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The sodium channel activator Brevetoxin-3 uncovers 
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channel  
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The interaction of Brevetoxin 3 (Pbtx.3), a sodium channel activator, with the cardiac sodium channel was studied 
at the single channel level. It was found that Pbtx-3 (20 itM) shifted steady-state activation to negative potentials, 
without major effects on the time course of vaacroscopic activation or macroscopic currents decay, as calculated 
from averaged single-channel records. Sinlde-channel open times were found to be prolonged. Under the inftnenee 
of the toxin, sodium channel openings could be observed frequently even at maintained depolarisatt4m. These 
openings occurred to at least nine different subconductance levels of the open state with smaller couductivitles tlum 
the maximal one and differed in their open times. Cur:~at ampiitudes of these open substates were found to cluster 
around certain amplitude values. Appearance of substates at maintained depolarisation was dependent on rite 
transmembrane potential (Era): Substates with smaller conductivity appeared mere frequently at lower E ,  vetoes 
whereas at higher E ,  values substates with hiflter conductivity values dominated. Furthermore, it was demea- 
strated that appearance of substates did not result from incomplete t-ecovery from inactivation. From these 
observations it was concluded that ~he open substates observed cocrespond to different ceniormational states of the 
channel's activation gates. Under physioio~cal conditions, when the sodium channel epens directly frem its cioeed 
state these 'incomplete'-open states of the cardiac sodium channel are obscured by fast gating transitions betweeu 
the corresponding, electrically silent, preopen states. Thus, Phtx-3 acts p~atnly via stabi:isation of the chamfers 
preepen and different open states. A classification of sodium channel modifiers, based on their interaction with 
different conformational states of the channel is suuested. 

Introduction 

Substates of open sodium channels, i.e. open states 
with conductivities smaller than the maximal possible 
one, were described initially for sodium channels modi- 
fied by certain agents acting on the binding domain for 
plant alkaloids (Quandt and Narahashi [1] and Sigel 
[2]). Numerous substates of voltage-dependent sodium 
channels have been systematically described for the 
major isofnrms of this channel, i,e. the neuronal (Nagy 
[3]), the skeletal (Patlak [4]) and the cardiac type 
(Schreibmayer et al. [5]). It has not been possible ,so far 
to assign any functional role to these substates, nor to 
give an explanation as to how these open substates 
might be linked to the conformatior, a! changes occur- 
ring during the normal gating process. 

Correspondence: W. Schreibmaycr, Institute of Medical Physics and 
Biophysics, Karl-Franzens-UniveTsity Graz. A.8010 Graz. Austria. 

Therefore, studies with different ,sodium channel 
gating modifiers were undertaken in order to enhance 
certain conformational states of the cardiac sodium 
channel, i.e. to make these states accessible to explo- 
ration in grcaler detail. The interaction of Pbtx-3 with 
the cardiac sodium channel is described in this paper. 
Brevetoxins are cyclic polyethers, produced by marine 
dinoflagellates (Baden [6]) with neurotoxie properties 
on voltage-dependent sodium channds from nerve, 
cardiac and skeletal muscle (Borison ct al. [7]). It has 
been shown by radioligand binding assays, that they 
occupy a separate binding-domain on the sodium chan- 
nel protein (Lombct at al. [8] and Sharkcy c ta l .  [9]), 
that is distinct from those for (i) TTX, STX and 
Geographutoxin, (ii) plant alkaloids like veratridine, 
germitrinc etc., (iii) anemone toxins and a-scorpion 
toxin, (iv) ~6-scorpion toxins and (v) pumiliotoxins 
(Gusovsky et al, [I0]). Pbtx-3 turned out to be ex- 
tremely useful in inducing open substates of the car- 
diac sodium channel that could be investigated in great 
detail and their voltage dependence studied. 
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Materials and MethiMs 

Cell preparation 
Cardiac ventricular cells from adult rals were pre- 

pared essentially as described earlier (Schreibmayer et 
al. [! !] and Schreibmaycr et al. [12]). They were kept in 
culture for 4 h ~o 76 h after disaggregation. Before the 
electrophysiological experiments were started, cells 
were transferred to a petn-(fish that was placed in a 
holder thcrmostated by a peltier-elemcnt to keep the 
temperature constant at 18°C. The cells were allowed 
to settle down and adhere to the bottom of the dish. 
Then excessive supcrfusion was performed to wash out 
remaining culture medium before the experiment was 
started. Micromanipulations (MO-103, Narishigc, 
Japan; patch-clamp lower, List Medical Instruments, 
Germany) were performed under the visual control of 
an inverted microscope (Zcis~ IM 35, Germany). 

Single-chamwl recorditws 
Single-channel currents were recorded according to 

Hamill et al. [13] in the cell-attached configuration at 
18°C. The membrane ~r~_tenlia! of the ca,-diac cells was 
~ t  to zero by using a high concentratinn of external 
K +. Pipets (American Glass Co.; glass type 7740, square 
id.) were pulled (L/M-3P-A puller; List Medical In- 
struments, Germany) to give resistance values between 
5 and 20 M.f2: when filled with the pipet solution 
described below. Patch currents were amplified 
(,e~opatciz 3D with IHS integrating headstage; Axon 
Instruments, USA), fii:ered at 5 kHz (4-pole Bcssel) 
and .~tored on PCM tape (Instrutech PCM processor, 
USA: in connection with a commercially available 
VTR). For voltage-clamp experiments voltage jumps 
were generated a~ variable frequencies stated in the 
figures anrJ patch currents were directly digitized by an 
IBM compatible computer (Stciner 386; Austria) 
equipped with an A / D  and D/.A board (TL-125; A:~oit 
Instruments, USA), controlled by the Pclamp 5.03 soft- 
ware tAxon Instruments; USA). 

Variance analysis 
Patlak (1988)developed an algorithm for assessment 

of subconductance current levels based on their vari- 
ance. We adopted this method for our purpose. The 
initial analysis developed by Patlak [4] used a fixed 
window along the time axis (this window included a 
defined number of adjacent current sample data points, 
n). The variance (o ,2) of the mean current within this 
window is calculated. By comparision of this 0"2 with a 
preset upper limit for o "2, Orn~., x, the corresponding data 
point (the current sample in the middle of this window) 
is included into or rejected from analysis of channel 
current amplitude (!,). 

Thus, by using a fixed window size, data samples 

that do not belong, but are in the near vicinity of 
nonconducting-corzducti~g state transitions are lost, 
leading to an overproportional exclusion of short states 
from amplitude analysis. To improve this situation a 
flexible window algorithm was developed by us 
(Schreibmayer and Russ, unpublished data): each cur- 
rent ,~ample data point i that fulfilled the criteria to (i) 
belong to a continuous series of at least j data points 
with a calculated %2 < Crm2 and (ii) with a calculated 
individual devi:~tion from the mean current calculated 
in this series < ~,,~x (maximal standard deviation) was 
taken for subsequent analysis of !... 

Recording solutions 
The extracellular solution was hyperosmolar for 

preshrinking of the cardiomyocytes, contained high K + 
(in order to be able to use high iNn +] in the pipette), 
ant~ had the following composition (in raM): 218 KCI, 
2.5 EGTA, 0.5 MgCI 2, 0.25 CaCI 2, 10 glucose and I0 
Hopes. The solution was titrated with KOH to give a 
final pH of 7.2. 

The pipet solution contained high Na + in order to 
improve resolution of sodium channel currents and 
contained (in raM): 300 NaCI, 5.4 KCI, 1.5 CaCI 2, 1.5 
MgCI z, 1 BaCI 2, 10 glucose and 10 Hepes and was 
titrateu with NaOH to give a final pH value of 7.2. 

Chemicals 
HPLC puritied P~Tx-3 was kindly provided by D. 

Baden (RosenstieI School of Marine and Atmospheric 
Science, Miami, USA)). Coilagenase for cell disaggre- 
gation was purchased from Worthington (Type CI-28). 
All other reagents used were of analytical grade. 

Results 

Activation-inactil'ation kinetics of Pbtx-3-modified 
sodium channels 

In order to eluc[tate sodium channel openings, de- 
polar[sing voltage jumps were applied to cell-attached 
membrane patches, starting from a holding potential of 
- 1 2 0  inV. When 20 p.M Pbtx-3 was present in the 
patch pipette, the following effects of Pbtx-3 on sodium 
channel gating could be observed: 

(i) Activation of single sodium channels could be 
observed at rather negative membrane potentials (Era) 
compared to unmodified channels (cf. Figs. la and lb). 
When open probabilities (P(o~'s)were calculated from 
many single-channel records, it became obvious that 
P~,,~ for Pbtx-3-modified channels at e.g. - 7 0  mV was 
considerably elevated, whereas it was close to zero at 
the same potential when no Pbtx-3 was present in the 
pipette (Figs. le and 1D. in order to quantitatively 
evaluate this obvious shift in steady state activation, 
normalized average peak inward currents tip'S) were 
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measured for different E m values. The resulting graph 
for controls and Pbtx-3 treated sodium channels is 
shown in Fig. li. 

(ii) At more positive E m values e.g. - 4 0  mV the 
time course of  sodium channel activation and inactiva- 
tion was almost identical (see Figs. Ig and lh for 
examples and ~j for evaluation at different potentials 
for controls and Pbtx-3). This indicates that steady-state 
sodium channel openings, induced by Pbtx-3 (see be- 
low), contribute only to a minor extent to the initial 
sodium inward current. 

(iii) Single-channel opcn time sccmcd to he slightly 
prolonged a" more positive Er, values (Figs. lc and 
]d), especially at - 4 0  mV (see Fig. ,k). 

(iv) Where~m rarely observed under control condi- 
tions, sublcvel gating, i.e. single-channel openings with 
current amplitudes smaller ~han the maximal possible 
one, occurred frequently in membrane patches treated 
with 20 /~M Pbtx-3 (marked with open circtcs in Fig. 
la). 

(v) At control conditions sodium c h a n ~ ]  reactiva- 
tion a f t e r  o n s e t  o f  a d e p o l a r i s i n g  s t e p  in E m w a s  
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FiLa. I. Kinetics of Pblx-3 modified and unmodified sodium chanaels after voltage jumps. (a)Sodit,m chan,-,el currents, modified by 20/~M Pbtx-3, 
were elicited in a cell-attached membrane patch by steppii~g E m from - 120 mV to - 70 mV every 2 s for 50 ms (voltage jump protocol on top of 
patrol a). Resulting patch currents were low pass filtered with a 4-POle Bessel filter at 5 kHz and digitized at a sample frequci,cy el  33.3 kHz. The 
resulting records were ]igitally filtered at 3 kHz with a Gaussian filter algorithm. Records that did not contain stadium ch2nnel openings seen= 
averaged, a-d lhi~. av,,.rage was subtracted from eve~ indwidual record for digital compensation of the residual capacitance transient. The 
resulting records were stored for m,0sequenl analysis: four representative records are displayed on panel a. Open channel substates are set out 
through open circles. (b, c and d) Same as (a), bul controls at -70  mV (b), 20/~M PbLx-3 at - 40  mV (c) and controls at -40  mV (d). (e) 
Average current Pqoj (downward deflection of the graph means increase in Pro)), derived by averaging 80 consecutive records as shown in panel a 
but filtered digitally at 1.5 kHz. (L g and h) Same as (e), but (f), (g) and (h) corresponding to (b), (c) and (d), respectively. (i) Normalized average 
peak inward current t ip)  vs. Em. ip values were directly measured from averaged single channel records such as shown in (e-h). In order to 
account for the variability in the number of active channe's in a given patch, !~ values were normalized to the Ip measured at -20 mV for a 
given patch. Filled circles (I): mean ip values :J: standard deviations (S.D.) for e.-mlrols (n -- 4). Opan circles (O): mean lp values :1: S.D. at 20/~M 
Pbtx-3 (n - 4). 0) Time constants for activation and inactivation of averaged single-channel records. Simple exponential functions were fitted into 
the rising and decaying phases of Pro) vs. time (digital filtering at t.$ kHz). Mean values:t: S.D. derived fro~a four different membrane patches 
each for controls and 20/.tM Pbtx-3, respectively, are shown. (k) Open limes of control sodium channels and those modified with 20/~M Pbtx-3 
after onset of the voltage jump. Single-cha;.ael records were digitally filtered at 1.5 kHz and individual open times measured. The open lime 
distributions were fitted with single exponentials. Mean values-i-$.D, of these time constants, derived from four different membrane patches 

each for controls and 20/AM Pbtx-3, respectively, are shown. 



236 

E m :  - t 00  mV 

. . . .  T ' " t " -T " ' " '  . . . . . . . .  u "~ " " , ' ,  - ¢  

~ '~ . x t  _ .-?__ .--t. 2.~ 7_. ::,z ~.~::4-;;;.:J~t 

Era= - 6 0  mV 

3.5 

E m :  - 20.-nV 

~ . ,  . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . .  

oA] 200 ms 
. J  

Fig. 2. Openings of sodium chann~f:; at constant E m billowing ~dministralion of 20 v.M Pbtx-3. In the absence t,f Pblx-3 no such steady-slate 
openings could bc dr:tooled (not shownL Ctmtinuous currunt traces w e r e  replayed from PCM-tape. filtered with a 4-pole Bessel Filter at 3 kHz 

and digitized at 14 kHz. Segments of such current traces, filtered digilally at t.5 kHz with It Gaussian filter algorithm are displayed. 

practically complete (not shown). Under the influence 
of 20 #M Pbtx-3, however, openings could he observed 
even at depolarisations maintained for several minutes, 
i .e. u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  (F ig .  2). 

Sodium dtam~d openings observed under  steady.state 
conditions 

Sublevel gating under the influence of Pbtx-3 was 
observed more frequently for sodium channel openings 
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Fig. 3. Subconductancc stales of Phlx-3 modified sodium channels at constant E m, (a) Sel~'cled substate gating events making evident the 
occurrence of substatcs I to V]. Current traces wer,= filtered digitally at 1.5 kHz. c: closed channel state, lines ! to VI  were drawn accordiL~g to the 
calculated slope ~:onduclauccs from TabLe I (Em = -40 mVX (b) Evidence for substates I /2 ,  !1 /2  and 111/2. Digital filtering at 1.5 kHz. c, I, I! 
and I[ i  as in (3a), E m = -4(} inV. (c) Mean current amplitudes+S.D, of substal¢ currents derived from four differen! cell.attach~d membram: 
patchc.,, it, ;he presence of 20 #M Phlx.3. mea,ur~d from current rccord~ filtered digilally at 1.5 kHz. A, I /2 ;  o, i: A, I1/2;  o, I!; O, ! !1/2; v .  
I l l ;  v .  Iv- [-3. V; I .  VI. Dolled lines were drawn according to calculaled slope conduclanccs and reversal potenliats from Table 1 for slates |. II, 

IH. IV. Y and VI, respectively. 



at steady state, particularily at nega~is, En, - ulues (Fig. 
2, left and middle traces). Sublevel gating of the car- 
diac sodium channel, induced by mixtures of different 
gating modifiers has been ,h-,scribed previously 
(Schreibmayer et al. [5]). As de,,;cribed here, Pbtx-3 is 
unique among gating modifiers of voltage-dependent 
sodium channels known so far: zt is the only modifying 
agent w;.th which a whole set of subeonductance gating 
event~ ,:an be induced. In light of this it was of great 
interest to examine whether this set of events matches 
the same sublevel pattern as described previously. 

Assessment o f  slope conductances. Steady-state 
recordings lasting from one minute up to five minutes 
were recorded at different Em values. Single-event 
current amplitudes (.l+'s) were measured for a given 
E m and found to cluster considerably around distinct 
levels. Based on this clustering, measured l,.'s were 
grouped into a set of nine classes. For each class one 
representative single opening event was selected and 
plotted in Figs. 3a and 3b (Era: - 4 0  mV). Mean values 
and standard deviations were calculated and were plot- 
ted in Fig. 3e. Slope eonductances of sublevel gating 
events identified in such a way were calculated for E m 
values between - 8 0  and + 20 mV (in this range !~ vs. 
Em was reasonabb linear; dotted lines in Fig. 3c, see 
Table I for summary of  results). 

Classification o f  single-erent currents based on rari- 
ance analysis. In order to objectivly classify, the i+'s a 
continuous single-channel trace at a constant E m of 
- 5 0  mV was recorded for 57 rain. i+'s were assessed 
by variance analysis as described t, nder Methods and 
sui" equent threshold analysis. It can be seen that I~'s 
detected in this way cluster around certain current 
values (Fig. 4) as described above. The given histogram 
was best fitted by means of a least-square fit with the 
sum of eight Gaussian functions. 

Voltage dependence of  sublet'el gating. The most in- 
teresting feature of Pbtx-3-induced sublevel gating at 
maintained E m values was its striking voltage depen- 
dence: Whereas at negative E m values sodium chart- 
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Fig. 4. Jump height ana!ysis of subslate currents by means of vari- 
ance analysis. The patch current of a cell-atla,:hcd membrafl¢ patch. 
held at E m - 5 0  my" for 57 rain was filleted with a 4-tx~le Bess¢! 
filler at 2 kHz. digitized at 5 kt lz and subsequently filtered with a 
Gaussian filter algorithm at I kHz. S.D. el the c loud  channel 
current (o'1¢ ~) was determined to be 0.146 pA by titling a simple 
Gaussian distribution through an amplitude histogram, derived from 
a segment of the record that did n<~t contain channel openings. 
Variance analysis as described under Methotk was performed. The 
o,~¢~ value was ~t as the variance limit and ~he minimal window size 
to 3 ms. Mean I¢ and corresponding S.D. (o} were calculated for 
each current level detected by simple threshold analysis only front 
dalapoints of the given level fulfilling the variance criterion. The 
distribution of calculated o. values of individual I¢ values as sh.nwn 
in Fig. 4b was not symmetrical, the "smear" 1o higher o" values 
presumably resulting from occasional overlap of channel openings 
a n d / o r  incomplete exclusion of transition currents from ahe calcula- 
tion, respectively. The sme;.,r to lower ~ value.-; presumably is the 
result of we  tow d',tapoinls included into the calcuation of l~. and 
corresponding o,. Therefore .~a np heights were only calculaled for 
state transitions when 0.092 p;~. < o" < 0.116 pA fo ~ both I~t,, D and 
ice,,+ n~. when I~,,~ is the current level of the slate i,,:fore and 1,1,+ i~ 
after the: transition, respectively. The distribution ot ibe jump heights 
( d l L  calculated as q i~t,, ~ L~- l~t,~l from the r,+- ,~ining ~61  level 
transitions, is shown in (a) apd couM ~ve best :: led by the sum of 8 
Gaussian functions (solid lines). AIt~. ugh level VI could be detected 
by eye in the given record al least five t ime' ,  none of these /~ levels 
fulfilled the criteria cited above - theref, Jre level VI was h,st in this 

particular ca'= 

TABLE 1 

Conductance o f  ohserred subsmte opoi#Jgs 

Suhlevel Slop~: cond1~ctance _ S.D. Er¢ ~ + S.D. 
(pS) (mV) 

l / 2  2 .2±0 7 + 5 9 + 4 0  
I 3.3 :t: 0.2 + 6 1 2 : 8  
11/2 4.4+0.1 + 7 6 +  5 
I1 6.9+0.4 + 6 8 ±  6 
111/2 8.1+0.9 ~-71+ 14 
I!! i l . 0±0 ,7  + 6 8 ±  7 
IV 13.3+0.8 +77 :1 :8  
V 17,1 + 1.0 + 7 3 +  7 
VI 21.0+ 1.1 + 7 2 +  6 

nels opened almost exclusively to substates with low 
conductivity (Fig. 2, left), at intermediate E~ values 
almost all the different l~ amplitudes coexi:ted side by 
side (Fig. 2, middle) and at more positive E m values 
the larger i~ amplitudes dominated (Fig. 2, right). In 
oraer to make subsequent analysis of this phenomenon 
feasible, sublevel current amplitudes were divided into 
two classes: "small' subieveis with an !~ amplitude 
smaller than or equal to level Ill from Table I and 
'large' subtevels with higher I~ amplitudes. 'On'- rates 
of channel openings were measured for these two 
sublevel classes and are shown for one particular mem- 
brane patch in Fig. 5a. This kind of analysis was 
performed on four different membrane patches. The 
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Fig. 5. Voltage depo, ndence oI substate gating. Detected channel 
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co, responding I,. amplilude _< El'gum and 'large' subslates with I,: 
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Fig, 7. Analysis of recovery from inactivation at the single-channel level. (a) Double-pulse protocol for the analysis of recovery from inactivation. 
The patch potential was firsl kept constant at - I00 mV for 2 s, then the first suprathreshold pulse to - 50 mV with a duration of 80 ms was 
applied. F¢llowing the recovery time interval at - 1011 mV (4 ms fl>r left panel and 48 ms for right panel, respectively), a second suprathreshold 
pulse with 80 ms duration to - 5|1 mV was applied. Open ,,n~ fii lcd circles indicate the beginning of the first and second suprathreshold pulse, 
respectively. This protocol was repealed every 7.3 s, Falch currents were filtered wilh a 4-pole Bessel fi lter at 2 kHz and digitized at i0 kHz. 
Afi©r filteril~g al |.5 kHz with a digit,~l Gauss algorithm, records with no channel openings were averaged and subtracted from each individual 
record for digital compensation of the capacitance transient. Representative resulting single-channel cun'Cllt~ a$'¢ shown at the bottom orb.), (b) 
Average currents; downward dcllcction means increase in P(m). each calculated from 160 consecutive single-channel records corresponding to 

in). 



values of this fraction at different E m values are shown 
in Fig. 5b. 

Open dwell times of substates obserred under steady- 
state conditions. Sodium channel substates induced by 
Pbtx-3 differed not only in their It's but also in their 
open time durations: channel openings to smaller !~ 
amplitudes were generally of longer duration than those 
to larger ones (see Fig. 2, middle). In order to quanti- 
rate this phenomenon, observed channel openings were 
divided into two classes based on their individual 1~ 
amplitudes as above. Open times were measured for 
these different populations and their distribution fitted 
with a single-exponential function in order to get a 

measure for thei r  average l i fet imes, regardless of  the 
mult istate nature o f  these d is t r ibut ion (see Figs. 6a and 
6b for  examples o f  substate open t ime dist r ibut ion) .  
These t ime constants for substate open t imes were 
evaluated at d i f ferent  E m values for four  d i f ferent  
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membrane patches. Their calculated mean values and 
standard deviations are shown in Fig. 6c. 

Recccery from inactit'ation 
The close correlation of substate I¢ amplitude with 

E m suggested that sublevel gating is closely linked to 
the activation nrocess. Alternatively, partial recovery 
from inactivatio,, especially at maintained depolarisa- 
tion, might also have accounted for the observed sub- 
level gating pattern. In order to decide whether 
stochastic partial recovery occurred, the recovery pro- 
cess of Pbtx-3 modified channels was investigated in 
detail. 

This  was accomplished by means o f  a double pulse 
protocol  as shown in Fig. 7a (top). Fol lowing a recovery 
t ime interval  ( d r ) o f  4 ms at - 100 m V  .¢a:Klium channel 
openings at the beginning o f  the second suprathreshold 
pulse could only rarely be observed (Fig. 7a, trace~ to 
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Fig. 8. Contribution ol the number of observed channel openings and !~ to the recovery process. (a)o, Mean values+S.D ~f recovery from 
inactivation, measured as stated in Results, derived from live different membrane patches in the presence of 20/~M Pbtx-3. The dolled line was 
drawn according [o a simple exponential fit through the data. v ,  Contribution of number of sodium channel openings to the recovery process, 
expressed as n2/n l ,  when n, stands for the number of channel .~penings detected dur;ng the .~cond suprathreshold pulse and n I for the 
number of openings detecled during the first pulse, respectively. Mean + S.D. values. Total counted n I values were 1712, 547, 10-~. 762 and 1274 
and the average n i's values per pulse were 4.28, 0.98. 2.17. 1.36 and 2.65 for the f'rve different experiments. (b) Mean /c amplitudes :L S,D. during 
the second suprathreshold pulse as a function of recovery lime interval from the ~me five experiments. Mean I~ amplitudes were a~:~ed by 
first performing variance analysis on the current traces obtained from the second suprathreshold pulse (minimal size of window: I ms: variance 
criterion was o~c~). Subsequently amplitude histograms were perfomled from the remaining data poinls (represenlalive examples are shown in 
panels c-f) and a simple Gaussian function was tilted through the open-channc, I current peak, resulting in the average I,. for a given expcrimenl 

and recovery time interval, respectively. 
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the left). Accordingly P(,,~ was low, if not completely 
negligible (Fig. 7h, left). Recovery approached unity at 
dt values of 48 ms and above (Figs. 7a and b, right), 
when measured as P4,, .... : /P, ,~,~I,  were P~,,~m~,~2 stands 
for peak P,,) during the second stmrathreshold voltage 
pulse and P~,:~,,x~ for P , ,  during ':he first, respectively 
(Fig. 8a; filled circles). In one experiment (not shown) 
recovery from inactivation was also measured for 
.sodium channels in the absence of Pbtx-3. The obser- 
vations were essentially the same as described here for 
toxin modified channels. The contribution of both (i) 
the number of  channel openings during a supralhresh- 
old voltage pulse and (it) the i¢ amplitude to the 
recovery process wa~ analysed. The number of channel 
openings during the second suprathreshold pulse vs. d: 
closely matched the time course of the recovery pro- 
cess (Fig. 8a, open triangles). !~ amplitudes were anal- 
ysed by means of variance analysis (see legend to Fig. 
8) and it turned out that ! e amplitudes remained 
virtually unchanged during the recovery process (sec 
Figs, 8c- f  ~.or amplitude histograms and Fig. 8b for 
mean I~ amplitudes derived from five different mem- 
brane patches). 

Thus, the recovery process is mainly dominated by 
the number of ~odium channels available, all with 
similar I~ amplitudes. 

Discussion 

The present study was designed to explore the func- 
tional properties of Pbtx.3 action on single sodium 
channels from cardiac muscle. A kinetic model for 
gating conformations of this channel was compiled 
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Fig. 9. Pmlxlsed mhemc for gating of Pbtx-3 modified cardiac 
.sodium channels. Pblx-3 stabilizes at least nine prcopen (c~ to c,) 
and the corresponding open states (o I to o,) thereby promoting 
channel activation. Rate constants for preopen state inler¢onversions 
are larger than for channel opening to the corresl~)nding conducting 
substates. Therefor~ full channel openings (state designated o,,) 
dominate immedialely after vohage jumps. At maintained depolar- 
ization .~dium channels open to conducting substates (o z to o,~) 
directly from the inactivated channel state (i), thereby reflecting the 

conformalional state of the channel's activation gates. 

(Fig. 9) that includes several distinct open states of the 
channel, each of which represents a conducting confor- 
mation of the protein where not all activation gates are 
open simultaneously. 

Classipcation of different open states by amplintdes 
Substates of the open state with smaller current 

amplitudes than the maximal possible one have been 
reported for the major isoforms of sodium channels, 
i.e. for those from neuronal cells (Nagy [3]), skeletal 
muscle (Patlak [4]) and cardiac muscle (Sehreibmayer 
et el. [5]). Detection of  substates of voltage dependend 
sodium channels is severely hampered by the low con- 
ductance and fast gating of this type of channel. Ac- 
cordingly, direct evidence of open substates of the 
cardiac subtype has been passible .so far only by using 
mi~'aures of different gating modifiers (Sci~reibmayer et 
el. [5]). in this sense Pbtx-3 appears to be a gating 
mt~tificr with unique properties, as it apparently did 
not stabilize a single, distinct open state. Instead it 
stabilized a whole set of at least nine different open 
states as judged from their conductance values. Smaller 
conductivities of .sodium channel substates were cer- 
tainly not artificially detected, due to bandwith limita- 
~,.,,.s of our recording system as: (i) suOstate conduc- 
tance and substate open times were inversely corre- 
lated (Fig. 6) and in addition (ii) variance analysis was 
used for substate detection (Fig. 4). Remarkably, six of 
these substates (termed here I to VI) fitted fairly well 
into the pattern observed previously for mixtures of  
different modifiers. Th.e stabilization of these substates 
with Pbtx-3 provides additional support for the idea 
that this substate pattern is an intrinsic property of 
cardiac ~ d i u m  channels, not of the gating modifier 
used. Three additim-tai substates with conductances 
intermediate to the previously described states could 
be detected, termed here I /2 ,  !1 /2  and !11/2. The 
estimated reversal potentials show that Na + is the 
major conducting ion for all observed open states. In 
view of this observed multiplicity of open substates, it 
was of grea~ interest to test whether the cardiac sodium 
channel can assume these substates by (i) switching to 
open substates with discrete, different conduetivities or 
(it) randomly locking in certain conductivities out of a 
continuum of possible conductance values. Specially 
adapted variance analysis revealed that indeed cluster- 
ing of i~ values around the assigned substates occurs, 
indicating (i) as the appropriate hypothesis. 

Kinetics of Pbtx-3 modified sodium channels 
Effect on sodium channel actiration. Although 

steady-state activation of averaged single-channel cur- 
rents is shifted considerably to negative potentials, the 
macroscopic time course for activation (t,,). as well as 
for the current decay (/ i) ,  w e r e  not affected to a 
greater extent by the action of the toxin. Using Tityu,~ 



serrulatus (Ts-y) and Cenmtroides noxius (Cn I!-10) 
toxins as gating modifiers, Yatani et al. [14] observed a 
similar shift in steady-s:ate activation, albeit accompa- 
nied by a marked prolongation of t~ (as termed here). 
In terms of the modulated receptor hypothesis (MRH, 
Hondeghem and Katzung [15]) such behavior would be 
the reflection of high apparent affinities of preopen 
states (termed c l to c,, in the scheme in Fig. 9), but not 
of the correspond!ng open states to these modifiers. 
Shift of steady-.~tate activation without affecting the 
activation time course as observed in our case would, 
in terms of the MRH, mean similar high affinities to 
preopen states cl to c .  and to the corresponding open 
states. Of course similar conclusions would be reached 
also in terms of the guarded receptor hypothesis 
(Starmer et al. [16]). 

Microscopic inactivation of channel openings immedi- 
ately after voltage jumps. As the time constant for 
channel open times (to) is much smaller than that 
observed for macroscopic current decay (t~) in most 
cases, t~ is most likely dominated mainly by the time 
course of activation of sodium channels, This was con- 
firmed in our case for Eta: - 4 0  mV as t,, increased 
about 2-fold, when compared to controls, but t i w a s  

apparently not affected. Thus at this potential, un- 
changed t~ is most likely a reflection of unchanged t,,. 
Another interesting observation was that the effect of 
Pbtx-3 on t,, cff the fully conducting open state was 
only minor compared to other gating modifiers that 
inhibit inactivation, e.g. veratridine (Sigel [2]). 

Kinetics of sodium channel openings at maintained 
depolarisation. Two types of sodium channel openings 
at maintained depolarisation have already been ob- 
served for cardiac (Patlak and Ortiz [17]) as well as for 
skeletal (Patlak e, nd Ortiz [18]) muscle sodium chan- 
nels: single openings that account for most of these 
'late' channel openings and openings occurring occa- 
sionally in long bursts. Whereas the latter have been 
attributed to be the result of occasional failure of the 
inactivation gate  unmasking in this way frequent inter- 
conversions between the rested and open channel 
states, the former have been attributed to result from 
sodium channe!s that return dire,Aiy from the inacti- 
vated state to the open channel state. Whereas the 
voltage range were such steady-state openings can be 
observed is rather limited under physiological condi- 
tions, this can be greatly extended with the aid of 
Pbtx-3, which stabilizes preopen and open channel 
states as well. The idea that steady-state openings of 
Pbtx-3-modified channels result from channel openings 
from the inactivated channel state is strongly sup- 
ported by the observation that many of these channel 
openings differ in their !¢ amplitude and their inactiva- 
tion kinetics from those observed in most cases at the 
beginning of a voltage pulse {representing channel 
openings from closed states). 
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Furthermore both t,, and !~ amplitudes were depen- 
dent on Em. This indicates that Pbtx-3 interferes with 
the channel's activation gates not only via a shift of 
steady-state activation, but also by induction of specific 
substates, depending on the conformational state of 
these gates, which, in turn, depends on Em. in other 
words, the observed increase of g~ amplitude arm 
decrease of t,, v, ith increasing depolarisation arc most 
likely reflections of the channel's quantal activation 
process (Hodgkin and Huxley [19]). Given the case that 
the rate constant for the rested-inactivated transition is 
smaller than for the open-inactivated one, prolo:lgation 
of t,,. as observed in our case, is directly predicted 
from the theory of allosteric processes (Monod c t a l .  
[20]) when not all of the activation gates are in the 
"active" conformation. 

The conclusion that each nonconducting preopen 
state might be accompanied by a corresponding sub- 
conductance state, raises the question, what might be 
the physical correlate to this complicated behaviour? 
Molecular cloning techniques in connection with elee- 
trophysiology on mvtated and expressed ion channels 
have revealed that sodium channel activation gates are 
most likely identical with a unique structural motif, the 
so-called $4 helix of voltage-dependend ion channels 
(Stuehmer et al. [21]). The existence of conducting and 
nonconducting conformations for each possible physi- 
cal state of the gates would imply that voltage-depen- 
dent conformationai activation of these $4 helices is 
not identical with, but merely the precursor of channel 
opening, which i t~lf  is probably accompanied by major 
changes in ot-subunit conformation. Open substates 
could be the manifestation of partial activation only of 
several coexisting pathways for .sodium ions within one 
channel entity, whatever their structural basis may be 
(Schreibmayer et al. [51). 

Comparison of Pbtx-3 with other gating modifiers 
Based on their characteristic functional interaction 

with single .sodium channels, gating modifiers can he 
grouped into several distinct classes: 

(i) Modifiers that interact with and block the open 
state of sodium channels like "ITX and STX (Dugas et 
al. [221). 

(ii) Agents like veratridine, germitrine, batra- 
chotoxin etc, that bind to and stabilize the open sodium 
channel (Quandt and Narahashi {l] and Sigel [2]). 
Inactivation is greatly delayed by these substances but 
complete, when once occurred. Under the influence of 
such a modifier, open ,sodium channels often switch to 
open substates with lower conductivity (Schrcibmayer 
et al. [5]), 

(iii) Other modifiers like sea anemone toxins and 
~x-scorpion toxin also stabilize open states, but mainly 
act on the inactivation gate, shifting its voltage depen- 
dence considerably to more positive potentials. As a 
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result channels frequently open in bursts at maintained 
depolarisation (Schreibmayer et al. [I2] and Kirsch et 
al. [23]). 

Modifiers of type (ii) and (iii) interact allosterically 
(Catterall [24]), as sodium channels under the action of 
type (iii) a~ents open frequently even at maintained 
depolarization and thereby provide the binding sites 
for modifiers of type (it) (Schreibmayer et ai. [5], Wang 
et al. [25] and O'Leary and Krueger [26]). Because of 
their peculiar behaviour, which leads to prolonged or 
increased numbers of channel openings, modifiers of 
types (it) and (iii) are ,:fitCh referred to as the so called 
"channel openers'. From the more mechanistic studies 
on the molecular level cited above, however, it be- 
comes clear that these agents merely act via stabiliza- 
tion of already open channels (it) or reactivation of 
inactivated channels (iii), than by dizectly promoting 
the activation process. Instead the term 'channel" 
openers should be reserved for modifiers of type (v) as 
described below. 

(iv) Cn ll-10 and Tityus serrulatus ~/toxin have been 
reported to shift steady-state activation to more nega- 
tive potentials, accompanied by a marked delay in 
sodium current activation, probably by interacting with 
and stabilizing preopen states of the sodium channel 
(Yatani et al. [I4!). 

(v) in the present study a gating modifier was ex- 
aminated that also acts on preopen sodium channel 
states, but does not stabilize them at the cost of open 
states. Instead a whole set of different open states is 
uncovered that is obscured by fast preopen, but non- 
conducting, state interconversions under physiological 
conditions. 
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