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ABSTRACT The site 3 toxin, Anthopleurin-A (Ap-A), was used to modify inacti-
vation of sodium channels in voltage-clamped single canine cardiac Purkinje cells
at ~12°C. Although Ap-A toxin markedly prolonged decay of sodium current
(Ina) in response to step depolarizations, there was only a minor hyperpolarizing
shift by 2.5 * 1.7 mV (n = 13) of the half-point of the peak conductance-voltage
relationship with a slight steepening of the relationship from —8.2 * 0.8 mV to
—7.2 * 0.8 mV (n = 13). Increases in Gn.x were dependent on the choice of cat-
ion used as a Na substitute intracellularly and ranged between 26 * 15% (Cs, n =
5) to 77 * 19% (TMA, n = 8). Associated with Ap-A toxin modification time to
peak Iy, occurred later, but analysis of the time course Iy, at multiple potentials
showed that the largest effects were on inactivation with only a small effect on ac-
tivation. Consistent with little change in Na channel activation by Ap-A toxin, Iy,
tail current relaxations at very negative potentials, where the dominant process of
current relaxation is deactivation, were similar in control and after toxin modifi-
cation. The time course of the development of inactivation after Ap-A toxin mod-
ification was dramatically prolonged at positive potentials where Na channels
open. However, it was not prolonged after Ap-A toxin at negative potentials,
where channels predominately inactivate directly from closed states. Steady state
voltage-dependent availability (k. or steady state inactivation), which predomi-
nately reflects the voltage dependence of closed—closed transitions equilibrating
with closed-inactivated transitions was shifted in the depolarizing direction by
only 1.9 = 0.8 mV (n = 8) after toxin modification. The slope factor changed
from 7.2 + 0.8 t0 9.9 * 0.9 mV (n = 8), consistent with a prolongation of inactiva-
tion from the open state of Ap-A toxin modified channels at more depolarized po-
tentials. We conclude that Ap-A selectively modifies Na channel inactivation from
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the open state with little effect on channel activation or on inactivation from
closed state(s).

INTRODUCTION

Anthopleurin A (Ap-A) toxin, which was isolated from the sea anenome Anemone
xanthogrammica, is a member of the class of site 3 toxins, which bind to the extracel-
lular surface of voltage-gated Na channels and cause a marked slowing of Iy, in re-
sponse to step depolarizations (Catterall, 1980). Site 3 toxins also include the 60-
70 amino-acid residue a-scorpion toxins from Leiurus quinquestriatus, Centruroides
sculpturatus, Tityus serulatus, and Androctonus australis (Rochat, Bernard, and Cour-
aud, 1979; Meves, Simard, and Watt, 1986) and other peptide toxins isolated from
sea anenome, including Anthopleurin B (Ap-B [49 animo-acids]) also from Anem-
one xanthogrammica, and the Anemone sulcata toxins (ATXI [46 amino acids], ATXII
[47 amino acids], and ATXIII [27 amino acids]) (Norton, 1991). While each of
these toxins is thought to produce a similar effect on Na channels, there are strik-
ing differences in affinity for various isoforms of Na channels. Some site 3 toxins
have a high affinity for insect and crustacean Na channels (Salgado and Kem,
1992), whereas others, like Ap-A toxin, have a 20-40-fold higher affinity for cardiac
Na channels than for mammalian neuronal channels (Norton, 1991).

Classic experiments that “remove inactivation” by the use of proteolytic enzymes
such as pronase or other chemical agents have suggested an intracellular locus con-
trolling inactivation of Na channels. Armstrong and Bezanilla (1977) investigated
the effects of internal pronase on the squid giant axon and proposed a model of in-
activation as a particle or “ball” that would pivot on the end of a chain and bind to
a receptor on the intracellular surface of the activated Na channel. Recent experi-
ments using antibodies (Vasselev, Schueuer, and Catterall, 1988), sequence cuts
(Stiihmer, Conti, Suzuki, Wand, Noda, Yahagi, Kubo, and Numa, 1989), and site-
directed mutagenesis (Moorman, Kirsch, Brown, and Joho, 1990; Patton, West, Cat-
terall, and Goldin, 1992; West, Patton, Scheuer, Wang, Goldin, and Catterall, 1992;
Hartmann, Tiedeman, Chen, Brown, and Kirsch, 1994) have identified intracellu-
lar residues in the linker sequence between domain III and IV that may compose
such a ball or “hinged lid.” However, site 3 toxins bind extracellularly and modify
Na channel inactivation. They are not the only agents that affect inactivation via an
extracellular binding site; triiodothyronine (Dudley and Baumgarten, 1993) and
forskolin (Ono, Fozzard, and Hanck, 1995) are also thought to bind extracellularly
and prolong .. In addition, some of the spontaneous mutations in human skeletal
muscle Na channels associated with skeletal muscle myotonia disorders involve ex-
tracellular residues and produce a phenotype similar to Na channels that have inac-
tivation “removed” (Cannon and Corey, 1993; Chahine, George, Zhou, Ji, Sun, Bar-
chi, and Horn, 1994). We postulated that investigation of the kinetic effects of Ap-A
toxin, a site 3 toxin with a high affinity for cardiac Na channels, would provide in-
formation about inactivation. The experiments presented here provide evidence
that for the cardiac Na channel the site 3 toxin Ap-A selectively and reversibly in-
hibits inactivation from the open state while producing little effect on either activa-
tion or inactivation from closed states.
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METHODS

Cell Preparation

Cells were isolated from canine Purkinje fibers using the procedure of Sheets, January, and Foz-
zard (1983). Purkinje fibers were cut into 2-3 mm segments and incubated in a shaking water
bath (37°C) for 1.5-2 h in a modified Eagle’s minimal essential medium (MEM) with 5 mg/ml
Worthington type I or Boehringer Mannhein type B collagenase. Fibers were washed in 150 mM
K-glutamate, 5.7 mM MgCl,, 0.12 mM EGTA, and 5 mM HEPES (pH 6.2) at 37°C, and then were
mechanically separated into single cells by application of shear force. Cells were stored at room
temperature in MEM (pH 7.3), which contained 1.8 mM Ca, and were studied within 18 h.

Solutions

In many experiments extracellular solution contained (millimolar) 15 Na*, 185 TMA*, 2 Ca®*,
4 Mg?**, 0.010 Cd?*, 200 MES™, 12 CI-, and 10 HEPES (pH 7.2). Intracellular solution contained
(millimolar) 200 TMA*, 200 F-, 10 EGTA, and 10 HEPES (pH 7.2). The increased osmolarity of
the solutions helped to decrease series resistance. Concentrations of Mg?* and Cd?* were chosen
to maximize block of I, while producing minimal effects on Iy, (Hanck and Sheets, 19924; Sheets
and Hanck, 1992). We did not observe any differences in modification based on the presence of
additional divalent cations. For some experiments the control extracellular solution contained
(millimolar) 15 Na*, 135 Cs*, 2 Ca?*, 154 Cl~, and 10 HEPES (pH 7.2). In these cases the intracel-
lular soluton contained (millimolar) 15 or 0 Na*, 135 or 150 Cs*, 150 F-, 10 EGTA, and 10
HEPES (pH 7.2). Toxin was obtained from Sigma Chemical Co. (St. Louis, MO) and was added to
the extracellular solution. Actual concentrations of Ap-A toxin were calculated from measure-
ments of the purity of Ap-A toxin determined by optical density measurements, assuming the mo-
lecular weight to be 5133 gm M~! and the OD'%g, to be 35.4. Concentrations were 0.34 of that
predicted from the mass of the sample. Preliminary experiments were carried out to determine
the concentration range of toxin effect, and a concentration of 340 nM Ap-A toxin (nominal con-
centration 1 pM) was chosen for these studies because this concentration modified >90% of the
Na channels, producing a uniform population of modified channels and yet minimize the cost of
experiments.

Temperature was controlled using a Sensortek (Physiotemp Instruments, Inc., Clifton, NJ) TS4
feedback-controlled thermoelectric stage placed adjacent to the bath chambers and typically var-
ied less than 0.5°C during an experiment. Cells were studied between 9.8 and 13.0°C.

Recording Technique

Recordings were made using a large bore, double-barrelled glass suction pipette for both voltage
clamp and internal perfusion as previously described (Makielski, Sheets, Hanck, January, and Foz-
zard, 1987). Current responses were measured with a virtual ground amplifier (Burr-Brown OPA-
101) with a 5 M() feedback resistor connected to the outflow channel of the bath via a 3-M KCl
bridge and Ag/AgCl; pellet. Voltage protocols, using locally written control programs (D.
Hanck), were imposed from a 12-bit DA converter (Masscomp 5450, Concurrent Computer, Tin-
ton Falls, NJ) over a 30/1 voltage divider. Data were filtered by the inherent response of the volt-
age-clamp circuit (corner frequency near 125 kHz) and recorded with a 16-bit AD converter on a
Masscomp 5450 at 300 kHz. Time constants of the capacity transients without capacity compensa-
tion were <30 ps, and a fraction of the current (~65%) was fed back to compensate for series re-
sistance (Makielski et al., 1987).

Cells were placed in the aperture of the pipette in a low Ca2* solution and transferred to one of
four experimental chambers where they were allowed to form a high resistance seal to the pipette.
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After a cell had sealed to the pipette the cell membrane inside the pipette was disrupted with a
manipulator-controlled platinum wire. Voltage control was assessed by evaluating the time course
of the ionic current in steps (V}) to —40 mV, the time course of the capacitive current in steps be-
tween —150 and —190 mV, and the negative slope region of the peak current-voltage relationship
(Makielski et al., 1987; Hanck and Sheets, 19925). The holding membrane potential (V) was typi-
cally —150 mV, which insured full J, availability under our experimental conditions, and the cell
membrane was depolarized once per second or once each 1.5 s. With these experimental proto-
cols “slow inactivation” was not apparent either in control or in the presence of toxin.

Data Analysis

Data were capacity corrected using 16 scaled current responses to steps between —150 mV and
—190 mV. Leak resistance (R.) was taken as the reciprocal of the linear conductance between
—190 and ~110 mV. For the 17 cells included in this study, R, values were 99 * 62 MQ. Cell ca-
pacitance was measured from the integral taken over 10 ms of the current responses to voltage
steps between —150 and ~190 mV and was 87 * 24 pF. Peak Iy, was taken as the mean of four
data samples (over 16.67 ws) enclosing the maximal value after digitally filtering at 5 kHz and af-
ter leak correcting by the amount of leak extrapolated from the time-independent linear leak cur-
rents elicited between —110 and —190 mV.

Data were analyzed and graphed on a Masscomp 5450 computer using locally written programs
(D. Hanck) or on a SUN Sparcstation (IPX or Sparcl10/40 or 55) using SAS (Statistical Analysis
System, Cary, NC). Fitting programs on the Masscomp or on the SUN used algorithms from the
Numerical Algorithms Group library (NAG, Oxford, UK) or from SAS. Iy, tail-current relaxations
were fitted with a sum of exponentials with DISCRETE (Provencher, 1976) to determine time
constants, amplitudes, baselines, and standard errors of the estimate for fitted parameters. This
program provided a modified F-statistic that was used to evaluate the number of exponential com-
ponents that best described the data. Unless otherwise specified, all summary statistics are ex-
pressed as means * one standard deviation (SD). Regression parameters are reported as the esti-
mate and the standard error of the estimate (SEE).

The following procedures were used to account for spontaneous time-dependent changes in ki-
netic parameters during recordings. We have previously shown that indices of cardiac Na channel
kinetics (e.g., the half-point of peak conductance-voltage relationship) shift to more negative po-
tendals as a linear function of time under our experimental conditions (Hanck and Sheets,
19925). To account for time-dependent changes in channel kinetics, control data taken before
and after the experimental intervention were averaged or kinetic indices were estimated by linear
interpolation between the control and wash measurements before comparison with data from
Ap-A toxin modified Na channels.

RESULTS

Ap-A Toxin Rapidly and Reversibly Modified Iy,

Within seconds of exposure to Ap-A toxin, Iy, decay showed evidence of slowing,
and modification was complete within 2-3 min as evidenced by marked slowing of
I\, decay (Fig. 1, A and B). Modification of Iy, by Ap-A toxin was completely re-
versed by depolarizing the membrane potential to —10 mV for 5 min in the ab-
sence of Ap-A toxin (Fig. 1 ). If the holding potential was —150 mV, Iy, remained
modified for many minutes (data not shown). Washout of Ap-A toxin during main-
tained depolarization most likely results because inactivated Na channels have a
low affinity for site 3 toxins (Strichartz and Wang, 1986; Warashina, Jiang, and Ogura,
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Ficure 1. Family of Ky, responses during step depolarizations to —80, —65, —55, —45, —35, —20,
10, and 40 mV from a V, of —150 mV in control (A), after exposure to 340 nM Ap-A toxin (B), and
in wash (C). The cell was depolarized to —10 mV for 5 min after toxin was removed from the bath.
Data are shown capacity corrected, but not leak corrected, and digitally filtered at 5 kHz. Cell E8.03:
G 102 pF, R, 40 MQ, 12.4°C, [Na*],/[Na*]; (millimotar) 15/15. [Cs*],/[Cs*]; (millimolar) 135/135.

1988). Gy after washout of toxin decreased minimally (7.6 + 7.6%, n =16) consis-
tent with a negligible loss of Na channels during exposure to toxin.

With symmetrical intracellular and extracellular concentrations of Na* and Cs*,
peak G, increased by 26 * 15% (n = 5; P < 0.02). Data for a typical cell are
shown in Fig. 2, A and B. Interestingly, in the presence of TMA* (Fig. 2, Cand D)
the change in G, was much larger (77 = 8%, n = 8), most likely as a result of a de-
crease in voltage-dependent block by intracellular TMA* (O’Leary and Horn,

Ficure 2. Effect of Ap-A toxin
on the peak I,-voltage relation-
ships (A and C) and peak Gy.-
voltage relationships (B and D).
(A and B) Data for a typical cell
with symmetrical 15 mM Na* as
the charge carrier and Cs* as the
replacement cation. Control (O),
in 340 nM Ap-A toxin (@) and
120 -80 40 0 40 wash (O). (C and D) Grouped
C D Voltage @V) data for eight cells with 15 mM
_140""_[;‘;'}%“ (f‘;:) 20 120 40 Na, and TMA* as the replace-

. ment cation. Control (O) and in
Ap-A (@). In B and D, the solid
lines represent the best fit of a
transform of a Boltzmann distri-
bution:

-
>

e
%

Voltage (mV) |
-140 -100 -60 -20

>
'S

Fractional Conductance

<o

-
[

e
@

e
a

Fractional Conductance
=]

-120 80 40 0 40
Voltage (mV) ( Vz rev) G

INa = Vi V1/2

14+e¢ °

where I, is the peak current in the depolarizing step and V, is the test potential. The parameters es-
timated by the fit were V., the reversal potential, Gy, the maximum peak conductance, V5, the
half-point of the relationship, and s, the slope factor in millivolts. In symmetrical Na* and Cs*, the
V1,2 for the cell shown in B changed from —42 mV in control to —43 mV after Ap-A toxin, and there
was a small change in slope factor (—10.1 in control to —9.6 mV after Ap-A toxin). Gna increased
for this cell from 3.1 nS/pF to 3.5 nS/pF. For the cells shown in D the solutions contained TMA*,
and the Vj,;changed from —54 mV in control to —57 mV after Ap-A toxin, and there was a change
in the slope factor from —7.6 * 0.7 mV in control to ~6.3 £ 0.7 mV (n = 8).
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1994). Although the choice of substitute cation affected the magnitude of Iy,, the
effects of Ap-A on the conductance-voltage relationships were similar. The voltage
at one-half peak Guay, Vije, after Ap-A toxin modification was minimally shifted in
16 cells by —2.5 = 1.7 mV from —53.7 £ 5.7 mV to —56.2 * 5.4 mV. The slope fac-
tor of the Boltzmann relationship was also only modestly affected, becoming
slightly steeper (by 1.1 * 0.3 mV), increasing from —8.2 * 0.8 mVto —7.2 = 0.8
mV (n =16). Although the changes in V;/; and slope factor were small, in all cases
they returned toward control values after washout of Ap-A toxin. The minimal
change in V,; after modification by Ap-A toxin contrasts with that for mammalian
neuronal Na channels (Gonoi and Hille, 1987; Cota and Armstrong, 1989), where
the Vj,2 of the peak conductance-voltage relationship shifted by a greater magni-
tude after modification of inactivation. However, they are quite similar to data re-
ported for frog node of Ranvier with other site 3 toxins (Mozhayeva, Naumov,
Nosyreva, and Grishin, 1980; Warashina and Fujita, 1983; Neumcke, Schwarz, and
Stampfli, 1985; Wang and Strichartz, 1985).

Ap-A Toxin Modification Had Little Effect on Na Channel Activation

Examples of leak and capacitance-corrected l, traces in response to step depolar-
izations to —50, —10, and 20 mV in control solutions and after exposure to Ap-A
toxin are shown in Fig. 3 A. While the most dramatic effect of toxin on the time
course of current was the slowing of current decay, the time-to-peak Iy, also was de-
layed as expected if inactivation were delayed (Fig. 3 B). To compare the time
course of Iy, before and after modification by Ap-A toxin, Iy, recorded during 50-ms
depolarizations were fit with a modified Hodgkin-Huxley equation as follows:

2.5
(—t/7y) (=t/73) 1
I, = A(e +e )+ ¢ M)

a

where I, is described as the sum of two scaled (A) exponential terms, (1) raised
to 2.5th power and Ty, and a constant (¢). The equation described the data well as
can be seen in Fig. 3 A where the fits are shown superimposed on the current re-
cordings. Summary data for 7, and 7, for 11 cells are shown in Fig. 3, Cand D. The
onset of Iy, as reflected in 7, was affected by Ap-A toxin much less than was cur-
rent decay (,). The onset of &, was prolonged near threshold potentials while at
more positive potentials the onset was unchanged; by paired ¢ test 1, was signifi-
cantly larger than control only at test potentials less than —40 mV (P < 0.01).

To directly assess the effect of Ap-A toxin on the Na channel activation process,
we measured tail current relaxations at negative potentials after Na channels had
been opened by brief steps to very positive potentials. The tail relaxations represent
the combination of channels deactivating (koc), inactivating (kor), and/or reopen-
ing (kco). At very negative potentials (<—100 mV), Iy, tail currents would be ex-
pected to represent predominately the rate of deactivation because koc should be
much greater than either ko, or kgo. Data from a typical cell are shown in Fig. 4 A
and B. I, tail currents were recorded both in control and in the presence of Ap-A
toxin at test potentials between —150 and —70 mV for 25 ms after conditioning un-
til peak Iy, at +40 or +60 mV. Tail currents were capacity corrected, trimmed by
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FiGUre 3. Effect of Ap-A toxin

on the time course of A,. (A) Ex-

ample of Na currents in response

to step depolarizations of —50,

—10, and +20 mV from a V; of

—150 mV. In each case lines are

also drawn based on the fits of

Eq. 1 to the data. Currents are

shown leak and capacity cor-

rected, digitally filtered at 20 kHz

300 3 with only every 10th point

Hmy Voltage (m¥) graphed. Cell L6.03, 86 pF, R,

2 pA pm* L 210 M(}. (B, G and D) Means *

C D SEM for eight cells. In each fig-

ure control currents (O) were

meaned from data taken in con-

trol and in wash and compared

with data after exposure to Ap-A

toxin (@®). (B) Time to peak of

Iy, (C) Time constants of activa-

tion (T,) and (D) time constants

of inactivation (,) from fits of
Eq. 1.

-50 mV

B

&

Time to Peak Current (ms) w
xR

.

&
&

t, (ms)
8 & 8 8

ugca

90 60 -30 U 30 60

=30 0 30
Voltage (mV) Voltage (mV)

75-100 ps, and fitted with up to two exponentials with DISCRETE. L, tail-current
relaxations to test potentials <—100 mV were usually well fit by single exponentials,
although sometimes a second, two- to fourfold slower time constant, accounting for
<12% of the initial amplitude, could be detected. At potentials >—100 mV I, tail
currents were better fit by two exponentials with the slower time constant account-
ing for a larger proportion of the initial amplitude at more depolarized potentials
both in control and after Ap-A toxin. I, tail-current relaxation time constants re-
turned to control after wash-out of the toxin with slightly longer time constants, as
expected for the time-dependent shifts of kinetic parameters characteristic of this
preparation (Hanck and Sheets, 19925). Fig. 4 C shows a graph of the dominant
time constants for the cell shown in Fig. 4, A and B, in control, in Ap-A toxin and af-
ter wash. At potentials =—90 mV Iy, tail current time constants became signifi-
cantly longer after Ap-A toxin. However, at potentials =—100 mV I, time constants
were little changed after modification by Ap-A toxin. Summary data of the time
constants for six cells are shown in Fig. 4 D. The minimal change in Iy, tail current
relaxations after modification by Ap-A toxin at very negative potentials is consistent
with little effect of the toxin on the closing rate of Na channels.

Inactivation from Closed States Remained Intact in the Presence of Ap-A

Although decay of I, after Ap-A modification was markedly delayed (see Figs. 1 B
and 3 A), during prolonged depolarizations it did fully decay, suggesting that a
pathway to inactivation remained intact. To determine whether Na channel inacti-
vation directly from closed states was slowed by Ap-A toxin, we measured the time
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FiGure 4. Iy, tailcurrent relax-
ations in control (A) and after
modification by AP-A toxin (B).
I, tail responses were recorded
at test potentials between —150
and —70 mV after a conditioning
R — step to +40 mV. (C). Plots of the
dominant Iy, tailcurrent relax-
ation 7's in control (O), during
50 nA exposure to AP-A toxin (@), and
|Tm? % nA\T‘mT after washout of toxin (O). Cell
E8.04: G, 92 pF, R 38 MQ2, 12°C,
C Lo D (Na],/[Na*], (millimolar) 15:
15. (D) Means and SEM of the
time constants of fits to Iy, tail-
12 T current relaxations for six cells in
(ms) o8 (ms) control (O) and after modifica-
0.4 ton by AP-A toxin (@) for test
0 ol . ' potentials =<—100 mV. Data in
-160-140-120 -100 -80 -60 <160 -140 -120 -100  control and after washout of
Voltage (mV) Voltage (mV) toxin were meaned and fit as de-
scribed in text. The dominant 7
is plotted for both control (O)

and after AP-A toxin (@).

1.6

course of the development of Na channel inactivation over a range of negative po-
tentials where few, if any, channels open. From a holding potential of —150 mV Na
channels were inactivated by stepping to conditioning potentials (V;) between
—120 and —70 mV for variable durations, and then Na channel availability was as-
sessed in a test step to 0 mV after a short voltage step to —120 mV (or —110 mV)
for 2 ms. Na channel inactivation was assayed from the ratio of peak I, in a step to
0 mV relative to that in the absence of a conditioning pulse. Fig. 5 shows data for a
typical cell for three potentials (—80, —100, and —120 mV). Similar data were ob-
tained from three cells. Both for control and Ap-A toxin modified Iy,, development
of inactivation occurred with a complex time course, which was better described by
two exponentials than by one. Over this voltage range Ap-A toxin did not slow the
development of inactivation. In fact, at the most negative potentials inactivation de-
veloped slightly more rapidly in the presence of Ap-A, while at potentials near Iy,
threshold development of inactivation was almost identical to control. These data
indicate that Ap-A toxin does not delay Na channel inactivation from closed states
and suggest that Ap-A toxin modifies Na channel kinetics by affecting inactivation
from the open state.

Ap-A Toxin Dramatically Slowed Inactivation from the Open State

To investigate the effect of Ap-A toxin on the development of Na channel inactiva-
tion from the open state, we measured the time course of the development of inac-
tivation at positive conditioning potentials. A similar two-pulse development of
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FiGure 5. Two-pulse development of inacti-
vation at —120, —100, and —80 mV in control
(O) and after modification by Ap-A toxin (@®).
Voltage protocol is shown in the inset. Control
data are the means of data obtained before
and after wash of Ap-A toxin. Note that at the
more negative potentials inactivation pro-
ceeded slightly more rapidly in the presence of
02 toxin and was nearly identical at —80 mV. Cell
M?7.01, C,, 135 pF, R_ 65 M(}.
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inactivation protocol was used. Figs. 6, A and B, show the results for three cells at
conditioning potentials of 60 and —20 mV in control and after modification by
Ap-A toxin. At a conditioning potential of 60 mV inactivation developed rapidly
and almost completely by 9 ms in control, but after modification by Ap-A toxin only
16 * 3% of Ly, inactivated by 9 ms, which principally reflected residual inactivation
of the channels expected to be unmodified by this concentration of Ap-A toxin in
combination with a small number of channels that may have opened, closed, and
then inactivated. As expected, inactivation under control conditions developed
more slowly at the more negative conditioning potential of —20 mV. However, af-
ter Ap-A modification the fraction of channels that inactivated by 9 ms at —20 mV
(24 * 4%) was greater than the fraction that had inactivated at +60 mV. Ata more
negative conditioning potential of —40 mV inactivation of Ky, at 9 ms in Ap-A toxin
was further increased to 28 * 4%. Fig. 6 C illustrates the inverse voltage depen-
dence of the fraction of Ap-A toxin modified channels that inactivated by 9 ms at
conditioning potentials between —40 and +100 mV. The increase in inactivation of
modified channels at more negative potentials suggests that as koc becomes larger
at negative potentials a greater number of open channels return to a closed state
and then inactivate.

Comparison of Steady State Voltage-dependent Availability before
and after Ap-A Toxin

Because steady state voltage-dependent availability (k. or steady state inactivation)
is measured over a range of conditioning potentials where the probability of chan-
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Ficure 6. Two-pulse develop-

-20mV ment of inactivation at more pos-
itive test potentials in control
(O) and after modification by
Ap-A toxin (@). Means and SD
are plotted for three cells. The
voltage protocol is similar to that
shown in Fig. 5. Before stepping
to the conditioning potential,
0 T 5 3 3 0 5 105 30 35 there was a brief voltage step to
Duration of V, (ms) Duration of V, (ms) —40 mV for 0.2 ms. Peak Iy, mea-
surements were normalized to

the peak Iy, measured in the ab-

‘Y sence of a conditioning step. (A)
At a conditioning potential of

60 mV, 95 * 1% of the peak K,

had inactivated in control at 9 ms
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M vated after Ap-A toxin. (B) At a
. e ‘ conditioning potential of —20
20 20 60 100 mV I, in control had inactivated
V. @V) by 92 * 4% within 9 ms, but only

by 24 * 4% after Ap-A toxin. (C) Means * SEM showing the fraction of I, inactivated by 9 ms as a
function of potential for three cells in control (O) and in the presence of Ap-A toxin (®). Note that
at positive potentials in control inactivation was virtually complete within 9 ms, while in the presence
of Ap-A toxin, there was an inverse relationship of voltage to the fraction of I, that inactivated by 9 ms.
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nel opening increases as the conditioning potential becomes more positive, the se-
lective effect of Ap-A toxin on inactivation from the open state should produce a
greater effect on availability at positive potentials. Steady state availability relation-
ships were evaluated in steps to 0 mV after conditioning steps for 500 ms over a
range of potentials. Fig. 7, A and B, shows current responses for a cell before and
after Ap-A toxin, and Fig. 7 C plots the steady state voltage-dependent availability
relationships for 11 cells. Channels could be fully voltage-dependently inactivated
in the presence of toxin. As expected from the development data, there was virtu-
ally no effect of toxin on availability at the most negative potentials. The half-point
of Na channel availability was shifted only slightly positive by 1.9 = 0.8 mV. The
slope factor became shallower (7.2 £ 0.8 mV to 9.9 = 0.9 mV, n = 8) secondary to
the relatively larger Iy, at more positive conditioning potentials where in control
the contribution of Na channels inactivating from the open state would be ex-
pected to make the largest contribution to the relationship.

DISCUSSION

Modification of cardiac Na channels by Ap-A toxin resulted in dramatic slowing of
I\, decay consistent with modification of channel inactivation from the open state.
The peak Gy, V relationship after Ap-A toxin showed only a minor change of
~ —2-3mV in its Vj,» accompanied by slight steepening of the slope factor by
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~1 mV compared to control. Although decay of L, was prolonged by Ap-A toxin
there was little change in the channel activation or deactivation as measured by
analysis of the time course of onset of Iy, and tail current relaxations. In addition,
there was only a small change in the development of inactivation at negative poten-
tials where Na channels do not open, suggesting that inactivation directly from
closed states is not substantially affected by Ap-A toxin. Steady state voltage-depen-
dent Na channel availability had a similar half-point but a more shallow slope factor
after modification by Ap-A toxin. Presumably the low affinity of Ap-A toxin for inac-
tivated Na channels (Meves, Rubly, and Watt, 1984; Strichartz and Wang, 1986)
permitted recording of Iy, after washing out the toxin by membrane depolarization
to 0 mV for 5 min.

Associated with the marked slowing of L, decay following modification Gy, in-
creased by 26% after modification by Ap-A toxin when the cell was bathed in sym-
metrical intracellular and extracellular concentrations of Na* and Cs*. The small
change in G, after washout of Ap-A toxin suggested that “drop-out” or damage to
Na channels was not a significant problem. The 26% increase in Gy, are similar to
values observed for cardiac Iy, modified by either Ap-A toxin (Wasserstrom, Kelly
and Liberty, 1993) or a-chymotrypsin (Clarkson, 1990; Sheets and Hanck, 1993).
The increase in conductance is expected to result from a modest increase in the
number of channels open at peak Iy, because single Na channel conductance has
been shown not to increase after modification by a-chymotrypsin (Vandenberg and
Horn, 1984; Zilberter and Motin, 1991) or after modification by site 3 toxins (Nagy,
1988; El-Sherif, Fozzard, and Hanck, 1992). Interestingly, the presence of intracel-
lular and extracellular TMA™ resulted in a larger increase in Gy after Ap-A toxin
modification. This may have occurred because intracellular TMA* blocks I, in a
voltage-dependent manner (Oxford and Yeh, 1985; O’Leary and Horn, 1994), and
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Ap-A toxin may relieve this block. Because Cs* is not thought to have such a block-
ing effect on ly,, the increase in G, of 26% measured with Cs* as a replacement
cation with equimolar intracellular and extracellular Na* should more accurately
represent the increase that can be attributed to the modification of Na channel ki-
netics by Ap-A toxin.

Comparison of Site 3 Toxin Effects on Na Channel Activation

Our analysis of the time course of the onset of I, in response to step depolariza-
tions (Fig. 3) showed no significant change at test potentials = —40 mV consistent
with little or no effect of Ap-A toxin on channel activation. At potentials <—40 mV,
the onset of I, was delayed consistent with Ap-A toxin modified Na channels re-
turning to a closed state and then reopening instead of inactivating from the open
state. In addition, the Iy, tail current relaxations at very negative potentials
(=-100 mV) after Ap-A toxin also suggest that the toxin has little effect on chan-
nel closing rate. The lack of effect on channel activation/deactivation is similar to
studies in other preparations, which uniformly have described the effect of site 3
toxins to remove or slow inactivation without affecting activation (for review see
Catterall, 1988; Ulbricht, 1990). Specific evidence that activation is unaffected by
site 3 toxins includes little or no effect on an activation (m) variable in Hodgkin-
Huxley fits to Iy, in step depolarizations (Bergman, Dubois, Rojas, and Rathmayer,
1976, Mozhayeva et al., 1980; Neumcke, Schwarz, and Stampfli, 1985) or in noise
analysis (Conti, Hille, Neumcke, Nonner, and Stampfli, 1976), and little or no
change in slope factor or half-point of conductance (Mozhayeva et al., 1980;
Warashina and Fujita, 1983; Wang and Strichartz, 1985). Although studies in mam-
malian neuroblastoma cells have shown that site 3 toxins produce a hyperpolarized
shift in conductance of 6-10 mV (Gonoi et al., 1984; Gonoi and Hille, 1987), this
was interpreted as consequence of removal of fast, voltage-independent inactiva-
tion rather than a change in activation. In single-channel studies, Kirsch, Skattebol,
Possani, and Brown(1989) found the major component of latency to first channel
opening was unaffected by a-scorpion toxin in N18 neuroblastoma cells. Similar
data have been reported for cardiac channels (Schreibmayer, Kazerani, and Tritt-
hart, 1987; El-Sherif et a}., 1992).

Effects of Site Toxins on Cardiac Na Channel Inactivation

In other preparations investigators have suggested that site 3 toxins slowed rather
than removed inactivation because Iy, decays albeit over a much longer time. In
frog nerve persistent current has usually been observed at more positive potentials
(Mozhayeva et al., 1980; Wang and Strichartz, 1985), which has been interpreted to
favor the idea of two inactivated states, where the first becomes poorly absorbing in
the presence of toxin (Wang and Strichartz, 1985). We never observed noninacti-
vating currents in the presence of Ap-A; Iy, fully inactivated over a similar voltage
range in control and after toxin modification (Fig. 7). Other investigators, who
have studied the effects of site 3 toxins on mammalian neuronal Na channels have
also reported full inactivation of the current. Similar to what we observed for car-
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diac I, steady state voltage-dependent availability had a similar half-point and a re-
duced slope factor in control and after a-scorpion toxin was applied to N18 cells
(Gonoi et al., 1984; Kirsch et al., 1989).

We have shown that Ap-A toxin does not slow channel inactivation directly from
closed states but slightly accelerates inactivation at very negative potentials. No
other data on effects of site 3 toxins on the development of inactivation are avail-
able, although in a patch clamp study of single cardiac Na channels that were mod-
ified by ATXII, another site 3 toxin, El-Sherif et al. (1992), concluded that C—1
transitions were unaffected by toxin because they observed no change in the proba-
bility that channels would fail to open. Two reports include information about re-
covery from inactivation. Wang and Strichartz (1985) reported that recovery at
—100 mV occurred at the same rate after exposure to Leirus toxin but that frac-
tional recovery at any given time was greater because of removal of the delay (=5
ms) in recovery. For heart Iy, Wasserstrom et al. (1993) reported a prolongation of
a long time constant of recovery, although in those experiments some control cells
also showed an increase in the contribution of a slow time constant of recovery over
a similar time period of recording.

At more positive potentials, where the primary route to inactivation is expected
to be from the open state, the development of inactivation was markedly slowed after
modification by Ap-A toxin (Fig. 6), and a greater fraction of channels inactivated
over the first 10 ms at —40 mV than at more positive potentials most likely because
the magnitude of both ko and k¢ were large enough to allow channels to return to
a closed state and then inactivate. This interpretation is supported by single-chan-
nel studies, where over the range Na channels activate, site 3 toxins produce an in-
crease in the number of openings per sweep (Kirsch et al., 1989; El-Sherif et al.,
1992).

At very positive potentials (i.e., >—20 mV), our data suggest that Ap-A toxin
modified Na channels remained predominantly in the open state during the first
10 ms. El-Sherif et al. (1992) showed that after modification by the site 3 toxin
ATXII mean channel open time increased monotonically as a function of poten-
tial, lengthening greater than fourfold at —20 mV. Long mean open times have
also been demonstrated for Na channels modified by a-scorpion TsIV-5 toxin in
neuroblastoma cells studied at 10°C (Kirsch et al., 1989), where mean open time
was 5—6 ms at a test potential of —20 mV. Similar results for prolongation of mean
channel open times were found in heart modified by a-scorpion TsIV-5 toxin (Kirsch
et al., 1989) and in GH; cells modified by N-bromoacetamide (Horn et al., 1984).
Because mean open times at any given potential are longer for cardiac Na channels
than for neuronal Na channels (Kirsch and Brown, 1989), mean open times at very
positive potentials of cardiac Na channels at 10-12.5°C would be expected to be >6
ms after modification by Ap-A.

Advantages of Ap-A Toxin for the Study of Inactivation

This toxin appears to have four important methodological advantages over other
chemical or enzymatic agents that affect inactivation of cardiac Na channels:
(a) Modification of Na channels by Ap-A toxin is both rapid and reversible. Slowing
of the decay of Iy, was evident immediately upon exposure, and the modification
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was complete within 2-3 min. Because modification by Ap-A toxin was rapid, spon-
taneous background shifts in kinetic indices were minimal, which is not the case for
proteolytic enzymes where modification typically requires 20 min (Gonoi and
Hille, 1987; Cota and Armstrong, 1989; Clarkson, 1990; Sheets and Hanck, 1993).
The effects of the toxin were reversed by depolarization of the membrane potential
to —10 mV and washing in control solution for 5 min. () Unlike enzymes such as
a-chymotrypsin (Clarkson, 1990; Sheets and Hanck, 1993), Ap-A toxin did not aug-
ment or induce slow inactivation. (¢) Modification occurred without significant loss
of Na channels or damage to the experimental preparation as demonstrated by the
return of G, to values similar to those in control. In contrast, chemicals and enzy-
matic agents that modify inactivation may be difficult to apply to the experimental
preparation without loss of Na channels (for review see Ulbricht, 1990; Hille,
1992). In such instances, it is difficult to assign observed changes solely to channel
modification because of the possibility of damage to the preparation. (d) The pre-
dominate effect of Ap-A toxin was on the O—/ transition. In addition, Ap-A toxin
left intact C—/ transitions.

Further investigation of site 3 toxins could contribute to our understanding of in-
activation from the open state in cardiac Na channels. In the accompanying report
we have used the toxin to investigate the voltage dependence of this transition
(Sheets and Hanck, 1995).
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