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Summary. Single sodium-channel currents were measured in 
neuroblastoma cells after inhibition of inactivation by chlora- 
mine-T (CHL-T), sea anemone toxin II (ATX-II) and scorpion 
toxin (SCT). The decaying phase of the averaged single-channel 
currents recorded with 90-msec pulses in cell-attached patches 
was clearly slower than that of the unmodified channels, suggest- 
ing inhibition of macroscopic inactivation. Each substance 
caused repetitive openings and a moderate increase in the chan- 
nel open time. At V,, = R P  + 20 mV and T = 12~ the mean 
channel open times were 1.4, 1.6 and 1.8 msec for CHL-T, ATX- 
II and SCT, respectively, as opposed to 1.07 msec for native 
channels. Open-time histograms could be best fitted by the sum 
of two exponentials. The time constants of the fits were similar 
for histograms constructed from single openings and from open- 
ings during bursts. This suggests that the population of channels 
is homogeneous and that in bursts the same open conformations 
of channels occur as in single openings. Mean burst durations for 
bursts consisting of more than one opening at V,, = R P  + 20 mV 
were 4.9, 5.8 and 6.1 msec for CHL-T, ATX-II and SCT, respec- 
tively. Burst open-time histograms constructed from two or 
three openings were fitted by the gamma function. The different 
time constants of the fits obtained for ATX-II and SCT suggested 
multiple open conformations of channels for openings of bursts. 
However, significantly different open-time histograms con- 
structed from the first, second and third openings of bursts could 
not be obtained systematically. A positive correlation was found 
for the dwell time of the first and the second, as well as for the 
second and the third opening of bursts with each substance, but a 
negative one for the dwell time of an opening and the neighboring 
closing of bursts with ATX-II. The results suggest a model with 
multiple open and inactivated states. In this model the inacti- 
vated states are weakly absorbing. 
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Introduction 

Inactivation of the macroscopic sodium current can 
be inhibited by various substances, e.g., scorpion 
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toxin (Koppenhofer & Schmidt, 1968; Meves, 
Rubly & Watt, 1982; Meves, Simard & Watt, 1984; 
Wang & Strichartz, 1985; Gonoi & Hille, 1987), sea 
anemone toxin (Bergman et al., 1976; Neumcke, 
Schwarz & Stampfli, 1985; Ulbricht & Schmidt- 
mayer, 1981; Meves et al., 1984), chloramine-T 
(Wang, 1984; Wang et al., 1985; Rack, Rubly & 
Waschow, 1986). Although the effect of these sub- 
stances on macroscopic inactivation is similar in 
different preparations, the effect on microscopic in- 
activation could be different. On the single-channel 
level, sea anemone toxin has been shown to prolong 
the channel open time and cause repetitive channel 
opening ("bursting") in cardiac muscle (Schreib- 
mayer, Kazerani & Tritthart, 1987). In neuroblas- 
toma cells it also causes bursts, but the channel 
open time is only moderately increased (Nagy, 
1987d). Chloramine-T elicits bursting too, but its 
effect on the channel open time is small (Nagy, 
1987d) or variable (McCarthy & Yeh, 1987). 

This paper presents a detailed analysis of the 
effects of chloramine-T (CHL-T), sea anemone 
toxin (ATX-II) and scorpion toxin (SCT) on single 
sodium-channel currents of neuroblastoma cells. 
The results suggest the existence of multiple open 
and inactivated states. The inactivated states are 
moderately absorbing making the reopening of the 
channels possible. Parts of the results have been 
reported in a preliminary form (Nagy, 1987b,c). 

Materials and Methods 

Single sodium-channel currents were measured in mouse neuro- 
blastoma cells, N1E 115, by the patch-clamp method in the cell- 
attached configuration (Hamill et al., 1981). Cells were grown 
under standard conditions as described by Moolenaar and Spec- 
tor (1978). Details of the experimental methods have been pub- 
lished (Nagy, Kiss & Hof, 1983; Nagy, 1987a) and will be sum- 
marized briefly. 

Lipid-coated pipettes formed seals with a resistance of 30 to 
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50 GfL The cell membrane was hyperpolarized by 50 to 80 mV to 
remove resting inactivation. From the constant holding poten- 
tial, 40- to 90-msec depolarizing voltage pulses of different 
heights were applied at intervals of 1.0-1.5 sec. 

During the experiments, cells were kept in either HEPES 
buffered medium or in a bath solution that contained (in mM): 
NaC1 160, KCI 5, CaCI2 1.8, MgCI2 0.8, HEPES 20, glucose 20. 
pH was adjusted to 7.3 and temperature (between 12 and 16~ 
was kept constant during each experiment. Pipettes were filled 
with bath solution or a solution containing 160 mM NaC1, 1.8 mM 
CaC12, 0.8 mM MgC12 and 5 mM HEPES. 

In 13 experiments, cells were incubated in bath solution 
containing 0.5-1.0 mM CHL-T. After 5 to 8 rain, the CHL-T 
solution was washed out and measurements were carried out in 
normal bath solution. 

In 11 experiments, 3-7 p~M ATX-II was added to the pipette 
solution, ATX-II from A n e m o n i a  su lca ta  was purchased from 
Ferring GmbH (Kiel, FRG). 

In 10 experiments, 110-330 nM SCT was added to the pi- 
pette solution. The toxin was purified from the venom of the 
scorpion Le iurus  qu inques t r ia tus  by Dr. M. Rack (Physiol. 
Chem. Homburg, FRG). 

Due to the uncertainty of the cell's resting potential, param- 
eters of different patches were not pooled or compared directly. 
Instead, long experiments with single patches were mainly used 
for the present analyses. If parameters of different patches (mea- 
sured at the same temperature) are compared, the fast time con- 
stants of the first latency density functions, the times to peak of 
the averaged single-channel current records and the single-chan- 
nel current amplitudes were used to recalculate the pulse poten- 
tial. The latter method can be used because the single-channel 
conductances of the modified and unmodified channels are very 
similar (see  Results). The three methods resulted in similar val- 
ues for the pulse potential. 

Small shifts of the activation parameters have been re- 
ported with the three substances in different preparations: with 
CHL-T, between 5 and 8 mV (Meves & Rubly, 1986; Rack et al., 
1986; Drews, 1987), with ATX-II between 0 and - 4  mV (UI- 
bricht & Schmidtmayer, 1981; Neumcke et al., 1985) and with 
SCT between 0 and - 10 mV (Wang & Strichartz, 1985; Gonoi & 
Hille, 1987). A few millivolts change in the membrane potential 
can cause a few percent change in the channel-open or burst time 
parameters, which are compared in this paper. 

Details of the measuring system have been described previ- 
ously (Nagy et al., 1983; Hof, 1986; Nagy, 1987a) and are sum- 
marized briefly as follows. A DEC LSI 11/23 microcomputer 
generated the voltage pulses, sampled the data with 10 kHz and 
was used for off-line analyses. Analog signals were filtered at 2 
kt tz  ( - 3  dB) by a four-pole low-pass Bessel filter. Leakage and 
capacitive currents were compensated by an analog circuit. 

DATA ANALYSES 

Calculations and calibrations were made to determine the kinetic 
parameters of the recording system as described earlier (Nagy, 
1987a). The dead time of the recording system was 0.09 msec and 
the signal-to-noise ratio was >8.2. 

The half-amplitude threshold detection was used for calcu- 
lations of the open, closed and burst open times of the channel 
openings with the accuracy of the sampling interval (0.1 msec) on 
records without overlapping openings. Open- and closed-time 
histograms were constructed with a bin width of 0.1 msec and 
burst-time histograms with 0.2 msec from channel openings on at 
least 200 current records measured with a certain pulse potential. 

All histograms were fitted by a Gaussian least-squares fit 
routine. Open- and closed-time histograms were fitted by the 
sum of two exponential functions 

f ( t )  = ( w / ' r 3 e x p ( - t / , r i )  + (wz/'r2)exp(-t/~'2). (l) 

Here wi is the weighting factor of the ith component, w~ + w2 = l 
and ~'i is the time constant. Chi-square values were calculated for 
each fit to estimate the number of exponential components of the 
histograms (Colquhoun & Sigworth, 1983). 

Burst open times were defined as consecutive openings that 
are separated by closed intervals shorter than a specified time to. 
tc was determined from the closed-time histograms using the 
criterion that the portion of long-closed intervals erroneously 
classified as gaps between bursts is equal to the portion of the 
misclassified short-closed intervals. This condition, which was 
also used by Colquhoun and Sakmann (1985), is fulfilled if 

exp(- tc/z0 = 1 - exp(-tc/rz) (2) 

where rl and ~'2 are the fast and the slow time constants of the 
closed-time histogram, respectively. 

Burst open-time histograms were constructed separately 
from bursts consisting of two and three openings. These histo- 
grams were fitted by a gamma function (Colquhoun & Sakmann, 
1985) 

l'~(t) = ( t / zy , - lexp( t / ,c ) (z(k  - 1)!) -~. (3) 

Here, z is a mean time constant, k is the number of variables (in 
the present case 2 or 3). 

The distribution of the number of closing per burst was 
fitted by a geometric function (Colquhoun & Sigworth, 1983; 
Colquhoun & Sakmann, 1985) 

P(n)  = (a//xl)(1 - /x~l) n-I + (a2//x2)(1 - /~2t) n-I. (4) 

In this equation n is the number of closings per burst, ai is the 
weight of the ith component and/xi is the mean value of the ith 
component. 

Results 

GENERAL OBSERVATIONS 

C h l o r a m i n e - T  i r r e v e r s i b l y  i n h i b i t s  t h e  i n a c t i v a t i o n  

o f  s o d i u m  c h a n n e l s  in  n e u r o b l a s t o m a  ce l l s  ( N a g y ,  

1987b ;  N a g y ,  1987c) ,  s i m i l a r  to  t h e  e f f e c t  r e p o r t e d  

in m y e l i n a t e d  n e r v e  f i b e r s  ( W a n g ,  1984) a n d  s q u i d  
a x o n s  ( W a n g  e t  a l . ,  1985).  T h e  e f f e c t s  o f  s e a  a n e m -  

o n e  t o x i n  a n d  s c o r p i o n  t o x i n  is r e v e r s i b l e ,  a s  t h e y  

a r e  o n  o t h e r  p r e p a r a t i o n s  ( S t r i c h a r t z ,  R a n d o  & 

W a n g ,  1987) .  
F i g u r e  1 s h o w s  s i n g l e - c h a n n e l  c u r r e n t  r e c o r d s  

f r o m  C H L - T ,  A T X - I I  a n d  S C T  m o d i f i e d  s o d i u m  

c h a n n e l s .  T h e  r e c o r d s  d e m o n s t r a t e  t h a t  t h e  m o d i -  
f i ed  c h a n n e l s  o p e n  n o t  o n l y  s h o r t l y  a f t e r  t h e  o n s e t  
o f  t h e  d e p o l a r i z a t i o n ,  b u t  a l s o  l a t e r  d u r i n g  t h e  90-  
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Fig. 1. Selected single-channel currents  through sodium channels  modified by chloramine-T ( C H L - T ) ,  sea anemone  toxin ( A T X - I I I  and 
scorpion toxin (SCT) in cell-attached patches  of neuroblas toma cells. N I E I 15. Vs~ = R P  - 61) mV for CHL-T  and ATX, and VII = R P  

- 50 mV for SCT. Patches were depolarized to V,, = R P  ~ t0 mV for 91) msec.  T = 14~ for each plot. Open and filled circles indicate 
single openings and openings in a burst ,  respectively 

msec pulse to V~ = R P  + 10 mV. Channels open 
several times during a depolarization. Single open- 
ings (open circles) and openings in bursts (fitted cir- ~-w, 
cles) can also be observed. With chloramine-T the 
probability of finding openings at later times is sig- 
nificantly smaller than with ATX-II or with SCT. 
This can also be seen in Fig. 2, in which the aver- 
aged single-channel currents are compared. The 
largest noninactivating, steady-state current could 
be obtained with SCT, the smallest with CHL-T. 
The concentrations used ( s e e  Fig. 2 caption) re- 
sulted in maximum inhibition of the macroscopic 
inactivation. The integrals of the normalized aver- 
aged currents were (in arbitrary units) 1.0, 4.2, 6.7 1 . 0  
and 10.6 for control, CHL-T, ATX-II and SCT, re- 
spectively. 

S I N G L E - C H A N N E L  C U R R E N T  A M P L I T U D E S  

For the three substances, a similar mean single so- 
dium-channel current size of -1.3 pA was mea-  
sured at the same relative membrane potential of Vm 
= R P  mV with 160 mM external NaC1 at 14 ~ The 
single-channel conductance of the SCT modified 
channels was linear measured between R P  - 20 mV 
and R P  + 40 mV and was 12.9 _+ 2.7 pS (n = 4) at 
12~ The 3' for CHL-T was 13.8 pS, for ATX-II 
10.8 pS (calculated with Ql0 = 1.28 from Nagy, 
1987b). Similarly, 11.5 pS unitary conductance was 
reported for the ATX-II modified cardiac sodium 

30 60 i [ms ] 
I t I t I I 

~ ~  14TX-I I 

~ "  CHL-T 

" CONTROL 

Fig. 2. Averaged single-channel  current  records obtained with 
unmodified (control) and with modified sodium channels  as indi- 
cated.  V,v = R P  60 mV,  Vm = R P  + 20 mV; for the control 
patch Vii = R P  - 50 mV,  Vm := R P  + 15 mV, ir = 12~ Concen- 
trations of the subs tances  are: CHL-T  0.5 raM, ATX-II  6.1 b~M 
and SCT 220 riM. The currents  are normalized to the peak value 
for better  compar i son  

channels (Schreibmayer et al., 1987). Subconduc- 
tance current levels could occasionally be observed 
not only with the CHL-T and ATX-II modified 
channels, as previously described (Nagy, 1987d), 
but also with the SCT modified channels. They are 
demonstrated in Fig. 3A. Besides the most frequent 
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Fig. 3. (A) Subconductance levels of scorpion toxin modified sodium channels. (B) Current-amplitude histogram from the same patch. 
Segments (30 msec long) of current records are plotted in (A) demonstrating five different current levels. Horizontal bars on the left 
indicate the mean values for the sublevels (thin lines) and for the main current level (thick line) calculated on selected current records. 
The mean values are (in pA): 0.30, 0.67, 0.93, 1.27 and 1.57. Filled circle below the topmost record indicates a sublevel of 73% of the 
usual current size. The open-channel current-amplitude histogram in (B) was fitted by a single Gaussian function with parameters as 
indicated. The closed-channel current noise had a o- of 0.09 pA. A and B are from the same experiment as Fig. 1 

current  amplitude of 1.27 pA (estimated from the 
midpoint of the bell-shaped amplitude histogram, 
Fig. 3B), four different current levels can be seen. 
Mean values of  the sublevels were calculated by 
averaging the digitized current  points for sublevels 
longer that 0.56 msec (see Nagy, 1987d) on selected 
current  records.  The averages were (in % of the 
usual current  size -+ SD): 22.3 m 4.7, 52.6 -+ 4.2, 
100.0 + 11.4 and 124.1 -+ 7.1. A sublevel having 
73.4% of the most frequent current size (see filled 
circle in the topmost  record in Fig. 3A) could be 
observed clearly only in <1% of openings of the 
selected records.  This current level was suspected 
already for the CHL-T  and ATX-II modified chan- 
nels (Nagy, 1987d). 

The sublevels cannot be recognized in the am- 
plitude histogram (Fig. 3B) due to their relative 
short lifetime and rare occurrence.  Only the devia- 
tion from the Gaussian fit indicates the presence of 
current levels smaller than the usual size. The o- of 
the Gaussian fit in Fig. 3B is 0.19 pA, which is about 
twice the closed-channel current noise of o- = 0.09 
pA. This large SD of the main current size and the 
"uns tab le"  open-channel current records (see re- 
cord 5 and 6 for SCT in Fig. 1 and record 2 in Fig. 
3A) may, partially, be caused by unresolved transi- 
tions between the sublevels of 73 and 124% and the 
main current  level. 

SINGLE-CHANNEL CLOSED AND OPEN TIMES 

Single-channel open and burst times were measured 
in patches containing 2 to 4 channels with the half- 
amplitude threshold criterion on records without 
superimposed openings. The burst time is the time 
of subsequent openings, which are separated by 
closed gaps shorter  than a characteristic value to. tc 
was determined from closed-time histograms fitted 
by the sum of two exponentials (Fig. 4; see Eqs. (1) 
and (2) in Materials and Methods).  It is supposed 
that openings separated by closed gaps longer than 
tc originate from different channels and openings 
separated by gaps shorter than tc are from the reo- 
pening of the same channel. Examples of  closed- 
time histograms and their fits by the sum of two 
exponentials are shown in Fig. 4 for the three sub- 
stances. The characteristic time tc varied from 
patch to patch for each substance. 

It might be supposed that single openings (sepa- 
rated by closed gaps >to) and openings that appear 
in bursts (see open and filled circles in Fig. 1) origi- 
nate from different channel types or conformations. 
Therefore,  the open times for these two types of 
openings were calculated separately. Fig. 5 shows 
open-time histograms and their fits for single open- 
ings (upper plots) and for openings in bursts (lower 
plots) for CHL-T,  ATX-II  and SCT modified chan- 
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Fig. 4. Closed-time histograms constructed for chloramine-T (CHL-T), sea anemone (ATX-H) and scorpion toxin (SCT) modified 
sodium channels. The histograms were fitted by the sum of two exponentials resulting in time constants as indicated. From the time 
constants the characteristic time tc was calculated by Eq. (2), as described in Materials and Methods 
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Fig. 5. Open-time histograms for CHL-T, ATX-II and SCT modified sodium channels. The upper histograms are constructed from 
openings that were separated by closed gaps >tc (single openings); the lower histograms are from openings in bursts with closed gaps 
<tc between the openings. Insets show the 0-4 msec intervals of the histograms on expanded time scale. Mean open times (OT) and the 
number of events (~;N) are indicated. The histograms were fitted by the sum of two exponentials. Parameters of the fits are listed in 
Table 1 (V,~ = RP + 20 mV, T = 12~ 
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Table 1. Parameters  obtained by fitting the sum of two exponentials ,  Eq. (1), to the open-t ime histo- 
grams in Fig. 5 

71 ~ SEE "7" 2 --+ SEE Wl 4- SEE w 2 ~ SEE x2(df) P 
(msec) (msec) 

CHL-T  single 1.00 +- 0.05 2.77 - 0.14 0.83 -+ 0.12 0.17 -+ 0.09 22.86(33) 
in burs ts  0.70 -+ 0.04 2.62 -+- 0.12 0.69 --- 0.05 0.31 -+ 0.06 34.66(37) 

ATX-II  single 0.97 -+ 0.04 3.38 -+ 0.30 0.75 -+ 0.08 0.25 -+ 0.11 22.66(26) 
in burs ts  0.97 -+ 0.09 3.23 +- 0.21 0.68 -+ 0.06 0.32 -+ 0.07 25.41(31) 

SCT single 0.74 +- 0.04 3.24 +- 0.20 0.66 - 0.03 0.34 -+ 0.03 42.87(41) 
in burs ts  0.83 --- 0.07 2.75 -+ 0.22 0.36 +- 0.04 0.64 -+ 0.05 48.90(46) 

0.91 
0.58 
0.65 
0.75 
0.39 
0.36 

Abbreviat ions:  ri: t ime constant ;  SEE: s tandard error of  the es t imated value; wi: weighting factor. 

nels. The mean open times (OT) for the single and 
burst openings are similar for the CHL-T modified 
channels, but the OT is somewhat longer in bursts 
for the ATX-II and SCT modified channels. How- 
ever, the Mann-Whitney-Wilcoxon test (Graf, Hen- 
ning & Stange, 1966) indicated no significant differ- 
ence between the open-time histograms of the 
single and the burst openings (~ > 0.05; two-tailed 
test). 

The open-time histograms of both the single and 
burst openings could be best fitted by the sum of 
two exponentials. The parameters of the fits (see 
Table 1) indicate moderate differences between the 
single and burst openings. The weighting factors of 
the fast components (wl) are reduced for the burst 
openings, and; therefore, the weighting factors of 
the slow components (w2) increased, resulting in 
longer mean open times for the ATX-II and SCT 
modified channels (see OTs in Fig. 5). The fast time 
constant rl for the burst openings is somewhat 
smaller than for single openings in CHL-T modified 
channels; therefore, the mean OT (Fig. 5) did not 
change considerably. ~2 of the CHL-T and ~-1 and ~'2 
of the ATX-II and SCT modified channels are simi- 
lar for the single and burst openings. These similari- 
ties indicate that it is the same population of sodium 
channels that produces the single openings and the 
burst openings. 

If single openings indicated toxin-free and 
bursts toxin-bound channels, the time constants of 
the first delay histograms constructed from single 
and burst openings could be different. However, 
both the fast and the slow time constants of these 
plots (not shown) were similar, suggesting also a 
homogeneous population of channels. This obser- 
vation shows that the substances used do not cause 
a large shift of the activation parameters; therefore, 
a comparison of different patches on the basis of the 
first latency densities is feasible (see Materials and 
Methods). 

The ratios of the number of events for single 
openings and openings in bursts were 1.20, 0.93 and 

1.23 for the CHL-T, ATX-II and SCT modified 
channels, respectively (see Fig. 5). Thus, the ten- 
dency of channels to open in bursts is similar for the 
three substances at the applied concentrations. 
Therefore, the larger integral of the averaged cur- 
rent (Fig. 2) for ATX-II and SCT, compared to 
CHL-T, cannot be explained by a larger portion of 
the burst openings. 

B U R S T  D U R A T I O N S  A N D  O P E N  T I M E S  

D U R I N G  A B U R S T  

Histograms of burst durations and of the total open 
time per bursts were constructed for consecutive 
openings that were separated by closed gaps <to. 
Parameters were calculated separately from bursts 
consisting of more than one opening, two openings 
and three openings. Burst-duration histograms con- 
sisting of more than one opening are shown in Fig. 6 
(upper plots). The mean values indicate that SCT 
elicits the longest (6.14 msec) and CHL-T the short- 
est mean burst time (4.93 msec) as expected from 
the averaged single-channel currents (see Fig. 2). 
The mean number of openings during a burst (= 
mean burst time/mean open time in burst; from 
Figs. 5 and 6) is 3.5, 3.5 and 3.0 for CHL-T, ATX-II 
and SCT, respectively. 

The lower plots in Fig. 6 demonstrate the distri- 
bution of the number of closed gaps per burst n. 
These distributions were best fitted by the sum of 
two geometric functions (see Eq. (4) in Materials 
and Methods). The fits resulted in two mean values 
(/xl and/-*2), the smaller about 1.4, the larger about 
3.0. The mean values are similar for the three sub- 
stances. The weight of the second component (a2) 
was clearly larger for ATX-II than for SCT or 
CHL-T. a2 for CHL-T was the smallest (0.11) as 
expected from the smallest mean burst time. The 
two mean values of the number of closings per burst 
distributions suggest that the modified channels 
may have two types of bursting mode; in one mode 
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Fig. 6. Burst-duration his tograms (upper plots) and the distributions of the number  of  closings per burst  (n, lower plots} for the 
modified channels  as indicated. Plots are from the same patches  as Fig. 5. For the bursFdura t ion  his tograms,  the mean burst  t ime (BT) 

and the number  of  events  (EN) are given. The distributions of  closings per burst were titled by a geometric function; see Eq. (4) in 
Materials and Methods.  The weighting factors a~, a: and the mean values of  the components  bq, it: are indicated in the plots 

the channels open 2-3 times, in the other mode (ob- 
served with lower probability) 4-5 times. (Note that 
the number of openings in a burst equals the number 
of closings plus one.) 

One possibility to investigate whether bursts 
consist of the same sort of opening of a channel is to 
construct burst open-time histograms (e.g., the to- 
tal open time per burst) from two, three, etc., open- 
ings and to fit the histograms with the gamma func- 
tion (Colquhoun & Sakmann, 1985). Similar 
histograms indicate that the bursts are due to the 
same channel (having a single open time) or due to 
the same open conformation of a channel (having 
multiple open states). (For the gamma function, it is 
supposed that the components have an exponential 
distribution. As the open-time distributions in the 
present case were fitted by the sum of two exponen- 
tials, the time constant r of the gamma function 
indicates a mean value of the open time.) 

The burst open-time histograms for two and 
three openings and their fits with the gamma func- 
tion, Eq. (3), are shown in Fig. 7. For CHL-T, the 
time constants (r) of the fits are similar for bursts 
with three openings (k = 3) and for bursts with two 
openings (k = 2). For ATX-II and SCT, the time 
constants are larger for k = 3 than for k = 2. The 
differenf time constants for two and three openings 
may indicate that the open time of the consecutive 
openings is different, probably due to different open 

states of a channel. For this investigation another 
approach was followed; open-time histograms were 
�9 constructed from the first, second and third open- 
ings of a burst separately. These histograms are 
shown in Fig. 8 for CHL-T, ATX-II and SCT modi- 
fied channels. The mean open times (OTi) indicate 
moderate changes for the consecutive openings; 
however, the biexponential fits revealed some dif- 
ferences. (Note that due to the biexponential fits the 
mean open times should not necessarily be different 
for different histograms.) 

Open-time histograms of the first, second and 
third openings of bursts (Fig. 8) could be best fitted 
by the sum of two exponentials. The parameters are 
listed in Table 2. For each substance, the weighting 
factor of the first component, wl, is smaller for the 
first than for the second or the third openings. Both 
the fast and the slow time constants increase with 
the order of openings. However, significant differ- 
ence between the histograms could not be obtained 
systematically. In one-third of the experiments and 
for the example shown in Fig. 8, the open-time his- 
tograms of the first and the third openings were sig- 
nificantly different (o~ _< 0.05, two-tailed Mann- 
Whitney-Wilcoxon test; Graf et al., 1966). In a few 
cases, a significant difference could also be found 
between tlie histograms of the first and the second 
and the second and the third openings at c~ _< 0.05. 
On the basis of these statistical tests and the non- 
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Fig. 7. Histograms of the open times during bursts for the modified channels constructed from bursts consisting of two openings (k = 2. 
upper plots) or three openings (k = 3, lower plots). The distributions were fitted by the gamma function given by Eq. (3) in Materials 
and Methods. The estimated parameters and their SE are (in msec): for CHL-T 1.57 + 0.02 (k 2) and 1.49 -+ 0.04 (L = 3), for ATX-II 
1.68 +_ 0.04 (k : 2) and 1.82 -+ 0.06 (k = 3) and for SCT 1.84 +- 0.03 (k = 2) and 2.17 +- 0.06 (k = 3) 
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Fig. 8, Open-time histograms for the modified channels constructed from the first (upper plots), the second (middle plots) and the third 
openings of a burst  (lower plots). OT~, OT2 and OT3 are the mean open times of  the first, second and third opening, respectively. Z N  are 
the number of  events.  Plots are from the same experiments as Figs. 5, 6 and 7. The histograms were fitted by the sum of two 
exponentials; See Eq. (1) in Materials and Methods. The parameters of the fits are listed in Table 2 

systematic differences, it cannot be strictly stated 
that the consecutive  openings of bursts are differ- 
ent. However ,  the examples of significant differ- 

ences,  the different time constants of the gamma 
function for k = 2 and k = 3 with ATX-II and SCT 
(Fig. 7) and the increasing tendency of the time con- 
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Table 2. Parameters of the exponential fits for Fig. 8 

37 

71 • SEE T 2 --+ SEE I~'l • SEE W 2 • SEE x2(df) P 
(msec) {msec) 

CHL-T Ist open 0.32 • 0.07 
2nd open 0.76 -+ 0.09 
3rd open 0.90 +- 0.t 1 

ATX-II 1st open 0.64 _+ 0.06 
2nd open 0.78 -+ 0.07 
3rd open 1.03 -+ 0.10 

SCT 1st open 0.56 -+ 0.09 
2nd open 1.02 -+ 0.11 
3rd open 0.95 +_ 0.09 

1.25 • 0.16 0.29 -+ 0.12 0.71 • 0.15 21.18(24) 0.63 
3.00 -+ 0.49 0.71 • 0.12 0.29 • 0.14 20.20(20) 0.45 
5.69 +- 1.04 0.79 -+ 0.06 0.21 -+ 0.06 8.74(15) 0.89 
2.42 -+ 0.27 0.49 • 0.10 0.51 -+ 0.11 19.39(27) 0.85 
2.42 • 0.39 0.58 • 0.15 0.42 • 0.10 25.73(31) 0.73 
7.02 -+ 1.33 0.74 + 0.05 0.26 + 0.06 6.68(15) 0.96 
2.24 -+ 0.40 0.30 -+ 0.08 0.70 +- 0.10 24.96(38) 0.95 
3.09 • 0.25 0.59 • 0.22 0.41 • 0.20 24.08(25) 0.51 
3.59 • 0.51 0.56 -+ 0.15 0.44 +- 0.17 t2.15(18) 0.84 

Abbreviations as in Table 1. 

Table 3. Spearman's  correlation coefficients for consecutive 
openings and closings 

I" u ce N 

CHL-T Ot-O2 +0.21 5.80 <10 -4 735 
Oz-O3 +0.20 3.00 2.7 • 10 -s 240 

01-C1 -0.01 0.23 0.81 735 
02-Cz -0 .07  1.11 0.26 240 
C1-02 -0 .03 0.83 0.40 735 
C2-03 -0 .05 0.78 0.43 240 

ATX-II Oz-O2 +0.21 6.22 <10 -4 884 
02-03 +0.25 4.36 <10 4 310 
01-C1 -0 .10  2.97 2.8 • 10 -3 884 
02-Cz -0 .18  3.13 2.1 • 10 -s 310 

CI-02 -0 .09  2.54 0.01 884 
C2-03 -0 .16  2.72 6.6 • 10 -3 310 

SCT Oi-Oz +0.20 5.96 <10 -4 847 
02-03 +0.19 3.06 2.0 • 10 -3 269 
01-C1 -0 .05 1.52 0.12 847 
02-C2 -0.11 1.80 0.07 269 
Cr02 -0 .06  1.84 0.06 847 
C2-03 -0 .10  1.67 0.09 269 

Abbreviations: r: correlation coefficient, u: critical value, a: sig- 
nificance level, N: number of event pairs. 

stants with the order number (Table 2) suggest that 
under certain conditions different open states of 
channels can be observed during bursts. 

CORRELATION B E T W E E N  O P E N  AND CLOSED 

TIMES OF BURSTS 

Correlation between the subsequent open and 
closed times can give information about the transi- 
tion pathways that link the states. As patches con- 
tained more than one channel, calculations of corre- 
lation must be restricted to the open and closed 
times during bursts, where the openings are due to 
the same channel. 

For the three substances, correlations were cal- 

culated for the following open and closed times; 
first and second openings (Ol-O2), second and third 
openings (O2-O3), first openings and first closings 
(Or-CO, second openings and second closings (O2- 
C2), first closing and second openings (Ct-02) as 
well as second closing and third openings (C2-O3). 
Spearman's rankcorrelation coefficients r (Graf et 
al., 1966), critical values u, significance levels c~ and 
the number of event pairs N are shown in Table 3. A 
significant positive correlation was found between 
the Ot-O2 and the 02-03 openings for each sub- 
stance. No correlation was found for any open and 
closed intervals with CHL-T and SCT. For ATX, 
the correlations for open and closed intervals are 
negative and highly significant. 

Discussion 

The main goal of this paper was to describe: (i) the 
single-channel conductances and (ii) the kinetic 
properties of the voltage-gated sodium channels af- 
ter modification by chloramine-T, sea anemone 
toxin and scorpion toxin. 

S I N G L E - C H A N N E L  CONDUCTANCES 

No significant difference was observed for the sin- 
gle-channel conductance measured with the three 
substances in the potential range of R P  - 20 mV 
and R P  + 40 mV. It was linear and was about 13 pS 
at 12~ which is very similar to the conductance of 
the unmodified channels (Nagy et al., 1983) and to 
that of the CHL-T and ATX-II modified channels 
(Nagy, 1987d). Sublevels of about 22, 53, 73 and 
124% of the usual current size were observed for 
the SCT modified channels (Fig. 3). The 73% level 
was not observed for the CHL-T and ATX-II modi- 
fied channels, but the other levels were similar to 
those reported for the CHL-T and ATX-II modified 
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channels (Nagy, 1987d). It seems likely that un- 
modified channels have also different open confor- 
mations with different conductivity. 

Subconductance states for batrachotoxin-modi- 
fled sodium channels incorporated in planar lipid 
bilayers have been observed. Urban et al. (1987) 
reported two current levels for sodium channels 
from eel electroplax and dog brain with conduc- 
tances of 50% and about 35% of the fully open state. 
Green, Weiss and Andersen (1987) observed two 
subconductances on sodium channels from canine 
forebrain. These observations also support the idea 
that native channels have different subconductance 
states, which due to their short lifetimes and rare 
occurrences, are overlooked. 

KINETIC PROPERTIES OF THE MODIFIED 
CHANNELS 

Single-channel current records, in the presence of 
each substance, showed consecutive opening and 
closing. This kind of opening was also observed on 
pronase-modified channels in dorsal root ganglion 
neurons (Carbone & Lux, 1986) and on papain- 
modified channels in neuroblastoma cells (Quandt, 
1987), but never observed on native channels in 
neuroblastoma cells (Aldrich, Corey & Stevens, 
1983; Nagy et al., 1983; Nagy, 1987b,d; Quandt, 
1987) or channels modified by batrachotoxin 
(Quandt & Narahashi, 1982) or delta-methrin 
(Chinn & Narahashi, 1986). Bursting behavior and 
variable open time with single openings lasting 70 
msec were reported for the sodium channels in neu- 
roblastoma cells after modific)ttion by CHL-T (Mc- 
Carthy & Yeh, 1987). I have never observed such 
long openings. The discrepancy could be explained 
by the different patch configuration, the different 
temperature and perhaps a different filter fre- 
quency; McCarthy and Yeh (1987) worked with ex- 
cised patches at 10~ whereas I used cell-attached 
patches at T -> 12~ ATX-II modified cardiac so- 
dium channels also show bursting and an increased 
open time (Schreibmayer et al., 1987). 

The mean open time of the CHL-T, ATX-II and 
SCT modified channels was about 1.4, 1.6 and 1.8 
msec, respectively. These values are 31, 50 and 
68% larger than the mean open time of the native 
channels, which is 1.07 msec at 12~ (calculated 
from Nagy, 1987a, with a Ql0 of 2.2). These changes 
are significantly smaller than those reported for 
ATX-II on cardiac cells (Schreibmayer et al., 1987), 
for papain (Quandt, 1987) and batrachotoxin on 
neuroblastoma cells (Quandt & Narahashi, 1982) 
and for N-bromoacetamide on rat myotubes (Patlak 
& Horn, 1982). The discrepancies could partly be 

explained by the different filter frequency and po- 
tential range used in different laboratories. The 
mean open times of the modified channels described 
here are smaller than expected from the averaged 
current records (Fig. 2). Therefore, the increased 
integral of the averaged single-channel current re- 
cords of the modified channels compared to that of 
the native channels is mainly due to the bursting 
behavior of the channels. 

The open-time histograms of single and burst 
openings are similar (Fig. 5). It should be noted that 
CHL-T has an irreversible effect on the decay of the 
macroscopic current, whereas the effect of ATX-II 
and SCT are reversible. In the case of ATX-II and 
SCT, the openings in bursts might originate from 
channels to which a toxin is bound at the moment of 
the opening and the single openings may represent 
toxin-free channels. The two types of openings 
should therefore be different. However, the similar 
open-time histograms for bursts and single openings 
(Fig. 5 and Table 1) indicate that at the toxin con- 
centrations used (which result in the largest inhibi- 
tion of the macroscopic inactivation) only a small 
portion of channels is toxin-free. This is also sug- 
gested by the difference between the mean open 
time of the single openings and that of the native 
channels. 

The biexponential fits of the open-time histo- 
grams support the idea of two open states of the 
modified channels, as also suggested for the native 
channels (Nagy et al., 1983; Nagy, 1987a) and for 
the papain-modified channels (Quandt, I987). (A 
third time constant, which was -0 .4  msec at 8~ 
(Nagy, 1987a) could not be identified in the present 
experiments at T-> 12~ The similarity of the time 
constants of the open-time histograms for single and 
burst openings suggests that the two types of open- 
ings are due to the same channel type, which has 
kinetically distinct open states. 

The mean burst durations in Fig. 6 were 4.93, 
5.83 and 6.14 msec for CHL-T, ATX-II and SCT, 
respectively, corresponding to average values of 
3.5, 3.5 and 3.0 openings per burst, respectively. 
These numbers are very similar and cannot explain 
the different mean currents in Fig. 2. The relative 
integrals of the mean currents for CHL-T, ATX-II 
and SCT are 4.2, 6.7 and 10.6. Dividing these values 
by the mean burst durations, the relative number of 
bursts per unit current integral is obtained as 0.85, 
1.15 and 1.73. Therefore, the prolonged decay of 
the mean currents measured with CHL-T, ATX-II 
and SCT can be explained by a complex common 
effect of the substances on the channel open time, 
burst time and closed time. 

It can be supposed that the bursting of the mod- 
ified channels indicates repetitive transitions be- 
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tween the open and the inactivated state. This hy- 
pothesis is supported by the following estimate. 
Consider the following general scheme 

C .  " O  

~ a 2 b  

I 

where a and b are the rate constants for the transi- 
tion from the open (O) to the closed (C) and the 
transition from the open to the inactivated (I) state, 
respectively. For this scheme the channel open time 
is OT = (a + b) -1 and the open-inactivated transi- 
tion probability is/'1 = b/(a + b). Taking P~ = 0.8 
(i.e., b = 4a) for membrane potentials -> -20 mV 
(Aldrich et al., 1983; Horn, Vandenberg & Lange, 
1984), and supposing that the substances inhibit the 
O --+ I transition, the largest 68% increase of the 
channel open time measured with SCT corresponds 
to a twofold decrease of the rate constant b. (The 
open-resting and inactivated-open rate constants 
are supposed to remain unchanged.) This new open- 
inactivated rate constant (b = 2a) results in P1 = 
0.67, which corresponds to about a 13-mV negative 
shift on the voltage axis (calculated from the Pt(V)  
relationship of Horn et al., 1984). Therefore, if the 
studied substances caused only a moderate de- 
crease in the open-inactivated rate constant, the 
modified channels should behave as the native 
channels at a 13 mV more negative potential. In- 
stead, the modified channels displayed bursting, 
which was never observed with native channels in 
neuroblastoma cells. This suggests that the flicker- 
ing occurs mainly between the open and the inacti- 
vated state and that the activation pathway is nearly 
irreversible as suggested by Gonoi and Hille (1987). 
It follows that the absorbing property of the inacti- 
vated state is strongly reduced (i.e., the inactivated- 
open probability is increased) by the tested sub- 
stances. Note that the shift estimated above is very 
close to the 7-10 mV negative shift reported for the 
sodium current modified by scorpion toxin and 
coral toxin in neuroblastoma cells N18 (Gonoi & 
Hille, 1987). 

The above conclusions are summarized in the 
following tentative scheme 

R . " CI~----zC2 

O1 02 

ll ll 
11 . " h 

Here R, Ci, Oi and Ii represent the resting, closed, 
open and inactivated states, respectively. This 
scheme is similar to the one presented previously 
(Nagy, 1987a), but assumes different inactivated 
states. Justification of this assumption comes from 
Table 3. A positive correlation was found between 
the first and the second as well as the second and 
the third openings of bursts for each modified chan- 
nel (Table 3). This positive correlation suggests that 
during bursting the channel opens to the same open 
state (Colquhoun & Hawkes, 1987; Jackson et al., 
1983). (This conclusion confirms the previous sup- 
position that openings that are separated by closed 
gaps <to are due to the same channel.) The positive 
correlation between the successive open times indi- 
cates that the transition probability from the closed 
state (or in the present case from the inactivated 
state) to the adjacent closed (or inactivated) state is 
smaller than the probability of revisting the pre- 
vious open state. 

A negative correlation was observed between 
the closed and open lifetimes with ATX-II and SCT, 
but not with CHL-T (Table 3). These inverse rela- 
tions indicate that an open state with a shorter life- 
time is adjacent to a closed (or inactivated) state 
with a longer lifetime. Negative correlation was also 
observed for the open and closed intervals (Mc- 
Manus, Blatz & Magleby, 1985). The finding that 
Ci-Oi does not correlate for CHL-T indicates that 
substances modify the transition pathways differ- 
ently and a uniform description cannot be given. 

As the mean number of openings in bursts (on 
average 3.5 for CHL-T and ATX-II, and 3.0 for 
SCT) does not increase proportionally to the open- 
channel probability (Fig. 2), it can be supposed that 
the same channel reopens from the inactivated state 
or flickers between the open and inactivated state 
after a longer stay (>to) in an inactivated state. 
Therefore, the existence of a third inactivated state 
(13) has been postulated. Channels stay longer in 13 
than in I1 or 12 and can return (through I~ or 12) to 
any of the open states. However, as mentioned, due 
to the multichannel patches, this question could not 
be further studied. 13 might be identical with the 
"hibernating state" suggested by Horn et al., 
(1984). It is still not clear whether the multiple inac- 
tivated states are always present (but only observ- 
able with substances that inhibit the inactivation) or 
elicited by these substances. 
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