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The sodium channel activator Brevetoxin-3 uncovers
a multiplicity of different open states of the cardiac sodium
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 Pbix-3 (20 M) shifted steady-state activation to negative potentisis,
without major effects on the time course of macroscopic activation or macrescopic currents decay, as calculated
from averaged single-channel records. Single-channel open times were found to be prolonged. Under the influence
of the toxin, sodium channel openings could be observed frequently cven at maintained depolarisaticn. These
openings occurred (o at least nine different subconductance levels of the open state with smaller conductivitics than
the maximal one and differed in their open times. Currcit ampiitudes of these open substates were found to cluster
around certain amplitude values. Appearance of substates at maintained depolarisation was dependent on the
transmembrane potential (£,)): Substates with smaller ronductivity appeared more frequently at Jower E_ values
whereas at higher E,_, values substates with higher conductivity values dominated. Furthermore, it was demen-
strated that appearance of substates did not result from incomplete vecovery from inactivation. From these
ebservations it was concluded that the open substates observed correspond to different cenformational states of the
channel’s activation gates. Under physiological conditions, when the sodium channel epens directly from its closed
state these ‘incomplete’-open states of the cardiac sodium channel are ohscured by fast gating transitions between
the corresponding, electrically silent, preopen states, Thus, Phix-3 acts mainly via stabilisation of the chammel’s
preopen and different open states. A classification of sodium channel modifiers, based on their interaction with
different conformational states of the channel is suggested.

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] ana Sigel
[2]). Numerous substates of voltage-dependent sodium
channels have been systematically described for the
major isoforms of this channcl, i.e. the neuronal (Nagy
[3)), the skeletal (Patlak [4]) and the cardiac type
(Schreibmayer et al. [5)). 1t has ot 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 conformationa! changes occur-
ring during the normal gating process.
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Therefore, studies with different sodium channel
gating modifiers were undertaken in order to enhance
certain conformational states of the cardiac sodium
channel, i.c. to make these states accessible to explo-
ration in greater detail. The interaction of Pbix-3 with
the cardiac sodium channel is described in this paper.
Brevetoxins are cyclic polyethers, produced by marine
dinoflagellates (Baden {6]) with neurotoxic propertics
on voltage-dependent sodium channels from nerve,
cardiac and skeletal muscle (Borison et al. [7]). It has
been shown by radioligand binding assays, that they
occupy a scparate binding-domain on the sodium chan-
nel protein (Lombet et al. [8] and Sharkey ct al. [9D,
that is distinct from those for (i) TTX, STX and
Geographutoxin, (it) plant alkaloids like verarridine,
germitrine etc., (iii) anemone toxins and a-scorpion
toxin, (iv) B-scorpion toxins and (v) pumiliotoxins
(Gusovsky et al. [10]). Pbix-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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Materisls and Methods

Cell preparation

Cardiac ventricular celis from adult rats were pre-
pared essentially as Jdescribed earlier (Schreibmayer et
al. [11] and Schreibmayer et al. [12]). They were kept in
culture for 4 i 16 76 h after disaggregation. Before the
electrophysiological experiments were started, cells
were transferred to a petni-dish that was placed in a
holder thermostated by a peltier-clement to keep the
tempceraturce constant at I8°C. The cclls were allowed
to settle down and adhere to the bottom of the dish.
Then excessive superfusion was performed 1o wash out
remaining culture medium before the experiment was
started. Micromanipulations (MO-103, Narishige,
Japan; patch-clamp tower, List Medical Instruments,
Germany) were performed under the visual control of
an inverted microscope (Zeiss IM 35, Germany).

Single-channel recordings

Single-channel currents were recorded according to
Hamill et al. [13] in the cell-attached configuration at
18°C. The membrane potential of the cacdiac cells was
set to zero by using a high concentration of external
K*. Pipets (American Giass 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{2. when filled with the pipet solution
described below. Patch currents were amplified
(Axopatch 3D with IHS integrating headstage; Axon
Instruments, USA), fiitered at 5§ kHz (4-pole Bessel)
and storad on PCM tape (Instrutech PCM processor,
USA; in connection with a commercially available
VTR). For voltage-clamp experiments voltage jumps
were genrrated atv variable frequencies stated in the
figures anc patch currents were directly digitized by an
IBM compatible computer (Steiner 386; Austria)
equipped with an A/D and D/A board (TL-125; Azon
Instruments, USA), controfled by the Pclamp 5.03 soft-
ware (Axon Instruments; USA).

Variance analysis

Patlak (1988) developed an algorithm for assessment
of subconductance current levcls based on their vari-
ance. We adopted this method for our purpose. The
initial anmalysis developed by Patlak [4] used a fixed
window along the time axis (this window inciuded a
defined number of adjacent current sample data points,
n). The variance (o2) of the mean current within this
window is calculated. By comparision of this o with a
preset upper limit for o2, o;2,,, the corresponding data
point (the current sampic in the middic of this window)
is included into or rcjected from analysis of channe!
current amplitude (7.).

Thus, by using a fixed window size, data samples

that Jo not belong, but are in the near vicinity of
nonconducting-conducting state transitions are lost,
leading to an overproportional exclusion of short states
from amplitude analysis. To improve this situation a
ficxible window algorithm was developed by us
(Schreibmayer and Russ, unpublished data): each cur-
rent sample data point i that fulfilled the criteria to (i)
belong to a continuous series of at Ieast j data poinis
with a calculated o < 02, and (ii) with a calculated
individual devistion from the mean current calculated
in this series <@, (maximal standard deviation) was
taken for subsequent analysis of 1.

Recording solutions

The extracellular solution was hyperosmolar for
preshrinking of the cardiomyocytes, contained high K*
(in order to be able to use high [Na*] in the pipette),
and had the following composition (in mMY¥; 218 KCl,
2.5 EGTA, 0.5 MgCl,, 0.25 CaCl,, 10 glucose and 10
Hepes. 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 mM): 300 NaCl, 5.4 KCi, 1.5 CaCl,, 1.5
MgCl,. 1 BaCl;, 10 glucose and 10 Hepes and was
titrateu »ith NaOH to give a final pH value of 7.2

Chemicals

HPLC purified PuTx-3 was kindly provided by D.
Baden (Rosenstiel School of Marine and Atmospheric
Science, Miami, USA)). Collagenase for cell disaggre-
gation was purchased from Worthington (Type CI-28).
All other reagents used were of analytical grade.

Results

Activation-inactivation kinetics of Pbix-3-modified
sodium channels

In order to elucitate sodium channel openings, de-
polarising voltage jumps were applied to cefl-attached
membrane patches, starting from a holding potential of
—120 mV. When 20 uM Pbix-3 was present in the
patch pipetig, 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 (E,,)
compared to unmodified channels (¢f. Figs. 1a and 1b).
When open probabilities (P,,)'s) were calculated from
many single-channel records, it became obvious that
F,,, for Pbtx-3-modified channels at e.g. —70 mV was
considerably clevated, whereas it was close to zero at
the same potential when no Pbtx-3 was present in the
pipette (Figs. le and 1f). In order to quantitatively
evaluate this obvious shift in steady state activation,
normalized average peak inward currents (/,'s) were



measured for different E,, values. The resulting graph
for controis and Pbtx-3 treated sodium channels is
shown in Fig. 1i.

(ii) At more positive E,, values eg. —40 mV the
time course of sodium channel activation and inactiva-
tion was almost identical (see Figs. 1g and 1lh for
cxamples and 1j for evaluation at different potentials
for controls and Pbtx-3). This incicates that steadyv-state
sodium channel openings, induced by Pbtx-3 (sce be-
low), contribute only to a minor extent to the initial
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(iii) Single-channel open time seemed to be slightly
prolonged a: more positive E_ values (Figs. lc and
1d), especially at —40 mV (see Fig. .k).

(iv) Whereus rarely abserved under control condi-
tions, sublevel gating, i.e. single-channel openings with
current amplitudes smaller than the maximal possible
one, occurred frequently in membrane patches treated
with 20 M Pbix-3 (marked with open circles in Fig.
1a).

(v) At control conditions sodium channz! mactiva-

sodium inward current. tion after onset of a depolarising step in E,, was

Em [mv]

i J P

"V'

.onlvoi

d.
10 ms
P\ rrpppsion " : by vy
£
P e, LR g.
* h.
i
10 ms
1.5 4 10 25 7 @ contral
a 2 ® 7, control 20 O 20 M Pblx 3
; 1.0 & — - OT, 20uM Pbtx-35 —
g ] .%_-A;_ z . ®7% contral g 15
5 / L = 5 v VT 20 uM Pbix-3 =
E 05 - % - %’
e 3 /@ control n& Doéé
/ Potxe .
00 4 ] O 20 uM Potx~3 o 5..&"
,—i!-,—,—v—v—ﬁ )
i ~-80 -50 -10 j- ~80 ~50 -10 K —1|G -60 -10
Em [mv] Em [mv] Em [mv])

Fig. 1. Kinetics of Pbtx-3 modified and unmodified sodium chaizaels after voltage jumnps. (a) Sodium chanael currents, modificd by 20 g M Pbix-3,
were elicited in a cell hed b patch by stepping E,, from ~ 120 mV to - 70 mV every 2 s for 53 ms (voltage jump preiocol on top of
panel a). Resulting patch currents were low pass filtered with a 4-pole Bessel filter at S kHz and digitized at a sainple frequcicy ot 33.3 kHz. The
resalting records were Jdigitally filtered at 3 kHz with a Gaussian filter algorithm. Records that did not contain sndium channel openings were
averaged, and thic average was subtracted from every individual record for digital compensation of ilic residual capacitance transient. The
resulting records were stored for r1.bsequent analysis; four representative records are displayed on panel &. Open channel substates are set out
through open circles. (b, ¢ and d) Same as (a), bul controls at —70 mV (b), 20 uM Pbix-3 at —40 mV (c) and controls at —40 mV (d). (e}
Average current Py, (downward deflection of the graph means increase in P,,)), derived by averaging 80 consscutive records as shown in panel a
but filtered digitally at 1.5 kHz. (f. g and h) Sume as (e), but (f), (g) and (h) corresponding to (b), {c) and (d), respectively. (i) Normalized average
peak inward current (/) vs. E,. [, values were directly measured from averaged single chasinel recoids such as shown in (e-h). In order to
account for the variability in the number of active channels in a given patch, /, values were normalized to the /, measured a1 —20 mV for a
given patch. Filled circles (®): mean J;, values + standard deviations (S.D.) for controls (n = 4). Open circles (O): mean [, values +S.D. at 20 uM
Pbix-3 (n = 4). (§) Time consiants for activation and inactivation of averaged single-channel records. Simple exponential functions were fitted inte
the rising and decaying phases of P,;, vs. time (digital filtering at 1.5 kHz). Mean values+ S.D. derived frown four different membrane patches
each for controls and 20 u M Pbix-3, respectively, are shown. (k) Open times of contrel sodium channels and those modified with 2¢ ¢ M Pbtx-3
after onset of the voltage jump. Single-cha:.nel records were digitally Ailtered at 1.5 kHz and individual open times measured. The open time
distributions were fitted with single exponentials. Mcan values +5.D. of these time constants, derived from four different membrane patches
each for controls and 20 u M Pbix-3, respectively, are shown.
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Fig. 2. Openings of sodium channaks at constant £ following administration of 200 g M Pbix-3. In the absence of Pbix-3 no such steady-state

openings could be detected (not shown). Continuous current traces were replayed trom PCM-tape. filtered with a 4-pote Bessel Filter at 3 kHz
and digitized at 14 kHz. Segments of such current traces, fillered digitally at 1.5 kHz with a Gaussian filter algorithm are displayed.

practically complete (not shown). Under the influence Sodium chanuel openings observed under steady-state
of 20 uM Pbitx-3, however, openings could be observed conditions
even at depolarisations maintained for several minutes, Sublevel gating under the influence of Pbix-3 was
i.c. under steady-state conditions (Fig. 2). observed more frequently for sodium channel openings
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Fig. 3. Subconductance states of Phix-3 modificd sodium channels at constant £, {8) Selected substate gating events making evident the

occurrence of substates 1 to V1. Current traces were filtered digitally at 1.5 kHz. ¢: closed channel state, lines 1 to VI were drawn according to the

caleulated slope conductances from Table § (£, = -40 mV). (b} Evidence for substates 1,72, 11/2 and 111 /2, Digital filtering at 1.5 kHz. ¢, 1, Ii

and I as in (3a), £, = ~40 mV. {c) Mean current amplitudes +S.D. of substate currents derived from four different cell-attached membrane

patches in the presence of 20 uM Phix-3, measured from current records filtered digitally at 1.5 kHz, o, 172, 0, 1 &, 1172011 S, 11172 v,

i v, 1V- 0, Vi 8. VI Doued lines were drawn according to calculated slope conductances and reversal potentials from Table 1 for states 1, IF,
HL IV, V and VI, respectively.



at steady state, particularily at negaziv. &, - alues (Fig.
2, left and middle traces). Sublevel gating of the car-
diac sodium channel, induced by mixtures of different
gating modifiers has been described previously
(Schreibmayer et al. [5]). As described here, Pbtx-3 is
unique among gating modifiers of voltage-dependent
sodium channels known so far: it is the only modifying
agent with which a whole set of subconductance gating
events ¢an be induced. In light of this it was of great
interest to examine whether this set of events matches
the same sublevel patiern as described previously.

Assessment of slope conductances. Steady-state
recordings lasting from one minute up tu five minutes
were recorded at different E, values. Single-event
current amplitudes (1's) were measured for a given
E_, and found to cluster considerably around distinct
levels. Based on this clustering, measured [.'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 (E,,;: —40 mV). Mean values
and standard deviations were calculated and were plot-
ted in Fig. 3c. Slope conductances of sublevel gating
events identified in such a way were calculated for E,|
values between —80 and +20 mV (in this range I, vs.
E,, was reasonably linear; dotted lines in Fig. 3c, see
Table 1 for summary of results).

Classification of single-event currents based on vari-
ance analysis. In order to objectivly classify the I.s a
continuous single-channel trace at a constant E of
—50 mV was recorded for 57 min. I.’s were assessed
by variance analysis as described vnder Methods and
sut equent thresheld analysis. It can be seen that /.'s
detecled 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 sublevel gating. The most in-
teresting feature of Pbtx-3-induced sublevel gating at
maintained E_, values was its striking voltage depen-
dence: Whereas at negative E, values sodium chan-

TABLE 1

Conductance of observed substate openings

Sublevel Slope conductance £5.D. E,, tS.D.
{(pS) (m\V}
1/2 22407 +59+40
1 33402 +6lt 8
/2 44101 +76t 5
1 6.9+04 +68+ 6
/2 8.1+09 ~ 7+ {4
I 1L.0£0.7 +68+ 7
v 133408 +77+ 8
v 1752 1.0 +73+ 7
V1 2101 1Lt +72+ 6

237
60

TH0G -,

e eBnT Y
]

frequency

0.0 Q.5 1.0 1.5 2.0 25
AI EpAl

Fig. 4. Jump height analysis of substate currents by means of vari-
ance analysis. The patch current of a cetl-attached membrane paiciv.
held at £, —50 mV¥ for 57 min was filtered with a 4-pole Bessel
filter at 2 kHz. digitized at 5 kilz and subsequently filtered with a
Gaussian filter algorithm at | kHz. 5.D. of the closed channel
current (gy,) was determined to be (.146 pA by fitting a simplc
Gaussian distribution through an amplitude histogrum, derived from
a segment of the record that did a0t contain channel openings.
Variance analysis as described under Methods was performed. The
7, value was set as the variance limit and the minimal window size
to 3 ms. Mean [, and corresponding S.D. (o) were calculated for
each current level detected by simple threshold analysis only from
datapoints of the given level fulfilling the variance criterion. The
distribution of calculuted o values of individuai /, values as siawn
in Fig. 4b was not symmetrical, the “smear’ to higher o values
presumably resalting from occasional overlap of channel openings
and/or incomplete exclusion of transition currents from the calcula-
tion, respectively. The smear to lower = valucs presumaebly is the
result of 100 tew d'tapoints inzluded into the calcwation of /. and
curresponding . Therefore 1 np heights were only calculated for
state transitions when 0,092 pA <o <0.116 pA for both 1, and
o+ 1p when I, is the current level of the state bfore and Ly, .y,
after the wransition, respeciively. The distribution ot ihe jump heights
(d), calculated as 11, . = fyp| from the - wining 2561 level
transitions, is shown in (a) and couk! be best 7 1ed by the sum of 8
Gaussian functions (solid lires). Alth: ugh leveal VI could be detected
by eye in the given record at least five time: . none of these I, levels
fulfilled the criteria cited above - therefore level VI was lost in this
particular car:

nels opcned almost exclusively to substates with low
conductivity (Fig. 2, left), at intermediate E_, values
almost all the different i, ampliiudes coexicted side by
side (Fig. 2, middle) and at more positive E,, values
the larger I, amplitudes dominated (Fig. 2, right). In
order to make subsequent analysis of this phenomenon
feasible, sublevel current amplitudes were divided into
two classes: ‘small’ subleveis with an I, amplitude
smaller than or equal to level 1!l from Table 1 and
*large’ sublevels with higher /. 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. 6. Microscopic inactivation of substate events. Classification into
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for *small” substates recorded at a constant E_, of —40 mV. (b)

Open time distribution for ‘large’ substates. same record as for (a),

(¢} Caiculated meun open times for *small’ (v) and ‘large” (v)

substates at different E values, Means+5.D. from four dilferent
membrane patches,

contribution of observed openings to ‘small’ sublevels
to the tota! number of channel openings was calculated
for each individual E_, and experiment. The mean
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Fig. 7. Analysis of recovery from inactivation ai the single-channel level. (a) Doubie-pulse protocol for the analysis of recovery from inactivation.
The patch potential was first kept constant at — 100 mV for 2 s, then the first suprathreshold pulse to —50 mV with a duration of 80 ms was
applied. Fellowing the recovery time interval at — 100 mV (4 ms for left panel and 48 ms for right panel, respectively), a second suprathreshold
pulse with 30 ms duration to ~ 50 mV was applied. Open 253 filled circles indicate the beginning of the first and second suprathreshold pulse,
respectively. This protocol was repeated every 2.3 s. Patch currents weve filtered with a 4-pole Bessel fiiter at 2 kHz and digitized at 10 kHz.
After filtering at 1.5 kHz with a digital 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 curreims are shown at the bottom of (). (b)
Avcrage currents; downward deflection means increase in F,), each calculated from 160 consecutive single-channel records corresponding to
(a).



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

QOpen dwell times of substates observed under steady-
state conditions, Sodium channel substates induced by
Pbtx-3 differed not only in their I.’s but also in their
open time durations: channe! openings to smaller [,
amplitudes were generally of longer duration than those
to larger ones (see Fig. 2, middle). In order to quanti-
tate this phenomenon, observed channel openings were
divided into two classes based on their individual
amplitudes as above. Open times were measured for
these different populations and their distribution fitted
with a singlc-exponential function in order to get a
measure for their average lifetimes, regardless of the
multistate nature of these distribution (see Figs. 6a and
6b for examples of substate open time distribution).
These time constants for substate open times were
evaluated at different E_, values for four different
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membrane patches, Their calculated mean values and
standard deviations are shown in Fig. 6c.

Reccrery from inactivation

The close correlation of substate I, amplitude with
E,, suggested that sublevel gating is closely linked to
the activation nrocess. Alternatively, partial recovery
from inactivation, especially at maintained depolarisa-
tion, might also have accounted for the observed sub-
leve! 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 of a double pulse
protocol as shown in Fig. 7a (top). Following a recovery
time interval (dt) of 4 ms at — 100 mV sodium channel
openings at the beginning of the second suprathresheld
pulse could only rarcly be observed (Fig. 7a, traces to
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Fig. 8. Contribution o1 the number of observed channe} openings and /. to the recovery process. {a) ®, Mcan values 8.0 of recovery from
inactivation, measured as stated in Results, derived from tive different membrune patches in the presence of 20 uM Pbix-3. The dotted line was
drawn according to a simple exponential fit through the data. v, Contribution of number of sodium channel openings to the recovery process,
.npress:d as /n,. when n, stands for the ber of ch 1 i ) d during the second suprathreshold pulse and n, for the

of ! d durmg the first pulse, respectively. MenntS D. vatues. Total counted n, values were 1712, 547, 1029. 762 and 1274
and the :wemge n, s v.nlues per pulse were 4.28, 0.98, 2.17, 1.36 and 2.65 for the five different experimexts. (b) Mean /., amplitudes + S.D. during
the d sid pulse as a fi of recovery time interval from the same five experiments. Mean /. amplnudcs were assessed by
first performing variance analysis on the current traces obtained from the second suprathreshold pulse (minimal size of window: | ms: variance
criterion was oy}, Subsequently amplitude histograms were performed from the remaining data points (representative examp&es are shown in
panels ¢~ and a simple Gaussian function was fitted through the open-channc! current peak. resulting in the average /. for a given experiment

and recovery time interval, respectively.
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the left). Accordingly P, was low, if not completely
negligible (Fig. 7b, left). Recovery approached unity at
dt values of 48 ms and above (Figs. 7a and b, right),
when measured as £ 0.2/ Pioymaxis WeT€ Py stands
for peak F,, during the sccond suprathreshold voltage
pulse and P, for P, during “he first, respectively
(Fig. 8a; filled circles). In one experiment {not shown)
recovery from inactivation was also mecasured for
sodium channels in the absence of Pbtx-3. The abser-
vations were essentially the same as described here for
toxin modified channcls. The contribution of both (i)
the number of channel openings during a suprathresh-
old voltage pulse and (ii) the [/, ampliiude to the
recovery process was analysed. The number of channel
openings during the second suprathreshold pulse vs. d¢
closcely matched the time course of the rccovery pro-
cess (Fig. 8a, open triangles). /. amplitudes wete anal-
ysed by means of variance analysis (see legend to Fig.
8) and it turned out that [, amplitudes remained
virtuafly unchanged during the recovery process (see
Figs. 8c~f for amplitude histograms and Fig. &b for
mean /. amplitudes derived from five different mem-
branc patches).

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

Discussion
The present study was designed to explore the func-
tional propertics of Pbix-3 action on single sodium

channels from cardiac muscle. A kinctic model for
gating conformations of this channel was compiled

C

E)

/

Fig. 9. Proposed scheme for pating of Pbtx-3 modified cardiac
sodium channels. Pbix-3 stabilizes at least nine preopen {c, to c,)
and the corresponding open states {0 t© v,,) therchy promoling
h 1 activation. Rate cc for preopen state inlerconversions
are larger than for channe) opening to the corresponding conducting
substates. Therefore full ch 1 s (state desi 1 o,
dominate immediatcly after voltage jumps. At maintained depolar-
ization sodium channels open to conducting substates oy v 0,)
directly from the inactivated chunnel state (i), thereby reflecting the
conformational stute of the channel’s activation gates.

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

Ciassification of different open states by amplitudes

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.c. for those irom neuronal cells (Nagy [3]), skelctal
muscle (Patlak [4]) and cardiac muscle (Schreibmayer
ct al. [5]). Detection of substates of voltage dependend
sodium channels is scverely hampered by the low con-
ductance and fast gating of this type of channel. Ac-
cordingly, direct cvidence of open substates of the
vardiac subtype has been possible so far only by using
mixtures of different gating modifiers (Schreibmayer ¢t
al. [5]). In this scnse Pbix-3 appears to be a gating
modificr 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
conductivitics of sodium channel substates were cer-
tainly not artificially detected, due to bandwith limita-
n...s of our recording system as: (i) substate conduc-
tance and substate open times were inversely corre-
lated (Fig. 6) and in addition (ji) variance analysis was
used for substate detection (Fig. 4). Remarkably, six of
these substates (termed here | to V1) fitted fairly well
into the pattern observed previously for mixtures of
different modifiers. The stabilization of these substates
with Pbtx-3 provides additional support for the idea
that this substate pattern is an intrinsic property of
cardiac sodium channels, not of the gating modifier
used. Three additionai substates with conductances
intermediate to the previously described states could
be detected, termed here 1/2, 11/2 and 111/2. 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 great interest to test whether the cardiac sodium
channel can assume these substates by (i) switching to
open substates with discrete, different conductivities or
{ii) randomly locking in certain conductivities out of a
continuum of possible conductance values. Specially
adapted variance analysis revealed that indeed cluster-
ing of /. values around the assigned subsiates occurs,
indicating (i) as the appropriate hypothesis,

Kinetics of Pbtx-3 madified sodium channels

Effect on sodium channel activation. Although
steady-state activation of averaged single-channel cur-
rents is shifted considerably to negative potentials, the
macroscopic time course for activation (z,), as well as
for the current decay (1;), were not affected to a
greater extent by the action of the toxin. Using Tityus



serrulatus (Ts-y) and Centruroides noxius (Cn 11-10)
toxins as gating modificrs, Yatani et al. [14] observed a
similar shift in steady-state activation, albeit accompa-
nied by a marked prolongation of ¢, {as termed here).
In terms of the modulated receptor hypothesis (MRH,
Hondeghem and Katzung [15)) such behavior wou!d be
the reflection of high apparent affinities of preopen
states (termed ¢ to ¢, in the scheme in Fig. 9), but not
of the corresponding open states to these modifiers.
Shift of steady-state activation without affecting the
aciivation time course as cbserved in our case would,
in terms of the MRH, mean similar high affinities to
preopen states ¢, to ¢, 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]).

Microscapic inactiration of channel openings immedi-
ately after voltage jumps. As the time constant for
channel open times (¢,) is much smaller than that
observed for macroscopic current decay (¢,) in most
cases, #; is most likely dominated mainly by the time
course of activation of sodium channels, This was con-
firmed in our case for E : —40 mV as 1, increased
about 2-fold, when compared to controls, but ¢ was
apparently not affected. Thus at this potential, un-
changed ¢, is most likely a reflection of unchanged ¢,
Another interesting observation was that the effect of
Pbtx-3 on £, of the fully corducting 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 and 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 hetween the rested and open channel
states, the former have been attributed to result from
sodium channe'!s that return directly 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 ¢, and /, amplitudes were depen-
dent on E,,. This indicates that Pbtx-3 interferes with
the channel's activation gates not only via a shift of
stcady-state activation, but also by induction of specific
substates, depending on the conformational state of
these gates, which, in turn, depends on E,,. In other
words, the observed increase of g, amplitude ard
decreasc of 1, with increasing depolarisation are 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, proloagation
of 1, as observed in our case, is directly predicted
from the theory of allosteric processes (Monod ¢t al.
{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 cioning techniques in connection with elec-
trophysiology on mutated and expressed ion channels
have revealed that sodium chanrel activation gates are
most likely identical with a unique structural motif, the
so-called S4 helix of voltage-dependend ion channels
(Stuchmer 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 conformational activation of these S4 helices is
not identical with, but merely the precursor of channel
opening, which itself is probably accompanied by major
changes in a-subunit conformation. Open substates
couid 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. [SD.

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:

(1) Modifiers that interact with and block the open
state of sodium channels like 1TX and STX (Dugas et
al. [22].

(it) Agents like veratridine, germitrine, batra-
chotoxin etc. that bind to and stabilize the open sodium
chanrel (Quandt and Narahashi {1] 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 (Schreibmayer
et al. [5D).

(iii) Other modifiers like sea anemone toxins and
a-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 frequenily open in bursts at maintainec
depolarisation (Schreibmayer et al. [12] and Kirsch et
al. [23]).

Modifiers of type (ii} and (iii) interact allosterically
(Catterall {24]), as sodium channels under the action of
type (iii) agents open frequently even at maintained
depolarization and thereby provide the binding sites
for modifiers of type (ii) (Schreibmayer et al. [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 (ii) and (iii} are often 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 (ii) or reactivation of
inactivated channels (iii), than by diiectly promoting
the activation process. Instcad the term ‘channel’
openers should be reserved for modifiers of type (v) as
described below.

(iv) Cn 11-10 and Tiryus serrulatus y 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
(‘fatani et al. [14}).

(v) In the present study a gating modifier was ex-
aminated that also acts on preopen sodium chaanel
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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