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ABSTRACT In small cell-attached patches containing one and only one Na* channel, inactivation was studied in three
different gating modes, namely, the fast-inactivating F mode and the more slowly inactivating S mode and P mode with similar
inactivation kinetics. In each of these modes, ensemble-averaged currents could be fitted with a Hodgkin-Huxley-type model
with a single exponential for inactivation (). 7, declined from 1.0 ms at —60 mV to 0.1 ms at 0 mV in the F mode, from 4.6
ms at —40 mV to 1.1 ms at 0 mV in the S mode, and from 4.5 ms at —40 mV to 0.8 ms at +20 mV in the P mode, respectively.
The probability of non-empty traces (net), the mean number of openings per non-empty trace (op/tr), and the mean open
probability per trace (p,e,) Were evaluated at 4-ms test pulses. net inclined from 30% at —60 mV to 63% at 0 mV in the F
mode, from 4% at —90 mV to 90% at 0 mV in the S mode, and from 2% at —60 mV to 79% at +20 mV in the P mode. op/tr
declined from 1.4 at —60 mV to 1.1 at 0 mV in the F mode, from 4.0 at —60 mV to 1.2 at 0 mV in the S mode, and from 2.9
at —40 mV to 1.6 at +20 mV in the P mode. p,., was bell-shaped with a maximum of 5% at —30 mV in the F mode, 48%
at —50 mV in the S mode, and 16% at 0 mV in the P mode. It is concluded that 1) a switch between F and S modes may reflect
a functional change of inactivation, 2) a switch between S and P modes may reflect a functional change of activation, 3) 7,
is mainly determined by the latency until the first channel opening in the F mode and by the number of reopenings in the S
and P modes, 4) at least in the S and P modes, inactivation is independent of pore opening, and 5) in the S mode, mainly open
channels inactivate, and in the P mode, mainly closed channels inactivate.

INTRODUCTION

In cardiac Nd channels, the decay of macroscopic currentlifetime (r,), time before which one-half of the first channel
consists of at least two kinetic components (Zilberter andbpenings have occurred, ), and steady-state activation.
Motin, 1991; Mitsuiye and Noma, 1995; Grant and Starmer,The lifetime of the modes, determined from the long-time
1987; Saint et al., 1992), with characteristic time constantgourse of the averaged current per trace, is variable, being in
of inactivation ,, and 7,,,). Generally, it is assumed that the range of some seconds (lower border of identification)
each time constant represents a transition into a distindb several minutes. With respect to inactivation kinetics, the
inactivated state. These transitions are thought (Correa andodes were named as the fast-inactivating (F), the interme-
Bezanilla, 1994) to be either coupled (one inactivated statéiate 1 (M1), the intermediate 2 (M2), the slow (S), and the
has to be passed to reach the next one) or independent (egaérsistent (P) mode. In this study, we focus on inactivation
inactivated state is reached directly either from an open or g@roperties of the F, S, and P modes. We exclude the M1 and
non-inactivated closed state). From results of both singlethe M2 mode, because our present data are insufficient. In
channel experiments (Patlak and Ortiz, 1985) and wholethe meanwhile, it turned out that the P mode also inacti-
cell recordings (Chandler and Meves, 1970; Gilly and Arm-vates; i.e., it is not persistent. To avoid confusion, however,
strong, 1984; Attwell et al., 1979; Keynes and Meves, 1993the term P mode will be continued to be used. In the present
Keynes, 1994), the existence of at least two different gatingeport, the dependence of inactivation on the test-pulse
modes of Na-channel action has been postulated, whichvoltage is investigated by the analysis of the time constant
mainly differ in inactivation kinetics. By using a low-noise of macroscopic inactivationt(), the probability of non-
recording technique (Benndorf, 1993, 1995), we recentlyempty tracesref), the mean number of openings per non-
unraveled five distinct gating modes of N@hannel action  empty trace @p/tr), and the mean open probability per trace
(Bohle and Benndorf, 1995a,b), which differ in activation (p,,.n. These data, in combination with results from previ-
and/or inactivation kinetics. The modes have a characterissusly published experiments, are interpreted with respect to
tic pattern of voltage dependence of mean open-channdlinctional changes in channel gating that may cause mode
switching.
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that contained (in mM) 255 NaCl, 2.5 CaC4# KCI, 5 HEPES, pH 7.3. The  inspecting several thousands of consecutive traces at pulse#tonV or
elevated N& concentration was used to enhance unitary current ampli-more positive potentials to exclude the existence of any superimposition of
tudes (Yue et al., 1989). opening events. For curve fitting, a derivative-free Levenberg-Marquardt
routine (Brown and Dennis, 1972) was used. Recording and analysis were
performed on a PC-80486 or PC-Pentium with the ISO2-software (MFK-
Patch pipettes and pipette holders Computer, Niedernhausen, Germany).
) ) ) Gating modes were at first selected by the average-of-interval plots.
For the purpose of low-noise recording (Benndorf, 1993), patch pipettesrpose parts of these data plots suspected to comprise one gating mode were
were prepared from thick-walled borosilicate-glass tubing (Hilgenberg,inyestigated in further detail to unequivocally define the respective gating
Malsfeld, Germany) with an external diameter of 2.0 mm and an internaly,ode. This has been described extensively ihiBand Benndorf (1995a).
diameter of 0.5 mm or 0.25 mm. The patch pipettes were inserted into &g fina| criteria for identification of gating modes are both the mean open
pipette holder of small dimension manufactured from polycarbonate;me and the first latency. All data were checked for the combination of
(Benndorf, 1993) or into an improved version consisting completely of hese two criteria before further investigation. Only after this procedure
silver (Benndorf, 1995). Pipette tips were generated only seconds beforg < the inactivation time constant,) determined. Subsequently, the
starting gigaohm seal formation by breaking off the final tip region at the probability of non-empty traces1é, the mean number of openings per

glass bottom of Fhe bath chambgr"tBe and Benndorf, 1994). Gigaohm non-empty tracecp/tr), and the mean open probability per tragg,,)
seals were obtained after touching the cell membrane by application of g e analyzed.

slight suction.

Data acquisition and analysis RESULTS

Unitary Na‘-channel currents were recorded at a sampling rate of 66 OrFig 1 A shows the long-time course of an experiment, in

100 kHz in the cell-attached patch configuration with an Axopatch-200A hich lterati fth ti d d. In th
amplifier (integrating headstage, intrinsic noise, 0.059 pA rms at 5 kHz;W ICh an alteration o e gating mode appeared. In these

Axon Instruments, Foster City, CA). Analog filtering was performed with average-of-interval plots (cf. Bie and Benndorf, 199_53.,b')1
an eight-pole Bessel filter at a band width of 20 kHz (48 dB/octave; each dot represents the averaged current of an individual
Frequency Devices, Inc., Haverhill, MA). When data needed further fil-trace of 4 ms duration at40 mV. During the time interval
tering for the analysis, an off-line Gaussian-filter algorithm was used. Ifnotof ~70 s in the left, the N& channel was gating in the F

otherwise noted, the holding potential wasl20 mV. Duration of pre- . . . . .
pulses was 20 ms, and 4-ms pulses were applied at a rate of 5-20 Hz. mOde' and durlng the time interval 6f55 s in the I’Ight, the

part of the experiments, the various pulse potentials were applied alteS@Me channel was gating in the P mode. The gating mode
nately. The mode-specific and voltage-dependent open probability wakias changed at the same pulse protocol. During the time
constant. Capacitive transients were compensated for carefully via cominterval of 18 min between both recordings, the'Nzhan-
pensation circuits containing in summary four exponentials. Leakage anq.le| was gating in multiple modes with lifetimes being too

remaining capacitive currents were removed by subtracting averaged blan . . . S
traces, which were formed exclusively from traces in the neighborhood oiskhort to Identlfy them. In Fig. B, 16 consecutive individual

the actual sweep. None of the patches in the present study showed any siices of the respective recordings in Figh are presented.
of containing more than one active Nathannel. This was verified by  In the F mode, the Nachannel opens shortly only once or
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FIGURE 1 Alteration of the gating mode (F to P mode transition) at the same pulse profycBlofs of the long-time course of the averaged current
per trace (the zero-current level is at the dotted horizontal arrow; 640 traces in the Fleipd®1 traces in the P moddght; 4-ms depolarizations to
—40 mV after 20-ms prepulses t0180 mV; filter, 20 kHz). B) Sixteen consecutive single-channel current traces fiamthe F modeleft) and in the

P mode fight), respectively. The vertical arrows indicate beginning and end of the test pulses (filter, 5 kHz).
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twice directly after the pulse beginning. In the P mode, the Fig. 3 shows ensemble-averaged currents in single-chan-
duration of openings is very similar to that in the F mode,nel patches at test pulses+a!l0 and 0 mV in the F, S, and
but reopenings may occur during the whole pulse. In conP modes, respectively. Gating modes were identified by
trast to the F mode, first latency is long in the P modeaverage-of-interval plots and the analysis of open-channel
(Bohle and Benndorf, 1995a,b). lifetime and first latency. Macroscopic kinetics of Na
Long-time recording from another Nechannel is illus-  current are characteristic in each mode. In the F mode, fast
trated in Fig. 2A. Fast and reversible switchings between activation is followed by fast inactivation; in the S mode,
different plateaus are prominent in the average-of-intervajast activation is followed by slow inactivation; and in the P
plots. We previously showed (Bt and Benndorf, moge, slow activation is followed by slow inactivation. The
1995a,b) that the plateau-like patterns formed by the distriy,qqe-specific kinetics of the currents were fitted with a
bution of dots in the average'-of-ir!tgrvgl plots may be useqﬂodgkin-Huxley model of the typanth. The magnitude of
as a rough measure for the |d.e.nt|flcat|on of gating ,mOdesthe parameters amplitud@) activation time constantr(),
which may be precisely identified only by the additional and inactivation time constant is indicated for each

analysis of the mean open time and the first latency. In th?node. The kinetics of activation in the F and S modes are

time intervals of Fig. 2, the Nachannel was gating either .
in the P mode (plateau of small amplitude) or the S modenot fully resolved at both potentials, but the data show that

(plateau of large amplitude). In the left and in the middle,m the P modesy, is s_lower by 2 fact_or of-2. Comparlson
20-ms prepulses te-180 mV and in the right to-70 mV of the first latency yields a respective factor«sﬁ (thle .
were applied. Sudden back or forth switching appeared botﬁnd Benndorf, 1995b). More accurate comparison 1S possi-
at hyperpolarized and depolarized prepulse potentials. IR!® for 7. In the S and P modes, the inactivation time
Fig. 2 B, eight consecutive single-channel current traceonstant is largely the same and more than 10 times slower
directly before and after each mode switching are illus-compared with the F mode. Within each modgis faster
trated. Again, in the P mode, first latency is slow, openingsdt 0 mV than at—40 mV by a factor of~4. The voltage

are short, and reopenings may occur during the whole pulsélependence of;, in the three modes is illustrated in Fig. 4
Heterogeneous levels in current amplitude may be cause@ greater detail. In both the S and P modes, reasonable
by unresolved fast flickering. In the S mode, openings startiodgkin-Huxley fits were obtained only at40 mV and
promptly after the pulse beginning and last occasionallymore positive potentials. In these two modsgsis indistin-
over the whole pulse duration. In the fourth column from theguishable. In the F mode, Hodgkin-Huxley fits yielded
right, the arrow points to an opening in the S mode that hacgubstantially lowertr, values. The degree of voltage depen-

appeared at the prepulse 1670 mV. dence ofr, is similar in the three modes.
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FIGURE 2 Sudden back and forth switching between different gating modes (S mode and P mode) after hyperpolarized as well as after depolarized
prepulse potentialsAj Plots of the long-time course of the averaged current per trace (filter, 20 kHz) at 4-ms depolarizatiof® moV after 20-ms

prepulses to-180 mV (508 and 504 traceleft andmiddle respectively) and-70 mV (495 tracesight). (B) Single-channel current traces frohdirectly

before and after switching between the S mode and the P mode (filter, 5 kHz). The vertical arrows indicate beginning and end of the test pulses. The small
inclined arrow at the third trace from above in the fourth column from the right points to a channel opening in the S mode that had arisen at the prepulse
to —70 mV.



Bohle et al. Inactivation in Na* Channel Modes 1743
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FIGURE 3 Hodgkin-Huxley fit Anth) of ensemble-averaged currents-s40 mV and 0 mV in the F, S, and P modes, respectively (the paranfsters
T.» andr, are indicated; the included trace numbers are F mode, 544@tmV, 401 at 0 mV; S mode, 496 at40 mV, 109 at 0 mV; P mode, 501 at
—40 mV, 500 at 0 mV; the vertical arrows indicate beginning and end of the test pulses; filter, 5 kHz).

To learn more about inactivation in each mode, we anaability per trace [, €mpty and non-empty traces) are
lyzed the probability of non-empty tracesef), the mean indicated in each diagram. Two results should be pointed
number of openings per non-empty traap/fr), and the out. 1) At—40 mV,op/trin the S and P modes is larger than
mean open probability per tracp,fey. For determination inthe F mode. 2) At 0 mVp,e,is much larger in the S and
of opening and closing, a split threshold procedure (60%° modes than in the F mode.
and 40% of the mean open level; cf Fig. 5) was used. The Fig. 7 compares the voltage dependence of the probabil-
mean open level was determined from amplitude histogramiy of non-empty tracesngtV)) in the F, S, and P modes. In
that were formed by eliminating the transition points with each modenet increases at stronger depolarization. The
the variance-mean technique as introduced by Patlaknes connect data points from the same patch. The data
(1988). In the upper part of the figure, the idealized traceshow that due to different steady-state activationhlB@nd
computed from the original trace in the lower part is illus- Benndorf, 1995b) in the S modeet increases at less
trated. depolarized potentials than in both the F and P modes.

The distribution of the number of openings per trace at~urthermorenefV) in the F and P modes is similar despite
test pulses te-40 and 0 mV is shown in Fig. 6. The mean notable differences in steady-state activation. A possible
number of openings per non-empty traop/fr), the prob-  reason for this apparent contradiction is faster closed-chan-
ability of non-empty tracesngf), and the mean open prob- nel inactivation in the F mode (see Discussion).

The respective voltage dependence of the mean number
of openings per non-empty trace ((op/tr)(V)) is illustrated in

5
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Y F mode \Pimode 05 pA
1ms

100 -80 -60 -40 -20 0 20 FIGURE 5 Method for determination of the probability of non-empty
pulse potential [mV] traces fef), the mean number of openings per non-empty trapér( this
hence refers only to traces with openings), and the mean open probability
FIGURE 4 Voltage dependence of the inactivation time constgjir{ per trace Pypes €Mpty and non-empty traces) with a split threshold for
the F, S, and P modes. For each mode, the same type of symbol waketection of opening and closing. The arrows indicate beginning and end of
chosen, and equal filling of the symbols indicates the same patch. Thiéhe test pulses. The upper trace is the idealized trace computed from the
symbols match with those in Figs. 7 and 8. lower original trace (filter, 5 kHz).



1744

Biophysical Journal

Volume 75 October 1998

F mode S mode P mode
200
300+ 400
, 2501 150 |
E: 300 1
z 2007 op/tr: 13 op/tr: 2.4 op/tr: 2.9
I : 9 100 1 net 90 % net : 63 %
_ 5 150 1 net : 68 % 200 | ?
40 mV e Popen: 52 % Popen: 410 % Popen: 6.6 %
£ 1001
% 50 4 1004
] h
oL—m=— — 0l— — = 0 ‘ —
0 2 4 6 8 10 12 0 2 6 8 10 12 0 2 4 8 8 10 2
100 -
250 - 00 -
£ 290 1| 150
c 4
2 op/tr: 1.1 60 | op/tr: 1.2
2 1501 net : 63 % net : 90 % %
Omv ° D24 % Popen : 28.8 % 100 1 %
g 100 Popen 40 | open
E 4
2 50/ 20 1 50
01 i : : : : , 0 I— L‘* . . : . : oL : ‘ ‘ . : .
0 2 4 6 8 10 12 0o 2 6 8 10 12 0 2 4 6 8 10 12

number of openings per trace

number of openings per trace

number of openings per trace

FIGURE 6 Distribution of the number of openings per trace-40 mV and O mV in the F, S, and P modes, respectively. The probability of non-empty
traces (ef), the mean number of openings per non-empty trapér), and the mean open-probability per trapg,,) is indicated (split threshold: opening
level 87% and closing level 14.5% in the S mode at 0 mV; opening level 60% and closing level 40% in all other cases; filter, 5 kHz).

Fig. 8. Again, lines connect data points from single patchesthe mean number of openings before inactivation. The stip-
In general, in the S and P modes, the 4-ms pulses were tqaed lines indicate voltage ranges in which activation inter-
short for complete inactivation. Therefore, the calculatedferes. In the voltage range wheoe/tr declines with depo-
mean number of openings per trace is an underestimation ddrization, the S and P modes show a steeper voltage
dependence than the F mode. In the S and P modes, the
voltage dependence would be even steeper if one had mea-
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FIGURE 7 Voltage dependence of the probability of non-empty traces

pulse potential [mV]

(netV)) in the F, S, and P modes. Each line connects data points from a

single patch (split threshold: opening level 70.6% and closing level 30.694~IGURE 8 Voltage dependence of the mean number of openings per
in the S mode at-10 mV; opening level 87% and closing level 14.5% in non-empty trace ((op/tr(V)) in the F, S, and P modes. Each line connects
the S mode at 0 mV; opening level 60% and closing level 40% in all otherdata points from a single patch (split threshold: same levels as given in
cases; filter, 5 kHz). legend to Fig. 5; filter, 5 kHz).



Bohle et al. Inactivation in Na* Channel Modes 1745

sured the actual mean number of openings before inactivasuggest that a switching between the F and S modes is
tion. In these modes, inactivation is incomplete at the end o€aused by a functional change in the inactivation process,

the pulse, and this effect is more pronounced at the morerthereas a switching between the S and P modes is caused
negative voltages compared with the more positive volt-by a functional change in the activation process. F and P

ages. modes differ by both activation and inactivation. The strik-

In Fig. 9, the voltage dependence of the mean opeling similarity of inactivation kinetics in the S and P modes
probability per trace f,p{V)) is shown. A bell-shaped is surprising, in particular when the differencespipe{V)
voltage dependence is observed in all three maalgs(V)  are considered. Taken together, these two observations lead
reaches a peak at50 mV in the S mode, at40 mV inthe  to the conclusion that in these two modes, the inactivation
F mode, and at 0 mV in the P mode. With respect to theprocess is independent of the pore opening.
previous resultsp,,enis given by the product ofiet, op/ty Fig. 10 shows a model for the interdependence between
and the mean open time,j divided by the pulse duration. the different gating modes. The F and S modes are assumed
Thus p,pe, data depend strongly on the pulse duration.to have equal rate constants for activatiog § and deac-
Attention should be paid to the enormous magnitude otivation (8¢ o), which, however, differ from those in the P
Popenin the S mode. Only a few channels gating in the Smode g, Bp). The S and P modes are assumed to have
mode would severely alter the electrical performance of aqual rate constants for open- and closed-channel inactiva-
heart cell (see Discussion). tion (8sp, which in turn are different from open- and
closed-channel inactivation in the F modg,(yg). Recov-
ery from inactivation is not taken into consideration be-
DISCUSSION cause, at present, we have no data allowing any conclusion.
Functional relationship between modes At this point, it should be emphasized that a model implying
the reductions mentioned must be an oversimplification.
evertheless, this model seems to be useful for a general
iscussion.

Comparison of steady-state activation in the three modes

In patches containing a single Nahannel, we investigated
three distinct gating modes (F mode, S mode, and P mode
which appeared randomly during the recording. We did not
find any evidence that switching between the modes de

ded h | | On the other hand q Bohle and Benndorf, 1995b) suggests also a similarity in
penade ont_ € prepulse vo tage. n_t e other hand, our dajg,,  -1iyation process of the F and S modes. Steady-state
are not sufficient to exclude a possible voltage dependenc,

. L . &ctivation of the F and S modes seems to be similar when
in the occurrence of individual gating modes. Four voltage-

: o L compared with that of the P mode, which is positioned at

dependent parameters associated with inactivation were dﬁiore depolarized voltages. The slight difference between F
termined: 1) the time constant of macroscopic inactivationand S modes might be explained by faster closed-channel
(th(V)), 2) the probability of .non—empty tracerdi(V)), 3) inactivation in the F mode.
the mean number of openings pe.r'non-empty trame/ ( In the F mode, inactivation from closed and open states is
tr(V)), and 4) th.e.mean open probablllty per trapg,t{V)). ascribed to different rate constantdfg). If gating be-

The most striking relationship between the modes are th'taween the closed and the open state within the available
similarity of activation kinetics and first latency (Bt and

Benndorf. 1995b) in the F and S mod d the similari ystem is assumed to be similar in the F and S modes, then
senndort, 19 ). n t. e Fand S modes and the similarity o here must be significant open-channel inactivation in the F
inactivation kinetics in the S and P modes. These result

Thode (largedg). This conclusion results from the shorter
mean open time in the F mode compared with that in the S

50 - 5 mode. In our model, the openings in the F mode are short-
ened compared with those in the S mode because of faster
g open-channel inactivation. This interpretation is also sup-
40 ported by the rare appearance of reopenings in the F mode.
\D\SDmOde With regard to closed-channel inactivation in the F mode,
30 (ve), our data do not allow any reliable conclusion. A

parameter that should depend on closed-channel inactiva-
50 | tion is the number of non-empty trace®(). In comparison
with 90% netin the S mode, in the F modeet reaches a
maximal value of only 60-70% in the voltage range be-
tween —40 mV and 0 mV. A reason for this difference
B o mode might be a substantial degree of closed-channel inactivation
O_100 “60 _ 40 50 o in the F mode. This could be the result of a .faster closed-
, channel inactivation in the F modegg >=> &5 o in compe-
pulse potential [mV] tition with an activation process similar to that in the S
FIGURE 9 Voltage dependence of the mean open-probability per tracé.nOde @FS) Unfortunately, due to the S.hort mean open'tlme
(Poper(V)) in the F, S, and P modes (split threshold: same levels as given il the F mode, there should be significantly more missed
legend to Fig. 5; filter, 5 kHz). openings compared with the S mode. Therefore, it is diffi-

P mode

mean open probability per trace [%]
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FIGURE 10 State model for the F, S, and P modes. Each of the three modes is represented by a single closed (C), open (O), and inactivated state (I).
The latter is assumed to be absorbing. The rate constants for activagighand deactivation: o are the same in the F and S modes but differ from

those in the P modext andBg). The rate constants for open- and closed-channel inactivation are identical in the S and Pagigdast differ from those

in the F mode & and yg).

cult to estimate the amount of closed-channel inactivation irmainly by the latency until the first channel opening (iB®
the F mode. and Benndorf, 1995b). Both open- and closed-channel in-

In the S mode, the observed 10% empty traces in thactivation are presumably faster. Conversely, in the S and P
voltage range between60 mV and 0 mV cannot be attrib- modes, 7;, is supposed to be mainly determined by the
uted to missed openings because of the long mean operumber of reopenings and subsequent microscopic inacti-
times. Two interpretations for the observation of an emptyation @s 5. In the S mode, mainly open channels inacti-
trace seem to be reasonable. 1) The channel may not hate (cessation of prolongation of the mean open-channel
available at the beginning of the pulse protocol. 2) Thelifetime (r,) positive to —40 mV; Bthle and Benndorf,
channel inactivates without opening. The latter interpreta1995b). In the P mode, reclosing dominates over open-
tion seems to be very unlikely, becauset is constant at channel inactivation, and mainly closed channels inactivate
90% over a wide voltage range. Then closed-channel inadprolongation ofr, up to 0 mV; Bdile and Benndorf,
tivation and channel activation would be voltage dependent995b).
to the same degree, because these processes are always ift may be concluded that the model presented in Fig. 10
competition. Therefore, we prefer the interpretation that thes a useful scheme for functional interpretation of mode
channel is not available in 10% of the traces. A possibleswitching. Future experiments on the onset of and restora-
reason might be that at the holding potential, recovery frontion from inactivation might help to develop a more detailed
inactivation is slow compared with the pulsing frequency.model.
For further analysis, recovery from inactivation should be
studied.

In comparison with the S mode, in the P mode, there is . . I .

. ?ossmle implications of gating modes

larger amount of empty traces at all voltages. The maxima
value of netin the P mode is 80% at-20 mV. At this  When considering possibilities for the physiological or
voltage, the large number of empty traces cannot be causgzhthophysiological role of the individual gating modes,
by missed events. The difference may be attributed to thenajor limitations arise from the missing knowledge about
slower activation kinetics of the P mode compared with theboth the dwell times in each mode and the mechanisms
S mode, with the consequence of a more probable closedriggering the mode switching. As in multiple other excit-
channel inactivation (comparg, and first latency). able cells, the cardinal function of the Nacurrent in

Macroscopic inactivation kinetics can be interpreted incardiac ventricular cells is to mediate the rapid depolariza-
the following way. In the F mode, the time constant of tion phase of the action potential (phase 0). This rapid
macroscopic inactivation ) seems to be determined depolarization phase is a prerequisite for an effective con-
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traction of the heart muscle. It may be speculated that thbetween normal and non-inactivating gating modes was
coexistence of Na channels in multiple gating modes is an affected such that late openings occurred more often.
inherent property of these molecules. Alternatively, the cells
may also adapt their mo'des to the actual requirements Wltule thank D. Metzler, R. Kemkes, K. Schoknecht, B. Tietsch, and A.
re§pect to _the surrouncjmg. cells, e.g., to suppress arrhyﬂp{'olchmeier for excellent technical assistance.
mias. In this sense, switching to the S mode should accel-
erate the depolarizing phase, whereas switching to the P
mode would cause the opposite effect. REFERENCES
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