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ABSTRACT Squid optic nerve sodium channels were character ized in p lanar  
bilayers in the presence o f  bat rachotoxin  (BTX). The  channel exhibits a conduc-  
tance of  20 pS in symmetrical 200 mM NaCI and behaves as a sodium electrode.  
The single-channel conductance  saturates with increasing the concentra t ion o f  
sodium and the channel conductance vs. sodium concentra t ion relat ion is well 
descr ibed by a simple rectangular  hyperbola.  The apparen t  dissociation constant  
o f  the channel for  sodium is 11 mM and the maximal conductance is 23 pS. The 
selectivity de te rmined  f rom reversal potentials  obta ined in mixed ionic condit ions 
is Na + ~ Li + > K + > Rb § > Cs § Calcium blocks the channel in a voltage-depen- 
dent  manner.  Analysis of  single-channel membranes  showed that  the probabil i ty o f  
being open (Po) vs. voltage relation is sigmoidal with a value o f  0.5 between - 9 0  
and - 100 mV. The fitting o f  Po requires at least two closed and one open  state. 
The apparen t  gating charge requi red  to move through the whole t ransmembrane  
voltage dur ing  the closed-open transit ion is four  to five electronic charges pe r  
channel. Distribution o f  open and closed times are well descr ibed by single expo- 
nentials in most o f  the voltage range tested and mean open and mean closed times 
are voltage dependent .  The number  o f  charges associated with channel closing is 
1.6 electronic charges pe r  channel. Te t rodotoxin  blocked the BTX-modified chan- 
nel being the blockade favored by negative voltages. The apparen t  dissociation 
constant  at zero potential  is 16 nM. We concluded that sodium channels from the 
squid optic nerve are similar to o ther  BTX-modified channels reconst i tuted in 
bilayers and  to the BTX-modified sodium channel  detected in the squid giant 
axon. 

I N T R O D U C T I O N  

A vast a m o u n t  o f  i n fo rma t ion  a b o u t  sod ium channels  in the  squid  g iant  axon  has 
been  g a t h e r e d  since H o d g k i n  and  Hux ley  (1952) gave the first quant i ta t ive  de-  
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scription of  the ionic currents mediated by these channels. In this preparation it is 
possible at present to study macroscopic, gating, and single-channel currents (Arm- 
strong, 1981 ; Bezanilla, 1985a; Llano and Bezanilla, 1986; Bezanilla, 1987). Fur- 
thermore,  the possibility of  measuring gating currents together with measurements 
of  macroscopic and single-channel currents make it possible to arrive at plausible 
models of  the opening and closing of  sodium channels. In this regard the squid 
axon preparation is quite unique, because measurements of  gating currents in other  
preparations that allow single-channel recording is less likely to be successful due to 
their low channel density. 

The techniques that allow the study of  sodium channels in the isolated squid giant 
axon can be complemented with the information obtained by incorporation of  
sodium channels into planar lipid bilayers. This procedure allows the analysis of  
individual sodium channels under  conditions in which it is possible to control the 
aqueous and lipid environment of  the channel. Detection of  sodium channels in 
planar bilayers is also the first step towards a purification and reconstitution of  the 
functional pore-forming protein. 

Using batrachotoxin (BTX), a steroidal alkaloid known to remove the inactivation 
process (for review, see Khodorov, 1985), sodium channels from rat and dog brain, 
and skeletal muscle membranes have been characterized by incorporation into pla- 
nar bilayers (Krueger et al., 1983; Moczydlowski et al., 1984a, b; Green et al., 1984, 
1987a, b). Furthermore,  functional reconstitution of  purified sodium channels from 
rat brain and eel electric organ has also been achieved (Rosenberg et al., 1984; 
Hartshone et al., 1985; Recio-Pinto et al., 1987). 

In this report,  we study single sodium channels from squid optic nerve mem- 
branes incorporated into planar lipid bilayers in the presence of  BTX. The results 
are compared with other  sodium channels incorporated into bilayers, and with those 
obtained in the squid axon by the cut-open axon technique. We conclude that BTX- 
modified sodium channels transferred to planar bilayers share most of  the proper- 
ties with BTX-modified sodium channels present in the membrane of  the giant 
squid axon. A preliminary report  of  this work has been published (Latorre et al., 
1987). 

M A T E R I A L S  A N D  M E T H O D S  

Materials 

Tetrodotoxin (TTX), obtained from Calbiochem-Behring Corp. (San Diego, CA), was stored 
in stock solutions containing 1 mM citrate, pH 5. BTX was the generous gift of Dr. John 
Daly, National Institutes of Health, Bethesda, MD. Phospholipids were obtained from Avanti 
Polar Lipids, Inc., Birmingham, AL. The alkali metal chlorides were obtained from Alpha 
Inorganics (Danvers, MA). 

Plasma membrane vesicles were prepared from the optical nerves of the squid Sepiothetais 
sepioidea at the Instituto Venezolano de Investigaciones Cientificas. The optic nerves were 
dissected out in 0.75 M sucrose and 10 mM Tris (pH 7.4), and stored overnight in - 2 0  ~ The 
purification of membrane vesicles was conducted according to Condrescu et al. (1984). For a 
number of reasons, the optic nerves of the squid represents a particularly suitable material, 
which yields numerous advantages such as no myelin contamination and a favorable ratio of 
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axonal over gtial cells. The usual yield of the method is 2-3 mg of membrane per gram of wet 
nerve tissue. 

Lipid Bilayers and Channel Inco~oration 

Lipid bilayers made from a solution of brain phosphatidylethanotamine, or its synthetic ana- 
logue 1-palmitoyl-2-oleoyl-phosphatidylethanolamine were formed in small holes (150-300 
#m in diameter) in polystyrene partitions. The phospholipid was dissolved in decane to a final 
concentration of 15 mg/ml. Incorporation of channels was improved by imposing an ionic 
gradient across the bilayer, making the side in which the vesicles were added hyperosmotic. 
For incorporation of sodium channels, bilayers were formed in the presence of a 205-rim 
NaCI/5-mM NaC1 gradient, and BTX was added to the high concentration side to a final 
concentration of 100 nM. 5-10 #1 of the membrane vesicles were added to the BTX-contain- 
ing compartment (compartment volume was 3 ml). Once a sodium channel was transfered to 
the planar bilayer, represented by a stepwise increase in current (~2 pA at 0 mV), the ionic 
gradient was dissipated and the channel orientation could be determined by its voltage 
dependence. In the presence of BTX the channels close at high hyperpolarizing potentials. 
Unless otherwise indicated the aqueous solutions were composed of NaCI at the desired con- 
centrations plus 5 mM MOPS, pH 7. Experiments were done at 21-25~ 

Electrical Measurements and Data Analysis 

The current passing through the membrane was measured with a two-electrode voltage clamp 
(Alvarez et al., 1985). Contacts with the aqueous solutions were made through silver/silver 
chloride electrodes connected to 0.2-M-NaCI agar bridges. One compartment was connected 
to a waveform generator and the other to a current-to-voltage converter (Burr-Brown OPA 
101 operational amplifier; Burr-Brown Corp.; Tucson, AZ) with a feedback resistor of 1 G~. 
Because of the large membrane capacitance of bilayers (150-300 pF) the frequency response 
of the current-to-voltage converter is limited to ~300 Hz. For applied voltages the electro- 
physiological convention is used here. The aqueous phase to which the TTX-sensitive (exter- 
nal) side of the channel is facing is defined as zero voltage. 

Single-channel currents were stored in a digital tape (Bezanilla, 1985b) for subsequent 
transfer to a digital computer for analysis of channel conductance, analysis of dwell times, 
and probability of opening (Po). Before the analysis, current records were filtered with a dig- 
ital eight-pole filter. Single-channel conductance was determined from the slope of the cur- 
rent-voltage relationship for the open channel. Distribution of open and closed times and Po 
were analyzed from records filtered at 500 Hz. Since the voltage-to-current converter is 
essentially a one-pole filter, setting the digital filter at 500 Hz helps to eliminate high- 
frequency noise without altering the time response at which the records were originally taken. 
Mean open and closed times were obtained from linear dwell-time histograms and/or  loga- 
rithmic histograms as described by Sigworth and Sine (1987). Po was calculated by dividing 
the time the channel dwells in the open state and the total time of the current record. 

TTX interaction with the channel occurs on a much lower time scale (seconds) than does 
channel opening and closing in the absence of this toxin. Consequently, as has been docu- 
mented in detail (Moczydlowski et al., 1984a; Green et al., 1987b), the long quiescent periods 
representing channel blockade by TTX could be reliable distinguished from the short-lived 
closing events by setting a cutoff time of 300-600 ms. The rates of TTX interaction with the 
channel were measured by analyzing the slow transitions between open (unblock) or blocked 
periods. Long-lived closing events were also observed in the absence of TTX although they 
were of shorter mean duration than the TTX-induced blocked periods. These "spontaneous" 
closings, because they are produced much less frequently than the event induced by TTX, did 
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not introduce much error in the calculation of  the rates of  TTX binding and dissociation 
from sodium channels. Since the TTX block of  squid optic nerve is very slow (mean blocked 
time ~70 s), we were able to obtain the rate constants for the blocking process only for two 
single-channel membranes. This fact also forced us to base the calculations on only 40-90 
events. 

RESULTS 

Characteristics of BTX-activated Sodium ChanneLs 

Fig. 1 shows recordings obta ined  in three different  membranes  each conta in ing a 
single BTX-activated channel.  These records illustrate the most  c o m m o n  modes  o f  
gating o f  squid optic nerve sodium channels f o u n d  in these conditions. The top  
trace is par t  o f  a record  lasting for  3 min. Single-channel cur ren t  records showed 
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FIGURE l. Examples of gat- 
ing kinetics of  single sodium 
channels, c indicates closed 
and o open. (A) Stationary gat- 
ing kinetics. The holding po- 
tential was - 9 0  mV. (B) Non- 
stationary gating kinetics. The 
arrow (down) marks the time 
the record was divided to mea- 
sure the Po. The values were 
0.90 before the arrow and 
0.55 after the arrow. The hold- 
ing potential was - 9 0  mV. (C) 
Slow "spontaneous" closure at 
a holding potential of +70 
mV. All records taken in sym- 
metrical 200 mM NaCI and in 
the presence of 100 nM BTX. 

transitions between an o p e n  (o) and a closed (c) state. Transit ions to subconduc-  
tance states (i.e., channels showing a conduc tance  that is a fraction o f  the one  
obta ined f rom the top  record  o f  Fig. 1), were seldom seen (cf. Green  et al., 1987a). 
Dur ing  the entire length per iod o f  the record  (3 min), channel  gating kinetics was 
stationary and this was the type o f  records  that we used to obtain kinetic parameters  
and Po's. In  ~5% o f  the records a very different channel  behavior  was f o u n d  (Fig. 1, 
middle trace). H e r e  gat ing activity is character ized by sudden shifts in gating activity. 
In  part icular  the shift in Po marked by the ar row in the middle trace o f  Fig. 1, meant  
a change f rom a Po o f  0.90 to 0.55, as if the activation curve had shifted by ~20  mV. 
This type o f  gating behavior  has been  observed previously with glutamate channels 
(Gration et al., 1981), calcium-activated potassium channels (Moczydlowski and 
Latorre ,  1983), and  with muscle membrane  BTX-activated sodium channels (Moc- 
zydlowski et al., 1984a). We also observed long-lasting closing events (bot tom trace) 
that could be up to 1 -2  s. 
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FIGURE 2. I-V relation for the open 
channel. Open-channel currents 
were measured in a bilayer contain- 
ing a single sodium channel in 200 
mM NaC1 and 10 mM MOPS-NaOH, 
pH 7. The conductance calculated 
from the slope of  the straight line 
was 20 pS. 

Single-Channel Conductance 

The size o f  the cur ren t  j u m p s  were obta ined  directly f rom records  like the one  
shown in Fig 1 A, o r  by add ing  T T X  to the external side to resolve fluctuations in 
cur ren t  with reasonable residence times in the o p e n  and closed levels. The  use o f  
T T X  was particularly useful at relatively large depolarizations where transitions to 
the closed state were seldom seen in the absence o f  this toxin. 

In  symmetrical 205 mM sodium the current-vol tage (I-V) relationship for  the 
open  channel  was linear in the voltage range o f  - 160 to 160 mV (Fig. 2). The  slope 
o f  the straight line gave a channel  conduc tance  o f  20 pS. The average conduc tance  
obta ined at this sodium concent ra t ion  [Na +] was 20 _+ 1 pS (mean + SEM f rom 
seven different single-channel membranes) .  I-V relationships like the one  shown in 
Fig. 2 were de termined  at each [Na +] and conductances  were de te rmined  f rom the 
slopes. At all [Na +] (range 5 - 5 4 0  mM Na +) and  between - 8 0  and  80 mV I-V, rela- 
tionships were linear. The  exper iment  o f  Fig. 3 shows that the conduc tance  vs. con- 
centra t ion data are well described by a simple rectangular  hyperbola.  The  data can 
be fit to a hyperbola  o f  the fo rm g = gm~[Na+]/(Km + [Na+]); where g is the chan- 
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FIGURE 3. Single-channel con- 
ductance as a function of  
[Na+]. Channel conductance 
(g) was measured as the slope 
o f  the I-V relations obtained at 
the indicated symmetrical 
[Na+]. The curve is a fit to a 
rectangular hyperbola with a 
maximal conductance of  23 pS 
( g ~ )  and an apparent disso- 
ciation constant of  11 mM 
(K,). 
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F m u R s  4. I-V r e l a t i ons  in  m i x e d  ionic  c o n d i t i o n s .  (A) T h e  e x t e r n a l  s ide  c o n t a i n e d  200  m M  

NaCI  a n d  10 m M  M O P S - N a O H ,  p H  7. T h e  i n t e r n a l  s ide c o n t a i n e d  2 0 0  m M  KCI a n d  10 m M  

M O P S - N a O H ,  p H  7. T h e  reversa l  po t en t i a l  was 33 .5  mV,  (B) E x t e r n a l  s ide as in  A. I n t e r n a l  

side: 200  m M  RbCI  a n d  10 m M  M O P S - N a O H .  Rever sa l  p o t e n t i a l  was 73  mV.  

nel conductance, g,~, denotes the maximal conductance observed at high [Na+], 
and Km is the [Na +] at which the half maximal conductance is obtained. The fit gives 
a K~ of  11 mM and a gm~, of  23 pS. All the data points shown in Fig. 3 have been 
normalized to 23.5~ using a Q~0 of  1.37 (Horn et al., 1984). 

Ion Selectivity 

The ion selectivity of  BTX-activated sodium channels was determined by measuring 
reversal potentials under  mixed-ion conditions (Fig. 4). Reversal potentials were 
determined f rom single-channel current  curves, as illustrated in Figs. 4, A and B. In 
this case the external side contained 205 mM Na + and the internal side contained 
200 mM of the test cation plus 5 mM Na +. As a rule the test cation was always added 

T A B L E  I 

Sodium Channel Permeability Ratios 

Ion 

PNJP~ 

Optic nerve Squid axon 
(this work) (no BTX) 

Na + 1 1 
Li + - 1 
NH~" 1.4 3.7* 
K + 4.0 12.0 t 
Rb + 29.3 40.0* 
Cs + >51 61.0' 

The permeability ratios were calculated from bionic potentials. The aqueous solutions 
contained 205 mM Na + on the external side and 5 mM Na + and 200 mM of the test 
cation on the internal side. The anion was CI-. 
*Binstock and Lecar, 1969. 
~Chandler and Meves, 1965. 
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FIGURE 5. The effect of  extracellu- 
lar calcium on single sodium chan- 
nels. Single-channel current fluctua- 
tions were measured in the absence 
(top trace) or in the presence of 10 
mM Ca 2§ (bottom trace). Channel 
current records were obtained at 
- 9 0  mV and in symmetrical 200 mM 
Na +. The data were filtered at 150 
Hz. 

to  the internal aqueous  compar tment .  The reversal potential  obtained f rom Fig. 4, 
A and B are 33.5 and 73 mV, respectively. Values for  Pr~a/Px were obta ined  using 
the Goldman-Hodgkin-Katz  equat ion (Hodgkin and Katz, 1949) and by appropr i -  
ately compensa t ing  for  l iquid-junction potentials. Reversal potentials and perme-  
ability ratios for  the different  alkali cations are given in Table I. The  selectivity 
sequence obta ined is Na § ~ Li + > NH~ > K § > Rb § > Cs+. 

Divalent Cation Effects 

Fig. 5 shows the effect o f  extracellular calcium addition on  single sodium channel  
currents.  At - 80 mV the channel  dwells most  o f  the time in the o p e n  configurat ion.  
The  addit ion o f  10 mM Ca 2+, the [Ca 2+] in sea water, had the effect o f  shifting the 
Po toward more  depolar ized voltages and p r o m o t e d  a reduc t ion  in the channel  con- 
duc tance  (Fig. 5). Fig. 6 shows the I-V relationship obta ined  in the absence (open 
symbols) and in the presence (closed symbols) o f  10 mM Ca p+ and 50 mM Mg ~+ in 
the external side. I t  is clear that  the inward cur ren t  is r educed  by the presence o f  
the divalent cations in the extracellular side. I n  this condi t ion channel  conduc tance  
is ~2 pS at potentials more  negative than - 2 0  mV (Fig. 6). Reduct ion  in the open-  
channel  cur rent  induced by these divalent cations is probably  due to a fast voltage- 
dependen t  block. Blockade was relieved when the m e m b r a n e  was depolarized.  
Extracellular calcium block o f  BTX-modif ied rat brain sodium channels has been  
documen ted  by Worley et al. (1986) and was in terpre ted  as calcium binding to a site 
located at ~23% o f  the electrical distance f rom the extracellular surface. 
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, ~  0 Ca 

pA m 
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FIGURE 6. I-V relations in the 
absence and presence of  divalent 
cations, A single sodium channel was 
incorporated in the presence of  sym- 
metrical 200 mM Na § and the I-V 
relation was determined (squares). 
The slope conductance was 19 pS, 
Solid circles represent channel cur- 
rents obtained in the same mem- 
brane, but the external side con- 
tained 200 mM Na +, 50 mM Mg 2+, 
and 10 mM Ca 2+. 
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Voltage Dependence and Gating Kinetics 

Fig. 7 illustrates typical current  records obtained in a bilayer containing a single 
BTX-activated sodium channel of  the squid optic nerve. The channel remains open 
most o f  the time at positive voltages to - 6 0  mV, it is open 50% of  the time at ~ - 9 0  
mV, and the channel is nearly always closed at voltages negative to - 110 mV. Fig. 8 
shows the Po as a function of  voltage. A steep voltage dependence of  the activation 
curve is observed, similar to that of  unmodified sodium channels. We tried to fit the 
data shown in Fig. 8 to a simple Boltzmann distribution derived for a two-state 
model, but  while the fit was quite good for  small Po's (below Po = 0.5; dotted line in 
Fig. 8), the two-state model predicted Po values that were consistently larger for 
/'o's > 0.7 than the experimental data. The solid line is a fit to the Po data using the 
expression: 

Po = 1/{1 + exp[-z2F(V- V~)/RT] [1 + exp (-z,F{V- VI}/RT)]}. (1) 

- 6 O  
o ~  

- 8 0  

- 9 0  

- 9 5  

- 1 0 0  

_ _ ]  4 pA 

50 ms 

FIGURE 7. Current records 
of a single BTX-modified 
sodium channel. Holding volt- 
ages are shown at the right- 
hand side of the records, and c 
and 0 indicate the closed and 
open states, respectively. The 
aqueous phase was made up of 
200 mM NaC1 and 10 mM 
MOPS-NaOH, pH 7. 

Eq. 1 corresponds to the Po derived f rom the kinetic scheme: 

hi k~ 

closedl - ' closed~ ~ open, (Scheme 1) 
k_l k2 

where z~ and z~ are the equivalent number  of  gating particles translocated during 
the closed-closed and the closed-open reactions, respectively. The total effective gat- 
ing charge of  the reaction is, therefore,  z~ + z~, Va is the applied voltage at which 
kl /k_  1 f f i  1, V2 is the voltage at which k2/k_2 = 1, and R, T, and F have their usual 
meanings. In Fig. 8 Po increases an e-fold per  4.6 mV and the effective gating 
charge of  the overall reaction is 5.4 electronic charges. I f  the kinetic scheme - 1 is 
taken as a reasonable representat ion of  the gating process for the sodium channel, 
f rom Eq. 1 we obtained that during the partial reaction closed-closed 3.73 elec- 
tronic charges are displaced, and the closed-open process (requires the transloca- 
tion of  1.65 electronic charges. The voltage at which the channels are open 50% of  
the time, a value useful to compare  with other  preparations,  is - 9 0  inV. 

Fig. 9 shows the effect of  the addition of  10 mM Ca ~+ to the external aqueous 
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solution that contained 205 mM Na + on Po (see also Fig. 5). The addition of  calcium 
causes the Po vs. V curve to shift to the right along the voltage axis without changing 
the voltage dependence. The shift amounts to 15 mV and we found effective gating 
charges of  4.8 and 4.25 in the absence and presence o f  calcium, respectively. This 
effect of  external calcium on the sodium channel kinetic properties was first 
described in the squid giant axon by Frankenhaeuser and Hodgldn (1957), and 
more recently in sodium channel incorporated into bilayers (French et al., 1986b). 
The most simple explanation to this effect is a change in the intramembrane electric 

FI(;tn~ 8. Voltage depen- 
dence of BTX-modified sodium 
channel opening. The fraction 
of time the channel was open 
was determined by dividing the 
time the channel was open by 
the total time of the record. 
Symbols correspond to data 
points from a single-channel 
bilayer. The aqueous phase was 
made up of 200 mM NaCI and 
10 mM MOPS-NaOH, pH 7. 
The dotted line was drawn 
through the data using the 

1.0 

Po 0.5- 

0.0 
-150 -100 -5o 

V, mV 

expression Po - 1/{1 + exp[zF(V - V,,)/RT]}, where z is the apparent gating charge and Vo 
is the voltage at which channels are open 50% of the time. The best fit was obtained with a 
Vo of -88.8 mV and a z of 3.7 electronic charge/channel. The smooth curve was drawn 
according to Eq. 1 of the text, which can also be written as Po - 1./{1 + (k_,/k2)[1 + 
(k_l/kO]}. Parameters were found by fitting the above expression to the experimental data 
and the dwell times of Fig. 11 A using a nonlinear least-square method. The fitted rate con- 
stants are (in units of s-I): 

k~ = 2,871 exp [3.72F(V + 84.7)/RT] 

k, ~ 696 exp [0.03F(V + 104.6)/RT] 

k_, ~ 2,871 exp [-0.016F(V + 84.7)/RT] 

k_2 - 696 exp [ -  1.62F(V + 104.6)/RT] 

field arising as a consequence o f  the screening of  fix negative charges in or  near the 
external surface of  the channel. 

Probability density distributions of  dwell times were constructed to obtain the 
characteristic time constants for the distribution of  open and closed times. Further- 
more, the goodness of  the linear histogram fit was checked by constructing logari- 
thmic histograms (Sigworth and Sine, 1987). Open-time distributions were well 
described by single exponentials (Fig. 10A). For the example shown in Fig. 10 A, 
the solid line represents the fit of  a single exponential to the data. Fitting was 
accomplished using a nonlinear least-squares routine. This suggests that there is 
only one open state and that the mean open time (To) is given by (see scheme 1): 

To = 1/k_~ (2) 
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FIGURE 9. Effect of calcium 
on the fractional open time vs. 
voltage relation. A single 
sodium channel was incorpo- 
rated into a bilayer separating 
identical 200 NaCI, 10 mM 
MOPS-NaOH solutions and Po 
was measured at the indicated 
voltages (open circles). Upon 
the addition of  10 mM calcium 
to the extracellular side, a new 
Po vs. V curve was taken (solid 
circles). The voltages at which 
the Po was 0.5 were - 9 7  and 
- 8 2  mV, and the apparent 
gating charges were 4.8 and 
4.25 in the absence and in the 
presence of calcium, respec- 
tively. 

Fo r  c losed-s ta te  dwell we also f o u n d  s ing le -exponent ia l  fits. At  one  vol tage ( - 1 0 0  
mV) two exponen t ia l s  were  necessary to fit the  data.  T ime  cons tan ts  for  these  p ro-  
cesses were  18 and  36 ms, the  slow c o m p o n e n t  accoun t ing  for  only 10% o f  the  total  
n u m b e r  o f  t ransi t ions  (1,981). At  po ten t ia l s  m o r e  posi t ive than  - 7 0  mV a very fast 
c o m p o n e n t  was a p p a r e n t  b u t  no t  well resolved.  In  n e u r o b l a s t o m a  cells and  ra t  b ra in  
synap tosomes  sod ium channels  a sum o f  two exponen t ia l s  was r e q u i r e d  to  fit the  
da ta  for  po ten t ia l s  > - 8 0  mV ( H u a n g  et  al., 1984, F r e n c h  et  al., 1986b). As dis- 
cussed by F r e n c h  et  al. (1986b), the  fact  that  we can a p p r o x i m a t e  the  c losed  dwell 
t ime d is t r ibu t ions  by a single exponen t i a l  may resul t  f r om reac t ion  s teps with similar 
life times. In  o u r  case we can be  loos ing  the slow c o m p o n e n t s  due  to  the i r  small 
amp l i t ude  o r  we can be  missing a c o m p o n e n t  too  fast to be  c a p t u r e d  by the cu r ren t -  
to-vol tage amplif ier .  
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FIGURE 10. Probability density distribution of  dwell times. Events were collected into bins 
of  0.6-ms width. The solid curves are least-square estimates (A) Open-time distributions. 
Time constant for the smooth curve is 5.2 ms. The holding voltage was - 9 0  mV. (B) Closed- 
time distributions. Time constant for the smooth curve is 5.7 ms. Holding voltage - 9 0  mV. 
The aqueous phase was 200 mM NaC1 and 10 mM MOPS-NaOH, pH 7. 
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The  dependence  o f  mean  open  and closed times on  membrane  potential  is shown 
in Fig. 11 A. The mean  o p e n  times have an exponential  dependence  on  voltage. In  
the present  experiments  the mean  lifetime o f  the o p e n  state changed  by e-fold for  
16 mV change in voltage. However ,  we found  that the mean  closed times did not  
change in an exponential  fashion with voltage, and large depar tures  f r o m  a straight 
line were found  when log mean  closed times were plot ted vs. applied voltage. For  a 
c losed-open kinetic scheme, exponent ia l  funct ions o f  voltage are expected for  bo th  
mean  o p e n  and closed times. Thus,  ou r  data are more  consistent with the linear 
scheme 1. Fig. 11 B shows the log mean  o p e n  and closed times vs. voltage relations 
in the absence (open symbols) and in the presence (closed symbols) o f  10 mM Ca ~+. 
A parallel shift a long the voltage axis was found  for  mean  closed and open  times. 
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FIGURE 11. Voltage dependence of  mean open and closed times. (A) The straight line is the 
linear regression line through the open-time data, using the equation To = 1.43 
exp[1.62F(V + 104.6)/RT] in units of milliseconds. Closed times are the result of  fitting the 
closed-time distributions. At potentials more positive than - 70 mV a fast exponential compo- 
nent was found but the value plotted here is the slower component even though its amplitude 
is smaller. The data were fitted to 

Tc = 2/[k2 + kl + k- l  + ~[(k2 + kl + k_l) ~ - 4k2kl], 

which is one of the two eigenvalues of the three state model (Huang et al., 1984). The other 
eigenvalue is extremely fast and it would be undetected or at best distorted by our measure- 
ment system. Data from the same experiment shown in Fig. 8. (B) Effect of  calcium on the 
mean open and closed times vs. voltage relations. Open symbols are data obtained in symmet- 
rical 200 mM NaCI and closed symbols are data obtained after the addition of  10 mM Ca ~+ in 
the external side. Numbers in parentheses indicate calcium concentration. 

T T X  Blockade 

Fig. 12 shows records o f  a single activated sodium channel  in the presence o f  T T X  
added  to the extracellular side o f  the channel.  Long-lived closing events were 
observed (note the differences in time scales c o m p a r e d  with Fig. 7). These part icular  
records  were filtered at 2 Hz  so the fast closing events were eliminated. Very long- 
lived channel  closures induced by T T X  have been  found  in several different  BTX- 
activated sodium channels (Krueger et al., 1983; Moczydlowski et al., 1984a, b; 
Green  et al., 1987b). No  toxin- induced closures were present  when the toxin was 
added  to the intracelluar side o f  the channel.  Fur thermore ,  T T X  has no  effect on  
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the frequency or duration of  the events seen in the absence of  this toxin. Since the 
residence time of  the toxin in the channel was found to be very long (see below), it 
was very difficult to obtain experiments with a sufficient number of  blocking events 
to analyze the kinetics o f  TTX blockade. The kinetics of  TTX blockade were ana- 
lyzed on the basis of  two single-channel membranes. Although it is in principle pos- 
sible to obtain the kinetic parameters for blockade in multi-channel membranes, we 
did not use this approach because we found that BTX-modified channels disappear 
spontaneously. Therefore, it is difficult, in multi-channel membranes, to be certain 
of  the exact number  o f  sodium channels. Spontaneous disappearance of  dog brain 
BTX-modified sodium channels have been reported by Green et al. (1987a). They 
found that BTX-modified sodium channels disappear at a rate of  0.004 min -~. 

Fig. 13 shows the cumulative dwell time histograms for the open and blocked 
channel after the exclusion of  rapid gating events at - 40 and 40 mV. Both blocked 

olr--11 lo_ . . . . . .  " r ' "  

- -40  mV 

i 

11:~ k lpA 
50s 

FIGURE 12. Discrete TTX block of 
a single sodium channel. Aqueous 
phase was 200 mM NaCI and 10 mM 
MOPS-NaOH; TTX was added to 
the external side only to a final con- 
centration of 20 nM. The arrow indi- 
cates the blocked state. Current 
amplitude histograms are shown at 
the right-hand side of the figure. Po 
was 0.84 at +40 mV and 0.15 at 
- 4 0  mV. The slight difference in 
current amplitudes between the +40 
and the -40  mV records correspond 
to the presence of a small sodium 
gradient across the bilayer. The data 
were filtered at 2 Hz. 

and unblocked states exhibit single-exponential probability distributions. Therefore, 
the toxin-binding reaction can be approximated by the kinetic scheme: 

[TTX]ko~ 
unblocked blocked (Scheme 2) 

where the unblocked state includes the open and closed states of  the BTX-modified 
channel (Moczydlowski et al., 1984a). According to scheme 2, the second-order rate 
constant of  blocking kon, and on the first-order rate constant of  unblocking kou, can 
be defined as 

ko. = 1 / T . [ T T X ]  (4) 

ko~ = 1/Tb (~) 

KD = koMko. (6) 

where 7", is the unblock mean time, Tb is the block mean time, and KD is the disso- 
ciation constant. The rate constants calculated through Eqs. 4 and 5 using the 7", 
and Tb obtained from Fig. 13 are given in Table II. The results shown in Figs. 12, 
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FIGURE 13. Cumulative dwell-time histograms in the presence of  TTX. (A) Unblocked dwell 
times at + 4 0  mV. (B) Blocked dwell times at + 4 0  mV. (C) Unblocked dwell times at - 4 0  mV. 
(D) Blocked dwell times at - 4 0  mV. Solid lines represent exponential fits to the data. Aque- 
ous phase was 200 mM NaCI and 10 mM MOPS-NaOH; TTX was added to a final concen- 
tration of  20 nM to the external side only. 

13, and Table II  indicate that b lockade induced  by T T X  is voltage d e p e n d e n t  
(French et al., 1984; Moczydlowski  et al., 1984a,  b; Green  et al., 1987b). K ,  can be 
approximated  to a exponent ia l  funct ion o f  voltage according to the equation: 

K , (V)  = K, (0)  exp  ( A V ) .  (7) 

Us ing  the results shown in Table II the K ,  interpolated to zero  voltage was 16.4 riM. 
This value is similar to those  found  in rat and brain BTX-modi f i ed  sod ium channels  
(Moczydlowski  et al., 1984b; Green  et al., 1987b). However ,  the individual rate con-  
stants ko, and kon are about  10-fold smaller. The  m e a n  b locked  t ime in our  experi-  
ments ,  interpolated to zero  voltage,  is 60 s, c o m p a r e d  with a value o f  10 s in rat 
musc le  sod ium channels  (Moczydlowski  et  al., 1984b). 

TABLE II 
Kinetic Constants for  TTX Blockade 

v Trx Tb ko~ 1". k~. Ko 

raV nM s s -~ s s-~M -I nM 
40 20 24 0.0417 54 9.26 • 105 45 

-40 20 72 0.0139 25 2 • 10 n 6 
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D I S C U S S I O N  

Muscle and nerve membranes have been used as the preferred source of  sodium 
channels for reconstitution studies in bilayers. However, the question of  whether 
these channels present the same properties that they have when contained in the 
cellular membrane has remained unanswered because comparisons have been made 
using different preparations. We show below that BTX-modified sodium channels in 
bilayers and BTX-modified channels detected in the squid giant axon by means of  
the cut-open axon technique share most of  their characteristics. 

Channel Conductance 

The average conductance we found for the optic nerve sodium channel in 200 mM 
Na + (20 pS) is very similar to that previously described for BTX-modified sodium 
channels in bilayers (Krueger et al., 1983, Moczydlowski et al., 1984a; Green et al., 
1987a; Recio-Pinto et al., 1987). However, this value is higher than the values 
obtained in the squid giant axon by noise analysis (2-3.5 pS; Conti et al., 1975) or 
by the study of  nonstationary noise of  a small population of  sodium channels in the 
cut-open axon (Llano and Bezanilla, 1984). Taking into account that the sea water 
used in the squid giant axon experiments contained a high concentration of  divalent 
cations and considering the finding that calcium blocks sodium channels, low chan- 
nel conductances are expected. In fact, by mimicking the divalent cation composi- 
tion of  sea water, we found that the BTX-modified sodium channel conductance is 
reduced to ~2 pS for potentials < - 2 0  mV. More recently, Correa and Bezanilla 
(1988) reported that in the absence of  divalent cations, BTX-modified sodium chan- 
nels recorded from the giant squid axon by means of  the cut-open axon technique 
have a conductance of  10 pS at 5"C in symmetrical 540 mM Na +. This value is com- 
parable to the one obtained in the present work if a Ql0 of  1.37 (Horn et al., 1984) 
for the channel conductance is considered. At 23.5"C the calculated conductance 
for the BTX-modified squid giant axon sodium channel is 18 pS. This value is 20% 
lower than the one obtained in the present work. The reasons for this discrepancy 
are not clear but a definite conclusion could only be drawn after the measuring of  
the conductance is done in the cut-open axon at high temperature. 

We found that the single-channel conductance vs. [Na +] relation is well described 
by a Langrnuir isotherm. This is the behavior expected for channels that can be 
occupied by, at most, a single ion (Lauger, 1973). Similar results have been obtained 
for the rat brain and rat muscle sodium channels. Both the affinity of  the optic 
nerve sodium channel for sodium and the maximal conductance are very close to 
those obtained for rat muscle sodium channels (Km = 7 mM, g ~ ,  = 22 pS; Moczyd- 
lowski et al., 1984a; Garber and Miller, 1987), but  lower than those obtained for the 
rat brain sodium channel (K,, = 37 mM, g r~  = 31 pS; French et al., 1986a). On the 
other hand, the conductance-[Na +] relation cannot be described by a rectangular 
hyperpola for dog brain (Green et al., 1987a) and for frog muscle BTX-modified 
sodium channels (D. Naranjo, O. Alvarez, and R. Latorre, unpublished results). As 
suggested by Green et al. (1987a) the departure from a simple Michaelis-Menten 
type of  saturation isotherm can be accounted for by a net negative charge located at 
the channel entrance. A net negative charge in the conduction system of  the pore 
will change the local accumulation of  sodium in this region. The [Na +] at the chan- 
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nel entrance will be larger than in the bulk solution. Thus, it appears that there are 
sodium channel subtypes regarding their conductance-[Na +] behavior as there are 
subtypes regarding toxin binding (Barchi, 1987). It is possible that these subtypes 
contain different surface charge densities in the neighborhood o f  the channel 
entrances. 

Surprisingly, the affinity of  the squid optic nerve BTX-modified sodium channel 
for sodium is much larger than that obtained for the squid giant axon sodium chan- 
nel. Apparent dissociation constants of  0.4-1 M for this channel have been obtained 
(Begenisich and Cahalan, 1980; Yamamoto et al., 1985). This discrepancy may arise, 
however, from the different ionic conditions used. Thus, the data for the giant axon 
sodium channel was obtained using a mixture of  ions at a constant ionic strength. In 
their work they used tetramethylammonium (TMA) inside and Tris outside. TMA 
has a blocking effect on the sodium channel (Horn et al., 1981) and the replacement 
of  sodium by Tris makes the blocking o f  calcium more effective in addition to the 
blocking effect of  Tris. It is clear that calcium competes for  occupancy of  the chan- 
nel and ionic competition should, in principle, reduce the apparent affinity of  the 
channel for sodium (French et al., 1896a). A simple calculation based on competi- 
tion of  sodium and calcium for a blocking site gives a smaller apparent affinity con- 
stant, i.e.: 

KNa([Ca] = 50 mM) = KN.([Ca] = 0) (1 + [Ca]/Kc~) (8) 

with a Kc~ of  6 mM obtained from the I-V curve in Fig. 6, we get KNa (50) = 100 
mM. Tiffs and TMA are expected to increase this value even more. 

Channel Selectivity 

The PN~/PK value we obtained is lower than the one obtained for other  sodium chan- 
nels incorporated into planar bilayers and for the unmodified squid axon sodium 
channel (Table I). Values for this ratio vary in bilayers from 14.3 (Krneger et al., 
1983; Moczydlowski et al., 1984a) to 5.5 (Green et al., 1987a). A value of  4.7 has 
been recently reported for purified eel electroplax sodium channels (Recio-Pinto et 
al., 1987). For the squid giant axon sodium channel this ratio is 12 (Table I; 
Chandler and Meves, 1965). The low value we obtained for the PNa/PK can be the 
result of  an asymmetry in the sodium channel permeation pathway (Cahalan and 
Begenisich, 1976; Garber and Miller, 1987). Thus, Garber  and Miller (1987) have 
reported that the reversal potential decreased from 57 mV, obtained with a gradient 
Nam/Kout to 35 mV when the gradient was Naout/K~. This last value is very similar to 
the one we have obtained in the present work. However, we cannot discard at pres- 
ent the possibility that BTX-modified channels are less selective than unmodified 
channels. A lower alkali cation selectivity was found for the BTX-modified node of  
Ranvier sodium channel (Khodorov and Revenko, 1979) and in BTX-activated 
channels from neuroblastoma cells (Huang et al., 1979). It is interesting to note also 
that although the PNa/Pu is very close to one, the slope conductances for  these two 
ions are quite different. Thus, channel conductance for sodium and lithium in 200- 
mM ionic strength are 20 and 10 pS, respectively. Apparently, lithium binds more 
tightly to the sodium channel than sodium does. 
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Channel Gating 

In the presence of  BTX, sodium channels from the squid optic nerve are open 50% 
of  the time at voltages ranging from - 9 0  to - 1 0 0  mV. Occasionally, we found 
channels that were activated at larger hyperpolarizations. On the other  hand, the 
apparent gating charge that would have to move during the open-closed transition 
varied between 4 and 5. Our  parameter values are very similar to those determined 
by Moczydlowski et al. (1984a) for rat muscle channels, by French et al. (1984, 
1986b) for rat brain channels, and by Hatshorne et al. (1985) for purified channels 
from rat brain. In the cut-open axon, BTX-modified sodium channels show that the 
Po vs. voltage relation is sigmoidal with a value of  0.5 at - - 6 0  mV when calcium 
and magnesium are present (Llano and Bezanilla, 1986), but this voltage is shifted 
to ~ - 8 0  when divalent cations are excluded from the artificial sea water (Correa 
and Bezanilla, 1988). Furthermore,  the apparent gating charge determined from 
the Po vs. voltage relations was determined to be ~4. We also found a shift in the 
activation curves promoted by calcium of  a magnitude similar to the one found in 
the giant axon (see Fig. 9, A and B). Both the Po vs. voltage relation and the rate 
constants are shifted toward the right along the voltage axis upon the addition of  
calcium to the external side in a manner consistent with a surface charge effect. A 
net negative charge located near the channel gating machinery will give rise to a 
potential difference between the bulk aqueous phase and the gating machinery 
region. Calcium will screen these charges and hence will reduce this potential differ- 
ence. One of  the predictions of  this simple model to explain the effect o f  calcium on 
channel gating is that opening and closing rate constants vs. voltage relations should 
be shifted in equal amounts along the voltage axis. This prediction is confirmed 
experimentally (Fig. 11 B). 

Our  kinetic results are consistent with a reaction scheme containing a single open 
state and several closed states. For channels containing only one open state the rate 
of  closing from the open state, k_~, is given by k_~ = 1~To (Eq. 2). The mean open 
time shows an exponential dependence on voltage and it changed by an e-fold for 
~ 16 inV. This result can be used to estimate the gating charge associated with chan- 
nel closing (French et al., 1986b). A charge of  1.6 e/channel  for the unidirectional 
closing step is needed to explain the voltage dependence of  the mean open times. 
From Fig. 8 and Eq. 1 we obtained that 1.69 electronic charges are involved in the 
closed-open transition, which implies that a very small or no charge is associated 
with closed to open transition. Furthermore,  the fact that only part of  the total 
apparent gating charge can be associated with the closed-open reaction gives fur- 
ther support  that there are more than one closed state connected by voltage-depen- 
dent  rate constants. 

The four rate constants were estimated using the Po vs. V curve and the dwell 
times vs. V curves, and they were assumed to be exponential function of  voltages. 
The expressions obtained are in the figure legend of  Fig. 8. The results indicate very 
small voltage dependence in the closed2 to open transition as compared with the 
closed1 to closed2 transition. In addition, kl and k_2 are more voltage dependent  
than k_ ~ and k~. These results are different from the rates reported by Huang et ai. 
(1984) in neuroblastoma cells or by Keller et al. (1986) in purified sodium channels. 



BEHRENS ET AL. Batrachotoxin-modified Sodium Channels 39 

The time resolu t ion  of  the presen t  exper iments  is too l imited to decide whether  

these differences are significant. 
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Note added inproof" A. M. Correa, R. Latorre, and F. Bezanilla (Biophysical Journal, 1989, in press) 
have measured a conductance of 18.3 pS for the BTX-treated Na channel in the cut-open squid 
axon at 22~ 
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