents which parallel the appearance of function- 

al channels. Assuming that the squid and oocyte mem- 
branes are similar, despite the heavy low-pass filtering 
employed by these authors, the presence of a non-specific 
displacement charge having the same density as the fast 
component reported here for the squid, should also be 
visible in the oocyte records in which no injected RNA 
was used. Further support for the association of the fast 
component with voltage-dependent sodium channels 
comes from comparing the number of sodium channels 
with the number of fast transitions per unit membrane 
area as shown next. 

Estimating the number of fast transitions 
per unit membrane area 

A measure of the number of fast transition per unit mem- 
brane area can be obtained using Eyring-Boltzmann 
transition rate theory (e.g. Tsien and Noble 1969) to 
model this transition. Figure 10 A and B show the nor- 
malised Q - V and z - V relations respectively for the fast 
component. Data for two axons were fitted to the equa- 
tions below for a two state system having a single transi- 
tion barrier: 

Q/Qm,x = 1/[1 + exp ((V- Vm) ze/k T-)] (1) 

z = 1/[~0 exp (6 z e V/k T) + flo exp ( -  (1 - 6) z e V/k T)], (2) 

where Qmax is the maximum steady state charge trans- 
ferred, V,, is the midpoint potential of the Q - V curve; z 
is the valence of the charge displaced in one transition; e 
the electronic charge; %, fl0 are the forward and back- 
ward rate constants respectively, when V =0; 6 is the 
fractional distance through the transmembrane field 
where the peak of the energy barrier is located; k is Boltz- 
mann's constant and T is the absolute temperature. Fit- 
ting (1) to the Q - V  data gives V, ,=-30mV, z=l .0 ,  
Qm,x = 1.9 nC/cm 2 and using the equilibrium condition 
(setting V= Vm), we can obtain the ratio ~o/flo=3.5 at 
12°C. If we now correct the estimate of Qm~x for a 20% 
error due to the finite clamp speed (see Appendix) and 
divide this by the quantal charge for one fast transition 
(z e = 1.0 e-), we obtain an estimate of the number of fast 
transitions per membrane area as 143/gm 2. This com- 
pares well with the estimate for sodium channel density 
obtained from the same species of squid of 160/Ixm 2 
(Bekkers et al. 1986), suggesting that there would be one 
fast transition per channel. 

For a symmetrical energy barrier (6=0.5) the mid- 
point voltage V,, of the Q -  V curve and voltage at the 
maximum of the v -  V curve V~, should be the same. This 
is clearly not the case in Fig. 10, indicating an asymmetri- 
cal barrier. The barrier position can be found by differen- 
tiating (2) and rearranging to give: 

6 = exp [(V,,-- Vt) ze/k T]/(1 + exp [(V,,-- Vt) ze/k T]). (3) 

Taking Vt=-50  mV from the ~ - V  data and setting 
z e = 1.0 e- and V~, = -  30 mV from the Q - V  fit in (3) 
gives 6 =0.7. However, as Fig. 10B shows, the fit of Eq. (2) 
to the data is then only valid for V<0 whereas for V>0 
it was necessary to set 6 = 0.2 to obtain a good fit with all 
other parameters the same. 
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Fig. 10 A, B. Modelling the fast component in terms of Eyring- 
Boltzmann transition rate theory. Fast component charge and re- 
laxation time constant derived from the protocol of Fig. 6 for two 
axons L2tOCT (1): • and L18NOV (1): • at 12°C. A Steady state 
charge transfer Qfa~t as a function of test potential, Vp. Continuous 
line is fit by eye to the data using Eq. (1). The midpoint voltage V,, 
at -30  mV is indicated. See text for parameter details. B Time 
constant (vr,st), as a function of test potential Vp. Dotted and dashed 
lines are fits by eye to the data using Eq. (2) with 5--0.7 and 0.2 
respectively. All other parameters as predicted from the Q -  V curve. 
Continuous line is a fit by eye generated using Eq. (2) with 
5(V)=O.2+O.5/[t +exp(0.05(Vp+ 10))] and Vp in inV. In all three 
cases 0% = 53 ms-1, r0 = 15.5 ms-t and z e = 1.0 e-. Data points at 
- 80 mV and -- 100 mV were obtained from fits to OFF transitions; 
all other points derived from ON transitions 

The finding that the data cannot be fit with 6 constant 
over the whole range of V may signify the invalidity of the 
simple Eyring-Boltzmanm model used here. Alternative- 
ly, a voltage-dependent energy barrier position 3(V) 
could be postulated analogous to that predicted for me- 
chanically sensitive ion channels (Sachs and Lecar 1991) 
where the externally applied force is the independent vari- 
able. The continuous line in Fig. 10B shows an attempt to 
fit the data using an arbitrary 5(V) function (see figure 
legend for details). Another interpretation might be that 
two populations of charge contribute to the fast compo- 
nent, differing only in their energy barrier symmetries. 
The Q - V plot would be unaffected if we assume the same 
midpoint voltage and quantal charge for each popula- 
tion. To decide between such hypotheses will require 
recordings at an even higher bandwidth with a concomi- 
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tant improvement in the voltage clamp risetime over that 
used here. 

Implications for channel modelling and the early phase 
of gating current 

Since our data show that the fast transition is kinetically 
independent from the activation and inactivation pro- 
cesses in the voltage range - 1 0 0  to +60mV,  we feel 
justified in subtracting it from the total displacement cur- 
rent record for the same voltage step. This procedure is 
valid regardless of the origin of the fast component.  Fig- 
ure 11 shows an example of the application of this proce- 
dure to a family of displacement currents recorded in 
response to depolarizations in the range - 6 0  mV to 
+60  mV (see figure legend for details). As shown in 
Fig. 11 C, the subtracted records revealed a distinct rising 
phase beginning close to the baseline, particularly for test 
potentials above - 4 0  mV, the origin of which requires 
addressing. 

If the fast component were unrelated to the gating 
process then the true time course of the sodium channel 
gating current would be as shown in Fig. 11 C. The rising 
phase might then be accounted for in terms of the initial 
steps in the channel activation process being slower or 
less voltage dependent than the later ones (Armstrong 
and Gilly 1979). Alternatively, the finding of one fast tran- 
sition per sodium channel prompted us to speculate on an 
active role the fast component could play in generating 
the rising phase of the main charge movement which 
would still be consistent with its kinetic independence. 

This can be illustrated using the sodium channel state 
diagram below, based on the model proposed by Arm- 
strong and Gilly (1979). This comprises an activation 
pathway consisting of a number of closed states 
(Ca, C2, ... C,) leading to an open state (O) and a pathway 
between two inactivated states (I~, I2) coupled by rela- 
tively slow transitions to states O and C, respectively. It 
should be noted that the steps C1, C2 . . . .  C, could be 
depicted equivalently as a set of parallel steps (e.g. Van- 
denberg and Bezanilla 1992) to allow for other gating 
models. The fast component  is represented by the transi- 
tion between the states X -  Y parallel to the other transi- 
tions. This is coupled in a unilateral manner to the Ca - C2 
transition in the activation pathway so that upon mem- 
brane depolarization the occurrence of a transition X -  Y 
increases the probability of movement out of state C~. 

c2 c3 

1 1 ~ 1 2  

I' 1 
I X ~ Y I  
L I 

The X -  Y transition may considered to be analogous 
to a mechanical trigger which actuates a mechanism, but 
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Fig. 11 h-C.  Separation of the fast displacement current from the 
total displacement current for Vp in the range - 60 mV to + 60 mV 
and a holding potential of -100 mV. A Total ON displacement 
current family recorded using the protocol shown in the inset. 
B Fast ON component of displacement current obtained using the 
protocol of Fig. 6 for the same axon with a recovery gap potential 
of -100 inV. C Total ON displacement current with fast compo- 
nent subtracted to reveal a small initial jump followed by a pro- 
nounced rising phase. Records have been blanked for the first 10 liS 
because subtraction procedure is not valid during the rising phase 
of the signals where the membrane potential has not fully settled and 
some residual asymmetry artifacts are present. Other recording con- 
ditions as in Fig. 6. Axon L18ONOV(1) 

which itself is not influenced by the subsequent mechani- 
cal process and is at all times free to move. In the present 
model, with a change in membrane  potential, the transi- 
tion X - Y  is free to occur whether or not the channel 
occupies a state in the activation or inactivation pathway. 
For  the channel in state C 1 (e.g. with a hyperpolarized 
pre-potential), the X - Y  transition must occur first be- 
fore the C 1 - C  z transition occurs. This would result in a 
rising phase in the displacement current generated by the 
activation pathway as seen in Fig. 11 C. When the chan- 
nels are inactivated they are distributed between states 
11, 12 which are not influenced by the fast transition and 
so a subsequent depolarization of the membrane  results 
in components  of charge movement  from both X -  Y and 
I 1 - 1 2  transitions, both  without a rising phase. Depend- 

ing on the initial conditions (e.g. full or partial recovery 
from inactivation), the total displacement current will 
comprise a contribution from X -  Y together with contri- 
butions from C1 ... C,, O as well as the 11 - / 2  pathways. 

This hypothesis of the fast component  as a gating trig- 
ger is speculative and will require more detailed quantita- 
tive modelling based on the kinetic properties of the fast 
component.  Nevertheless Rosenthal and Palti (1990) have 
suggested that such a gate triggered transition could ac- 
count for the delay in onset of sodium currents observed 
in neuroblastoma cells and Larmet  and Pichon (1990) 
have studied so called non-Hodgkin-Huxley delays in the 
squid which might also arise from the fast component  
observed here. 

In conclusion, al though only direct evidence supports 
the association of this component  with voltage-depen- 
dent sodium channels, the kinetic separation of this com- 
ponent  from what has been considered sodium channel 
gating current, suggests a modification of the current 
working models for sodium channel charge movements.  
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Appendix-Curve fitting errors due to finite clamp risetime 

When more than one exponential decay is present in the 
measured displacement current, a non-zero membrane  
potential risetime, as generated by a real voltage clamp 
system, will lead to errors in estimating the charge associ- 
ated with each component  and the corresponding time 
constants. This has been simulated assuming two transi- 
tions, modelled using Eyring-Boltzmann transition rate 
theory, with kinetic parameters  similar to those found in 
practice. The upper panel of Fig. 12 A shows the displace- 
ment currents generated by an ideal membrane  voltage 
step Vc, from - 100 mV to 0 mV. The lower panel shows 
the same currents when the step has a risetime of 5 ItS (see 
inset), including post-filtering at 100 kHz to simulate the 
actual clamp and recording conditions. Note  that the rate 
constants will vary during the rising phase of the voltage 
step. The single exponential fit is shown, starting at four 
times the fast time constant (zl) after the peak giving the 
slower time constant 32. The shaded area represents the 
charge Q 1, which is measured by integration after peeling 
off the extrapolated slow component  and the filled area is 
the difference between the ideal fast charge if it alone were 
present and Q1. The slower charge Q2, is estimated as the 
product  a 2 "c 2 where a 2 is the amplitude of the fit at the 
peak. 31 is found by fitting the shaded signal starting after 
the point of max imum negative slope. Figure 12 B shows 
the % error of the four kinetic parameters  for membrane  
potential risetimes between 2 and 50 ps. Notewor thy  is 
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Fig. 12 A-C.  Simulations of the effect of membrane potential rise- 
time and initial amplitude of components on two exponential fitting 
accuracy. A The effect of membrane risetime z, (5 ~s) and post filter- 
ing (100 kHz, 6 pole Bessel filter) on simulated displacement cur- 
rents. B Percentage fit errors plotted as a function of the membrane 
potential risetime for the two simulated components in A. C Fit 
errors for the same four parameters in B, plotted as a function of the 
amplitude of the slow component at the peak time (a2) normalised 
to the peak amplitude (av) for a typical membrane risetime of 5 ~s. 
Vertical lines indicate the typical range of a2/a v factor observed in 
the data obtained from protocols used here 

the  sensi t ivi ty  of  the e r ror  in Q1 and  zl  for r iset imes 
> 10 gs and  > 30 gs respectively,  whereas  the  er rors  in Q2 
and  z 2 r ema in  re la t ively  small .  These  er rors  are  also a 
funct ion of  the ra t io  of  the ini t ia l  amp l i t udes  of  the  two 
componen t s .  F igu re  12C shows the er rors  in the same 
four p a r a m e t e r s  as a funct ion  of  the ra t io  a2/ap where  ap 
is the peak  ampl i tude ,  a s suming  a typical  m e m b r a n e  po-  
tent ia l  r ise t ime of  5 gs and  the kinet ic  p a r a m e t e r s  as in 
Fig. 12B. 

In summary ,  these s imula t ions  emphas ize  the impor -  
tance in hav ing  a fast vol tage  c l amp  sys tem and  serve as 
a guide  to the m a g n i t u d e  of er rors  which can be expected  
f rom the two p ro toco l s  used in this study.  I t  shou ld  also 
be no ted  tha t  noise  wou ld  fur ther  a d d  to the unce r t a in ty  
in the fit p rocedu re  and  resul t ing errors.  

References 

Almers W (1978) Gating currents and charge movements in ex- 
citable membranes. Rev Physiol Biochem Pharmacol 82: 96-190 

Alvarez O, Latorre R (1978) Voltage-dependent capacatance in lipid 
bllayers made from monolayers. Biophys J 21:1-17 

Armstrong CM, Bezanilla F (1977) Inactivation of the sodium chan- 
nel. II Gating current experiments. J Gen Physiol 70:567-590 

Armstrong CM, Croop RS (1982) Simulation of Na channel inacti- 
vation by thiazin dyes. J Gen Physiol 80:641-662 

Armstrong CM, Gilly WF (1979) Fast and slow steps in the activa- 
tion of sodium channels. J Gen Physiol 74:691-711 

Bekkers JM, Greeff NG, Keynes RD, Neumcke B (1984) The effect 
of local anaesthetics on the components of the asymmetry cur- 
rent in the squid giant axon. J Physiol 352:653-668 

Bekkers JM, Greeff NG, Keynes RD (1986) The conductance and 
density of sodium channels in the cut-open squid giant axon. J 
Physiol 377:463-486 

Bekkers JM, Forster IC, Greeff NG, Keynes RD (1986) Improve- 
ments in the recording of gating currents m the squid giant axon. 
J Physiol 381: 9P 

Bekkers JM, Forster IC, Greeff NG (1989) High resolution record- 
ing of Na gating currents from the squid giant axon reveals a fast 
initial component. Biophys J 55:316a 

Bekkers JM, Forster IC, Greeff NG (1990) Gating current associat- 
ed with the inactivated states of the squid axon sodium channel. 
Proc Natl Acad Sci 87:8311-8315 

Bezanilla F (1985) Gating of sodium and potassium channels. J 
Mem Biol 88:97-112 

Bezanilla F, Taylor RE (1982) Voltage dependent gating of sodium 
channels. In: Culp WJ, Ochoa J (eds) Abnormal nerves and 
muscles as impulse generators. Oxford University Press, Oxford 
pp 63-79 

Blatt FJ (1977) Gating currents. The role of nonlinear capacitative 
currents of electrostrictive origan. Biophys J 18:43-52 

Bullock JO, Schauf CL (1978) Combined voltage clamp and dialysis 
of Myxicola axons-behaviour of membrane asymmetry currents. 
J Physiol 278:309-324 

Cahalan MD, Almers W (1979) Block of sodium conductance and 
gating current in squid gaint axons poisoned with quaternary 
strychnine. Biophys J 27:57-74 

Carbone E (1982) Removal of Na + channels in squid giant axons by 
perfusion with trypsin. Biophys Biochim Acta 693:188-184 

Chandler WK, Meves H (1970) Evidence for two types of sodium 
conductance in axons perfused with sodium fluoride solution. J 
Physiol 211: 653- 678 

Cohen LB, Hille B, Keynes RD, Landowne D, Rojas E (197l) Anal- 
ysis of the potential dependent changes in optical retardation in 
the squid giant axon. J Physiol 218:205-237 



116 

Conti F, St~ihmer W (1989) Quanta1 charge redistributions accom- 
panying the structural transitions of sodium channels. Eur Bio- 
phys J 17:53 59 

Drews G, Rack M (1988) Modification of sodium and gating cur- 
rents by amino group specific cross linking and monofunctional 
reagents. Biophys J 54:383-391 

Fishman HM (1970) Direct and rapid description of individual ionic 
currents of squid axon membrane by ramp potential control. 
Biophys J 10:799-817 

Forster IC, Greeff NG (1990 a) High resolution recording of asym- 
metry currents from the squid giant axon-technical aspects of 
voltage clamp design. J Neurosci Methods 33:185-205 

Forster IC, Greeff NG (1990b) Properties of a fast displacement 
charge recorded from the squid giant axon. Biophys J 57:105 a 

Forster IC, Greeff NG (1991) Kinetics of the fast component of 
charge movement in the squid. Biophys J 59 2-2:11 a 

Forster IC, Greeff NG, Keynes RD (1988) Fast components of 
asymmetry currents m the squid giant axon. Experientia 44:A72 

Gilbert DL, Ehrenstein G (1984) Membrane surface charge. In: 
Baker PF (ed) Current Topics in Membranes and Transport 
22:407 -421 

Goldman L (1991) Gating current kinetics in Myxieola giant axons. 
Biophys J 59: 574-589 

Greeff NG (1986) Fractionation of the asymmetry current and its 
relation to the sodium channel gating in squid axon. In: Ritchie 
JM, Keynes RD, Bolis L (eds) Ion channels in neural mem- 
branes. Alan R. Liss, New York, pp 53-59 

Greeff NG, Keynes RD, Van Helden DF (1982) Fractionation of the 
asymmetry current in the squid giant axon into inactivating and 
non-inactivating components. Proc R Soc B215:375-389 

Greeff NG, Benoit C, Sandri C (1990) Further evidence for the role 
of the tubular system through the Schwann cells as ion pathway 
to the squid giant axon. Biophys J 57:129a 

Hanck DA, Sheets MF, Fozzard HA (1990) Gating currents associ- 
ated with sodium channels in canine cardiac Purkinje cells. J 
Gen Physiol 95:439-457 

Ichikawa M, Urayama M, Matsumoto G (1991) Anticalmoduiin 
drugs block the sodium gating current in squid giant axons. J 
Mere Biol 120:211-222 

Keynes RD, Rojas E (1974) Kinetics and steady-state properties of 
the charged system controlling sodium conductance in the squid 
giant axon. J Physiol 239:393-434 

Keynes RD, Greeff NG, Forster IC (1990) Kinetic analysis of the 
sodium gating current in the squld giant axon. Proc R Soc 
B240:411-423 

Larmet Y, Pichon Y (1990) Quantitative analysis of sodium and 
potassium activation delays in fresh axons of the squid-Loligo 
forbesii. Eur Biophys J 18 2:121-128 

Moran O, Conti F (1990) Sodium ionic and gating currents in 
mammalian cells. Eur Biophys J 18:25 32 

Niggli E, Lederer WJ (1991) Molecular operations of the sodium- 
calcium exchanger revealed by conformation currents. Nature 
349:621 624 

Rosenthal Y, Palti Y (1990) Field driven channel messenger that 
triggers sodium channel activation. Biophys J 57:103a 

Sachs F, Lecar H (1991) Stochastic models for mechanical transduc- 
tion. Biophys J 59:1143-1145 

Schoch P, Sargent DF, Schwyzer R (1979) Capacitance and conduc- 
tance as tools for the measurement of asymmetric surface poten- 
tials and energy barriers of lipid bilayer membranes. J Mem Biol 
46:71 - 89 

Starkus JG, Rayner MD (1991) Gating current "fractionation" in 
crayfish giant axons. Biophys J 60:1101-1119 

Starkus JG, Fellmeth BD, Rayner MD (1981) Gating currents in the 
intact crayfish giant axon. Biophys J 35:521-533 

Stimers JR, Bezanilla F, Taylor RE (1985) Sodium channel activa- 
tion in the squid giant axon. J Gen Physiol 85:65-82 

Stimers JR, Bezanilla F, Taylor RE (1987) Sodium channel gating 
currents. J Gen Physiol 89:521-540 

Tsien RW, Noble D (1969) A transition state theory approach to the 
kinetics of conductance changes in excitable membranes. J Mem 
Biol 2:248-273 

Vandenberg C and Bezanilla F (1991) A sodium channel gating 
model based on single channel, macroscopic ionic, and gating 
currents in the squid giant axon. Biophys J 60:1511-1533 

Zwahlen MJ, Sandri C, Greeff NG (1988) Transglial pathway of 
diffusion in the Schwann sheath of the squid giant axon. J Neu- 
rocytol 17:145-159 


