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Summary. Open times of voltage-gated sodium channels in neu- 
roblastoma cells were measured during repolarization (following 
a short depolarizing conditioning pulse) and during moderate 
depolarization. Conditional and unconditional channel open-time 
histograms were best fitted by the sum of two exponentials. (The 
conditional open time was measured from the end of the condi- 
tioning pulse until an open channel shuts provided it was open at 
t = 0). Time constants of both histograms depended on the post- 
pulse and were shifted to more positive potentials with increas- 
ing conditioning pulse potential. This shift could be explained by 
assuming more than two time constants in the histograms, which 
could not be separated. Channel open-time histograms from sin- 
gle-pulse experiments showed a maximum at t > 0. These histo- 
grams could be best fitted by an exponential function with three 
time constants. One term of this function included the difference 
of two exponentials resulting in a maximum at t > 0. Open-time 
histograms showed a definite time dependence. At 2 to 6.5 msec 
after the beginning of the depolarization the best fit could be 
obtained by the difference of two exponentials. To these compo- 
nents another term had to be added at 0 to 2 msec. Between 6.5 
and 14.0 msec the sum of two exponentials, and after 14.0 msec a 
single exponential resulted in a good fit. The results support the 
hypothesis that sodium channels in neuroblastoma cells may 
have multiple open states. Two of these states are irreversibly 
coupled. 
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Introduction 

Kinetic models which describe the function of the 
voltage-gated sodium channels in excitable cells are 
developed with the following general assumptions: 
a) The channels must have a homogeneous popula- 
tion. b) The kinetic parameters are a function of the 
membrane potential, but not the time. c) The con- 
ductance and open-close kinetics of a channel are 
independent from the other channels (for a review 
see  French & Horn,  1983). In several preparations, 
however,  one or more of these assumptions turned 
out to be violated (see also French & Horn, 1983). 
It was reported that two populations of sodium 

channels exist in heart cells (Cachelin et al., 1983; 
Kunze et al., 1985), in myoblasts and myotubes 
(Weiss & Horn,  1986), in dorsal root ganglion neu- 
rons (Kostyuk et al., 1981) and in squid axon (Gilly 
& Armstrong, 1984). In muscle ceils the gating 
properties of  Na  channels are changed in time 
(Patlak & Ortiz, 1986; Patlak et al., 1986). Indica- 
tions for changes in the unitary conductance and 
gating properties of  channels, probably induced by 
the interaction of channels, have also been reported 
(Neumcke & St~tmpfli, 1983; Kiss & Nagy, 1985). 

Most of the models of sodium channels include 
several closed states, but generally only one open 
state. In some preparations, however,  the presence 
of  two (or more) open states of channels have been 
proposed (Frankenhaeuser & Hodgkin, 1957; Chan- 
dler & Meves, 1970; Armstrong & Bezanilla, 1977; 
Armstrong & Gilly, 1979; Sigworth, 1981). It was 
reported (Nagy et al., 1983) that sodium channels in 
neuroblastoma cells may also have multiple open 
states. Recently, the observation of  multiple dis- 
crete current levels of  an open channel provided 
evidence for the multiple open conformations of  
these channels (Nagy & Bagany, 1986; Nagy, 1987). 

Further properties of  sodium channels are de- 
scribed in the present paper. Open times of chan- 
nels measured during repolarization and depolariza- 
tion have been analyzed and compared. Results 
show a complex kinetic behavior of open channels. 
The time constants of the open-time histograms 
changed with the initial condition and with time sug- 
gesting the presence of several open states. Two 
open states are sequentially coupled in the early 
phase of  depolarization. 

Materials and Methods  

Single sodium channel currents were measured in cultured 
mouse neuroblastoma cells, N1E 115. Cells were grown under 
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standard conditions as described by Moolenaar and Spector 
(1978). The experimental methods have been published (Nagy et 
al., 1983) and will be summarized briefly. 

Single-channel current records were obtained using cell- 
attached patch configuration (Hamill et al., 1981). Lipid-coated 
pipettes regularly formed a typical seal with a resistance of 40 to 
60 Gohm. The membrane was hyperpolarized by 40 to 80 mV to 
remove resting inactivation. From this constant holding potential 
depolarizing pulses were applied with l /sec repetition. 

In single-pulse experiments 20- to 40-msec-long pulses to 
potential of -+10 mV around the cell's resting potential were 
used. The aim of these experiments was to study the time depen- 
dence of the channel open time. Therefore, stronger depolariza- 
tions, which shift the channel openings to the beginning of the 
depolarization, could not be used. 

To measure single-channel currents during repolarization a 
2-msec-long prepulse was followed (without gap) by 16-msec- 
long postpulses of different heights. Prepulse potentials were 10 
to 40 mV more positive than the cell's resting potential. The 
mean resting potential of the cells was around - 40  mV (see Nagy 
et al., 1983). 

Due to the uncertainty of the cell's resting potential param- 
eters of different patches cannot be pooled or compared directly. 
Instead, long experiments with single patches were used for the 
present analyses. In Fig. 3(d), where parameters of different 
patches are plotted on a common voltage axis the time constants 
of the first latency density functions were used to compare and to 
recalculate the pulse potentials. For this reason, to obtain the 
unconditional first latency densities in double-pulse experiments, 
single pulses with two to four different potentials were also ap- 
plied in every patch. 

Pipette and bath solutions contained (in mM): NaC1 140, 
KC1 5.0, CaCI2 1.8, MgClz 0.8, HEPES 20, glucose 20. pH was 
adjusted to 7.3 and temperature (between 8 and 15~ was kept 
constant during each experiment. 

Details of the measuring system are described by Hof (1986) 
and are summarized briefly as follows. A DEC LSI 11/23 micro- 
computer generated the voltage pulses, collected the data with 10 
kHz sampling rate and was used for off-line analyses. Analog 
signals were filtered at 2 kHz ( - 3  dB) by a four-pole low-pass 
Bessel filter. Leakage and capacitive currents were compensated 
by an analog circuit. 

DATA ANALYSIS 

Calculations and calibrations have been made to determine the 
kinetic parameters of the recording system. The parameters were 
estimated by using the equations of Colquhoun and Sigworth 
(1983). With a filter frequency of 2 kHz ( - 3  dB) these calcula- 
tions result in the following values: 0.166 msec for the rise time 
and 0.090 msec for the dead time, The signal-to-noise ratio was 
>8.33. The measured dead time was 0.093 msec, which is very 
close to the calculated value. 

The half-amplitude threshold detection was used for calcu- 
lations of the open, conditional open and delay times of channel 
openings, with the accuracy of the sampling interval of 0.1 msec. 
Note that the expression "conditional open time (COT)" is used 
in this paper for the time measured from the onset of the post- 
pulse until a channel shuts provided it was open at the end of the 
conditional prepulse; see  Fig. 1. 

Histograms were constructed with a binwidth of 0.1 msec 
from at least 200 current records measured with a certain pre- 
and postpulse. The dead time of the recording and analyzing 

system (0.093 msec) is very close to the sampling interval. There- 
fore, the first bin of the open-time histograms (which contains 
events having open times <0.1 msec) is strongly biased, and so 
omitted. If histograms are constructed from events having dura- 
tions greater than twice the dead time, the time constants can be 
estimated with only a few percent of error. In this case, the 
number of states can be estimated from the number of exponen- 
tial components (see  Roux & Sauv6, 1985; Blatz & Magleby, 
1986). Digitization may cause an error in the weight (but not in 
the time constant) of an exponential component, if the time con- 
stant approaches the sample interval (Sine & Steinbach, 1986). 
Because no conclusions were drawn from the weighting factors 
corrections for this distortion have not been made. 

Capacitive currents often changed during the course of a 
long experiment. Although careful compensations have been 
made, occasionally a current peak appeared. The peak at the 
onset of the postpulse (which could have falsified the conditional 
open-time measurement) never lasted longer than 0.3 msec. 
Therefore, conditional open-time histograms were constructed 
from conditional open-times longer than 0.4 msec. 

Patches contained more than one channel resulting in over- 
lapping openings at the onset of the postpulse (see  Fig. 1). Mea- 
suring the time to the first shut the obtained time constant of the 
conditional open-time histogram should be corrected for the 
channel number like a first latency density (see Patlak & Horn, 
1982; Aldrich et al., 1983). The error in the estimation of the 
channel number, however, can be large. Therefore, all consecu- 
tive closings (until an opening occurred) to a maximum of four 
superimposed openings were measured at the multiples of the 
half-amplitude threshold (i.e. at 7, 5, 3 and 1 x the threshold). In 
this way, patches with four or less channels (estimated from the 
largest superimposed single-channel current level) were suitable 
for the present analyses. Each conditional open time of overlap- 
ping openings is definitely terminated by the first shut of a chan- 
nel until an opening occurs. (Note that the sequence of the open- 
ings of overlapping events is omitted as the conditional open time 
is measured from the onset of the postpulse.) Conditional open 
times of overlapping events were measured on a record until an 
opening occurred at any of the four threshold levels. Less than 
3% of the records had an opening after a shut at level two and no 
openings occurred at level three. Therefore, the loss of events 
and thus the calculations resulted in a negligible error. This type 
of calculation assumes independent opening and closing, and 
homogeneous population of channels, which conditions are sup- 
posed to be fulfilled for all calculations in this paper. 

Histograms were fitted by the sum of exponential functions. 
X -~ values were calculated for each fit to estimate the number of 
exponential components of the histograms (Colquhoun & 
Sigworth, 1983). 

Open-time histograms were fitted by the following equa- 
tion: 

f i t )  = Wl [exp(-t/ 'c2) - e x p ( - t / r O ]  
"7"2 - -  , F I  

W3 
+ w2z2 exp(-t/r2) + ~'3 e x p ( - t / r 3 ) ,  (1) 

where wi is the area of the ith component, and ~i its time con- 
stant. The first component of this equation consists of the differ- 
ence of two exponentials which shifts the maximum of the histo- 
gram to t > 0 (see Colquhoun & Hawkes, 1983). Fits of the 
histograms were obtained by leaving six parameters free, three 
time constants and three pre-exponential factors. 
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Results 

Different kinetic states of channels can be studied 
by changing the experimental conditions. In the 
present work two types of measurements were car- 
ried out: a) During repolarization the channel open 
and conditional open time was studied as a function 
of the conditioning pulse, b) During a single pulse 
the time dependence of the open time was investi- 
gated. Experiment type a) is equivalent to the mac- 
roscopic tail current measurements. Therefore, the 
conclusions from these experiments are relevant for 
tail current measurements. 

SINGLE-CHANNEL CURRENTS MEASURED AT 

REPOLARIZING VOLTAGE STEPS 

In Fig. 1 single-channel currents are shown re- 
corded during a 2-msec-long pulse V~ and a post- 
pulse V2, of different height. In these current re- 
cords three types of channel openings can be 
observed: 1) channels which open and close during 
the pulse VI, 2) channels which open at V~ and shut 
at V2, and 3) channels which open and shut at V2. To 
characterize the length of the channel openings dur- 
ing the postpulse two parameters can be measured: 
the first is the conditional open time COT, i.e. the 
time from the onset of V2 until a channel shuts pro- 
vided it was open at the end of V~. The second 
parameter is the channel open time--marked by 
OT. 

Channels which open at the prepulse and shut 
at the postpulse can be observed at any postpulse 
potential if the prepulse potential is in the activation 
range. Openings of channels at the postpulse may 
also occur because, first, during a short condition- 
ing pulse a portion of channels neither opens nor 
inactivates, i.e. stays in the resting state. Secondly, 
channels being open at the onset of the postpulse 
may also close to the resting state and can reopen. 
These openings can be observed if the postpulse 
potential is positive enough to elicit close-open 
transitions. In other words, this component contrib- 
utes to the averaged or macroscopic tail current if 
the postpulse potential is in the activation range 
(see also Kunze et al., 1985). 

The records in Fig. 1 give the impression that 
the dominating component during the postpulse is 
due to channels which open during V~ and shut dur- 
ing V2. To describe this component conditional 
open-time histograms were constructed. From the 
cumulative conditional open-time histograms the 
probability of finding a channel open, given it was 
open at the onset of the postpulse, can be calcu- 
lated. Examples of these probabilities are shown in 
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Fig. 1. Single-channel current records measured during a condi- 
tioning pulse (V0 and during postpulses (V2) in a cell-attached 
patch. RP indicates the resting potential, OT the open time and 
COT the conditional open time. Holding potential was RP-60 
mV, temperature was 8~ 

Fig. 2 obtained with a single patch. The scheme in 
the inset illustrates the principle of calculation. In 
plot (a) the postpulse potential was changed as indi- 
cated; for both curves the same conditioning pulse 
was used. In plot (b) the conditioning potential was 
changed, but the postpulse potential was kept con- 
stant. These plots suggest that not only the post- 
pulse but also the conditioning pulse potential influ- 
ences the time-course of the conditional open-time 
histograms. 

Conditional open-time histograms could be best 
fitted by the sum of two exponentials at most poten- 
tials. Examples of histograms and their fits are 
shown in Figs. 3(a), (b) and (c). In Fig. 3(d) the two 
time constants of the fits are plotted as functions of 
the postpulse potential for two conditioning pulse 
potentials. Here different symbols were used for 
different patches and the continuous lines were 
drawn by eye. The slow time constant increased 
about threefold for a 30-mV increase of the post- 
pulse potential for both conditioning pulses. A ten- 
dency to increase might be suspected in the fast 
time constant for the same potential range. 

With decreasing postpulse potential the fast 
time constant approaches the rise time of the mea- 
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Fig. 2. Dependence of the time-course of the conditional open- 
channel probability on postpulse potential (a) and on prepulse 
potential (b) in a single patch. P is the probability of finding a 
channel open during the postpulse provided it was open at the 
end of the prepulse. V~ and V2 indicate the pre- and postpulse 
potentials, respectively. The inset illustrates the calculation. 
C O T  is the conditional open time measured from the onset of the 
postpulse until the channel shuts. Vn = R P  - 60 mV, T = 8~ 
The number of events are for (a) 173 and 314 for R P  + 10 mV and 
R P  + 30 mV, respectively; for (b) 182 and 314 for R P  + 10 mV 
and R P  + 30 mV, respectively 

suring system; therefore,  it cannot  be calculated ex- 
actly ( s e e  Materials and Methods).  These approxi- 
mate values in Fig. 3(d) indicate only an upper  limit 
for the fast t ime constant.  

The stronger conditioning pulse caused a posi- 
tive shift of  the t ime constants  in Fig. 3(d). Due to 
the variable resting potential  of  the cells ( s e e  Mate- 
rials and Methods),  values pooled f rom different 
patches obtained with different conditioning pulse 
potentials did not show a significant difference for 
the fast  t ime constants  and for the slow time con- 
stants at V2 < - 10 mV. In single patches,  however ,  
by increasing the conditioning pulse potential,  a sig- 
nificant decrease  of  the t ime constants  at moderate  
V2 could always be observed (compare the time 
constants  for Fig. 3(b) and (c) in Table 1). 

A similar voltage dependence  and similar nu- 
merical values of  the slow time constants were also 
found for the channel open t imes measured during 
the postpulse as shown in Fig. 4. In Fig. 4(a) mean 
open times obtained f rom a single patch are plotted 
as function of the postpulse potential V2, for two 
conditioning pulses. A 30-mV increase in V2 caused 
a more  than twofold increase in the mean open time 
for both  conditioning pulses.  A similar voltage-de- 
pendence of  the mean  channel open time was previ- 
ously measured  with single pulses on outside-out 
patches (Nagy et al., 1983) and was also reported by 
Sigworth and Neher  (1980), by Vandenberg and 
Horn  (1984) and by Carbone and Lux (1986). The 
stronger conditioning pulse caused a similar posi- 
tive shift of  the curve  as it was observed  for the time 
constants  of  the conditional open-t ime histograms 
( s e e  Fig. 3d). 

Like the conditional open-t ime histograms the 
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Fig. 3. ( a - c )  Conditional open-time 
histograms and their fits for the 
indicated pre- (V0 and postpulses (1/"2) 
obtained from a single patch. 
Parameters of the fits are listed in 
Table 1. (d) Dependence of the two 
time constants of the conditional 
open-time histograms "Ccor on the 
postpulse potential Vz, for two 
conditioning pulses V~. Different 
symbols were used for different 
patches; the continuous lines were 
drawn by eye. Filled and unfilled 
symbols of identical shape are from the 
same patch. Vn was between R P  - 50 
and R P  - 70 mV, T = 8~ 
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unconditional open-time histograms could generally 
be best fitted by the sum of two exponential func- 
tions (Fig. 4c and d). In some patches the number of 
events at V2 < -10  mV was so much reduced that 
no statistical difference between a single or a biex- 
ponential fit could be found. The logarithm of the 
two time constants are plotted as function of V2 in 
Fig. 4(b). The fast time constant increases with in- 
creasing postpulse potential for both conditioning 
pulses, but the slow time constant shows a moder- 
ate decrease. The stronger conditioning pulse 
caused a definite positive shift of the fast time con- 
stant similar to that of the time constants of the 
conditional open-time histograms, but no change in 
the slow time constant can be observed. 

The similarities between the conditional and un- 
conditional open-time histograms are not surpris- 
ing, because the conditional open time is actually a 
residual open time. Therefore, if the channel is 
memoryless the time constants of the conditional 
open-time histograms should equal the time con- 
stants of the unconditional open-time histograms. 
[The memoryless gating of channels supposed here 
is a Markovian assumption (Colquhoun & Hawkes, 

1983; French & Horn, 1983; Horn & Vandenberg, 
1984), which is not fulfilled for the other parts of the 
results; s e e  Discussion.] 

For comparison, Fig. 5 shows the time con- 
stants of the conditional open-time histograms and 
the fast time constants of the open-time histograms 
in the same plot as function of the postpulse poten- 
tial. These values are obtained from a single patch. 
The slow time constants of the open-time histo- 
grams are out of scale in these plots. In Fig. 5(b) the 
conditioning pulse potential was 20 mV more posi- 

Ta ble  1. Parameters for Figs. 3 and 4 ~ 

Fig. rl "r: wl w2 x2(df) P E N  

3(a) 0.40 1.68 0.75 0.25 14.2(15) 0.51 173 
3(b) 0.20 0.78 0.84 0.16 11.4(10) 0.33 314 
3(c) 0.39 1.77 0.55 0.45 15.1(14) 0.37 182 
4(c) 1.66 5.8 0.91 0.09 9.6(19) 0.96 155 
4(d) 0.81 5.1 0.82 0.18 12.9(16) 0.68 117 

a Time constants rl, weighting factors wi, chi-square values X 2, 

degrees of freedom df, P values and the sum of events EN are 
listed. 
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Fig. 4. Mean values of the channel open time 
(a) and the logarithm of the time constants of 
the open-time histograms (b) as function of 
the postpulse potential Vz, for two 
conditioning pulse potentials V1. (c) and (d) 
are examples of open-time histograms and 
their fits resulting in parameters as listed in 
Table 1. All plots are from a single patch. 
Two identical symbols in (b) at the same 
potential refer to two series of records 
measured at different times during the long 
experiment. Open squares in (a) and (b) 
indicate values measured without conditioning 
pulse. V~/= R P  - 70 mV, T = 8~ 
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Fig. 5. Comparison of the time constants of the conditional 
open-time histograms "rcor  and the fast time constant of the un- 
conditional open-time histogram "rot  for two conditioning pulses 
VI. Plots are from a single patch. V,v = R P  - 60 mV, T = 8~ 

tive than in Fig. 5(a). These plots emphasize 
the close similarity between the slow time con- 
stants of the conditional open-time and the fast 
time constants of the unconditional open-time 
histograms. 

Differences between the conditional and uncon- 
ditional open-time histograms also appear, a) The 
conditional open-time histograms have no time con- 
stants >2 msec, which would be similar to that of 
the slow time constants (>4 msec) of the open-time 
histograms. Such slow time constants were never 
observed for conditional open-time histograms in 
the eight experiments made with different pre- and 
postpulse potentials, b) The open-time histograms 
seems to have no time constants <0.5 msec, 
which would be similar to the fast time constants 
of the conditional open-time histograms. How- 
ever, this conclusion is only preliminary (see 
below). 

The fast time constants of the conditional open- 
time histograms are difficult to measure correctly 
(see Materials and Methods) and might be biased by 
the activation time course at the conditioning pulse 
in the sense that channels which open first close 
first. If the fast time constant reflects a molecular 
process, one should also find a similar time constant 
in the open-time histograms. A time constant <0.5 
msec is difficult to measure and when present it is 
difficult to separate from other time constants of a 
histogram. Since the number of openings during the 
postpulse was small (see Fig. 1), it may be supposed 
that it was impossible to collect enough data to sep- 
arate a fast component in the open-time histograms. 
Therefore, experiments with single pulses have 
been made to collect sufficient data for statistical 
analyses. 
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Fig. 6. Open-time histogram obtained from a single pulse experi- 
ment with a single patch. The patch was depolarized by a 40- 
msec-long pulse to the resting potential. VH = R P  - 80 mV, T = 
8~ The dashed line is the sum of two exponentials fitted to the 
histogram in the range of 0.9 to 12 msec resulting in the time 
constants of 0.92 and 5.70 msec. In this range the chi-square 
value (degrees of freedom) is 27.6 (39), P = 0.91. The continuous 
line shows the function given by Eq. (1). Parameters obtained 
from the fit are listed in Table 2. In the inset the 0- to 4-msec 
range of the histogram and the fit are replotted on expanded time 
scale. O T  is the mean open time, ZN is the number of events 

OPEN TIME OF CHANNELS MEASURED WITH 

SINGLE PULSES 

In these experiments moderate pulse potentials 
were chosen for two reasons: a) A straightforward 
analysis of the open time requires nonoverlapping 
openings (Horn & Standen, 1983). As patches con- 
tained two to six channels, the occurrence of over- 
lapping events could be reduced by choosing mod- 
erate potentials. Less than 11% of openings 
overlapped in the present experiment. Records hav- 
ing overlapping openings were omitted from the cal- 
culations, b) A further aim was to study the time 
dependence of the channel open time. At large 
pulse potentials openings would tend to be shifted 
toward the onset of the pulse and so the time inter- 
val to be examined would have been compressed. 

Figure 6 shows an open-time histogram ob- 
tained from a single patch depolarized 4000 times by 
a single pulse to the resting potential. The decaying 
phase of the histogram (between 0.9 and 12 msec) 
could be fitted by the sum of two exponentials as 
shown by the dashed line. The obtained two time 
constants support the idea suggested earlier (Nagy 
et al., 1983) that sodium channels in neuroblastoma 
cells may have two open states. However, fitting 
only the decaying phase of the histogram, events 
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Fig. 7. Open-time histograms from the early 
and late phase of depolarization. The 
histogram is constructed from openings 
appearing during the time interval At = 0 to 5 
msec (a) and At = 5 to 40 msec (b). Plots are 
from the same experiment as Fig. 6. 
Parameters of the fits (continuous lines) are 
listed in Table 2. In the insets the 0- to 4-msec 
ranges of the histograms are replotted on 
enlarged time scale. Mean open time (OT) and 
the number of events (s are also shown 

having open times shorter than 0.9 msec are omit- 
ted. This omitted portion of the histogram is 41% of 
all events, which may not be disregarded. Conse- 
quently, an exponential function with two time con- 
stants is an unsatisfactory fit for the whole histo- 
gram. 

The large deficiency of the measured events 
compared to the biexponential function at short 
open times in Fig. 6 cannot be explained by an ex- 
perimental or measuring artifact due to two rea- 
sons: a) It was discussed in Materials and Methods 
that 0.2 msec or longer open times can be measured 
exactly, b) It will be shown that an open-time histo- 
gram constructed in a later phase of the depolariza- 
tion does not have any deficiency at short open 
times (see e.g. Fig. 7b). Therefore, it may be stated 
that the histogram in Fig. 6 does not have a mono- 
tonically decaying phase, but it has a maximum at t 
> 0. The maximum of the histogram is at about 0.4 
msec, which is more than four times larger than the 
dead time of the measuring system. 

Histograms having a maximum at t > 0 can be 
fitted by the difference of two exponential terms 
(see Colquhoun & Hawkes 1983), suggesting two 
open states (O1 and 02 in the scheme below), which 
are in sequence. Tentatively, the pathways of chan- 
nels can be described by the following scheme: 

R ~ C I ~ -  C 2 ~  C3 

O~--~ 02 03 

Here R, Ci, Oi and 1 represent the resting, the 
ith closed, the ith open and the inactivated state, 
respectively. The best fit of the histogram in Fig. 6 
could be obtained by Eq. (1) given in Materials and 
Methods. This function has three terms. The first 

term contains the difference of two exponentials, 
resulting in the maximum of the histogram, as men- 
tioned. The two time constants of this term are 0.51 
and 0.65 msec (see Table 2), which are the life-times 
of the two open states sequentially coupled. This 
term has the largest weight, 0.66 (see Table 2). The 
second term having a weight of 0.20 has the same 
time constant (0.65 msec) as the slower component 
of the first term. The third term with a weight of 
0.14 and the time constant of 3.59 msec is the slow- 
est component. The second term suggests that this 
open state (02 in the above scheme) may also ap- 
pear alone, not only in sequence with the shortest 
(O1) open state. The fastest time constant (rl = 0.51 
msec) is in the same range as the fast time constants 
of the conditional open-time histograms shown in 
Figs. 3 and 5. Therefore, it may be supposed that 
the fast time constants of the conditional open-time 
histograms indicate a real, molecular process. 

It was reported that channels which open late 
during the depolarization tend to stay open longer 
(Sigworth, 1981; Nagy et al., 1983). The time depen- 
dence of the channel open time was Studied in the 
present experiments, too. Open-time histograms 
constructed from openings before and after 5.0 
msec are shown in Fig. 7(a) and (b), respectively. 
To emphasize the difference between the two plots 
the short open-time ranges of the histograms are 
plotted in the insets on expanded time scales. 
Clearly, the histogram in Fig. 7(b) has a monotoni- 
cally decaying phase, whereas that in Fig. 7(a) has a 
maximum around 0.5 msec. The histograms were 
fitted by Eq. (1). The parameters of the fits are listed 
in Table 2. In the last phase of depolarization (Fig. 
7b) both time constants are larger than those of the 
corresponding components of the early phase. 
(Compare also the mean open times (OT) given in 
Fig. 7a and b.) The first term of Eq. (1) (i.e. the 
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]Fig. 8. Open-time histograms and their fits (continuous lines) for 
the indicated time intervals (At) of the depolarization. Histo- 
grams are from the same experiment as Figs. 6 and 7. Parameters 
of the fits are listed in Table 2. Mean open times (OT) and the 
number of events (s are indicated 

difference of two exponentials) has the largest 
weight for Fig. 7(a) (wl = 0.85) but is zero for Fig. 
7(b). Consequently,  in the early phase of depolar- 
ization the two coupled open states (O1 and O2) are 
dominating, but  in the late phase these states or the 
irreversible coupling cannot be observed.  The fact 
that the open-time histogram in Fig. 7 ( b ) h a s  a 
monotonic decaying phase excludes the possibility 
that the maximum at t > 0 in Figs. 6 and 7(a) is due 
to an experimental  or calculating artifact. 

The time dependence  of  the open time was fur- 
ther studied by dividing the depolarization into six 
intervals, in which open-time histograms have been 
constructed.  These histograms are shown in Fig. 8. 
In the insets, for bet ter  comparison,  the 0 to 3 msec 
time ranges of the histograms are displayed on ex- 
panded time scale. Fits of the histograms by Eq. (1) 
resulted in parameters  listed in Table 2. In the time 
interval 0 to 2.0 msec the first and the second com- 
ponents are present  (wl = 0.63, w2 -- 0.37, see Table 
2). Between 2.0 and 4.0 msec the first component  
alone results in a good fit and between 4.0 and 6.5 

80 

40 

N �84 

80 

40 

0 
0 2 t (m~) 
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]Fig. 9. The sum of the histograms shown in Fig. 8(b) and (c). The 
histogram could be best fitted by the difference of two exponen- 
tials (continuous line) with time constants of 0.34 and 0.83 msec 
(see also Table 2). At indicates the time interval, OT the mean 
open time and s the number of events. The inset shows the 
short open time range of the histogram and fit on expanded time 
scale 

msec the second component  makes only a minor 
contribution to the fit (W 2 = 0.04). After 6.5 msec 
the first component  disappears. With increasing 
time the time constant "7" 2 is gradually increasing 
from 0.80 to 1.31 msec (except the interval of 2.0 to 
4.0 msec). Noteworthy,  the first bin of  the histo- 
gram in Fig. 8(d) is significantly smaller than could 
be expected from the fit obtained by the sum of two 
exponentials.  Contrary to this, the first bin of the 
histogram in Fig. 8(f)  is significantly larger than the 
exponential  fit. However ,  the lack of  sufficient data 
made the further  analysis of this question impos- 
sible. The plots in Fig. 8 and the parameters listed in 
Table 2 clearly demonstrate  a gradual change of the 
open-time histograms with increasing time. 

In the time intervals 2.0 to 4.0 msec and 4.0 to 
6.5 msec the presence of  the coupled open states is 
most evident. Therefore  the sum of  the histograms 
of Fig. 8(b) and (c) is replotted in Fig. 9. This histo- 
gram has a maximum at about 0.6 msec and could 
be best fitted by the difference of two exponentials 
with the time constants 0.34 and 0.83 msec (see 
Table 2). Outside the interval of  2.0 to 6.5 msec 
either the same open states may appear indepen- 
dently or other  open states may occur. 

It was reported that during subsequent depolar- 
izations records with and without openings are 
grouped in runs (Horn et al., 1984; Kiss & Nagy, 
1985). The positive value of the variable Z indi- 
cates a tendency for nonrandom appearance of runs 
(see Horn  et al., 1984; Colquhoun & Sakmann, 
1985). Z was 2.24 for the experiment,  from which 
the open-time histograms in Figs. 6, 7, 8 and 9 are 
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Table 2. Parameters  for Figs. 6, 7, 8 and 9 a 

259 

Fig. At wl w2 w3 TI "/'2 T3 X 2 P 

(msec) (msee) (msec) (msee) (df) 

6 0-40  0.66 0.20 0.14 0.51 0.65 3.59 30.7 0.96 
(46) 

7(a) 0 -5  0.85 0.08 0.07 0.44 0.60 2.18 20.9 0.91 
(31) 

7(b) 5 -40  0 0.84 0.16 - -  1.15 3.63 22.6 0.95 
(35) 

8(a) 0 -2 .0  0.63 0.37 0 0.48 0.80 - -  15.3 0.88 
(23) 

8(b) 2 .0-4 .0  1.00 0 0 0.40 0.67 - -  11.7 0.95 
(21) 

8(c) 4 .0-6 .5  0.96 0.04 0 0.37 0.92 - -  15.8 0.86 
(23) 

8(d) 6 .5-9 .0  0 0.97 0.03 - -  1.09 5.48 9.4 0.80 b 
(14) 

8(e) 9 .0-14.0 0 0.92 0.08 - -  1.20 7.06 15.5 0.75 
(20) 

8(f)  14.0-40.0 0 1.00 0 - -  1.31 - -  12.3 0.42 c 
(12) 

9 2 .0-6 .5  1.00 0 0 0.34 0.83 - -  23.2 0.90 
(33) 

a Wi and zl are the weighting factors (the area of  the ith component)  and the time cons tan ts  of  the 
componen t s ,  respect ively.  At is the time interval in which the open t imes were measured .  Chi-square 
values (X2), degrees o f  f reedom (df) and the corresponding P values are also listed. 
b and c: The  fits and the  chi-square values were obtained after omitt ing the first bin of  the his tograms.  
Including the first bin the values are: b xZ(df) = 19.7 (15), P = 0.18; c x2(df) = 39.0 (13), P = 2 x 10 -4. 

demonstrated, indicating significant clustering of re- 
cords with openings. However, open-time histo- 
grams constructed from openings which appeared 
on the first, second and third record of a run were 
only slightly different. 

Discussion 

The main goal of this work is to provide evidence 
for multiple open states of sodium channels in neu- 
roblastoma cells. Previously, open-time histograms 
fitted by the sum of two exponential functions gave an 
indication for two open states (Nagy et al., 1983). 
However, if histograms are constructed from multi- 
channel patches heterogeneous kinetics of channels 
or different population of channels cannot be ex- 
cluded with certainty. The present finding that the 
open-time histogram in the 2.0- to 6.5-msec time 
range is best fitted by the difference of two expo- 
nentials gives convincing evidence for the presence 
of two open states of channels. This fit provides 
further information about the relation of the states. 
Namely, these open states (O1 and 02 in the scheme 
on page 257) must be connected through an irre- 
versible pathway. Another mechanism by which an 
open-time histogram with a maximum at t > 0 could 
be explained is not known (see Colquhoun & 

Hawkes, 1983). The first finding of an open-time 
distribution having a maximum at t > 0 was re- 
ported by Gration et al. (198,2). They measured the 
open times of glutamate channels in extrajuncti0nal 
membrane of locust muscle and suggested an irre- 
versible two-step process for channel closing. 

The experimental results show similarities be- 
tween the time constants of the conditional and the 
unconditional open-time histograms. This suggests 
that both types of calculations give information 
about the same molecular process, i.e. about the 
channel closing. Therefore the multiexponential de- 
cay of the conditional and the unconditional open- 
time histograms (presented here) and of the tail cur- 
rents (described by Goldman and Hahin, 1978, and 
Schauf et al., 1977) may indicate multiple open 
states of sodium channels. Similarity between the 
conditional and unconditional open times can be ob- 
served since certain open states occur in both histo- 
grams. Differences between the conditional and un- 
conditional open-time histograms (see page 256) 
could also be explained by the presence of multiple 
open states. Concluding from the observed time de- 
pendence of the open-time histogram, different 
open states may occur at the end of the conditional 
pulse than later during the postpulse. 

The experiments show that the time constants 
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of the conditional and unconditional open-time his- 
tograms depend on the prepulse potential. This ob- 
servation indicates contradiction to the Markovian 
assumption of the memoryless gating of channels. 
Initial condition-induced changes have been re- 
ported for the time constant of the macroscopic in- 
activation by Chandler and Meves (1970) and for 
the time course of the tail currents by Goldman and 
Hahin (1978) and by Sigworth (1981). The change of 
the time constants with the initial conditions can be 
explained either by the aggregation model of 
Baumann (1981, 1983), or by assuming that the cal- 
culated time constants are the mean of two or more 
time constants, whose weight changes with the ini- 
tial conditions (see Goldman & Hahin, 1978). It was 
shown that having sufficient data a fast component 
could be observed in the unconditional open-time 
histogram. Therefore it can be supposed that the 
calculated time constants of the conditional and un- 
conditional open-time histograms obtained from the 
double-pulse experiments are the mean values of 
two or more time constants, which could not be 
separated. This conclusion also supports the idea 
that the sodium channels in neuroblastoma cells 
may have several open states. 

The experiments also provide new evidence for 
the time dependence of the channel open time. This 
phenomenon has first been reported by Sigworth 
(1981). He showed that in the node of Ranvier chan- 
nels which open late during a depolarization stay 
open longer. Similar conclusions were reached for 
sodium channels in neuroblastoma cells (Nagy et 
al., 1983). The present results support the previous 
conclusions. Furthermore, they suggest that the re- 
lation between the open states is rather complicated 
(see scheme on page 257). Open-time histograms 
constructed for different time intervals of the depo- 
larization indicated that an irreversible pathway be- 
tween the open states O1 and O2 is most probable 
between 2.0 and 6.5 msec. Before and after this 
interval either the two coupled open states appear 
less frequently and other open states occur, or the 
coupled states open independently. It was shown 
that the time constant r2 (which is always existent ) 
increases gradually with increasing time. r2 is the 
slower time constant of the coupled states before 
6.5 msec of the depolarization and it represents an 
independent (single) open state (02) after 6.5 msec. 
Therefore, it might be supposed that the connection 
between the coupled states is changed during the 
depolarization. (This idea might also be supported 
by Fig. 8(f), in which the first bin of the histogram 
is significantly larger than the fit suggesting an addi- 
tional fast component.) 

The gradual increase of the time constant r2 
with increasing time could be explained (similarly to 

the initial condition-induced changes of time con- 
stants) by supposing that it is the mean of two or 
more time constants which could not be separated. 

The usual models developed for the sodium 
channels assume a) a time homogeneous and b) an 
irreducible Markov process. (These conditions 
mean that the transition rates are time independent 
and that all states can be reached from any other 
states; French & Horn, 1983.) According to the 
present results both assumptions appear to be vio- 
lated: a) the open-time histograms were time depen- 
dent indicating time-dependent transition probabili- 
ties; b) an irreversible pathway was found between 
two open states. Previous indications against the 
Markovian assumptions are summarized by French 
and Horn (1983). All these findings suggest that for 
sodium channels in some preparations a more com- 
plex model has to be developed. 

An alternative explanation for the observed 
time dependence of the channel open time would be 
the presence of at least two populations of chan- 
nels. One population should have two open states 
coupled irreversibly, the other population (or popu- 
lations) should form the sum of two exponentials of 
the open-time histograms in the last phase of the 
depolarization. This alternative possibility cannot 
be excluded with certainty. However, it was shown 
that both native and sea anemone toxin-modified 
channels have discrete, different single-channel 
current levels (Nagy & Bagany, 1986; Nagy, 1987). 
This also suggests that channels may have different 
open conformations. 

The multiexponential open-time histograms 
with a maximum at t > 0 reported in the present 
paper differ from the open-time histograms pub- 
lished by Fukushima (1981), Quandt and Narahashi 
(1982), Aldrich et al (1983), Horn and Vandenberg 
(1984) and Carbone and Lux (1986). Their open- 
time histograms can be fitted by a single exponen- 
tial, suggesting a single open state of sodium chan- 
nels. Possible explanations for the discrepancy are 
as follows: a) A general explanation. To observe 
multiexponential open-time histograms a lot of data 
must be collected under the same experimental con- 
ditions. For instance, Figs. 6, 7, 8 and 9 were ob- 
tained from a single patch depolarized 4000 times. 
Having insufficient data significant deviations from 
a single exponential, especially in the short open- 
time range can be missed. The time dependence of 
the time constants of the open-time histograms can 
only be studied at moderate depolarizations, where 
the openings appear on an expanded time scale. 
However, then the number of openings is small re- 
ducing the significance level of statistical tests, b) 
The limited frequency range of the method does not 
make it possible to observe a fine structure at higher 
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temperature. For instance, calculating with a Ql0 
- 2 . 2  (unpublished value obtained for the time con- 
stants of the open-time histograms) faster time con- 
stants than 1.0 msec at 8~ (which would be 0.45 
msec at 18~ cannot be separated and measured 
correctly at room temperature. The high tempera- 
ture might explain why Aldrich et al. (1983) did not 
report a maximum for the open-time histograms 
measured at 16~ or higher temperatures, c) Differ- 
ences in preparations. Fukushima (1981) used tuni- 
cate egg cells, Horn and Vandenberg (1984) GH3 
cells, Carbone and Lux (1986) dorsal root ganglion 
neurons. The multiexponential open-time histo- 
grams presented here may indicate differences be- 
tween sodium channels in different preparations, d) 
Differences between cell-attached patches (as used 
in the present work) and excised patches (as used 
by Quandt and Narahashi, 1982). 

The multiple open states of sodium channels 
and the time-dependent time constant of the open- 
time histograms indicate that simplified kinetic 
models can give only an overall description, but on 
a molecular level the function of channels can be 
much more complex, at least in some preparations. 
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