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ABSTRACT In  the interest o f  continuing structure-function studies, highly puri- 
fied sodium channel preparations from the eel electroplax were incorporated into 
planar lipid bilayers in the presence o f  veratridine. This lipoglycoprotein originates 
f rom muscle-derived tissue and consists o f  a single polypeptide. In this study it is 
shown to have properties analogous to sodium channels f rom another muscle tis- 
sue (Garber, S. S., and C. Miller. 1987. J0urna/ of General Physiology. 89:459-480),  
which have an additional protein subunit. However, significant qualitative and 
quantitative differences were noted. Comparison of  veratridine-modified with 
batrachotoxin-modified eel sodium channels revealed common properties. Tetro- 
dotoxin blocked the channels in a voltage-dependent manner indistinguishable 
f rom that found for batrachotoxin-modified channels. Veratridine-modified chan- 
nels exhibited a range o f  single-channel conductance and subconductance states. 
The selectivity o f  the veratridine-modified sodium channels for sodium vs. potas- 
sium ranged from 6-8  in reversal potential measurements, while conductance 
ratios ranged from 12-15. This is similar to BTX-modified eel channels, though 
the latter show a predominant single-channel conductance twice as large. In con- 
trast to batrachotoxin-modified channels, the fractional open times o f  these chan- 
nels had a shallow voltage dependence which, however, was similar to that of  the 
slow interaction between veratridine and sodium channels in voltage-clamped bio- 
logical membranes. Implications for sodium channel structure are discussed. 

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

Purification and reconst i tut ion studies have provided a substantial body  o f  informa- 
t ion on  the s t ructure  o f  the vol tage-dependent  sodium channel,  demons t ra t ing  that 
it is an intricate t r ansmembrane  protein.  This l ipoglycoprotein consists o f  an 
a-polypept ide  alone (electric organ  o f  Electrophorus electricus), or  in a complex  with 
one  (rat muscle) o r  two (rat brain) additional subunits (Catterall, 1988). T h r o u g h o u t  
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these studies, toxins that modify channel properties have been used to identify the 
relevant peptides necessary for channel function, and to examine mechanisms of 
operation. While tracer uptake studies in vesicles have used activation by both ve- 
ratridine and batrachotoxin to quantify the recovery of  function (Tamkun et al., 
1984; Tomiko et al., 1986; Duch and Levinson, 1987a), only batrachotoxin (BTX) 
has been used extensively in the examinations of  the properties of  purified single 
channels in planar bilayers (Hartshorne et al., 1985; Furman et al., 1986; Recio- 
Pinto et al., 1987a). The functional examinations of  the purified proteins have dem- 
onstrated that the peptides from all examined tissues were sufficient to mediate 
appropriate  sodium channel operation (sodium conductance and selectivity, voltage- 
dependent  activation, and block by tetrodotoxin [TYX]). However, differences were 
found in some single-channel properties of  these proteins, (see Table V of  Recio- 
Pinto et al., 1987a). 

It is not surprising that functional variations occur between sodium channels 
f rom several sources, as both the amino acid structures (Noda et al., 1985, 1986; 
Tr immer  et al., 1988) and posttranslational processing (Thoruhill and Levinson, 
1987; James and Agnew, 1987; Catterall, 1988) vary between channels from dif- 
ferent tissues. To quantitate the functional impact o f  this structural diversity, well 
characterized and highly purified systems must be studied. 

To continue our  initial characterization (Recio-Pinto et al., 1987a) of  the proper-  
ties of  the highly purified ct-polypeptide f rom the eel electroplax, we incorporated 
these preparations into planar lipid bilayers in the presence of  veratridine, the most 
widely used sodium channel activator in vesicular uptake studies. While veratridine 
is believed to bind to the same site on the sodium channel as BTX (Catterall, 1980), 
its actions on macroscopic (Khodorov, 1985) and microscopic (Garber and Miller, 
1987) sodium currents are substantially different. In this repor t  we present our  first 
study of  purified electroplax sodium channel conductances and subconductances, 
voltage dependence of  single-channel fractional open times, selectivity for sodium 
and potassium determined by reversal potential or  conductance measurements,  and 
the voltage dependence of  TTX block after veratridine-modification. The structural 
significance of  these results is considered. Preliminary reports of  some of this work 
have been presented (Duch et al., 1988b, 1989). 

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

Preparation of Sodium Channel Material 

The sodium channel from Electrophorus electricus was purified as previously described; the 
final reconstituted preparations contained only a single polypeptide with an apparent molec- 
ular weight of 260 kD (Duch and Levinson, 1987a). Reconstituted vesicles from four separate 
purifications were used. 

Synaptosomal and P2 fractions from human and canine cortex were prepared with the 
methods of Cohen et al. (1977). When modified with BTX, the sodium channels from these 
preparations displayed typical behaviors (Krueger et al., 1983; Green et al., 1987; Duch et al., 
1987, 1988a). 

Planar Bilayers and Insertion of Na + Channels 

Planar bilayer techniques were as previously described (Recio-Pinto et al., 1987a), unless 
otherwise noted. Planar bilayers were formed from neutral phospholipid solutions containing 
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(4:1) phosphatidylethanolamine and phosphatidylcholine in decane. Most experiments were 
conducted  in symmetrical 500 mM NaCI, buffered with 10 mM HEPES at pH  7.4. Experi- 
ments were per fo rmed  at room temperature  (23-25"C); no corrections were made for results 
obtained at different temperatures.  

Channel currents were recorded under  voltage-clamp conditions using a standard current-  
to-voltage amplifier. The  bilayer recording system was tested before  each exper iment  by con- 
trol measurements  o f  the capacity and conductance of  a membrane-equivalent  circuit 
(1 • 10 H fl, 311 pF capacitor). No  drifts were noted,  and test values were highly reproduc-  
ible. A power spectrum was used to analyze the sources o f  noise in the system. The same 
control  measurements  were then repeated on the bilayer. Veratridine (50 #M, unless other- 
wise specified) was added to both chambers and stirred. The  channel preparat ion was added 
to the c/s chamber.  After  channel incorporation,  a large dose o f  T I X  (30-50 ~tM) was added 
to ei ther  the c/s o r  tram chambers to block all measurable sodium channel activity on one side 
o f  the membrane,  thus allowing the use o f  the electrophysiologicai sign convention. 

As was the case for  BTX, channels modified by veratridine showed several conductance and 
subconductance levels. To  characterize these levels in multi-channel membranes,  the minimal 
number  of  transitions (eliminating matching opening and closing transitions) accounting for 
the difference between the background current  level and the largest observed current  levels 
were determined.  Tabulated transitions f rom all potentials at which background was observed 
were then compared  with each other.  Corresponding transitions present at two or  more 
potentials were counted as conductance levels. Membranes containing more than four  chan- 
nels (8 of  a total 64) were not  used because membrane  currents rarely re turned to back- 
ground levels at the same potentials at which most channels were open simultaneously. 

Examination of  channels at all potentials was necessary because the voltage dependence  of  
these channels varied, and some channels were observed only within certain potential ranges. 
Transit ion levels were also compared  between potentials to ensure that only stable conduc- 
tance levels were counted  (each potential was held for at least 5 min). Although the contribu- 
tion of  single-channel substates to this analysis is minimized, it cannot  be eliminated. There-  
fore this analysis does not  at tempt to assign conductance levels to individual channels, which 
cannot  generally be done  in multi-channel membranes.  

The voltage dependence  o f  channel fractional open times in multi-channel membranes was 
measured as previously described (Duch et al., 1988a). The results obtained f rom the 
descending and ascending pulse sequences were combined,  normalized to the conductance at 
+ 9 0  mV, and averaged. For  single-channel membranes,  potentials were decremented  or  
incremented  sequentially in steps o f  20 o r  30 mV from an initial holding potential o f  + 120 
mV. Each potential was held for a minimum of  5 min, and fo was measured by hand from 
chart records. 

Reversal potential measurements  were made under  biionic conditions: 455 mM NaCI vs. 
455 mM KCI, pH  7.4 with 10 mM HEPES. Ag-AgCI electrodes were zeroed in symmetrical 
solutions (either NaCI o r  KCi), before  the solution in the tram chamber  was replaced with the 
complementary salt. The electrode offset was again examined after each experiment  by 
replacing the salt solution in the tram chamber  with soludon from the same stock used to fill 
the c/s chamber.  In almost all cases, the electrode offset was <1 mV, and was never more than 
2 inV. For  all experiments,  the solution that was to face the extracellular side of  the channel 
was placed in the c/s chamber.  After  channel incorporation,  30-50/~M TTX was added to the 
tram chamber  to completely block all channels incorporated in the opposite direction. 

T I X  block of  single-channel membranes  was measured as previously described (Levinson 
et al., 1986). To measure TTX block of  sodium channels in membranes  containing more than 
one  channel, membrane  potentials were decremented  in 15-mV steps from a holding poten- 
tial o f  ei ther + 190 or  + 90 mV to a holding potential o f  - 7 5  mV, then incremented in 
15-mV steps back to the original holding potential. Each potential was held for - 6 0  s. This 
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sequence was repeated a minimum of three times during the control period. Current traces 
were recorded by computer and time-averaged after subtraction of the membrane capacita- 
rive transient. If at the end of the control period, total membrane current was significantly 
greater or smaller than during the first control sequence (indicating an increase or decrease 
in the number of channels present in the membrane), all measurements were repeated until 
at least three consecutive control sequences without further incorporation or loss of channels 
could be obtained. T rX  (30-300 nM) was then added to the extracetlular side of the chan- 
nels, and the same potential sequences were repeated for at least three measurements. Mem- 
brane background conductance was calculated using the time-averaged current measure- 
ments at the most hyperpolarized potentials observed with TTX present, as no channels were 
open during these periods. This background conductance was subtracted from the calculated 
membrane conductances at all potentials during both the control and experimental periods. 
Channel fractional closed times (fc) were calculated from the reduction in channel current 
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FIGURE 1. Veratridine-modified sin- 
gle-channel current transitions of 
purified eel electroplax sodium chan- 
nels in symmetrical 500 mM NaC1 at 
various membrane potentials. All 
traces are filtered at 50 Hz. (A) Sin- 
gle-channel trace for 10-13 pS chan- 
nel. The channel was open >98% of 
the time at this potential, so 
(300 nM) was added to see transi- 
tions. Holding potential was +60 
mV. (B) Trace of large (12 pS) and 

2 ~A [__ small (4 pS) channels together in one 
2 s membrane. Holding potential was 

+ 75 inV. (C) Single-channel trace for small channel (7 pS) with no larger channels in mem- 
brane. Holding potential was +80 inV. (D) Single-channel trace fbr transition between 
large channel and substate. The channel is maximally open with a conductance of 12 pS, 
then closes to a conductance of 8 pS before closing completely. Holding potential was 
+ 120 mY; ~ (300 nM) was present. 

after TI'X addition: 

fc = (gr - gyrx)/gc (1) 

where gr is the total time-averaged channel conductance during the control experiments, and 
ga'rx is the time-averaged channel conductance remaining after TYX addition. K~/2 of TTX 
block was calculated from the measured fr as previously described (Levinson et al., 1986). 

R E S U L T S  

Single-Channel Conductance #t Symmetrical Sodium Solutions 

Almost all membranes  examined  in the presence  of  veratr idine were mul t i -channel  
membranes ,  i.e., con ta ined  more  than one  sodium channel ;  only 2 of  62 bilayers 
with channel  activity conta ined  single channels.  In  500 mM NaC1, the majori ty of  
channels  exhibited conductances  be tween  10 and  13 pS (Figs. 1 A, 2, and  3). How- 
ever, smaller conduc tances  were also observed regularly, usually in the presence of  
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FIGURE 2. I-V curves of  two mem- 
branes containing only a single 
sodium channel. Symmetrical 500 
mM NaCi, 50 ~tM symmetrical vera- 
tridine. At potentials more negative 
than - 6 0  mV, channels opened too 
infrequently for reliable measure- 
ment; error  bars are within symbols. 
Data were fit by linear regression and 
not forced through 0; slope conduc- 
tances were 11.7 (squares) and 12.4 
pS (circles). The I-V curve with the 
squares was obtained from the same 
data used to plot the single-channel 
histogram in Fig. 3 A. 

the  la rger  conduc t ances  (Fig. 1 B), and  rare ly  a lone  (Fig. 1 C). The  1 0 - 1 3  pS chan-  
nels somet imes  c losed  to subs ta te  levels with conduc t ances  similar  to the  smal ler  
t rans i t ions  (Fig. 1 D). T h e  cur ren t -vo l t age  re la t ionships  o f  the  two single channe l  
m e m b r a n e  r ecord ings  were  l inear  a n d  symmetr ica l  (Fig. 2), with s lope conduc tances  
o f  11.7 and  12.4 pS. The  same I-V re la t ionsh ip  was obse rved  for  mul t i -channe l  
m e m b r a n e s  (Fig. 3 o f  Rec io-P in to  et  al., 1987a).  

C o n d u c t a n c e  a m p l i t u d e  h i s tograms  were  c o n s t r u c t e d  for  individual  me mbra ne s ,  
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FIGURE 3. (A) Total transition his- 
togram of  a membrane containing a 
single channel. The average conduc- 
tance of  all transitions is 11.5 pS. (B) 
Channel conductance level distribu- 
tion from 54 membranes containing 
a total of  137 channels. Conductance 
levels were determined as described 
in Results. (C) Total transition histo- 
gram of  a membrane containing two 
channels with 8 and 5 pS conduc- 
tances. 
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combining all transitions from all observed potentials. Such an analysis for the 11.7- 
pS channel in Fig. 2 is given in Fig. 3 A. Examination of  the histograms from multi- 
channel membranes, however, indicated the consistent presence of  two conduc- 
tance peaks: one at 11-12 pS and the second at ~5 pS. To further examine and 
quantify these conductance populations, conductance level histograms were con- 
structed as described in Methods. The results from all membranes containing four 
or fewer channels (54 membranes, 137 channels) were combined (Fig. 3 B and 
Table I). The 10-13-pS veratridine-modified sodium channel represented the pre- 
dominant conductance population, constituting 77% of  all determined conductance 
levels, with 23% being 9 pS or less. The average of  the conductance levels in the 

T A B L E  I 

Conductance Distributions of Channels 
(Membranes with <5 Channels) 

Preparation Specific activity Fraction of total 

1" 2,084 
> 10 pS 1.00 (5) 
<10 pS 0 

2 1,607 
>10 pS 0.75 (18) 
<10 pS 0.25 (6) 

3 1,402 
>10 pS 0.76 (61) 
< I0  pS 0.24 (19) 

4 662 
>10 pS 0.79 (22) 
<10 pS 0.21 (6) 

Average 1,439 • 591 
<10 pS 0.77 (106) 
>10 pS 0.23 (31) 

The number of channels contributing to each fraction is given in parentheses; a total of 
54 membranes were included. 
*Only two membranes were includes with this preparation; membranes with smaller sub- 
conductance levels were recorded, but contained more than four channels and were 
excluded from the analysis. Specific activities are picomoles TTX bound/milligram pro- 
tein for each preparation, determined after purification and reconstitution into vesicles. 

larger peak (Fig. 3 B) was 11.4 _+ 0.92 pS (SD); the smaller conductance peak aver- 
age 5.4 -+ 1.74 pS. The spread in the smaller peak in the present study, however, 
was almost twice as high as in the larger peak. This spread appears to represent a 
true variability in single-channel conductances, rather than a resolution problem, as 
shown in Fig. 3 C. This amplitude histogram was obtained from a membrane con- 
taining two clearly distinguishable channels with conductances of  8 and 5 pS. 
Despite combining transitions for both channels from all potentials, the spread of  
the resulting histogram is comparable to that previously reported for single BTX- 
modified sodium channels examined at only a single potential (Andersen et al., 
1986; Green et al., 1987). 
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It  was fu r the r  examined (Table I) whether  the distr ibution o f  conduc tance  levels 
was consistent a m o n g  all reconst i tu ted purifications, o r  if some variable in experi- 
mental  p rocedures  corre la ted with the observed diversity o f  channel  conductances  
(e.g., the use o f  f rozen o r  fresh liposomal prepara t ion,  variable degenera t ion  o f  
channels dur ing  purif ication and reconsti tut ion,  etc.). No  significant differences in 
the p ropo r t i on  o f  channel  conduc tances  a m o n g  reconst i tu ted preparat ions  were 
found.  This distr ibution was also the same when all fresh preparat ions  (78% and 
22%, respectively) were c o m p a r e d  with all f rozen  prepara t ions  (77% and  23%). 

Single Channels from Dog and Human Brain Synaptosomes 

For  comparat ive  purposes ,  single channels f rom synaptosomal fractions o f  h u m a n  
and canine cor tex  were incorpora ted  into planar  lipid bilayers in the presence o f  

B 
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FIGURE 4. Channels from dog and human brain synaptosomes in the presence of  veratri- 
dine. (A) Veratridine-modified dog channels blocked by TITK. Channel transitions from a 
membrane containing three channels, before (top two traces; same recording filtered at 50 Hz 
and 10 Hz) and after (bottom two traces; same recording filtered at 50 and 10 Hz) 100 nM T r x  
addition; symmetrical 500 mM NaCl, 50 #M symmetrical veratridine, +60  mV. The time- 
averaged channel conductance before T r x  was added was 9.4 pS (312 s recording time); 
after TI'X addition, it decreased to 3.0 pS (192 s recording time). Maximal channel currents 
before and after T r x  addition were unchanged (0.8 pA), demonstrating that the number of  
the channels in the membrane remained constant. The three channels had measured conduc- 
tances of  4, 4, and 5 pS. (/3) Distribution of  channel conductances. Veratridine was used in 
various concentrations between 1 and 100 #M. Filled bars represent channels from human 
brain preparations; checked bars are channels from dog brain P2 preparations; open bars are 
channels from dog brain synaptosomes. 

veratridine (Fig. 4). In  contras t  to the purified eel preparat ions,  not  all channel  tran- 
sitions r eco rded  with these unpur i f ied  prepara t ions  could  be at t r ibuted with cer- 
tainty to vol tage-dependent  sodium channels. However ,  condit ions were chosen that 
favored the observat ion o f  Na  + channels (i.e., symmetrical Na + solutions with no  
o ther  cations present). Channels  could usually be r eco rded  only for  several minutes 
before  the m e m b r a n e  recordings  became noisy, probably  reflecting the activation o r  
incorpora t ion  o f  addit ional channels  and  synaptosomal componen t s  into the bilayer. 
Consequent ly ,  except  fo r  rare occasions (Fig. 4 A), it was not  possible to test 
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whether the channels could be blocked by TI'X, a sodium channel-specific 
blocker. 

The conductance level distribution was determined (Fig. 4 B) as described above. 
The synaptosomal preparations yielded distributions that were different both from 
each other and from the eel electroplax preparation. Most significantly, no conduc- 
tances of  10-13 pS (corresponding to the purified eel veratridine-modified sodium 
channel) were found with either preparation (at least 37 channels in 20 membranes 
from 4 different preparations with dog brain; at least 28 channels in 12 membranes 
from 2 different preparations with human). Instead, the predominant conductances 
were between 3 and 5 pS (dog brain), and 7-9  pS (human brain). The inability to 
obtain long-duration channel recordings from the unpurified synaptosomal prepa- 
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FIGURE 5. Voltage dependence of fractional open time of veratridine-modified eel sodium 
channels. (A) Current traces of a membrane at different potentials; solid line represents back- 
ground current level. Channel open times and the number of channels open both increase 
with depolarized potentials. All traces filtered at 50 Hz. (B) Voltage dependence of fractional 
open times for two single-channel membranes. Fractional open time was measured by hand 
from current traces. The two channels were both open almost all the time at depolarized 
potentials, but the voltage at which the channel was open half of the time, Vo, was different 
for each ( -48 vs. - 20  mV). 

rations in the presence of  veratridine, in contrast to BTX (Duch et al., 1988a), pre- 
cluded their further characterization at this time. 

Voltage Dependence of Channel Fractional Open Times 

The fractional open time, fo, of  the veratridine-modified eel channels showed volt- 
age dependence, with higher positive potentials increasing both single-channel open 
times and the number of  channels open at any time (Fig. 5 A). However, no activa- 
tion gating similar to that described for BTX-modified channels in bilayers was 
observed with these pulse protocols in the voltage range between + 140 mV mem- 
brane potential (compare with Recio-Pinto et al., 1987a). Channels differed in the 
voltage dependence of  their fractional open times (Fig. 5 B). The two single chan- 
nels examined had midpoint potentials (I/o) forfo of  ~ -  45 and - 2 0  inV. The frac- 
tional open time for these channels increased at more positive potentials due to an 
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T A B L E  I I  

Averaged Open and Closed Times for Single Channels 

8 2 1  

v .  
M e m b r a n e  1 M e m b r a n e  2 

To Tc T O T c 

$ $ 

+ 1 2 0  - -  - -  1 5 4 . 7  0 . 2  

+ 9 0  - -  - -  2 3 5 . 6  0 . 2  

+ 6 0  6 6 . 0  • 2 0 . 7  0 . 5  • 2 . 2  1 5 0 . 9  0 . 3  

+ 4 0  7 4 . 7  • 4 1 . 5  0 . 6  • 3 . 4  - -  - -  
+ 2 0  2 9 . 4  • 1 2 . 8  3 . 0  • 2 . 5  - -  - -  

- 2 0  5 . 3  6 3 . 2  - -  - -  

- 3 0  - -  - -  2 1 . 7  • 9 . 0  2 . 0 1  • 1 . 0  

- 4 0  2 . 4  2 1 5 . 4  - -  - -  

- 6 0  - -  - -  9 . 7  • 4 . 5  2 0 . 9  • 1 3 . 6  

To is t he  a v e r a g e  t i m e  tha t  a c h a n n e l  r e m a i n e d  o p e n ;  T, is t he  a v e r a g e  t i m e  b e t w e e n  c h a n -  

nel  o p e n i n g s .  Va lues  a re  t he  a v e r a g e  a n d  S E M  o f  o n e  to  s even  d e t e r m i n a t i o n s .  W h e r e  n o  

s t a n d a r d  e r r o r s  a r e  g iven ,  on ly  o n e  o r  two m e a s u r e m e n t s  w e r e  possible .  

increase  in the  length  o f  t ime tha t  they r e m a i n e d  o p e n  (Zo), and  a concomi t an t  
decrease  in the  a m o u n t  o f  t ime that  a channe l  r e m a i n e d  c losed (7c) at  the  same 
poten t ia l s  (Table II).  T h e  vol tage  d e p e n d e n c e  o f  fo for  these channels  d id  no t  
a p p e a r  to  change  significantly with t ime. Ind iv idua l  channels  in mul t i -channe l  mem-  
b r a n e s  cou ld  also d i f fer  in Vo. 

The  overal l  vol tage d e p e n d e n c e  o f  sod ium channe l  conduc tances  was e x a m i n e d  
by c o m b i n i n g  the resul ts  f r om 10 separa te  m e m b r a n e s  (Fig. 6). Channe l  f rac t ional  
o p e n  t ime,  as re f lec ted  in these  no rma l i z e d  m e m b r a n e  conduc tances ,  inc reased  at  
all po ten t ia l s  m o r e  d e p o l a r i z e d  than  - 6 0  inV. In  most  me mbra ne s ,  only r a re  and  
b r i e f  channe l  open ings  were  obse rved  at  po ten t ia l s  m o r e  negat ive  than  - 6 0  mV. In  
addi t ion ,  channe l  f rac t ional  o p e n  t ime c o n t i n u e d  to increase  for  some channels  at  
po ten t ia l s  m o r e  d e p o l a r i z e d  than  + 100 mV. 
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FIGURE 6. Voltage dependence of  
veratridine-modified sodium channel 
conductance. Time-averaged sodium 
channel conductance was normalized 
to the channel conductance at +90 
mV, and used as a measure of  chan- 
nel fractional activation. All points 
are the average of  10 membranes 
containing at least 35 channels; error  
bars are +_SEM. The membrane 
capacitative transient at potentials 
more negative than - 6 0  mV is larger 

than at low negative and positive potentials, therefore it could not be completely compen- 
sated for during the measurement of  the time-averaged membrane conductance. This 
resulted in the calculation of  a small, persistent conductance at these potentials. Inspection of 
the chart records reveal that sodium channels remain closed almost all the time at these 
potentials. Data from Rando (1989) were normalized to the average conductance at + 40 mV 
in this graph and plotted for comparative purposes (*). 
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Single-Channel Conductance in Symmetrical Potassium Solutions 

To d e t e r m i n e  selectivity, measu re me n t s  o f  sod ium channel  c o n d u c t a n c e  to potas-  
s ium were  ca r r i ed  ou t  in symmetr ical  (c/s and  tram) 455 mM KCI solut ions  with 
e i the r  50 #M vera t r id ine  (added  c/s and  tram) o r  1 #M BTX (tram only) present .  The  
pur i f i ed  eel channels  r e c o r d e d  had  significantly lower  conduc tances  than  in sym- 
metr ica l  NaCI solut ions  (Fig. 7 A). In  the  p resence  o f  e i ther  BTX o r  vera t r id ine ,  
sod ium channels  exh ib i t ed  a range  o f  s ingle-channel  conduc tances .  C o n d u c t a n c e  
level h is tograms were  c o n s t r u c t e d  for  all expe r imen t s  (Fig. 7 B). The  ma jo r  peak  for  
the  BTX-modi f ied  channels  (1 .6 -1 .9  pS) had  an  average  conduc t ance  o f  1.7 pS. The  
m a j o r  conduc t ance  peak  for  ve ra t r id ine -modi f i ed  channels  was a b o u t  ha l f  o f  that  
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FIGURE 7. Eel electroplax sodium channels in symmetrical potassium solutions. (A) Single- 
channel traces of  BTX (left column) and veratridine-modified (right column) sodium channels 
in either symmetrical 500 mM NaCI (top trace of each column) or symmetrical 455 mM KCI 
(middle and bottom traces). Submaximal quantities of  TI'X were added to the membranes when 
BTX was present. The middle two traces were recorded with the same gain and filtering (50 
Hz) as the top two traces. The bottom two traces are the same records as the middle, except 
at higher resolution and filtering (4 Hz). (B) Distribution of  single-channel conductance levels 
of BTX and veratridine-modified sodium channels in symmetrical 455 mM KCI. Channel con- 
ductances were measured as described in the text. Four membranes containing at least 22 
channels were recorded in the presence of BTX; six membranes and at least 19 channels were 
recorded with veratridine. 

obse rved  with BTX: 0 .9 -1  pS, with an average o f  0.9 pS. Smal ler  conduc t ance  chan-  
nels were  also r e c o r d e d  with bo th  BTX and  vera t r id ine .  

The  s ingle-channel  c o n d u c t a n c e  rat ios  for  N a + / K  § d e t e r m i n e d  us ing  all mea-  
su red  conduc t ance  levels were  14.6 (BTX) and  12.2 (veratr idine).  C o m p a r i n g  the 
m a j o r  c o n d u c t a n c e  peaks  a lone,  gNa/gK was 14.7 for  BTX and  12.6 for  verat r i -  
dine.  

Cur ren t -vo l t age  curves  for  the  peak  c o n d u c t a n c e  vera t r id ine  and  BTX-modi f ied  
channe ls  a re  shown in Fig. 8 A. T h e / - V  curves  are  l inear  and  symmetr ical ,  with no  
de tec tab le  rect i f icat ion.  C o r r e s p o n d i n g  curves for  the  smal ler  conduc tances  a re  
shown in Fig. 8 B, and  are  also l inear  and  symmetr ical .  
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Reversal Potential Measuremtnts 

In  an alternative selectivity measurement ,  channels were incorpora ted  into mem-  
branes  with 455 mM NaCl on  one  side and 455 mM KC1 on  the other.  TTX (30-50  
#M) was added  to ei ther  the NaCl o r  the KCI side for  examinat ion o f  channel  select- 
ivity with NaCl present  only on  the cytoplasmic o r  extracellular side o f  the channel,  
respectively. As was observed with the conduc tance  levels in symmetrical salt solu- 
tions, there  was a heterogenei ty  o f  reversal potentials,  even for  channels within the 
same membrane .  For  each potential,  therefore,  all channel  transitions were aver- 
aged and used to de termine  the m e m b r a n e  reversal potential.  

W h e n  sodium and potassium were present  in their physiological or ientat ion (Na 
on the extracellular side o f  the channel,  K on  the intracellular side), the reversal 
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FIGURE 8. Current-voltage relationships for BTX- and veratridine-modified channels in 
symmetrical KC1 solutions. (A) I-V relationships for channel transitions in larger peaks of  Fig. 
7 B. Data were fit by linear regression; fits were not forced through 0. The slope conductance 
for the BTX channels was 1.6 pS (r = 0.9993), and for veratridine, 0.9 pS (r = 0.9992). Error 
bars are within symbols. (B) I-V relationships for channel transitions in smaller peaks of  Fig. 
7 B. The curves were fit by linear regression; the relationships are linear and symmetrical. 
BTX channels (filled circles) had a slope conductance of  0.8 pS (r = 0.9953), and veratridine 
channels (open circles) had a slope conductance of  0.5 pS (r = 0.9942). Error bars are within 
symbols. 

potential  measurements  ranged f rom + 4 0  to + 5 2  mV, with an average o f  46.2 +_- 
! .0  mV (SEM; 10 membranes) .  This represented  an average permeabili ty ratio for  
sodium to potassium (PNa/PK) o f  6.3 + 0.25 (SEM). Unde r  reverse conditions, a 
much  wider range o f  reversal potentials was recorded:  - 3 3  to - 6 2  mV, with an 
average o f  - 5 1 . 8  + 3.2 mV (SEM, n = 9 membranes) .  The averaged PNa/PK was 
8.3 + 0.9. The  averaged currents  for  all membranes  are  shown in Fig. 9 A. Al though 
the permeabili ty o f  the channel  u n d e r  reverse ionic condit ions was greater  than that 
measured  with physiological salt or ientat ion (sodium outside, potassium inside), the 
slope conduc tance  o f  sodium in the region where  sodium cur ren t  predominates  was 
almost twice as high with the physiological salt or ientat ion (9 ps between - 5 0  and 0 
mV) than u n d e r  the reverse condit ions (5 pS between + 5 0  and 0 mV). The  
increased conduc tance  (physiological vs. reverse orientation) near  the resting pa ten-  
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tial, r a the r  than  dec rea sed  selectivity nea r  the  reversal  potent ia l ,  cou ld  be  o f  func- 
t ional  significance in the  gene ra t ion  o f  ac t ion  poten t ia l s  since at  t h re sho ld  mem-  
b r a n e  potent ia l s  the  ba lance  o f  Na  + and  K + conduc tances  becomes  critical in dec id-  
ing whe the r  o r  no t  an ac t ion  poten t ia l  is f ired.  

The  shape o f  the  cur ren t -vo l tage  re la t ionsh ip  d e p e n d e d  on  the o r i en ta t ion  o f  the  
ions relat ive to the  channe l  (Fig. 9 A). Wi th  ions in the  physiological  o r ien ta t ion ,  the  
re la t ionsh ip  shows a marked  rec t i f ica t ion at posi t ive potent ia ls .  U n d e r  reverse  con-  
di t ions,  however ,  the  re la t ionship  is a lmost  l inear ,  b u t  rec t i f ica t ion still a ppe a r s  to 
occu r  at h ighe r  posit ive potent ia ls .  This rec t i f ica t ion was especial ly evident  in mem-  
b ranes  with low permeabi l i ty  ra t ios  (Fig. 9 B). U n d e r  reverse  condi t ions ,  the  shape  
o f  the  I-V curve at  potent ia l s  m o r e  negat ive than  the reversal  po ten t ia l  cou ld  no t  be  
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FIGURE 9. Reversal potential measurements of veratridine-modified eel electroplax sodium 
channels under biionic conditions, 455 nM NaCl vs. 455 mM KCl. (A) I-V relationships for 
channels with sodium in the physiological orientation (facing the TIX-binding site, filled cir- 
cles are average of 2-11 membranes), and in the reverse orientation (facing the cytoplasmic 
side of the channel, open circles are average of 2-9 membranes), Error bars are _+SEM; some 
error bars fit within symbols. The reversal potential measured under physiological conditions 
was +48 mV; under reverse physiological conditions it was - 5 6  mV. (B) I-V curves under 
reverse physiological ionic conditions. Open squares contain measurements from four exper- 
iments with PN~/PK < 8 (average of 6.5); filled squares are average of five membranes with 
PNa/PK > 8 (average of 10.4). Only points with at least two determinations are shown; error 
bars indicate SEM. Points without error bars had only two determinations. 

d e t e r m i n e d ,  since the  ve ra t r id ine -modi f i ed  sod ium channels  were  c losed  a lmost  all 
the  t ime at these potent ia ls .  

Block of Channels by TTX 

F o r  the  two s ingle-channel  m e m b r a n e s  previously  descr ibed ,  T I 'X  was a d d e d  and  
the fo be fo re  and  af te r  T I 'X  add i t ion  was m e a s u r e d  direct ly  f rom char t  records .  KI/2 
o f  T I 'X  block was ca lcu la ted  for  each obse rved  potent ia l .  This m e t h o d  for  de te r -  
min ing  K1/~ was no t  poss ible  for  all membranes ,  however ,  since the total  n u m b e r  o f  
channels  p re sen t  cou ld  no t  always be  d e t e r m i n e d  accura te ly  (see above). F o r  these 
expe r imen t s  ( four  membranes ) ,  b lock  was es t ima ted  f rom the decrease  in measu red  
m e m b r a n e  conduc t ance  af te r  TTX addi t ion ,  as desc r ibed  in Methods .  

In  all cases TTX b locked  channels  (Fig. 10 A) in a v o l t a g e - d e p e n d e n t  m a n n e r  (Fig. 
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10 B) and the fraction of  the membrane potential sensed, a, was calculated (Levin- 
son et al., 1986). The values obtained by averaging the individual linear regression 
fits from all experiments are (at 0 mV) Kt~ = 17.5 _ 4.1 nM (SEM, n = 6), and a = 
0.53 ___ 0.09 (SEM, n = 6). 
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FIGURE 10. Block of  eel sodium channels by TI'X. (A) Traces of  a membrane with incorpo- 
rated sodium channels, before (top trace) and after (bottom trace) the addition of  30 nM T r x .  
Holding potential was +60 mV; traces were filtered at 50 Hz. (B) Voltage dependence of 
block by TI'X in symmetrical 500 mM NaCI solutions. The Ki/~ was calculated as described in 
text. Symbols represent individual determinations from six different membranes. The curve is 
a linear-regression fit to all data points; r= 0.884. The Kx/2 at 0 membrane potential was 16.1 
nM; the fraction of  the applied potential that affects T r x  block, a, was 0.54. Temperature, 
23-25~ 

D I S C U S S I O N  

In ou r  first report  on the properties of  the purified sodium channel a-polypeptide 
from eel electroplax (Recio-Pinto et al., 1987a), BTX was used to probe the molec- 
ular properties of  this reconstituted protein. We compared their characteristics with 
those of  unpurified eel channels examined under  the same conditions and con- 
cluded that the purified a-polypeptide alone was sufficient to demonstrate the char- 
acteristic properties of  these channels (sodium conductance and selectivity, voltage- 
activated gating, block by TI'X). However, certain properties of  both purified and 
unpurified eel channels were notably different from those observed with other  
preparations in the bilayer. In the present study, these molecular properties were 
further  examined using another  alkaloid toxin, veratridine. 

Single-Channel Conductance 

The primary single-channel conductance observed in our  experiments averaged 11-  
12 pS. This is comparable with the 10-pS conductance reported for rat muscle chan- 
nels in bilayers in the presence of  veratridine (Garber and Miller, 1987). While BTX- 
modified sodium channels for eel, dog, and human had similar conductances, 
veratridine-modified channels from these same tissues did not. Conductances >9 pS 
were not found in either the dog or  human preparations in the presence of  vera- 
tridine. On the other  hand, preliminary reports from another  laboratory indicate 
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that 10 pS is the primary channel conductance in purified rat brain preparations 
(Corbett et al., 1987), although smaller conducting channels were also found (Cor- 
bett and Krueger, 1988). It is not clear if these differences in channel conductances 
observed with human and dog brain preparations, and those found with eel, rat 
muscle, and rat brain, are due to tissue and /o r  species differences, the presence of 
sodium channel subtypes (Moczydlowski et al., 1986; Noda et al., 1986; Gordon et 
al., 1987, 1988), or to differences in the preparation of  sodium channels from each 
source. Tissue-specific differences between the properties of  veratridine-modified 
channels in muscle and brain have been noted previously by Rando (1989), There- 
fore, veratridine may be able to distinguish between different channel types while 
BTX cannot. 

In addition to the primary 11-12 pS conductance level, channels with signifi- 
cantly lower maximal conductances, as well as single-channel subconductance states, 
were present in the eel preparations. Sodium channel subconductances and /o r  
smaller conductance channels have been reported in a range of  tissues and with 
several methods (Corbett et al., 1986; Duch et al., 1987; Green et al., 1987; Nagy, 
1987; Barnes and Hille, 1988; Duch et al., 1988a; Patlak, 1988; Meves and Nagy, 
1989). 

These observed subconductance states could arise from modified current path- 
ways, or result from the unresolved rapid opening and closing of  the channel. The 
extent of  the observed inhomogeneity in conductance levels observed in our  eel 
preparations was not seen in sodium channels from human synaptosomal fractions. 
Examination of  unpurified human sodium channels with the same bilayer system 
indicated that out of  259 membranes with channels, < 1% contained channels with 
conductances outside the principal 26-pS peak (unpublished data). 

Voltage Dependence of Veratridine-modified Conductances 

The averaged voltage dependence of  channel fractional open time in multi-channel 
membranes for veratridine-modified electroplax sodium channels observed in these 
experiments is similar to that reported for the slowly developing veratridine activa- 
tion of voltage-clamped frog node of Ranvier preparations (Fig. 6 and Rando, 
1989). This may be an indication that the underlying processes are similar in both 
preparations. In contrast, no fast sodium channel activation gating with a voltage 
dependence analogous to that reported for veratridine-modified channels in muscle 
(Sutro, 1986), nerve (Rando, 1989), or for BTX-modified sodium channels in 
bilayers (Krueger et al., 1983; Recio-Pinto et al., 1987a) was observed in the voltage 
range examined in these experiments under  our  steady-state conditions (_+140 
mV). 

It has been proposed that the slow interaction between veratridine and the 
sodium channel arises either from binding of the toxin to spontaneously opening 
normal channels (Sutro, 1986; Barnes and Hille, 1988), or from veratridine modifi- 
cation of  fast inactivated sodium channels (Rando, 1989). In previous studies, puri- 
fied, reconstituted eel sodium channels have been shown to spontaneously open in 
the absence of  any toxins (Duch and Levinson, 1987b). If  veratridine modification 
of  channels occurs through the open-channel pathway, the voltage dependence of  
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the fractional open  time may be reflective o f  the population kinetics of  channels 
opening spontaneously. 

Reversal Potential Measurements and Conductance Ratios 

Values for  the selectivity o f  veratridine-modified sodium channels depended on how 
selectivity was defined, and therefore on the method o f  measurement.  In symmetri- 
cal salt solutions, the conductance ratio (gNa/gK) Was 12. Channel permeability 
determined by reversal potential measurements  under  biionic conditions differed 
according to the orientation of  sodium and potassium in relation to the channel. 
With sodium on the extracellular side of  the channel (physiological orientation), 
PNa/PK = 6; in the reverse physiological orientation (sodium on the cytoplasmic side 
of  the channel), PN./PK = 8. These permeability values are similar to those found for 
BTX-modified channels in this and our  previous repor t  (Levinson et al., 1986). 
BTX- and veratridine-modified rat muscle sodium channels also yielded similar 
PNa/PK when reversal potentials were measured with sodium and potassium in their 
physiological orientation (Garber, 1987, 1988). 

The conductance ratios were determined with salt concentrations at which chan- 
nel conductances would approach saturation (Recio-Pinto et al., 1987a). Under  
these conditions, and in a simple one-site pore, the ratio of  exit rate constants would 
dominate  the conductance ratio (I_Suger, 1973). However,  the permeability ratio 
would be proport ional  to the ratio of  entry rate constants. Consequently, these 
results are consistent with a stronger binding of  potassium rather  than sodium 
inside the pore. 

Several significant differences between the selectivity propert ies of  eel electroplax 
sodium channels and those of  rat muscle channels (Garber and Miller, 1987; Gar- 
ber, 1987, 1988) were found. First, the single-channel conductance of  the rat mus- 
cle channels in symmetrical potassium was independent  o f  the modifying toxin (BTX 
or  veratridine; Garber  and Miller, 1987). Second, while the eel sodium channel had 
a linear I-V relationship in symmetrical potassium solutions (Fig. 8), the rat  muscle 
channel showed rectification at positive membrane  potentials (Garber and Miller, 
1987). Similar to eel channels, BTX-modified rat brain channels showed no rectifi- 
cation under  these same conditions (Hartshorne et al., 1985). Third, reversal poten- 
tials determined under  biionic conditions were asymmetrical in BTX-modified rat 
muscle sodium channels, but little asymmetry was found with veratridine as the 
modifier (Garber, 1987, 1988). A similar, but reduced, asymmetry has also been 
repor ted  for BTX-modified human brain sodium channels (Duch et al., 1988a). As 
discussed above, eel sodium channels had reversal potential asymmetries in the pres- 
ence of  veratridine. 

Based on the selectivity properties of  rat muscle sodium channels, it has been 
proposed that the channel 's  selectivity filter is not the rate-determining step for 
sodium conduction in the channel (Garber and Miller, 1987; Garber,  1988). Our  
results with eel sodium channels, on the other  hand, do not require such a model 
and can be explained with simpler interpretations (Hille, 1975). This difference 
between electroplax and rat muscle sodium channels, if not explicable by proce- 
dural differences, could represent  a significant difference in conduction pathways. 
Such differences would argue against the general applicability of  conductance rood- 
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els a m o n g  channels  f rom var ious  sources,  especial ly when  toxins  that  modify  that  
pa thway are  present .  I t  will be  o f  in teres t  to examine  the s t ruc tura l  sources  o f  these 
funct ional  differences:  amino  acid  s t ruc ture ,  h igher  ( secondary  and  tert iary) p ro t e in  
s t ructures ,  pos t t rans la t iona l  modif ica t ions ,  p ro t e in  subuni ts ,  etc. 

Voltage Dependence of 7 7 X  Block 

TTX block o f  ve ra t r id ine -modi f i ed  eel sod ium channels  was not  exper imenta l ly  dis- 
t inguishable  f rom T I X  block  o f  BTX-modi f ied  eel sod ium channels  (Levinson et  al., 
1986). The  K1/~ at 0 mV was 16 nM with vera t r id ine  and  17 nM with BTX (Levinson 
et  al., 1986); while the  f rac t ion  o f  the  app l i ed  vol tage that  af fec ted  block (a) was 
0.54 and  0.49, respectively.  However ,  this f ind ing  cont ras ts  with that  o f  R a n d o  and  
St r ichar tz  (1985) that  vo l t age-c lamped  ve ra t r id ine -modi f i ed  sod ium channels  in the 
f rog  node  o f  Ranvier  do  no t  show vo l t age -dependen t  TTX block.  I t  is poss ible  that  
the  vo l t age -dependen t  b lock  only manifests  i tself  when channels  a re  o p e n  for  long  
pe r iods  (steady state), so that  b ind ing  equ i l ib r ium o f  the  toxin  can take place.  

The  values for  the  vol tage d e p e n d e n c e  o f  T F X  block f o u n d  in eel a re  similar to 
those  r e p o r t e d  for  guan id in ium toxin b ind ing  to BTX-modi f ied  sod ium channels  
f rom several  d i f ferent  tissues, inc luding  TFX-insensi t ive  channels  (Guo et  al., 1987; 
also see Table  V o f  Rec io-Pin to  et  al., 1987a). This marked  similari ty in channels  
f rom so many sources,  in con t ras t  to o t h e r  n o t e d  d i f ferences  in channel  p roper t i e s ,  
is an indica t ion  that  the  s t ruc tures  involved in the  vol tage d e p e n d e n c e  o f  qq-X block 
are  highly conse rved  in all sod ium channel  prote ins .  

In  summary,  vera t r id ine  modi f ica t ion  o f  the  highly pur i f ied  sod ium channel  
a - p o l y p e p t i d e  f rom eel e l ec t rop lax  was used  to con t inue  the  charac te r iza t ion  o f  the  
s ingle-channel  p rope r t i e s  o f  this p ro te in .  The  d e p e n d e n c e  o f  these p rope r t i e s  on  
alkaloid toxin  modi f ica t ion  and  sod ium channel  or ig in  was discussed.  C u r r e n t  s tud- 
ies o f  the  effects o f  sialic acid removal  on  eel sod ium channel  func t ion  (Recio-Pinto 
et al., 1987b) in con junc t i on  with fu tu re  studies,  inc lud ing  the examina t ion  o f  the  
p rope r t i e s  o f  pur i f ied  a -po lypep t ide s  in the  absence  o f  toxins,  will he lp  to cor re la te  
this obse rved  funct ional  variabil i ty be tween  channels  with thei r  s t ruc tura l  differ-  
e n c e s .  
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