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Summary 

We investigated the kinetics of rat brain type III Na+ 
currents expressed in Xenopus oocytes. We found dis- 
tinct patterns of fast and slow gating. Fast gating was 
characterized by bursts of longer openings. Traces with 
slow gating occurred in runs with lifetimes of 5 and 30 s 
and were separated by periods with lifetimes of 5 and 
80 s. Cycling of fast and slow gating was present in ex- 
cised outside-out patches at lOT, suggesting that meta- 
bolic factors are not essential for both forms of gating. 
It is unlikely that more than one population of channels 
was expressed, as patches with purely fast or purely slow 
gating were not observed. We suggest that structural 
mechanisms for fast and slow gating are encoded in the 
primary amino acid sequence of the channel protein. 

Introduction 

Voltage-gated Na+ channels, which are responsible 
for the upstroke of the action potential in many excita- 
ble cells, typically show fast gating transitions result- 
ing in macroscopic Na+ currents that peak rapidly 
and decay completely after initiation by depolarizing 
voltage steps (Hodgkin and Huxley, 1952). We will call 
this “fast” gating. A much slower type of Na+ channel 
gating behavior resulting in slower decay of macro- 
scopic Na+ currents has been observed in some cell 
types (Brown et al., 1981; Baud et al., 1982; Matteson 
and Armstrong, 1982). We will call this “slow” gating. 
At the level of single-channel currents, both fast and 
slow gating of Na+ channels have been demonstrated. 
In cell-attached patches of neuronal cells (Aldrich et 
al., 1983; Kirsch and Brown, 1989; Barres et al., 1989), 
single fast-gating Na+ channels have short open times, 
dispersed but short waiting times, and few reopen- 
ings. Single slow-gating Na+ channels have been re- 
ported in glial cells (Barres et al., 1989), heart muscle 
cells (Patlak and Ortiz, 1985; Kunze et al., 1985; Kohl- 
hardt et al., 1987; Grant and Starmer, 1987; Kiyosue 
and Arita, 1989; Kirsch and Brown, 1989), skeletal mus- 
cle cells (Patlak and Ortiz, 1986), and excised patches 
of neuroblastoma cells (Horn and Vandenberg, 1984). 
They have longer open times and exhibit reopenings 

and bursts of openings. In muscle cells, slow gating 
is infrequent, occurring in fewer than 0.1% of traces. 
Slow gating in heart muscle becomes more prominent 
after patch excision (Nilius, 1988; Kirsch and Brown, 
1989), suggesting a role for intracellular metabolism 
or cytoskeletal support in regulation of Na+ channel 
gating. 

We have previously shown that the macroscopic 
currents induced in Xenopus oocytes after injection 
of mRNA encoding only rat brain type III Na+ chan- 
nels demonstrate very slow decay (Joho et al., 1990). 
The purpose of the current investigation was to exam- 
ine the characteristics of individual type III Na+ chan- 
nels leading to this unusual population behavior. 
Our single-channel recordings show that type III Na+ 
channels exhibit both fast gating and slow gating, and 
the average behavior is a composite of the two. The 
two patterns are easily distinguished at the macro- 
scopic level by the decay rates of ensemble average 
currents and at the single channel level by overall 
probability of opening and open times. Interestingly, 
the traces showing slow gating occur in runs. 

Results 

Averaged Type Ill Na+ Currents Show Fast, Slow, and 
Composite Gating 
Figure 1 shows the spectrum of gating kinetics ob- 
served in cell-attached patches containing one to 
three type III Na+ channels. The experiments were 
performed by applying 100 ms depolarizing voltage 
steps at 0.5 Hz from the holding potential of -100 mV 
to the test potential listed to the left of the traces. The 
records shown are the ensemble averages of 50-400 
consecutive idealized traces obtained at each test 
potential, and each column shows records from a 
different patch. The first patch (Figure IA) shows ki- 
netics expected for neuronal Na+ currents: at test 
potentials more positive than -20 mV, both activation 
and inactivation are nearly complete within a few mil- 
liseconds. This pattern, however, was observed in only 
2 of 25 patches. The second patch (Figure IB) shows 
markedly different Na+ channel behavior. At a test 
potential of -20 mV, for example, peak current was 
delayed until 16 ms, and inactivation was incomplete 
even after 100 ms. Patches that displayed slow kinetics 
of ensemble average currents were also infrequent (2 
of 25 patches). The third patch (Figure IC) shows com- 
posite kinetics, with features of both rapid activation 
and prolonged inactivation. In addition to being the 
predominant pattern in cell-attached patches (21 of 
25), this pattern resembles that seen in macroscopic 
expressed type III Na+ currents studied by two mi- 
croelectrode voltage clamp (Suzuki et al., 1988; Joho 
et al., 1990). Tetrodotoxin (TT’X) at 35 nM completely 
inhibited channels exhibiting this composite pattern 
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Figure 1. Patterns of Gating in Oocyte-Ex- 
pressed Rat Brain Type III Na+ Channels in 
Three Ceil-Attached Patches at Room Tem- 
peratu re 

-30 mV - 
The holding potential was -100 mV; test 

- potentials are shown to the left. Ail experi- 
ments were carried out in [Na+], 150 mM; 
the temperature was 20-22°C in all experi- 
ments except Figure 7, where it was 10%. 

-20 mV - -__-----. __------- 

r--------y 

Three patterns of Na+ channel gating are 
evident. 
(A) Fast gating. The sums of idealized traces 
show rapidly activating and inactivating 
Na+ currents. 

-‘Omv-- 

(B) Slow gating. At all test potentials, activa- 
tion and inactivation of the Na+ current are 
much slower. 

,-.,-r--- 

(C) Composite gating. Activation is fast at 
test potentials more positive than -40 mV, 
but a significant component of the total 
current persists throughout the trace. 

of opening in two outside-out patches, as predicted 
from our finding of an ICsO of 1.8 nM in whole-cell 
recordings (Joho et al., 1990). 

It is very unlikely that any of these channels repre- 
sent either of the two kinds of Na+ channels endoge- 
nous to the Xenopus oocyte. One endogenous Na+ 
current activates at much higher potentials and is 
resistant to nM concentrations of TTX (Baud et al., 
1982). The other endogenous Na+ current is quickly 
activating and inactivating, lTX sensitive (Parker and 
Miledi, 1987), and has approximatelythe same voltage 
dependence as expressed rat brain type III Na+ chan- 
nels (Suzuki et al., 1988; Joho et al., 1990). Although 
rarely observed (Parker and Miledi, 1987), this endog- 
enous current may have represented some of the rap- 
idly activating component of the currents in injected 
oocytes. We failed, however, to observe this endoge- 
nous current in whole-cell recordings of uninjected 
oocytes in the majority of batches tested, and we 
never saw it exceed 50 nA per oocyte during the 
course of these experiments. Assuming a unitary am- 
plitude of I PA, mean nP, of 0.1, oocyte surface area 
of 2 x IO7 PM* (Methfessel et al., 1986), and patch 
area of IO pm2, we would have expected to see this 
channel in, at most, 1 of 40 patches. Instead, we saw 
a component of rapid activation in 30 of 32 patches in 
cell-attached (n = 25) and outside-out (n = 7) configu- 
rations. 

Kinetics of Single Type III Na+ Channels in Patches 
with Mainly Fast or Slow Gating Are Very Different 
In Figure 2, groups of four selected traces at the five 
indicated test potentials are shown from the patch in 
Figure IA in the left-hand column and from the patch 
in Figure IB in the right-hand column. Although these 

patches were characterized by mainly fast or slow gat- 
ing, individual traces showing the opposite pattern of 
gating could be found in both. The fourth trace 
shown at test potential -30 mV, for example, shows 
bursts of openings throughout. It was the only trace 
to exhibit this slow-gating pattern in more than 600 
traces at test potentials -30 and -20 mV. 

Open times were increased in the mainly slow-gat- 
ing patch, especially within bursts. At a test potential 
of -20 mV, the open time distributions from each 
patch were monoexponential with mean open times 
of 2.2 (mainly slow-gating patch) and 0.8 ms (mainly 
fast-gating patch). Some of this difference may be ar- 
tifactual, as very short-lived closures within bursts 
may not have been resolved by the recording and 
analysis techniques. Since the -3 dB cutoff of the fif- 
ter was 1000 Hz, we estimate the dead time to be 0.179 
ms (Colquhoun and Sigworth, 1983). Given that the 
frequency distribution of the 1181 closings in the 
traces from the mainly slow-gating patch at a test 
potential of -20 mV was described by the expression 
F(t) = 0.58 exp(-t/0.67) + 0.42 exp(-t/11.4), we estimate 
the proportion of missed fast closings (i.e., the value 
of the integral up to t = 0.179 ms) to be 14.3%. 

The amplitude of the single-channel currents from 
these patches was not different. For this analysis, over- 
lapping events in the mainly fast-gating patch (<2% of 
all events) were discarded. No overlapping events 
were seen in the patch with mainly slow gating. In 
both patches, events shorter than 0.4 ms were also dis- 
carded to reduce truncation errors introduced by the 
recording and filtering techniques. The slope conduc- 
tance was 16.3 pS at 22’C and 1.50 mM [Na+],, and the 
extrapolated reversal potentiai was 32.5 mV. 

In the mainly fast-gating patch, stronger depolariza- 
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B Figure 2. Single Channel Recordings from 
Patches with Predominantly Fast and Slow 
Gating 

Test potentials in millivolts are shown to 
the left. Arrows mark the beginning of the 
depolarizing steps. Bar, 20 ms and 1 PA. 
(A) Fast gating. Openings at test potentials 
more positive than -30 mV are brief and 
occur near the beginning of the trace. 
Reopenings are infrequent except in the 
fourth trace at -30 mV, where the trace is 
filled with bursts of openings. Same patch 
as shown in left-hand column of Figure 1. 
(B) Slow gating. Channel activity at poten- 
tials more positive than -30 mV is charac- 
terized by longer openings and longer 
latencies to the first opening. Reopenings 
in bursts are frequent, and some are termi- 
nated only by repolarization to the holding 
potential. Same patch as shown in middle 
column of Figure 1. 

tions generally caused openings to cluster at the be- 
ginning of traces, and reopenings became less fre- 
quent. In the mainly slow-gating patch, on the other 
hand, latency to first opening did not decrease as 
markedly, and reopenings became more frequent 
at stronger depolarizations. Although both patches 
showed decreased waiting times with stronger de- 
polarizations, the fast-gating patch had lower mean 
waiting times at all test potentials. In these patches, 
we described the frequency histograms of waiting 
times with sums of two exponential functions. More 
than 80% of the traces in the fast-gating patch with 
openings at a test potential of -20 mV were accounted 
for by an exponential function with time constant 1.7 
ms. In the slow-gating patch, on the other hand, traces 
at this test potential were distributed almost even- 
ly into two populations with time constants 9.2 and 
34 ms. 

Fast Gating and Slow Gating Occur 
in the Same Patch 
Patches with mainly fast gating or slow gating were in- 
frequently observed in our experiments. The most 

common appearance of the ensemble average cur- 
rent was the composite pattern shown in Figure IC. 
Another example at a test potential of -20 mV is 
shown in Figure 3. The ensemble average current 
(Figure 3A) showed a biexponential decay with time 
constants 2.4 ms (accounting for 61% of the trans- 
membrane charge) and 35 ms. nP,, the ratio of single 
channel open time to total duration of the depolariz- 
ing voltage step multiplied by the number of channels 
in the patch, was calculated for each trace. The diary 
of nP, per trace (Figure 3B) shows that nP, was not 
distributed evenly, but that there were distinct peri- 
ods of high nP, and low nP,. The frequency distribu- 
tion of nP, (Figure 3C) was described by a sum of two 
exponential functions, again suggesting two popula- 
tions of traces with different nP, were present. 

We compared the gating patterns in the group of 
traces with high nP, in traces 75 to 95 with those in 
the group of low nP, traces 96 to 175 in the patch 
shown in Figure 3. We hypothesized that the low nP, 
traces would show fast gating and the high nP, traces 
would show slow gating. The alternative hypothesis 
calls for slow gating in the low nP, traces (i.e., dis- 
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Figure 3. Fast and Slow Gating in the Same Cell-Attached Patch 
at Room Temperature 

The patch contains 2 more channels, judged from the maximum 
number of simultaneous events. 
(A) Sum of 175 consecutive idealized traces. The current record 
is fit by a sum of two exponential functions of the form I(t) = 
-0.99 exp(-t/2.38) - 0.63 exp(-t/35.2). 
(B) Diary of activity. The plot shows totai open time per trace 
versus trace number. Activity is variable, with mean nP, 0.265 
until the 95th record, after which the average nP, falls to 0.028. 
The following figure presents an analysis of the areas of the rec- 
ord marked “high P,” and “low P .” 
(C) Frequency histogram of nP,q Null traces have been ex- 
cluded, and the binwidth is 0.005. The fit is a sum of two ex- 
ponentials with exponential functions (and weighting factors) 
0.0238 (0.600) and 0.3161 (0.400). 

persed openings and persistent ensemble average 
currents). Figure 4 shows the confirmation of the first 
hypothesis. The representative traces (Figure 4A, traces 
89-95; Figure 4B, traces 99-105) and the ensemble av- 
erage currents (Figures 4C and 4D) were typical of the 
slow-gating and fast-gating patterns seen in nearly iso- 

lated form in the patches shown earlier. The ampli- 
tude histograms (not shown) showed single peaks 
with mean values of 1.09 and 0.99 PA. The histograms 
showing mean open times were different in the pre- 
dicted way-the openings in the slow-gating traces 
had longer open times than in the fast gating traces 
(2.2 versus 1.1 ms). 

Slow Gating, High nP, Traces Occur in Runs 
As might be expected, slow-gating traces were easily 
distinguished bytheir higher proportion of open time 
per trace, or nP,. Inspection of the diary plots of nP, 
suggested that traces with high nP, occurred in runs. 
Four exemplary diaries from cell-attached patches at 
room temperature are shown in Figures 5A-5D, and 
they demonstrate abrupt switching to and from low 
and high nP,. To quantify this phenomenon, we as- 
signed each trace to either the high or low nP, cate- 
gory using a cutoff nP, c value that would result in 
equal proportions of errors in assignment (Colqu- 
houn and Sakmann, 1985). Frequency histograms of 
nP, with binwidth 0.005 (0.5 ms) were constructed for 
16 experiments at four test potentials, each consisting 
of 145-463 traces from cell-attached patches at room 
temperature. Each histogram was described by a surn 
of two exponential functions using parameters esti- 
mated by a maximum likelihood technique. The ex- 
ponential factors were then used to calculate the 
threshold nP, c from the expression (Colquhoun and 
Sakmann, 1985) 

1 - exp(-nP, Jr,) = exp(-nP, Jr& 

where r1 and z2 are the two exponential factors and 
correlate with the average nP, of the low and high 
nP, traces. The analysis of the patch shown in Figures 
3 and 4 is shown in Figure 5E. The frequency histo- 
gram of nP, is superimposed on the function F(nP,) 
= 0.6 exp(-nPJO.024) + 0.4 exp(-nPJ0.316). The solu- 

tion of the above expression gives nP, c = 0.047 for 
this experiment. In all, 326 traces were analyzed at test 
potential -30 mV, 2117 at -20 mV, 424 at -10 mV, and 
460 at 0 mV. nP, c averaged 0.029 + 0.028 (mean k SD, 
n = 16). Null traces constituted 12.5% of all the traces 
and were not included in the calculation of nP, c. 

Of the 3327 traces analyzed, 1192 (35.7%) had high 
nP,. As a first test of clustering, we compared the 
proportion of high nP, traces that followed another 
high nP, trace with the overall proportion of high nP, 
traces (Hess et al., 1984). We found that 775 of the 1192 
(65.0%) high nP, traces followed another high nP, 
trace, a value significantly higher than the overall pro- 
portion of high nP, traces (x2 = 308, p < 10-6). As a 
second test, we performed run analysis (Lapin, 1983; 
Horn et al., 1984; Cofquhoun and Sakmann, 1985; 
Nilius, 1988). This test generates a normally distrib- 
uted statistic Z based on the number of runs of con- 
secutive traces falling above or below the median 
value of nP,. A smaller than expected number of runs 
implies clustering and generates larger values of 2. 
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I3 Figure 4. Fast and Slow Gating in the Same 
Cell-Attached Patch at Room Temperature 

The left-hand column shows data from 
traces 75-95 in the same patch as Figure 3, 
and the right-hand column shows data from 
traces 96-175. Both sets of single-channel 
recordings in (A) and (B) are consecutive, 
and the sets are separated by three traces. 
Traces 89-95 show pronounced bursting of 
long openings, similar to patches where 
only slow gating was observed. Conversely, 
traces 99-105 show features of fast gating. 
Calibration bars are 20 ms duration and 2 
(A-B), 1 (C), and 0.5 (D) pA amplitude. (C-D) 
Ensemble averages of idealized currents. 
The decay time constants are 36 and 2.6 ms 
for the slow and fast currents, respectively. 

Seventeen of 20 experiments had values of Z > 2.0, es- and low nP, traces. The trace numbers of high nP, 
tablishing clustering within each experiment at a sig- traces were analyzed to determine the number of con- 
nificance level of >95%. secutive high nP, traces (lifetime of the high nP, state) 

We than calculated the durations of epochs of high and the number of traces separating high nP, traces 

Figure5. High nP,, Slow Gating Traces 
400 Occur in Runs 

3 300 
(A-D) Diary plots of nP, per trace for 4 

: 
cell-attached patches, each containing 2-3 

g 200 
channels, at room temperature. The hold- 

ET ing and test potentials (in millivolts) and 
LL 

100 
number of traces are (A) -120, -20,174; (B) 
-100, -10, 273; CC) -120, -20, 225; (D) 
-100, -20, 263. 

10 20 30 40 50 (E-F) Survivor histograms of the lifetimes of 
Number of traces epochs of high nP, traces (E) and low nP, 

and null traces(F). The smooth lines are fits 
to the data of the form P(n) = 0.921 exp(-n/ 
2.232) + 0.079 exp(GnM4.5) (E) and P(n) = 
0.943 exp(-n/2.709) + 0.057 exp(-n/40.8) (F). 

0 
Number of traces 
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Figure 6. Open Times and Conductance in High and Low nP, 
Traces 

(A) Single-channel conductance of openings from low nP, (open 
circles) and high nP, (filled circles) traces. The average of the 
arithmetic mean from 2-5 experiments at each test potential are 
plotted. Error bars are standard deviation. The straight line is i(V) 
= 15.0 pS (V) -0.57 PA. 
(B) Voltage dependence of open times in low nP, (open circles) 
and high nP, traces (filled circles). Values from each experi- 
ment were obtained from the arithmetic mean of all the open 
times, and the data points are the average open time for 2-5 ex- 
periments at each test potential. Error bars are standard devia- 
tion. No strong voltage dependence is apparent. 

(lifetime of the low nP, state and nulls). The values 
were plotted as histograms with binwidths of 1 trace, 
and each histogram was described by a sum of two ex- 
ponential functions using parameters estimated by a 
maximum likelihood technique. For both histograms, 
the model based on the sum of two exponentials was 
significantly more likely than a single exponential 
(difference in log likelihoods > 40, p << 0.001). 

Figure 5E shows the survivor histogram of high nP, 
lifetimes. These values may be interpreted as lifetimes 
of a kinetic state where the fast inactivation process 
is stilled. The smooth line is the fit and yields average 

lifetimes of 2.23 traces (4.5 s), accounting for 92% of 
all the runs, and 14.5 traces (29 s). Figure 5F shows the 
survivor histogram of low nP, lifetimes, which may 
be viewed as the lifetimes of the functioning fast-inac- 
tivation process. The histogram fit has time constants 
of 2.71 traces (5.4 s), accounting for 94% of all the gaps 
between high nP, runs, and 40.8 traces (81.6 s). These 
findings implythat the inactivation processes of these 
Na+ channels are not static but turn on and off with 
time constants of seconds and tens of seconds. Short- 
er epochs could not be resolved at the pulse frequency 
of 0.5 Hz, and longer epochs could not be observed 
in these experiments because of their limited du- 
ration. 

Kinetic Features of High and low nP, Traces 
The single-channel conductance for openings in high 
and low nP, traces was not different, as shown in Fig- 
ure 6A. The straight line, which was fit to all the data 
points, has a slope conductance of 15.0 pS and an ex- 
trapolated reversal potential of 38.2 mV. 

As shown in Figure 4, the ensemble average cur- 
rents of high and low nP, traces selected by eye had 
markedly different decay time constants. This differ- 
ence was also apparent in the ensemble averages of 
high and low nP, traces selected by the nP, C criterion 
described above, and we analyzed the contribution of 
activation and inactivation processes to this differ- 
ence. Table 1 shows the kinetic analysis of 924 traces 
from 4 cell-attached patches at a test potential of -20 
mV. Using nP, C from each patch to distinguish high 
and low nP, traces, there were 311 (33.7%) high nP, 

‘-traces. As expected, ensemble average currents of 
high nP, traces decayed with much slower time con- 
stants. The more than 20-fold change could be attrib- 
uted to the 3- to @fold changes in open time, burst du- 
ration, and number of openings per burst. On the 
other hand, waiting times were not different in the 
two sets of traces. Frequency histograms of waiting 
times were best described by sums of two exponential 
functions for groups of high and low nP, traces, and 
the averages of exponential factors and weighting fac- 
tors are shown in Table 1. There was no apparent 
difference in these waiting time parameters despite 
the large difference in decay of the average current. 
This analysis shows that the prolongation in current 
decay was due to bursts of long openings of Na+ chan- 
nels rather than increased waiting times to first open- 

Table 1. Na+ Channel Kinetics in Low and High nP, Traces 

Low nP, Traces 

Decay time constants (ms) 1.0 + 0.1 
Open times (ms) 1.0 * 0.2 
Burst kinetics: burst duration 1.6 + 0.7 
Burst kinetics: openings burst per 1.2 f 0.1 
Waiting time: t, (ms) 1.6 k 0.7 
Waiting time: A? 0.86 * 0.21 
Waiting time: rz (ms) 61 f 19 

High nP, Traces 

23.3 k 7.5 
2.8 + 0.6 

10.5 -I 2.9 
2.9 f 0.3 
1.6 k 0.5 

0.75 * 0.15 
21 f 2 
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ing. As shown in Figure 6B, open times were longer in 
high nP, traces at all test potentials, but open times 
were not strongly voltage dependent in either high or 
low nP, traces. 

Cyclical Cating Probably Does Not Require 
Intracellular Metabolism 
We considered the possibility that the oocyte might 
be contributing metabolic factors that regulated this 
switching of gating patterns. To test this idea, we re- 
corded single-channel currents in excised outside-out 
patches at 10%. In this cell-free configuration and at 
this reduced temperature, we hoped to reduce, if not 
eliminate, any metabolic activity on the part of the oo- 
cyte that may have modulated Na+ channel behavior. 

Figure 7 shows the result of a representative experi- 
ment under these conditions. The diary of nP, per 
trace (Figure 7A) still showed cycling between low nP, 
and high nP, traces. The single-channel and ensem- 
ble average currents from low (Figure 7B) and high 
(Figure 7C) nP, areas showed fast gating and slow gat- 
ing, respectively. These findings were confirmed in 4 
other patches under these conditions. Another patch 
had predominantly fast gating. 

Discussion 

One Na+ Channel mRNA Encodes More Than One 
Pattern of Gating Kinetics 
Voltage-dependent Na+ channels in nerve and mus- 
cle typically open soon after membrane depolariza- 
tion and inactivate quickly and completely. This fast 
gating is not always observed, as some kinds of Na+ 
channels may reopen in bursts before inactivating. 
We studied the single-channel behavior that under- 

Figure 7. Fast and Slow Cating in the Same 
Excised Outside-Out Patch at 10°C 

The patch contains at least two channels. 
(A) The diary of activity for 448 consecutive 
steps from -100 mV to -20 mV shows alter- 
nating periods of high and low nP,, fol- 
lowed by a prolonged period of composite 
activity. 
(B-C) Consecutive single-channel traces 
and the ensemble average currents for 
high (traces 110-144) and low (traces 28-76) 
nP, areas. As in the cell-attached patch, 
the high nP, recordings show slow gating 
and the low nP, areas show fast gating. 
Bars, 20 ms duration; 1 (single-channel 
records) and 0.5 (average currents) pA am- 
plitude. 

lies the very slow inactivation of macroscopic type III 
rat brain Na+ currents expressed by Xenopus oocytes. 
Our most important finding is that type III Na+ chan- 
nels show both fast-and slow-gating patterns, despite 
the fact that they are expressed after injection of a sin- 
gle species of mRNA and therefore should have a sin- 
gle amino acid sequence. 

The fast gating of expressed type III Na+ channels 
is typical of neuronal Na+ currents. The slow gating, 
however, occurs much more frequently than is ob- 
served in neuronal or muscle cells. Indeed, the decay 
of our macroscopic type III Na+ currents appears 
slower than those of the original report of Suzuki et 
al. (1988), a result which may be attributable to two 
conservative and apparently inconsequential amino 
acid changes uoho et al., 1990). Nonetheless, we feel 
that it is worthwhile to use this as a model system to 
examine fast and slow gating of Na+ channels with 
the same amino acid sequence. 

Inactivation Cating Cycles More Obviously than 
Activation Cating 
Kirsch and Brown (1989) and Barres and co-workers 
(1989) contrasted the gating kinetics of neuronal Na+ 
channels with those from heart muscle and glial cells, 
respectively. In both studies, neuronal Na+ channels 
had shorter open times, faster decay of average cur- 
rents, and shorter waiting times to first opening, sug- 
gesting a correlation of kinetic rates of activation and 
inactivation. In studies contrasting fast and slow gat- 
ing of Na+ channels from a single tissue, on the other 
hand, slow gating was manifest only by longer open 
times and slower macroscopic current decay. An in- 
crease in waiting time to first opening is not apparent 
in the analysis or records of bursting Na+ channel 
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openings in heart muscle (Patlak and Ortiz, 1985; 
Grant and Starmer, 1987; Kohlhardt et al., 1987; Kiyo- 
sue and Arita, 1989), skeletal muscle (Patlak and Ortiz, 
1986), neurons (Huguenard et al., 1988), or in mem- 
branes exposed to inactivation-removing chemicals 
(Patlak and Horn, 1982), enzymes (Quandt, 1987), anti- 
bodies (Vassilev et al., 1989), or toxins (Kirsch et al., 
1989). Similarly, we found that large changes in reopen- 
ing patterns, open times, and macroscopic current 
decay rates were not accompanied by increased wait- 
ing times except in the very rare patches with mainly 
fast or slow gating. Although slow-gating traces in 
nearly pure fast-gating patches were too infrequent to 
analyze systematically, it is noteworthy that the single 
slow-gating trace in the mainly fast-gating patch in Fig- 
ure 2 has a very short waiting time to first opening. 
These findings suggest that activation kinetics of Na+ 
channels do not regulate the degree or stability of in- 
activation in this system. 

Fast and Slow Na+ Channel Cating May Be 
Physiologically Important 
These two distinct patterns of fast and slow Na+ chan- 
nel gating may modulate the response of a cell to de- 
polarization. A number of studies have shown that the 
specific Na+ channel blocker lTX shortens the dura- 
tion of cardiac action potentials (reviewed in Grant 
and Starmer, 1987). The underlying slow Na+ conduc- 
tance should therefore be important in determining 
both cardiac inotropyand refractoriness.Additionally, 
Purkinjecells in cerebellum displayanoninactivating, 
T-TX-sensitive Na+ conductance at 37OC (Llinas and 
Sugimori, 1980). Finally, a fundamental role for the dif- 
ferent gating patterns in developmental physiology has 
been suggested by two recent studies. First, Huguen- 
ard et al. (1988) have shown that T-TX-sensitive Naf 
channels in nerve develop slow inactivation gating 
with maturation. Second, Barres et al. (1989) have 
shown that TTX-sensitive Na+ channels gate slowly in 
glial cells from 6- to 7-day-old rats, but fast gating 
predominates in glial precursor cells from the same 
preparation. 

How Might One mRNA Encode More Than One 
Cating Pattern? 
Our data are compatible with the idea that the type 
III Na+ channel reversibly attains a conformation in 

which inactivation becomes a slow process. The mo- 
lecular mechanism of our findings cannot be resolved 
from these experiments, but possibilities include: 
-Expression of more than one type of channel de- 
spite,the injection of a single mRNA. This might arise 
from incomplete posttranslational modification of 
the Na+ channel protein due to insufficiency of na- 
tive oocyte enzymes or substrates, or premature ces- 
sation of protein synthesis leading to a population 
of noninactivating Na+ channels. This hypothesis is 
strengthened by the work of Krafte and colleagues 
(1988) and Auld and colleagues (1988), who found that 
coinjection of low molecular weight components of 
brain RNA modulated decay rates of macroscopic 
Na+ currents in Xenopus oocytes injected with high 
molecular weight brain RNA or Na+ channel type IIA 
mRNA. We argue, however, that this hypothesis is 
statistically unlikely to explain our findings because 
we never observed a patch with purely fast or purely 
slow gating. 

If we assume that the two populations would be ex- 
pressed in equal numbers, the probability of finding 
a fast-gating channel is 0.5 and is the same as that of 
finding a slow-gating channel. Since we estimate the 
usual number of channels in each patch to be 2, we 
would expect to see purely fast gating (i.e., no traces 
with slow gating) in 25% of patches, purely slow gating 
in 25%, and composite gating in 50%. We in fact saw 
no instances of purely fast or purely slow gating in 32 
patches (25 cell-attached, 7 outside-out). As shown in 
Table 2, the probability of this happening by chance 
is very small (0.532, or 2 x 10-lo). We would then con- 
fidently reject this hypothesis. 

We allow for two uncertainties. We do not know the 
actual number of channels in the patch, and we do 
not know whether a larger series of experiments 
might reveal patches with purely fast or purely slow 
gating. 

First, from a maximum likelihood analysis (Patlak 
and Horn, 1982) and from the maximum number of 
overlapping openings at strong depolarizations, we 
estimate the number of channels in each patch to 
have been 1 (5 patches), 2 (22 patches), or 3 (5 patches). 
Since this is not absolute even in the longest record- 
ings, we allow for the possibility of 3 or even 4 chan- 
nels in every patch. The probabilities of obtaining 
composite gating in all 32 patches then become 

Table 2. Probabilities of Two Populations of Type III Na+ Channels 

n (Channels 
in Patch) 

1 
2 
3 
4 

Probability of 
Purely Fast or 
Slow Gating 

1.0 
0.5 
0.25 
0.125 

Probability of 
Composite Cating 

0.0 
0.5 
0.75 
0.875 

Probability of All 
32 Patches with 
Composite Gating 

0.0 
2.3 x IO-lo 
1.0 x 10-4 
1.3 x 10-J 

Probability of 3 Patches 
with Purely Fast or Slow 
Gating and 29 Patches 
with Composite Gating 

0.0 
1.1 x 10-e 
1.8 x 10-z 
2.0 x lo-’ 
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0.7532 and 0.87532, or 0.0001 and 0.013, respectively (Ta- 
ble 2). These results still allow rejection of the hypoth- 
esis at a <0.05 significance level. 

Second, we can estimate with 95% confidence that 
the maximum number of patches with purely fast or 
purely slow gating that we might have missed is 3 
(Hanley and Lippman-Hand, 1983). In other words, 
there is a 5% chance that our series of 32 patches was 
drawn from a population with a real prevalence of 3 
of 32 patches with purely fast or purely slow gating. 
Again assuming 3 channels in each patch, the proba- 
bility of observing 29 of 32 patches with composite 
gating is given by the binomial theorem as [32!/29!3!] 
(0.25)3(0.75)2g, or 0.02. The hypothesis of two popula- 
tions of channels can be accepted from our data only 
if 4 channels were present in every patch, and our se- 
ries of 32 patches with no instances of purely fast or 
purely slow gating represents the 1 in 20 case of sam- 
pling a population with a real prevalence of 3 of 32. 

From this analysis, we reject the hypothesis of two 
populations of channels. 
-Cyclical modulation of channels by intracellular 
metabolic processes such as phosphorylation (reviewed 
by Catterall, 1988). This appears unlikely, as we found 
that gating patterns cycled during experiments with 
cell-free patches at IOOC. 
-Only one homogenous population of channels is 
expressed, and each channel switches between the 
different structural conformations that underlie fast 
and slow gating. Support for this idea is found in 
studies of Na+ channel gating in heart muscle cells 
by Nilius (1988) and Kirsch and Brown (1989). They re- 
port a transition from fast to slow gating after patch 
excision, suggesting that a single molecule can dis- 
play multiple patterns of gating. 

This is a testable hypothesis. If the marked differ- 
ence in gating of type II and III Na+ channels is due 
onlyto differences in the amino acid sequences of the 
two channel types, analysis of the gating of chimeras 
of type II and type III Na+ channels could be used to 
identify the sequence that governs gating behavior. 
This approach has been used successfully in locating 
the amino acid sequence responsible for the differ- 
ences in conduction of bovine and Torpedo nicotinic 
acetylcholine receptors (Imoto et al., 1986). Interest- 
ingly, the cytoplasmic region linking domains III and 
IV, where the inactivation gate has been postulated to 
reside (Guy and Seetharamulu, 1986; Guy, 1988; Vas- 
silev et al., 1988), is identical in type II and III Na+ 
channels (Kayano et al., 1988). Perhaps a region that 
stabilizes the inactivation gate in the closed confor- 
mation is altered in type III Na+ channel molecules. 

Experimental Procedures 

Preparation of mRNA 
Isolation of the full-length cDNA for the rat brain type III Na+ 
channel protein and its transcription are described in detail in 
Joho et al. (1990). 

Oocyte Preparation and Injection 
Our methods for oocyte preparation and injection have been 

described previously (Moorman et al., 1987). Briefly, laboratory- 
reared adult female Xenopus laevis (Xenopus One, Ltd., Ann Ar- 
bor, MI) were anesthetized by immersion in 0.1% tricaine meth- 
anesulfonate, and portions of ovaries were removed aseptically. 
Oocytes were isolated manually and injected with RNA and 
mRNA solutions using a micrometer-driven 10 ~1 micropipette 
(Drummond Scientific Co., Broomall, PA). After 3-6 days of incu- 
bation in modified Barth’s solution at 19oC, the follicular layer of 
cells was removed manually, and oocytes were tested for Na+ 
channel expression. 

Electrophysiological Recording 
For patch clamp recording, thevitelline membrane was removed 
manually in a hyperosmolar solution (Methfessel et al., 1986). 
Patch clamp electrodes (borosilicate glass, Corning 7052) were 
pulled in two stages, polished, and coated with Sylgard near the 
tip to reduce the capacitance. Gigaohm seals were obtained in 
the cell-attached and outside-out configurations (Hamill et al., 
1981). For cell-attached recordings, the pipette contained 145 
mM NaCI, 2 mM KCI, 1.8 mM CaClz, 10 mM glucose, and 10 mM 
HEPES (pH 7.35), and the bath contained 150 mM K-aspartate, 10 
mM EGTA, and 10 mM HEPES (pH 735). For outside-out patch 
recordings, the pipette contained 150 mM CsF, 10 mM EGTA, and 
10 mM HEPES (pH 7.35), and the bath contained 145 mM NaCI, 
2 mM KCI, 1.8 mM CaClz, 10 mM glucose, and 10 mM HEPES 
(pH Z35). Single-channel recordings were stored on videotape 
and analyzed offline. The analog signal was filtered at 5-10 kHz 
(-3 dB, Qpole Bessel), digitized with 12 bit resolution at 20 kHz, 
and digitally filtered at 1 kHz (-3 dB, Qpole Bessel). Passive leak 
and capacitance currents were subtracted using the mean of 
traces without channel openings. The technique for single- 
channel idealization, which uses the half-amplitude of openings 
(defined by an iterative process) as threshold, has been previ- 
ously described (Lux and Brown, 1984). Because the amplitudes 
and open times of overlapping openings are indeterminate, we 
analyzed only nonoverlapping events. We also discarded open- 
ings of less than 0.4 ms in constructing amplitude and open time 
histograms to avoid errors introduced by the limited frequency 
response of the recording apparatus. Amplitude distributions 
were fit with Gaussian functions by a nonlinear regression meth- 
od. A maximum likelihood technique (Colquhoun and Sigworth, 
1983) was used to estimate mean open times and waiting times. 
Time constants of reconstructed macroscopic current decay 
were estimated by a nonlinear least squares technique. Temper- 
ature was set at 10°C + 05OC in some experiments using a Peltier- 
type device surrounding the recording chamber. 

TTX was obtained from Calbiochem. 
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