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The cardiac sodium channel shows a regular substate pattern
indicating synchronized activity of several ion pathways instead
of one
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Cardiac sodium channel substates were induced by using different gating modifiers, namely S-DPI 201-106 (s), toxin IT
imm Anemonia sulcata (a), veratridine (v) and mixtures of these agents (s+ v, a+v) Current ratios (normalized

slope reversal and were luated for the
individual channel substates. The results can be summnnzed as follows: (i) Current ratios fell into a pattern of six
equidn-tant vnlues (I to VI} irrespective of the modification applied (0.20, 0.34, 051 0.69, 0.85, 1.00). Slope

inable for sub: H, V and VI (4.8, 11.7 and 14.0, resp ly), are also i with six
conductance substates which are mleger Itiples of a ! i (state I). (ii) The permeability ratio
Pyy,+/ P+ (ie., reversal p ial of sub: of the sodium channel was conserved both for different
modifications, i.e., by s, , s +v and a + v, and for the dllferent substates (at least for Il, IV and VI) observed for each
medification. (iii) Sodium binding to the channel is sub, Analysis of slope of mles n
and VI for three sodium chloride concentrations (71.5, 140 and 303 mM) led different imal

(Zevimax = 2.9 Zetimax) but similar apparent affmities for sodlum (K Na+yi = 286 mM; K Na+n = 303 mM). These
findings are shown to seriously chall the ion that ‘s t events’ reflect ion
passage through only one single patlnway The alternative view, that not one pore, but elther six or three pores with

i li ‘single-ciiannel events’, is shown to readily account for the observed

gating (‘olig
substate properties and appears not to contradict known properties of ‘the sodlum channel’. This fundamentally new
view of the sodium channel aims to invoke further efforts to distinguish p distinct models of
structure-function relationships for a variety of channels which show multiple substates and conserved ion selectivity.

Introduction

Early studies of ion channels in their native mem-
brane environment (patch clamp) described in most
cases only one open state for a given channel (Neher
and Sakmann [1], Horn and Patlak [2], Sigworth and
Neher [3], Horn et al. [4]). Multiple open states in
isolated ion channel events were first observed in artifi-

partial review sec Fox {8]). For the electrically excitable
sodium channel under normal physiological conditions,
however, only sparse evidence exists so far for the
occurrence of open channel substates (Cache’ s et al. (9]
and Kunze et al. [10]). The infrequency of these
observations is probably due to the short open time of
sodium channels and their small current amplitudes,
which render resolution of open channel substates dif-
ficult. Therefore, these results have been interpreted
more in terms of different sodium channel populations.

cial bilayer 1; {Schindler and R busch [5],
Schindler and Rosenbusch [6], Latorre and Alvarez [7]).
Since these early studies, evid for multiple open R

states has accumulated in both patch-clamp and artifi-
cial membrane studies for several channel types (for a

Correspondence: W. Schreibmayer, Institute for Medical Physics and
Biophysics, Universitit Graz, Harrachgasse 21/1V, A-8010 Graz,
Austria.

1y, however, using improved substate resolution
techniques, clear evidence for sodium channel substates
has been provided (Patlak {11]). Sodium chaunels treated
with different gating modifiers, on the other hand, often

hibited reduced single-ch 1 d (Quandt
et al. {12, Yoshii and Narahashi [13), Chinn and Nara-
hashi [14]). Neuroblastoma cell sodium channels, treated
with gating modifiers, exhibited up to five different
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current levels through the open channel (Nagy [15]). Up
to now, no mechanistic aspects have been deduced from
such sub behavi and no physiol I role has
been assigned. The aim of our study was to induce
subconductance states in cardiac sodium channels by
modifiers and mixtures nf them, namely S-DPI 201-106
(8), toxin II from Anemonia sulcata (a) and veratridine
{v). Current ratios, slope conductance, selectivity and

ion of sodium location were d for

i3

Evaluation of single-channel records

The current traces were replayed from tape and
sampled continuously by the analog to digital cor.verter
of an HP 1000 A900 minicomputer (Hewlett Packard)
at rates between 1 and 5 kHz and stored on the disk
drive.

Before being digitized. the analog signal was filtered
by a lowpass Bessel filter at a frequency that was half

individual channel substates. The results are discussed
in terms of current concepts of ion permeation through
sodium channels.

Part of this study has been presenied in poster form
at the 11th Meeting of the Working Group on Cardiac
Cellular Electrophysiology in A Autumn 1987.

Material and Methoss

Cell preparation

Ventricular cardiomyocytes from adult rats (180-250
g) of either sex were isolated and cultured as described
earlier (Schreibmayer et al. {16]). The cells were kept for
short-term culture in an mcubaior for 4 10 72 h. Im-

diately before el P logical experiments were
performed, the cells were transferred to a petri dish, the
temperature of which could be controlled by means of a
Peltier element. C lled lati (MO-
103, Narishige, Japan; patch clamp tower, List Medical
Instruments, F.R.G.) in this dish were possible under
the view of an inverted microscope (Zeiss IM 35,
F.R.G.). The cells were allowed to settle to the bottom

the pling rate of the analog to the digital converter.
By means of a digital trigger algorithm, the continuous
datafile was cut into smaller individual records for
further processing. From a set of current records result-
ing from a given voltage jump. individial records that
did not contain any single-channel openings were
selected and averaged. These averaged ‘blank’-records
were subtracted from all records to compensate digitally
for residual capacitance currents. These corrected re-
cords (al! records resulting from a given patch potential)
were digitally lowpass filtered (Gaussian type) and lhen
hannel current-amplitudes were d by
means of a cursor on a digital graphical display (HP
1347A). Whole records or segments of records were
plotied by a digital plotter (Rikadenki RY-101).
Statistical analysis of data was done with the suusu-
cal graphics X ( graphics’) from
Graphics Corporation.

Solutions

The composition of the electrolyte solutions used was
as follows (in mM):

Extracellular solution. Na*: 140; K*: 5.4; Ca**: 2.0;

of the petri dish for several minwes, then the cells were Mg2*: 2.0; Cl7: 153.4; glucose: 10.0: Hepes: 10.0
washed with extracellular solution to remove culture buffered to pH 7.4.

medium and cell debris. After pl h of Standard pipette was the same as the ex-
solutions in the cell bath, single-channel di Hul. luti in addition 1 mM BaCl,

were performed.

Single- channel recardmgs

Single-ch were ded with the
patch-clamp method (Hamiil et al. [17]) in the celi-at-
tached configuration at 20°C. Glass pipettes (American
Glass Co.; Glass 7740, square i.d.) with a resistance
ranging between 10 and 20 megaohms (standard pipette
solution) were used. Sylgard coatmg was not lequn’ed
for effective analog cap

to block inward potassium currents. For certain experi-
ments two other NaCl concentrations are used (303 and
71.5 mM) as specified in Results. For 71.5 mM NaCl,
68.5 mM choline chloride was added for compensation
of the osmolarity.

Chemicals
Collagenase for cell disaggregation was purchased
from Worthington (Type CI-28). Toxin II from

Single-channel currents were amplified with a List
LM/EPC-7 patch-clamp amplifier (List Medical, FRG)
and stored on PCM tape (Sony PCM 501 ES, modified
according to Bezanilla {18] and Panasonic Video Cas-
sette Recorder NV-430). Sodium channel currents were
elicited by hyp izing the b patch relative

sulcata (ATX-II) and veratridine were
purchased from Sigma Chemicals (Munich, F.R.G.).
S-DPI 201-106 was from Sandoz (Basel, Switzerland).
All other chemicals used were reagent grade.

Results

to the resting b ial and sub
suprathreshold depolarizing vollage pulses, which were
supplied by an arbitrary waveform generator (Wavetek
275, U.S.A), or by setting the patch potential to the
desired value (steady-state recordings).

of results is ordered with respect to
effecls of different Na*-channel ligands or their combi-
navons on elementary sodium current eveats. For each
ligand (x) or ligand pair (x +y) isolated elementary
sodium current events (I or IX*Y), i.e., single events
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Fig. 1. Sodium currents at 140 mM NaCl through cardiac sodium channels modified by S-DP1 (100 jsM) and veratridine (10 1:M). (a). Traces were
obtained by keeping the membrane paich for 25 s hyperpolarized relative to the resting membrane potential (RP— V) and then stepping the
potential to RP— V¢ (A: Vy=+48 mV, Vo=—9 mV; B: Vy=+49 mY, Vo= —18 mV; C: V= +49 mV, Vo =—27 mV; D: ¥y =+49 mV,
V¢ = —36 mV). Current records were digitized at a sample frequency of 1 kHz and digitally lowpass filtcred (LP) at 250 Hz, RP could not be
measured directly as the cell-attached configuration was used. (b). Current-voltage relationships for level II (») and level VI (0). Slope
were d by linear ion analysis (95% i interval): g5j¥=4.7£0.6 pS ( +standard error (S.E.), i
coefficient: 0.96); giy’ =14.2£0.8 pS, corsciztion coefficient: 0.97. (c). Selected current events that showed further sublevels in addition to the
main levels I] and VI. Lines through definite sublevels were drawn by hand and numbered as stated in Results. LP was 100 Hz. V. values and time
bars (A1) of the traces were: A; —27 mV, 24s; B: —43mV, 265, C: —44mV, 08s.




occurring between intervals of zero current, are analyzed
in terms of resolvable sublevel structure. For the al-
together six discernable sublevels we use the 1
ture I to 1%, where index [ refers to the smallest and
index VI to the largest sublevel current observed.

Sodium channels modified by a S-DPI and veratridine
mixture (index s + v)

140 mM Sodium chloride. In nine different cell at-
tached membrane patches effects of an S-DPI/
veratridine mixture on sodium channels were analyzed
by observing currents during repetitive hyper- and de-
polarization of the patch. As can be seen from Fig. la
A-D, isolated sodium current events (/3*") fluctuated

v h two resolvable sublevels, desi d
as I5Y and I§;". At lower depolarization (Fig. 1a A)
the lower level I3~ was well discernable in individual
records (see arrows in part A). With increasing depolari-
zation (from A to D in steps of 9 mV from RP) a
second higher level, designated as /}}", became resolva-
ble due to increased open times with i ing de-
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tances and was as follows: I3*": two events in the 279
records examined (0.7%). 13;": 5 (1.8%). I5v": 7(2.5%)
and I3*: 11 (3.9%). So instead of comparing level
conductances we can only provide estimates for current
levels, which expressed as fractions of the current of
level VI read: 0.17-0.23, 0.23-0.33, 0.46-0.54.
0.62-0.72, 0.76~0.90, for levels [ to V.

Thus, using the modifier pair S-DP1/ veratridine we
observe six different channel conductance states, num-
bered from 1 to VI with increasing conductance, where
states II and VI are by far the most populated ones.

303 mM Sodium chloride. At 303 mM sodium. the
gating behaviour of the S-DPI/veratridine modified
channel was virtually d and again sublevels II
and VI were dominant. Fig. 2a shows representative
traces for 760 evaluated records derived from six differ-
ent cell attached membrane patches. Depolarization
voltages increase from parts A to D of the figure. Slope
conductances were calculated by linear regressions to be
87+0.3 pS and 24.5+ 1.7 pS for levels Il and VI

polarization. The slope conductances of these two main
current levels, ie., gii¥ and gx,', were estimated by
linear regression and turned out to be 4.7 0.6 pS and
14.2 +0.8 pS (mean + standard error (S.E)), respec-
tively (see Fig. 1b).

From the traces we conclude that the two main
levels, I and VI, cor d to sublevels of identical
Na* channels rather than to two populations of chan-
nels with different conductances. In several aspects the
occurrence of the two levels is correlated: La single
events there are direct transitions between 0 (closed)
and VI as well as transitions between 11 and VI. The
probability for such transitions in overlapping events of
two ind: dent types of ch Is would be close to
zero. Also, additive levels (II + VI) are seen only in
obviously overlapping events (third trace in Fig. 1a B).
but not in single events. This provides clear evid

P ly (see Fig. 2b). Ten events with sublevel 1V
were observed in 1.3% of all records. The distribution at
different pipette potential values allowed calculation of
gay"s in addition to gj¥ and giy'. Linear regression
yielded 16.2 1.2 pS for g3 (Fig. 2b).

Sublevels I, HI and V could also be detected (1"
60 events (7.9%): I)n': 3 events (0.4%). 1.y ": § events
(1.2%)). Fractional currents were: 0.16-0.22, 0.27-0.35.
0.38-0.56, 0.64--0.70, 0.78-C.88, for 13"~ to Iy ", nor-
malized to I3}". d I i of sublevel cur-
rents are shown in Fig. 2c. Opening to the smaller
sublevels not only occurred after depolarization but also
at hyperpolarizing membrane potentials (see Fig. 2c A).

71.5 mM Sodium chioride. In two different cell at-
tached patches sodium fluxes through 3-DPI/
veratridi dified ch Is were regi 1 at 71.5
mM sodium (Fig. 2d). the lowest salt concentration for

that the two levels originate from the same conducting
unit ing different levels and not from
two different types of channels *.

In the al her 279 records evaluated (for which
Fig. 1a shows representative traces) a few further sub-
levels were observed, but only rarely. They are indicated
in Fig. 1c in three selected traces. Unfortunately, the
relative occurrence of these sublevel events was too
sparse for meaningful determination of slope conduc-

* During the review process of this paper, Nilius et al. [54) reported
on three conductance states of the guinea-pig cardiac sodium
channel (5, 8 and 15 pS). These states are roughly equivalent to our
states, II, 111 and VI. On the basis of reduced TTX-sensitivity,
Nilius et al. [54] assigned the 5 pS pathway to a separate distinct
sodium channel. Due to the strict time-corrclation of states If and
VI observed by us in our experiments, however, it is clear that our
level 11 is a subconductance state of the fully conducting sodium
channel (state VI).

The two d current levels
observed are assigned to be again levels Il and VI. The
slope cc of these 1s have besn calcu-
fated to be: 3.1 + 0.5 pS and 9.0 & 1.8 pS for 1! and VI,
respectively (Fig. 2¢). Among the 172 individual records
examined there were six sublevel fluctuations to 15"
(3.5%) and one fluctuation to /5" (0.6%, not shown).
The current ratios of the resolved sublevels normalized
to I3, were estimated to be: 0.18-0.28 for /™" and
0.34-0.44 for I/

v ;e b
v

dified sodium Is (index v}

Effects of only veratridine were investigated at 100
M concentration on two cell attached membrane
patches.

Under steady-state conditions (at constant pipetie
potential) sodium channel openings could not be de-
tected. Upon repetitive hyper- and de-polarization cycles
sodium channel cpenings were observed. Their conduc-
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Fig. 2. Sodium currents through S-DPI (200 pM)/veratridine (10 pM) modified sodium channels at different sodium ion concentrations: 303 mM
(a- ¢) 71.5 mM (d. €). (a). ¥y and V. values (defined in the legend to Fig. 1) were: A: Vyy = +42mV, Vo =-26 mV; B: ¥,y = +43 mV, Vo = —43
mV; C: Vy=+48 mV, Vo= -57 mV; D: V= +50 mY, o =—75 mV. Sampling rate was 1 kHz and LP = 250 Hz. (b). Current-voltage
relationships for levels 11 (+), IV (+) and VI (0). git* =8.7£0.3 pS, correlation coefficient: 0.98; gij%* =16.21.2 pS, correlation coefficient:
0.98: g3 =24.541.7 pS, correladon coefficient: 0.96. (c). Selected single-event traces showing fluctuations between different channel current
sublevels. V¢, LP and 47 values were: A: +45mV, 1 kHz, 0.2 5; B: —8 mV, 250 Hz, 0.8 5; C: ~8 mV, 250 Hz, 0.6 5; D: —35 mV, 250 Hz, 0.32 s;
E: —43mV, 1kHz 02s; F: —44 mV, 250 hiz, 0.4 5; G: ~44 mV, 1 kHz, 0.36 5; H: —44 mV, 250 Hz, 0.8 5; 1: ~44 mV, 250 Hz, 0.32 s; J: —58
mV, 100 Hz, 1.32 5. (d). ¥, and ¥ values were: A: +40 mV, —8 mV; B: +40 mV, —34 mV. Sampling rate was 1 kkz and LP =100 Hz. (¢).
Current-vcltage relations for levels I} {) ard VI (0). Slope conductances giit¥=3.1:+0.4 pS, correlation coefficient: 0.95; g3y’ = 9.0+ 1.8 pS,
correlation coefficient: 0.92.
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Fig. 2 (continued).

tance was significantly reduced compared to unmod-
ified sodium channels (Cachelin et al. [9]) and also when
pared with d of sodium ch Is af-
fected by other modifiers, i.c., ATX-II (Schreibmayer et
al. {16]), Chloramine- (Nagy [15]) and S-DPI (Kohl-
hardt et al. [19]). This finding is in agreement with
reports by Sigel [2€,21] and Yoshii and Narahashi [13].
Original recor:is are shown in Fig. 3a. Only one
conductance levei is observed with a slope conductance
(see Fig. 3b) of 5.0 + 0.3 pS therefore assigned as gj;.
This value is intriguingly close to the value found for
state 1I of S-DPI/ idine modified ch Is, ie.
g5tV 47£06 pS.
In light of the six sublevels observed with the S-
DPI/ veratridine mixture, it was of interest to investi-
gate the effect of S-DPI alone.

S-DPI modified sodium channels (index s)

In two different cell attached membrane patches
effects of 200 pM S-DPI on sodium channels were
investigated. Under these conditions sodium channel
openings could be induced by hyper- and de-polariza-
tion of the membrane patch (Fig. 4a). One current level
was pred The slope cond of this current
level was determined to be 13.7+0.7 pS (Fig. 4b).
However, among the 132 individual records examined, 5
sublevel fluctuations (in 3.8% of all traces) could be
detected and assigned as Iy;. They had a current ratio
of 0.31-0.41 compared to the main level, i.e., I3,.

One further sublevel (at a frequency of 3.8%) was
detected (see Fig. 4c B). The fractional current of this
sublevel curreni compared to the main current level
(I5) was 0.61-0.74,

Sodium channels medified by a mixture of ATX-il and
veratridine (index a + vj

The effects of ATX-II alone on the cardiac sodium
channel have been covered extensively by preceding

papers (Schreibmayer ct al. [22.16}). Slope conductance
of the ATX-IT modified channel had been estimated to
be 11.5 pS in these earlier studies. 1t agrees fairly well
with the value of 10.8 pS reported by Nagy [15] for
neuroblastoma cells at about 10°C.

I view of the six sublevels observed with the
veratridine/S-DPI mixture, we also investigated the
effects of veratridine in combination with ATX-IL. to
see whether the observed sublevels are characteristic for
a specific modifier mixture or intrinsic properties of the
channel.

Four different cell-attached membrane patches were
formed with 500 nM ATX-II plus 20 pM veratridine in
standard pipette solution.

Sodium channel openings were easy to observe at

dy conditions ( pipette p ial); see
Fig. 5a.

Whereas level 11 for veratridine alone was observed
only after depolarizing voltage jumps and disappeared
almost ly after prolonged depolarization (see
Fig. 3c) level 11 was observed frequently at maintained
depolarization when both veratridine and ATX-11 were
present. Neither uander the action of ATX-II
(Schreibmayer et al. [16]) nor veratridine alone (this
study) could such a gat'g behaviour of the channel be
observed. This observa:ion clearly indicates, that open-
ings of the channel by ATX-1I are required to give
veratridine access to the channel under steady-state
conditions. Indeed, sublevel fluctuations to the gif"
level are often preceeded by full openings of the chan-
nel (see arrows in Fig. 5a B). This is the first direct
evidence derived with the patch-clamp method for the
positive allosteric interaction of receptor domain II and
I of the sodium channel, which has been postulated
based on radioligand binding studies (Catterall and
Coppersmith [23]).

Two mainly populated sublevels were observed, g3y"

and giy¥ with slope conductances of 4.6 + 0.4 pS and
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Fig. 3. Sodium currents through sodium channels modified by veratridine only (100 #£M). (a). Tte traces were obtained by repetitive hyper- and

de-polarization of the patch as in Fig. 1a. V; and V- values were: A: +40 mV, —16 mV; B: +40 mV, ~27 mV; C: +40 mV, —38 mV; D: +40

mV, ~61 mV. Sampling rate was 3 kHz and LP =1 kHz. (b). Current-voltage relationship of the only level observed. Slope conductance: g3, was

5.0+0.27 pS. correlation coefficient: 0.99. (c). Averaged single-channel currents to ically complete inactivation of idi

modified sodium channels after voltage jumps. A-D correspond to Fig. 3a A-D. Number of individual records averaged: A: 105, B: 107, C:
72, D: 68.

11.8.4 2.9 pS, respectively (see Fig. 5b). The larger error Current levels I, 111, and IV were observed also, as
of the latter value is due to the short residency time of exemplified in Fig. 5c. Relative occurrences of these
the channel in this state. sublevels were: 29 observations of level I (in 3.2% of the
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Fig. 4. Sodium currents through sodium channels modified by S-DPI (200 xM). (a). Sodium channel currents were elicited by repetitive hyper- and
de-polarization of the patch as in Fig. 1a. ¥ and V¢ values were: A: +41 mV, -9 mV; B: +41 mV, —18 mV; C: +41mY, =27 mV; D: +23
mV, -35 mV. Sampling rate was 1 kHz and LP was 250 Hz. (b). I3y, vs. V. Current-voltage relationship of the main level V1. Slop~ conductance
8ivi was 13.7+0.7 pS, correlation coefficient: 0.99. {c). Selected current events showing sublevels Il and IV. ¥, LP and At values were: A: —37
mV, 100 Hz, 3.25; B: —35 mV, 100 Hz, 2.2s.

909 records evaluated), 7 of level 1H (0.8%) and 28 of The resulting current ratios were as follows: 0.13-0.19,
level 1V (3.1%). In the absence of /3" events we have 0.51-0.62, 0.71-0.81 and 0.84-0.94 for 13", I3),". I&v"

elll + felv
normalized the currexts of these levels to 3-times I5;". and I}, respectively.
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Fig. 5. Sodium cutrents through cardiac sodium channsls modified by veratridine (100 pM) and ATX II (50 nM). (a). Original records obtained
under steady-state (constznt pipette voltage (V) conditions. A: Ve = +10 mV: B: Vo = —40 mV. Sampling frequency was 5 kHz and LP was 500
Hz. (b). I3*" vs. V. Cument-voltage relationshi-s of sublevels 1I () and V (0). Slope conductances were gij"=4.6+0.4 pS, correlation
coefficient: 0.97; g&'"=11.8+1.9 pS, correlation coefficient: 0.95. (). Selected current records showing sublevels I1, 111, IV and V. ¥, LP and
Ar-values were: A: —20 mV, 250 Hz, 0.744 5: B: —20 mV, 500 Hz, 0.24 5; C: —20 mV, 500 Hz, 0.51 s; D: —30 mV, 500 Hz, 0.16 5; E: —30 mV,
500 Hz,0.24 5; F: —40 mV, 500 Hz, 0.2 s.

TABLE 1
Reversal potentials of substate currents

«r (current ratio): corresponding substate has been detected, but relative frequency of occurrence and /or distribution at different voltages was too
low for meaningful statistical analysis. Current ratio, however, could be calculated (see Table ilI). ~: corresponding substate not observed under
the given experimental conditions. .

Modifier Concn. Na* Reversal potential of state n (mV)

used (mM) we1 A=l a1l n=1v n=v W=Vl

S+v 715 cr 104.0+£28.2 - - - 95.2428.0
3030 o 10351122 or 11004139 er 1085£17.3
1400 o 1065£21.2 or o o 11291139

v 1400 cr 130.2413.2* bl - - -

s 1400 - er - o - 1169+ 93

atv 1400 o 11454278 o o 11964360 -

* Uy differs significantly from Uy (< 0.05).

evil



Comparison of observed substates

Selectivity for sodium. Reversal potentials of sodium
currents were estimated by extrapolation from the lin-
ear regression fits of I, vs. ¥, shown in figs. 1b, 2b. 2e,
3b, 4b and 5b. E d reversal p ials + dard
deviations (S.D.) are listed in Table I.

Comparison of different modifiers. At 140 mM sodium
reversal potentials for state II could be measured for
three di modifying diti s+v,vanda+v.
The null-hypothesis Hy: UjJ, = UY, was tested accord-
ing to Student’s r-test (Kreyszig [24]). No statistically
significant difference was found between U3,/ and
Uzl as well as between ,:v",,“ and Ug,. The dii-
ference between UzZyl and Uy, however. was sigaifi-
cant with an error probability of & < 0.05. 7w reversal
potentials (U3} and US,y,) could be cbtained for state
V1. These values did not differ significantly. Although
the permeability ratio Py,./P, (x: intracellular ions)
seems to be altered under the action of veratridine
alone, Na* is the main permeating ion for state Il as
well as for state VI for all modifiers (and their combina-
tions) tested.

of different sublevels. At 303 mM U3
values could be obtained for statcs i, IV and VI. There
was no significant difference between these three values
as estimated by Student’s r-test. Therefore, sodium
selectivity remains constant for states II, 1V and VL.
USTY values for states II and VI were also the same at
71.5 mM as well as at 140 mM sodium. U2'" values
could be measured for states !l and V, respectively, and
were identical as well. These data clearly d
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Fig. 6. D of substate 8en (*) and gy, (O)
on sodium ion concentration. The data are pleticd in a Lineweaver-
Burk diagram. Ky,-y; was calculated by linear regression to be 303
mM and gy 146 PSi Koy Was 286 mM and guy,,, 428 PS.
The data for sublevel I include values of g, and gii" at 140 mM
sodintm chloride in addition to g3y;* at 71.5, 140 and 303 mM sodium
chloride. The data for sublevel VI include values of gy, at 140 mM
sodium chloride in addition to gXy* for 71.5. 140 and 303 mM
sodium chloride.

Hy: g& =gl could not be rejected. which is equivalent
to the notion that there is no significant difference
between conductances of state 11 for these modifiers.
This applies also to the gy, values for s and s + v and
to Ihe 8ev values for a + v and a (for the latter value see

conserved ion selectivity at least for states [, IV, V and
VL

Comparison of slope-cond The slope conduc-
tances estimated under the different experimental con-
ditions are listed in Table Ii.

140 mM sodi Individual slope d for
state II, obtained under s+ v, v and a + v, were com-
pared by means of Student’s r-test. ‘The null-hypothesis

TABLE Il
Stope conductances of substates

cr and -: see legend to Table 1.

ibmayer et al. [16}). These findings and the equal
distribution of current ratios (sec below) justify a post-
ericri the i bering of sub from I to
VI for all the different expenmemal conditions (sodium
and mcdifier variation).

Vs cion of sodium ion concentration. Sodium bind-
ing to the channel was investigated in order to test
whether the affinity of the chaane! for sodium in differ-
ent substates might be different. The data in Table II

Modifier Concn. Na* Conductance of state n (pS)

used (mM) n=1 n=1 n=i n=1V n=v a=VI

stV ns cr 31109 - - - 90+18
3030 or 87%03 or 162112 or 245517
140.0 er 47406 er er or 142408

v 140.0 - 50403 - - - -

s 1400 - er o - 13.7+07

atv 140.0 o 36+04 cr er 118429 -

a 1400 - - - 115£10° -

@ Taken from Schreibmayer et al. [16].
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TABLE 1l

Ranges of current ratios (cr) of substates

Current level ranges or individual substate currents are expressed as fractions of the current level marked with an * (mostly level V). -: sec legend

10 Table 1.

Modifier Concn. Na* Current ratios of state 1t

used (mM) n=1 n=11 n=11 n=1v =V n=Vvi

sty 715 0.18-0.28 - - - 1.00 *
2030 0.16-0.22 0.38-0.56 0.64-0.70 0.78-0.88 100 *
1400 017-0.23 023-033 0.46-0.54 0.62-0.72 0.76-0.90 100 *

v 1400 - 0.34-038° - - - -

s 1400 - 031-0.41 - 0.61-0.74 - 1.00 *

a+v 140.0 013-0.19° 033* 051-062° 0.71-081"° 0.84-0.94° -
Shmy 020 034 051 0.69 0.85 100 *
or,, X6 12 20 31 a1 51 60*

* In the absence of any current level corresponding 10 level VI, this current ratio range was b slope

Yy
® In the absence of level VI, current levels were normalized to 3- 1347 ¥ (cry* is marked with * for that reason),

© cr,,, represent average values of cr values listed.

were d ding to the Michaelis-Ment
equation:
& (Na" ]y =g, -1/(1+Kn,-/{Na*]) (2]

8. values for states II and VI were plotted in a Lin-
eweaver-Burk diagram for 71.5, 140 and 303 mM Na*,
respectively (see Fig. 6). Data for s, v, s+v and a+v
were pooled. g, was calculated to be 14.6 pS by
linear regression "and 8e s WS 42.8 PS (note that the
ratio 3=m,,v./g=,...u is 2.4 9). The null-hypothesis Hg:
/8., ..,=1/8., .., was tested by means of a small
sample -test (Kleinbaum and Kupper [25]) and was
rejected with « < 0.05. The corresponding K+ values
were estimated to be 303 and 286 mM sodium for states
II and VI, which agrees fairly well with the data given
by Hille [26]. Hy: Ky,-;y = Kyn,+vi was tested and
could not be rejected (& > 0.4). These findings indicate
that the affinity for sodium ions is maintained during
substate behaviour. i

Due to the relative low conductances and fast gating
we have not been able to study ion fluxes at Na*
concentrations below 71.5 mM. Therefore we might
have missed high affinity binding sites of the channel
for sodium ions. Although in the literature no evidence
exists for them, such binding sites have been reported
for a Ca**-activated K* channel (Vergara et al. [27).
Other ions than Na* present in the intra- and extracell-
ular miliew’s might lead to altered Michaelis-Menten
behaviour if they compete with Na*-binding sites or
alter them allosterically [27). A block of the cardiac
sodium channel by Ca* ions, for instance, has been
studied extensively by Nilius [28].

All these ible effects of on our
saturation experiments, however, have been virtually the
same on substates II and VL

Sublevel currents. The estimated ranges of current
ratios (cr), i.e. cr — S.D. to cr+ S.D., of the observed
sublevels for all types of modification and variation of
sodium concentration are listed in Table 111. Inspecting
the data, it becomes apparent that current ratios are
almost identical for a given substate regardless of Na*
concentration (71.5, 140 or 303 mM) or modifier used
(s, v, s+v or a+v). Therefore, mean values for the
current ratios of all six observed channel open states
were calculated (Table 111 lower part). These current
ratios were multiplied by the number of observed open
states, i.e., six. The results lead us to the assumption
that all observed current ratics are multiples of the
smallest current ratio observed, of state I.

Discussion

This study p data on sub states of
the sodium channel elicited by three inactivation-mod-
ifying agents, veratridine, S-DPI, and ATX-II, applied
either singly or in combination. The observed effects of
these agents can be compared directly as the different
maodifications were applied under identical experimental
conditions, i.€., (i) to the same sodium channel subtype
(cardiac from adult rats) in (ii) cell attached membrane
patches using (iif) a pipette solution mimicking

llular electrolyte conditi For the three agents
both the d of the pred level and the
number of observable levels in isolated current events
were different. Furthermore, modifier pairs elicited more
resolvable subconductance states than their individual
application did. However, summarizing these observa-
tions (listed in Table III) led to the most remarkable
finding that all conductance levels fmed a pauem of snx
levels with app ly even

P B PP ly,



the modifiers do not have unique effects on channel
conductance; instead, they induce di j
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denced There is an exlenslve I|st of cation and chloride

among six possible conductance states. Veramdme locks
the channel in state IT and S-DPI primarily in state VI
with occasional sojourns to level IV or iI. In contrast,
the ligand pairs S-DFI/veratridine and .eratridine/
ATX elicit additional levels, not of some arbitrary value
but of just those values which complement the levels for
single difi to a p set of six equidi:

levels. From this we conclude that these six equidi

by voltage and by
ligands (glutamate, GABA, glycine, acetylcholine) which
show regular substate patterns. The literature on this
has been reviewed up to 1986 by Fox [8]. Most common
numbers of conductance states occurring as integer
multiples of a smallest conductance are 3, 4 and 6. The
largest number of 16 equally-spaced subconductance
levels with the same ion selectivity has been found for

conductance states are genuine to the sodium channel
as possible states.

Exi of sut of the dified Na* chan-
nel had been postulated already in 1983 (Nagy et al.
[29]) on the basis of at least three Gaussian components

d to fit litude hi It was only re-
cemly, while preparing this manuscript, that the first
direct observation of substates of unmodified channels
was reported (Patlak [11]). Besides other less resolved
and less populated substates there was one most com-
mon level at 35%of the normal current which corre-
sponds to level II in our nomenclature with state VI as
normal state. Moreover, the same study showed a sub-
level after removal of inactivation by S-DPI at again
35% of the normal level in agreement with our data. —
The main current level of BTX-treated channels is con-
sistent with level IV since its current was observed to be
twice as large as that observed for veratridine (Garber
and Miller [30])). BTX-modified channels showed, in
addition, subconductance levels of 25% and a flickering
level at about 50% {Green et al. {31]) of the main level,
which are values expected fc. levels I and 1I, respec-
tively. Similar observations were made by Urban et al.
[32]. - The extensive study of Nagy {15,33] on sublevels
in Na* channels of neuroblastoma cells treated with
chloramine-T, sea anemone toxin, and scorpion toxin
yielded a consistent set of sublevels for the three agents
at 25, 53, and 128% of the main level with standard
deviations of typically 5%. These data would formally
match our set of six values if the main current level
represents level IV, This assignment finds support in the
observation of definitely larger currents than the main
currents (160% levels). In this respect it is of interest
that in the same type of cells (neuroblastoma) a Na*-
channel substate of 66% of the main level was observed
when deltamethrin was used to slow down inactivation
(Chinn and Narahashi [14]). The current of the main
level was similar to that of the native channei so that
the 66% substate matches our sublevel IV.

Therefore, the available data in the literature on
Na*-channel substates are at least not inconsistent with
our finding of six evenly-spaced conductance states of
the sodium channel, where state VI corresponds to the
mainly observed state of the native channel.

The sedium channel is actually not the first channel
for which a regular substate pattern has been evi-

Itage-d d K* ch ls (Kazachenko and
Jeletyuk [34] and Schindler and Schreibmayer [35}) and
a CI” channel (Geletyuk and Kazachenko [36]). The
property of evenly spaced substate patterns extents as
well to Ca?* channels as recently shown (Hymel et al.
[37,38)).

What could be the physical basis of such a regular
substate pattern? Two possible causes for substates can
be excluded directly from our data as outline in the lust
section in Results Reversal potentials of different sub-
states were suffi ly identical to Tude that sub-
states are not caused by discrete changes of the selectiv-
ity for sodium against the internal ion composition.
Neither do they appear to be caused by discrete changes
of Na*~ bmdmg to saturable snles of the channel since
the ath for sublevels 11 and
VI were very similar.

Therefore, the observed sublevel pattern should be
caused by discrete changes of the translocation rate (k,)
of sodium ions at constant SOdlllm selectivity and bind-
ing, where &, ly integer muitipl
of a smallest value, i.e k =k, -nwithn=1t6.1In
the following we try to analyze the consequences of this
rather severe constraint on existing models for sodium
channel conduction.

All current models of sodium channels assume that
each single-current event observed in patch clamp stud-
ies arises from sodium filux through a smg,!e pathway.
Each ion tr ing this path a ‘free
energy profile’, Wthh isa reﬂecuon of the pathway’s
structure. This profile is commonly modeled by a series
of energy minima representing ion residency sites which
are separated by activation energy barriers. Ion hopping
raws from site 10 site are then related to barrier heights
(free energy of activation, AG*) on the basis of absolute
rate theory (Glasstone et al. [39]). This yields expres-
sions for the net ion flux in response to an electrical

1 gradient when bined with d chem-
lcal klnellcs (Woedbury [40]). The most fully developed
model! of the Na* channel (Hille [41]) shows four bar-
riers and three sites which are assumed to be occupied
by no more than one ion at any time (one ion pore).
Approaching from the outside, there is first a low
barrier and then a well. Depth and lcc:mon of this well
are ined by the experi ined Kiy,+
for sodium ions, which was evidenced here not to
change significantly during transitions between sub-
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states. Then there is a high barrier (B2), the ‘rate-limit
ing selectivity filter’, followed by further lower barriers

ing ion. Among the different possible contri-
butions to AG*(n) the first choice candidate for causing

which were i duced to adjust predicted current

age relationships of the open channel to the experimen-
tal one. The height of B2 for permeating Na*, ie.
AGY,, was adjusted to the observed single channel

d ce with physiological Na™

Permeability ratios for other ions (Py,+/P,) were
accounted for by corresponding increases, i.e. 8[AG}].
of the height of B2 sensed by these ions, i.e. AG7, which
reads in first approximation *:

8[AGE] = 4G} — AGk, = RT-In(Pyy+/By) @
This yields increases of about 0.1- R7 and 2.7 RT for
Li* and K™ ions, respectively.

Within this model, the observed substate fluctuations
must be accounted for by discrete fluctuations of the
height of the rate-limiting barrier B2. The current ratios
of the sublevels cr(n) = n/6 with n=1 to 6 correspond
to barrier height increases 8[4G,(n)] above its normal
height of *:

8[AGE, ()] = RT-In(6/n) 3)
or
AGha(n) = AG,(6)+ RT-In6/n

These logarithmic energy increments are of similar mag-
nitudes (0.2 - RT for state V and 1.8 RT for state I)
when pared with the selectivity cor 8{AG}].

The observed conservation of ion selectivity during
substate transitions requires that the barrier height
changes for Na* ions are strictly coupled to those of
other ions (predominantly K* ions in our cell-attached
experiments). Insertion of Eqn. 3 into Eqn. 2 yields for
substate independent permeability ratios:

AGH(n) = 8GE(n)+ RT-In(Py,+ /P); n=1t06
= AGY,(6)+ RT-In( Pyy+ /Py )+ RT-In(6/n) @)

Eqns. 3 and 4 represent a set of six logamhmlcally

spaced ion state gies for Na* per
which, for other ions than Nz , reruains me same but
raised by lectivity correcti We are not

aware of any physical explanation which may account
for such a pattern of energies of the main barrier. The
inherent difficulties may be exemplified by the follow-

* For the sake of a more transparent argumentation only, we equate
the net translocation rate with the jump rate from the external
primary energy weil over the ‘rate-limiting sefectivity barrier B2".
Complete calculations yield only slight corrections to the given
barrier height changes (8{4G#)) which are of no relevance for the
conclusions drawn.

by discrete changes is the electrostaiic compo-
nent of the energy barrier. The physical cause, which
may relate to changes of charge, charge interactions,
and conformational ch may g the AG*(n)
patterns of Eqns. 3 and 4 provided that it: (i) alters the
electrostatic component of the energy barrier for differ-
ent ions including Na* and K* by the same amounts,
(ii) generates the very particular set of six logarithmi-
cally spaced barrier height increaczs, (iii) does not affect
those contributions to the energy barrier which generate
selectivity, that is, contributions of ions size, mass, or,
more generally. of the delicate balance between hydra-
tion- and si i gies (Ei [42]) and
(iv) does not affect the primary energy well providing
the saturable site for sodium binding. While (i) may be
readily accepted, it is condition (ii) by itself but even
more in combination with (iii) and (iv) which appears
extremely difficult, if not impossible, to realize by alter-
ations of the and ionic i i at the
position of the rate-limiting and

structure in the narrow part of the pore (see for instance
the molecular model proposcd by Hille [41,26]).

If there were only one substate of arbitrary current
fraction instead of six regulary spaced levels, a molecu-
lar interpretation would appear still feasible to us even
at conserved jon selectivity and ion binding. Indeed, a
recent report on the DHP-receptor Ca®*-channel pro-
posed that the occurrence of a particular substate (ob-
served only in the presence of monovalent ions as
permeant jons) relates to the protonation of an external
group which triggers a conformational change to a state
with lower conductance with little change of selectivity
(Pietrobon et al. [43]).

The above treatment certainly does not qualify to
reject the one pore assumption for the sodium channel
since it has been based on a rather simplistic model
compared to the reality. It was meant to indicate con-
ceptual problems raised by the data. It remains to be
seen whether other or more realistic models offer ex-
planations for observing such regular substate pattern,
including that the Na™* channel may represent a multi-
ion pore, as the results of Begenesish and Cahalan [44]
suggest for the sodium channel from squid, or consider-
ing more than one bmdmg slle for Na* ions. More
generally, many i the Na* ch: 1
have fi 1-shaped ibul g a di d
environment for the selective nm'row reglon deeper in
the pore. This, suggests a progressive shift from a bulk
solution like to a selectivity filter situation. Several
effects of the i on channel d have
been proposed by Dani {45] by couplmg a two Eyring-
barrier model to i of de-
fined size, shape, and surface charge. In other attempts,
shape has been introduced intc rate-theory barriers




(Eisenmann et al. [46). Effects of molecular motion on
channel has been modeled via time-di

dent fluctuations in the free energy prome (Frehland
{47], Lauger et al. [48]) and by il
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data reported here match these predicted properties in
ail parts. We are not aware of any literature data on the
sodium channel which would be in contradiction to the

simulations (Fischer et al. [49], Mackay et al [EU)N
Coupling vestibules or introducing shape to Eyring-bar-
rier models has brought considerable insight but no( of
the kind which would help to interpret multipl

prop that sodium channel events originate from
‘oligopores’. The existing Eyring-barrier models for the
Na* channel can, for example, be adapted to the
“oligopore’ suuauon without inflicting any of the re-

events by one-pore models, at least at the present level
of understanding. Certainly, treatment of both realistic
structures and dynamics in model calculations, a level
which is not yet been attained, may open new possibili-
ties. to explain multiple conductance states in single
channels, possibly as normal modes of dynamic interac-
tions between channel structure and passing ions.
Finally, it should be added, that ary attempt to
explain regular substate patterns should take into
account that such patterns are found for many dlrferem
types of channels. This suggests a

ported cl The refe height of the main
energy barrier, which is a free parameter and commonly
adjusted o the normal chaanel conductance, may as
well be adjusted to the conductance of the ‘protopore’
(substate ) by adding about 1.8 RT. In our data and in
the literature on substates levels II, IV and VI occur
more frequently and/or more stabilized than the un-
even multiples of level 1. This is actually expected from
theories of allosteric interactions in associates with even
numbers of protomers, such as six ‘protopores’. How-
ever, the above discussion left as remote possibility that

which, therefore, should be independent of the particu-
lar structural features of each channel.

In view of these difficulties to rationalize multiple-
state sodium current events by transitions in one pore
(‘monopore’ concept) one may alternately consider that
they reflect the concerted activity of associated pores
(‘o]igopore’ concept). This concept dates back to 1978
when porin channels had been observed to gate cooper-
atively in porm i (Schindler and Rosent
15,6)) and has since been shown to apply to several other
channel proteins using a particularly designed recon-
stitution strategy (for a review of strategy and results
see Schindler [51])). The same properties which render
the ‘monopore’ picture difficult to accept are direcdy
expected when the sodium channel is visualized as an

the 'y pore may have one substate at half
conductance. In this case, the observed substate pattern
would reflect concerted activities of three ‘protopores’
each with level I as main conductance and level I as
subconductance. The higher occurrence of even multi-
ples may then reflect that concerted gating is more
likely for fully open ‘*p pores’ than for *p P 3
in substates. In this respect it may be of interest, that
the charge movement during Na*-channel gating was
recently found to occur in about three steps or packets
of about 1/3 of the whole gating charge {52}.

We conclude that the “oligopore concept provides at
present the only direct explanation for sodium channel
current events. In addition, it is sufficiently general, i.e.,
not dependent or particular structural aspects, to
account for level muitiplicity at constant selectivity as a

“oligopore’. Strictly coupled gating of six paralie! path- among ch Is (Fox [8]). It
ways in a sodium channel prolem oligomer would yleld would be loo P to speculate about possibl
two state zero h of ‘pr h 1 li

mnce and the combined conductance of the six path-
ways (‘protopores’), which would then correspond to
the normally observed sodium channel d

p At present it
appears warranted to apply assays which may allow for
clear decisions in this conceptual dilemma whether

Occasional less strict coupling or modlﬁer induced per-
turbation of the all y b ‘pro-
topores’ would result in current events showing sub-
states with the following expected properties (i) six
evenly spaced conductance levels * where (ii) all levels
show the same selectivity for Na* ions and (iii) the
same Na* saturation characteristics. The experimental

* Flux coupling betwecn pores in “oligopores” may induce sk ght
deviations from evenly spaced conductance states as it has brn
shown for porin * triple-pores™ (Engel et al. [55]).

*oli ”or * pores are the underlying structure
of the observable multistate current events wmmonly
termed ‘si h 1 events’. This obviously

directly relate protein organization and electrical acllv-
ity and may therefore not be expected from patch
clamp studies. More specifically, it requires at least
direct knowledge of the number of channcl proteins in
the molecular unit for which channel activity is observed.
This has been approached for several channel proteins
by a particular designed reconstitution strategy
(Schindler [51]) wluch led to the identification of at
least four ‘oli (Schindler and Rosenbusch [6],
Schindler et al. [53] Hymel et al. [37,38)). From our
current application of this strategy to the sodium chan-
nel we expect a clear decision whether the sodium
channel is also an ‘oligopore’ as it appears likely to us
on the basis of the above discussion. If so, this would
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1 d

2 i W., Kazerani, H. and Tritthart, H.A. (1986) Arch.

bear rather d on the
ing of excitation and on llgand effects *.
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