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ABSTRACT Single sodium channel events were recorded from cell-attached 
patches on single canine cardiac Purkinje cells at 10-13~ Data from four patches 
containing two to four channels and one patch with one channel were selected for 
quantitative analysis. The channels showed prominent reopening behavior at volt- 
ages near threshold, and the number of reopenings declined steeply with depolar- 
ization. Mean channel open time was a biphasic function of voltage with the maxi- 
mum value (1-1.5 ms) occurring between - 5 0  and - 4 0  mV and lower values at 
more and at less hyperpolarized levels. Inactivation without opening was also 
prominent near threshold, and this occurrence also declined with depolarization. 
The waiting time distributions and the probability of being open showed voltage 
and time dependence as expected from whole-cell current studies. The results 
were analyzed in terms of  a five-state Markovian kinetic model using both histo- 
gram analysis and a maximum likelihood method to estimate kinetic parameters. 
The kinetic parameters of  the model fits were similar to those of GHs pituitary 
cells (Horn, R., and C. A. Vandenberg. 1984. Journal of General Physiology. 
84:505-534) and N 1 E115 neuroblastoma cells (Aldrich, R. W., and C. F. Stevens. 
Journal of Neuroscience. 7:418-431). Both histogram and maximum likelihood anal- 
ysis implied that much of the voltage dependence of cardiac Na current is in its 
activation behavior, with inactivation showing modest voltage dependence. 

I N T R O D U C T I O N  

The recent development of  the patch-clamp technique for recording current 
through single Na channels (Sigworth and Neher, 1980) has permitted a reevalua- 
tion of  the kinetic properties of  the Na current. Individual channels open stochasti- 
cally for relatively short intervals, so that Na current "activation" in the conven- 
tional Hodgkin-Huxley sense represents mobilization of  channel openings, and Na 
current "inactivation" represents declining numbers of  channel openings that occur 
after the peak of  the macroscopic current (Aldrich et al., 1983; Aldrich and Stevens, 
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1987). Several aspects of  single-channel behavior are not well represented by the 
Hodgkin-Huxley model of  Na current kinetics and alternative Markov chain models 
have been suggested (French and Horn,  1983). Single Na channel measurements 
have been used to extract rate constants for some Markovian models by a maximum 
likelihood method (Horn and Vandenberg, 1984) and by histogram analysis (Kunze 
et al., 1985; Aldrich and Stevens, 1987). While the choice of  the number of  channel 
states and of  their configuration remains somewhat arbitrary, it is an effective way 
to describe channel kinetics and to determine the classes of  kinetic models that fit 
the data most closely. 

Although cardiac Na channels have been shown to have many properties similar 
to those reported for nerve cells (Cachelin et al., 1983; Grant et al., 1983; Kunze et 
al., 1985; Patlak and Ortiz, 1985; Grant and Starmer, 1987), cardiac Na current 
kinetics are slower, and decay occurs with more than one time constant (Brown et 
al., 1981; Grant and Starmer, 1987; Makielski et al., 1987; Kirsch and Brown, 
1989). Kunze et al. (1985) demonstrated reopening of  the cardiac Na channel and 
suggested that this property might be responsible for the slow phase of  current 
decay. This seemed plausible since in cells of  the neuroblastoma N1 E115 cell line 
current  decay has been well described by a single exponential and Na channels 
usually opened only once in response to a depolarizing step (Aldrich et al., 1983; 
Aldrich and Stevens, 1987). However, in pituitary GH3 cells, where current decay 
has also been well described by a single exponential (Vandenberg and Horn,  1984, 
Fernandez et al., 1984), Vandenberg and Horn  (1984) showed more prominent re- 
opening of  the Na channel. A methodological difference that could account for dif- 
ferences between studies of  single Na channel kinetics was the use of  cell-attached 
patches (Aldrich et al., 1983; Aldrich and Stevens, 1987) vs. outside-out patches 
(Horn and Vandenberg, 1984; Vandenberg and Horn,  1984). Horn  and Vanden- 
berg (1986) have suggested that the channel reopening behavior they saw may have 
been nonphysiological, the result of  the detached patch configuration or perhaps of  
the choice of  solutions they used. Alternatively, the GHs, the N1 E115, and the car- 
diac channels may have intrinsically different kinetic properties. This would not be 
surprising, since it seems clear that there is structural diversity between Na channels 
(Noda et al., 1986; Sills et al., 1988; Rogart et al., 1989). 

We have studied the opening and closing properties of  Na channels in cardiac 
Purkinje cells near threshold and at more depolarized potentials using cell-attached 
patches. Multichannel patches showed prominent evidence of  channel reopening in 
the threshold voltage range, and this was confirmed by recordings from a patch with 
a single channel. Inactivation without opening was also prominent near threshold, 
and both phenomena decreased with depolarization. Mean open duration was a 
biphasic function of  voltage. The single and multichannel patch data were analyzed 
by the fitting of  data histograms (Aldrich and Stevens, 1987) and by a maximal like- 
lihood statistical method similar to that of  Horn  and Lange (1983). A Markovian 
kinetic model of  the sort used by Horn  and Vandenberg (1984) and Kunze et al. 
(1985) was compatible with the observed channel reopening rates and with the 
mean open durations. The voltage dependence of  the rate constants extracted by 
the maximum likelihood method were intermediate between those reported by 
Horn  and Vandenberg (1984) and those of  Aldrich and Stevens (1987). Although 
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the  mode l  used  in this analysis p r o v i d e d  the o p p o r t u n i t y  to  c o m p a r e  results  with the  
r e p o r t e d  GH3 and  N1E115  data ,  it consis tent ly  u n d e r e s t i m a t e d  the peak  o f  the  
p robab i l i ty  dens i ty  func t ions  and  p r e d i c t e d  less vol tage  sensitivity o f  the  p robabi l i ty  
o f  be ing  o p e n  at  the  peak  o f  the  c u r r e n t  than  was obse rved  exper imenta l ly .  I t  also 
lacked sufficient complex i ty  to p r o d u c e  the obse rved  slow phase  o f  c u r r e n t  decay  
seen with card iac  Na  cur ren t .  This charac ter i s t ic  will r equ i r e  a m o r e  complex  model ,  
p e r h a p s  with add i t iona l  inac t iva ted  states,  inc lud ing  one  that  is no t  d i rect ly  in the  
act ivat ion sequence ,  like that  p r o p o s e d  by Chiu  (1977). Evidence for  the  p resence  
o f  m o r e  than  one  kinetic  p o p u l a t i o n  o f  Na  channels ,  as sugges ted  by Benoi t  et  al. 
(1985), was no t  found .  Some  o f  the  results  r e p o r t e d  he re  have been  previously  pub-  
l ished in abs t rac t  f o rm  (Scanley et  al., 1985). 

M E T H O D S  

Preparation of Single Cells 

Canine cardiac Purkinje cells were isolated by the method of  Sheets et al. (1983). Briefly, 
free-running Purkinje strands were dissected from canine hearts, cut into small pieces, and 
incubated at 37~ for 3-4 h in Eagle's minimal essential medium (MEM) (Gibco, Grand 
Island, NY) containing 5 mg/ml of  Type I collagenase (Worthington Biochemical Corp., 
Freehold, NJ), 0.1 mM free Ca (by addition of  EGTA), 5.6 mM Mg, and 1 mg/ml albumin at 
pH 6.2. Strands were then washed in K-glutamate and briefly homogenized at low speed to 
separate them into single cells. The cells were stored in MEM. The yield of rod-shaped, cal- 
cium-tolerant cells varied between 40 and 90%. The cells providing the best seals were those 
with well-defined membranes and clear striations. 

Experimental Procedure 

The preparation of  pipettes and the electronics have been described previously (Scanley and 
Fozzard, 1987). Briefly, the pipettes were double pulled and the tips were coated with Syigard 
184 (Dow Coming Corp., Midland, MI). Pipettes were filled with 140 mM NaC1, 5.4 mM KC1, 
1.8 mM CaCI~, 1.0 mM MgCI~, and 10 mM HEPES (pH 7.4). In two patches (10/10A and 
10/10B) NaCI was 280 raM, in order  to increase the signal-to-noise ratio and to permit accu- 
rate measurements at more depolarized voltages. The cell containing the single-channel patch 
was bathed in the same solution with the addition of  10 mM glucose at 13"C. For purposes of  
comparison, holding and step potentials for this patch were adjusted by - 30 mV, which was a 
resting potential obtained with fine-tipped microelectrodes (Sheets et ai., 1983). Other cells 
contributing to the data reported here were bathed in 150 mM KC1, 1.0 mM MgCI2, 10 mM 
glucose, and 10 mM HEPES (pH 7.4). Resting potential for these cells was assumed to be 0 
mV and no correction was applied to the holding or  step potentials. 

A Dagan Corp. (Minneapolis, MN) 8900 Patch Clamp was used with either a Dagan 8930 
headstage or a headstage built according to a custom design of  Drs. J. Rae and R. Levis (Rush 
Medical School). The signal was filtered at either 1 kHz using a 2-pole filter for the record- 
ings shown from the single-channel patch (Dagan 8930 headstage) or at 2 kHz using an 8- 
pole Bessel filter (902-LPF; Frequency Devices, Inc., Haverhill, MA) for all other data (using 
the custom headstage). Baseline noise, fitted with a Gaussian function, had a standard devia- 
tion (a,) of  0.12 pA for the custom headstage at 2 kHz and 0.14 pA for the Dagan headstage 
at 1 kHz. This resulted in a signal-to-noise ratio (Ao/a,) of 7-8 for the single-channel patch 
and 8-15 for the other data shown. All recordings were made in the cell-attached mode with 
seal resistances of  40-70 Gf/. Voltage control was imposed from an IBM microcomputer 
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using software written by one  o f  the authors (B. E. Scanley). Membrane patches were depo- 
larized to test potentials for 45 ms once per  second from holding potentials between - 1 0 0  
and - 1 4 0  mV. A capacity compensation circuit was used to reduce the capacity transient. 
Data were acquired at 10 kHz and stored on floppy disk for analysis. 

Data Analysis 

Further  capacity correction and leak subtraction was accomplished by averaging sweeps with- 
out  openings at a given potential and subtracting this f rom sweeps with activity. Single-chan- 
nel opening events were defined as currents that exceeded half the average open-channel 
current  amplitude. Dead time for data filtered at 1 kHz was 178 #s and at 2 kHz it was 90 #s 
(Colquhoun and Sigworth, 1983); events shorter that these dead times would not be detected. 
The fraction of  missed events was estimated f rom the open-time distributions as (a) the rela- 
tive area under  the exponential  function describing the open-t ime histogram between zero 
and dead time, and (b) the difference between the detected events in the first bin and the 
number  predicted for the first bin by the exponential  function. These gave comparable esti- 
mates, although the latter technique sometimes predicted a larger number  of  missed events. 
Suppression of  false openings due to noise was enhanced by requiring that two sample points 
be recorded above threshold for recognition o f  an event, although this increased the number  
of  missed events. When more than one channel was open at a time, threshold was set at half 
the amplitude plus a multiple of  the average open-channel  current  amplitude. Patches having 
sweeps with more than four  simultaneous openings were not  analyzed, and occasional sweeps 
were deleted because of  noise artifacts. Histogram analysis was carried out on a Masscomp 
5520 microcomputer  using a modified Gauss-Newton nonlinear regression algorithm from 
the Numerical Algorithms Group (NAG) library. Because of  missed short events, open time 
histograms were fitted after exclusion of  the first (0.5 ms) bin. 

Model Analysis 

A maximum likelihood method was used to compare  predictions of  Markov chain models 
with experimental  recordings. The model chosen was the basic five-state model  used by H o r n  
and Vandenberg  (1984) and is schematically presented below: 

kl2 kl~2C kco 
R 1 ~ R 2 ~ C ~ O  

k2~ kc~2 k c i ~ ~  

I 

( S c h e m e  1) 

States R,, R2, and C are closed, rested states. O is an open state and I is a closed, absorbing, 
inactivated state. The  maximum likelihood method  used was a modification of  the method 
developed by Horn  and Lange (1983). It involved developing a likelihood function that 
described the probability of  observing a specific set of  experimental  recordings. This equa- 
tion was derived first f rom the construction o f  probability density functions (PDFs), which 
used the transition rate constants to describe the probability of  observing each of  the possible 
state transitions as a function of  time. A likelihood function was then constructed for each 
experimental  sweep using the PDFs and the observed transition times (open/closed times) 
such that the function described the probability of  observing that individual record. Finally, 
because each sweep was assumed to be independent  f rom the others, the likelihood function 
for all of  the sweeps at one step potential was determined as the product  of  all of  the individ- 
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ual likelihood functions. The transition rate constants were then derived by finding those 
values of  the rate constants for which the likelihood function was at its maximum. The Q- 
matrix method of  Colquhoun and Hawkes (1977) was used to develop the PDFs for each of  
the kinetic transitions allowed within the model. Determination of the initial state distribution 
is subject to significant error  and this is discussed below. Patches with more than one channel 
were also analyzed with this method. Each sweep in a patch with n channels was analyzed as 
being equivalent to an ensemble of  n sweeps from a single-channel patch. The maximum 
likelihood analysis used the mathematical libraries of  NAG and IMSL and computation was 
performed using a University of  Pittsburgh VAX and the CRAY X-MP/48 in the Pittsburgh 
Supercomputer Center and the CRAY X-MP/24 in the San Diego Supercomputer Center. 
For further details see Chay (1988). 

R E S U L T S  

Channel Reopenings 

A l t h o u g h  channel  r e o p e n i n g  can  be  suspec ted  f rom reco rd ings  o f  pa tches  conta in-  
ing several  channels  (e.g., Kunze  et  al., 1985), unce r t a in ty  as to the  n u m b e r  o f  chan-  

V t -57 mV V t - 4 2  mV 

4 m s  

FIGURE 1. Recordings of openings 
in the single-channel patch. Sequen- 
tial recordings are shown of channel 
openings. Data were filtered at 1 kHz 
and recorded with the Dagan head- 
stage. See Methods for experimental 
conditions. Voltages are reported 
including the cell resting potential, 
which was estimated to be - 3 0  mV. 
Records on the left show recordings 
for steps to - 57 mV and on the right 
threshold steps to - 4 2  mV from an 
estimated holding potential of - 120 
inV. Note that there are traces with 
no openings (nulls) and others with 

several reopenings. The lower part of the figure shows ensembles of  the single-channel cur- 
rents representing averages of sweeps with activity including 100 sweeps at - 57 mV and 357 
sweeps at - 4 2  inV. Exponential fits to the decay of  the ensemble currents are shown. At the 
more negative potential two exponentials fitted better than one with r~ = 1.0 ms and z2 = 
12.6 ms. At - 4 2  mV a single exponential fit was best with r = 2.9 ms. 

nels in the  pa t ch  r e n d e r s  de ta i l ed  analysis difficult.  O n e  pa tch  in the  p r e se n t  s tudy 
con t a ined  only one  N a  channel ,  and  its r e c o r d i n g  p e r m i t t e d  unequivoca l  eva lua t ion  
o f  r eopen ing .  A c o m p a r i s o n  with da ta  f rom 14 mul t i channe l  pa tches  showed tha t  
the  behav io r  o f  the  single channe l  was similar  to that  o f  channels  in o t h e r  patches .  

Evidence  tha t  the  pa tch  con t a ined  only one  channe l  is based  u p o n  the absence  o f  
obse rv ing  any d o u b l e  a m p l i t u d e  open ings  in 1,998 sweeps and  a m a x i m u m  likeli- 
h o o d  probab i l i ty  es t imate  based  u p o n  the m e t h o d  o f  Pat lak and  H o r n  (1982). Esti- 
mates  o f  the  p robab i l i ty  tha t  the re  cou ld  have b e e n  two channels  were  made  at th ree  
s tep  po ten t ia l s  ( - 5 7 ,  - 4 7 ,  and  - 4 2  mV) with the  grea tes t  n u m b e r  o f  sweeps 
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(1,144 sweeps containing 758 openings). Probabilities were 0.20, 0.02, and 0.0001 
for the three voltages, respectively. The lower estimate for the more depolarized 
potential is the result of  a greater  number  of  sweeps obtained at that voltage and the 
more condensed time course of  the probability density function for the open 
state. 

Examples of  sequential recordings of  voltage steps in the single-channel patch are 
shown in Fig. 1. Repetitive openings were seen at the more negative step potentials. 
Reopening behavior was stable over the time period of  data collection. The distribu- 
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t I 
O0 6 8 2 4 

Number of Openings / Sweep 

FIGURE 2. Number of openings per 
sweep. Histogram of numbers of 
openings in each step depolarization 
with activity from the single-channel 
patch. Most sweeps contained only 
one opening, and the numbers of 
openings per sweep declined ex- 
ponentially. The upper and lower 
panels show data for steps to - 5 7  
and - 4 2  mV, respectively. Note that 
reopenings were less frequent at 
- 4 2  inV. 

tions of  the number  of  openings per  sweep at - 5 7  and - 4 2  mV are shown in Fig. 
2. The monoexponential  decay indicates that during these recording periods the 
channel did not enter  a reopening or burst "mode"  during which there were a dis- 
proport ionate  number  of  openings. The frequency of  reopenings was strikingly volt- 
age dependent  (Fig. 3). Sweeps recorded near  threshold voltage showed the largest 
number  of  reopenings. At - 5 7  mV there were 164 opening events in 100 sweeps 
with activity, such that 39% of  opening events at that voltage were reopenings. The 
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number  of  reopenings may be somewhat underest imated because of  br ief  openings 
missed as a consequence of  the filter frequency (1 kHz in this patch). Missed brief  
events were estimated to be 5-15% based on calculations of  dead time and compar-  
ison of  detected events with the exponential  function fit of  the open-time histo- 
grams, The e r ror  introduces a scaling factor (Kunze et al., 1985), without significant 
distortion of  the shape of  the relationship in Fig. 2. 

The large number  of  reopenings at more negative potentials offered the opportu-  
nity to examine closed intervals at several voltages (Fig. 4). Brief closures could not 
be determined accurately because of  the filter cutoff. A calculation f rom the closed 
interval histogram of  the number  of  missed closures of  full amplitude based on fil- 
ter-induced dead time and probability of  reopenings within that time from the 
closed interval histogram resulted in an estimate of  one to three missed events per  
second of  channel open time for  - 5 7  mV and less than one per  second of  channel 
open time for - 4 2  mV (Colquhoun and Sigworth, 1983). The closed duration dis- 
tributions were well described by single exponentials, consistent with reopening 
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FIGURE 3. Voltage dependence of 
reopening. Reopenings were calcu- 
lated as the total number of openings 
divided by the number of sweeps 
with openings plotted as a function 
of step potential. The data are from 
the single-channel patch. 

I I I 

- 6 0  - 5 0  - 4 0  - 3 0  

E s t i m o t e d  V o l t a g e  (mV) 

occurring predominantly f rom one channel state. The slight excess of  long closed 
intervals could have resulted partly f rom missed openings in those intervals (esti- 
mated to be 5-10%), but  the small size of  the data set prevented us f rom excluding a 
more complex reopening pattern. The closed duration data were also subject to 
some er ror  because of  false events, which result when random noise is classified as 
openings or  closings. These were estimated to be <1 s -1 for  these data (Colquhoun 
and Sigworth, 1983). 

Open-Channel Durations 

The distribution of  the times spent in the open state provides information about  the 
possible number  of  open states and the rates of  channel closure. Prior reports  of  
open durations for cardiac Na channels have indicated that the distribution is well 
described by a single exponential (Grant et al., 1983; Patlak and Ortiz, 1985; Kohl- 
hardt  et al., 1986; Fozzard et al., 1987), although Kunze et al. (1985) and Nagy 
(1987) repor ted  biexponential distributions. Open  durations were examined in 14 
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patches at different voltages (45 fits). They were well fitted by single exponentials 
with mean open  durat ions between 0.5 and 1.9 ms. Examples o f  histograms o f  open  
durat ions and the exponential  fits are shown in Fig. 5. Exceptions to the single 
exponential  distribution o f  open  durat ions occur red  only when very long openings 
were observed (Fozzard et al., 1987). These represented <1% o f  the openings and 
were thought  to be similar to those repor ted  by Patlak and Ortiz (1985) and Kiyosue 
and Arita (1989). 

The determinat ion o f  open  durat ion in mult ichannel  patches is subject to e r ro r  
when openings overlap. O p e n  durat ions are biased towards shor ter  values when 
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FIGURE 4. Closed intervals. Inter- 
vals between the time of closing and 
reopening were measured in sweeps 
in which reopenings occurred. The 
data are from the single-channel 
patch. Closed intervals shortened 
with depolarization. The histograms 
were well fitted with one exponen- 
tial, although at the more negative 
potential there was an excess of  long 
closed intervals suggesting a small 
slower component, r at - 5 7  mV = 
2.7 ms; z at - 4 2  mV = 0.7 ms. 

20  

overlapping events are excluded f rom the analysis o r  when dura t ion is calculated 
always assuming the first closure in overlapping events belongs with the first open-  
ing (pairing). To reassure ourselves that pairing did not  influence open  dura t ion 
analysis, we compared  calculations f rom the his togram analysis in the multichannel 
patches, where open  durat ions f rom overlapping openings were calculated by pair- 
ing first openings  with first closings, with those f rom the maximum likelihood calcu- 
lations, where openings  were randomly paired with closings in over lapping events to 
calculate open  durat ion.  Mean o p e n  durat ions were also estimated f rom the maxi- 
m u m  likelihood calculations o f  the rate constants for  the two exit paths f rom the 
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open state. The mean open durations obtained by the two methods were not signif- 
icantly different (see Fig. 13). Open  durations in the single channel patch were free 
of  overlapping events and examination of  these data confirmed the single exponen- 
tial distribution predicted by a first order  process (Fig. 6). 

To confirm that the open durations did not change during a sweep, we divided 
each sweep into two parts at the time at which half o f  all o f  the events had occurred. 
The open duration distributions were not significantly different for the earlier 
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FIGURE 5. O p e n - d u r a t i o n  histo- 
grams. This patch (10/3A) had an 
estimated four channels. Data were 
filtered at 2 kHz and recorded with 
the custom headstage. See Methods 
for experimental conditions. Single 
exponential fits yielded time con- 
stants of 0.8 ms ( -15  mV), 1.7 ms 
( -50  mV), and 1.4 ms ( -75  mV). 
The first bin was excluded from the 
fits. 

openings compared  with the later openings. We also examined the open durations 
of  the reopenings and found no difference f rom the first openings. Because of  the 
filter some brief  openings were undetected. However, the first bins of  these histo- 
grams were larger than the dead times so that their omission during the fitting pro- 
cess should have minimized e r ror  f rom this cause in estimation of  the mean open 
times. 

The voltage dependence of  the mean open durations was examined for four  
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FIGURE 6. Open  durations in the 
single-channel patch. The two panels 
show histograms taken f rom steps to 
- 5 7  and - 4 2  inV. Single exponen-  
tial fits yielded time constants o f  1.0 
ms at - 5 7  mV and 1.3 ms at - 4 2  
inV. The first bin was excluded f rom 
the fits. 
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FIGURE 7. Voltage dependence  o f  
mean open durations. Three  patches 
had mean open durations deter- 
mined at several test voltages. 
Although there was some scatter, the 
mean open durations have a biphasic 
dependence  on step potential. 
Patches 10/3 A (D), 10/10 A (O), and 
10/10 B (A). 
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patches in which a sufficient voltage range o f  data was available (Fig. 7). At  poten-  
tials o f  - 6 5  mV and more  negative, the mean  o p e n  dura t ion  averaged 0.9 _+ 0.1 ms, 
increased to 1.3 _+ 0.1 ms at potentials o f  - 5 0  to - 4 0  mV, and became shor ter  
again (0.8 _+ 0.1 ms) at more  depolar ized potentials. The  mean  open  dura t ion in a 
single o p e n  state is described by the inverse o f  the sum o f  rate constants leaving the 
open  state (koc + ko0 -1. The  biphasic dependence  o f  o p e n  durat ions on  voltage is 
consistent with a model  conta in ing two exit paths f rom the open  state with opposi te  
mono ton ic  voltage dependence  (See Aldrich and Stevens, 1987, for  fur ther  discus- 
sion). 
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FIGURE 8. Waiting times for the single-channel patch. Data are shown for three voltages. 
The scale is the same for the three voltages. (A) Waiting times to all openings. At - 5 7  mV the 
peak probability of  opening was quite slow and the openings were spread over 20-30 ms. (B) 
Waiting time to first opening. The same pattern of voltage dependence as for all waiting times 
is seen. (C) Waiting time to reopenings (all latencies-first latencies). Significant numbers of  
reopenings occur at negative step potentials. 

Waiting Times and Ensemble Currents 

The first-latency, all-latency, and difference histograms for  the single-channel patch 
are shown in Fig. 8. The  all-latency histograms at - 5 7  and - 4 7  mV were bet ter  
fitted with two exponentials  than with one,  which is consistent with the presence o f  
the two time constants  o f  cur ren t  decay at these potentials. The fit for  - 5 7  mV is 
shown in Fig. 1. It  was also possible to fit the declining phase o f  the first-latency 
distribution at these two potentials with ei ther  one  o r  two exponentials  (not shown), 
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but  discrimination could not  be made between the two functions. Reopening  histo- 
grams in the lower par t  o f  the figure show the difference between the all-latency 
and first-latency histograms. They demonst ra te  the extent  to which reopening  con- 
tributes to the decay c o m p o n e n t  o f  the cur ren t  at step potentials near  threshold. All 
o f  the latency histograms demons t ra ted  an early rising phase. This is attributable to 
the presence o f  multiple closed states pr ior  to the open  state, but  since data in this 
early time per iod were subject to uncertainty because o f  the dura t ion o f  the capacity 
transient, they were no t  quantitatively analyzed. 

Failure to Open 

At every voltage examined for  bo th  the single-channel patch and those containing 
several channels, some steps failed to elicit any observable channel  openings.  Fig. 9 
shows the null probability (PN) as a funct ion o f  voltage for  the single-channel patch, 
and Fig. 10 shows the PN for  four  multichannel patches ba thed  in KC1, normalized 

0 . 7 5  

O. 50 

PNULL 

0 . 2 5  

0.00 
-60 

FIGURE 9. Voltage dependence of  
nulls. The fraction of sweeps that 
were without openings is plotted 
against step potential for the single- 
channel patch (O). These can be 
thought to primarily represent the 
fraction of sweeps in which the chan- 
nel inactivated directly without 
entering the open state, if it is 
assumed that it was never in the inac- 
tivated state at the time of the step. If  
the channel were already inactivated 
10% of the time, the curve would be 
displaced downward, as shown (D), in 

J I order to represent accurately the 
- 5 0  - 4 0  - 3 0  

Est in~ ted  Vol toge (mV) number of sweeps in which the chan- 
nel inactivated without opening. 

by taking the n th roo t  o f  the fraction o f  observed null sweeps (where n equals the 
est imated n u m b e r  o f  channels in the patch). There  was in all cases a decline in nulls 
with depolarization. 

Nulls are considered to occur  by inactivation o f  the channel  directly f rom the 
closed state without  enter ing the open  state (Horn  et al., 1981). However ,  three 
alternative possibilities exist that  could cause nulls to overestimate PN and at least 
one  that would cause underest imation:  (a) an open ing  occur red  that was too br ief  to 
be detected,  (b) an early open ing  occur red  that was obscured  by the capacity tran- 
sient, (c) channels were already in the inactivated state at the time o f  the step, or  (d) 
the channel  remained in closed, noninactivated states t h roughou t  the step. Esti- 
mates o f  missed br ief  events were predicted f rom mean open  dura t ion and filter 
characteristics (discussed above) and these varied f rom 5-15%,  being largest at 
those potentials at which the mean open  time was the shortest. The capacity tran- 
sient is especially problematic  at positive potentials where first latency is short. Data 
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from the most depolarized potentials for the multichannel patches were omitted in 
Fig. 10 because at those voltages activation encroached on the capacity transient, 
making estimation of  the number  of  null sweeps unreliable. 

The solid line in Fig. 9 shows the fraction of  sweeps during which the channel 
inactivates without opening if, at the beginning of  every depolarization, the channel 
was assumed to be in a rested, noninactivated state. If, however, 10% of the time the 
channels were already in the inactivated state, the dashed line would describe the 
voltage dependence of  inactivation without opening. On the other hand, if some 
channels never left the closed, noninactivated states, the relationship would be 
shifted in the opposite direction. 

The probability o f  inactivating without opening is principally determined by the 
relationship of  the rate constants from the closed to open state (C --~ O) and from 

& o 

ra 

[3 

l I I i 

-1  O0 - 7 5  - 5 0  - 2 5  

Vol toge (mV) 

FIGURE 10. Derived null frac- 
tion for multichannel patches. 
Data for four patches with two 

1.00 to four channels were ana- 
lyzed for nulls by taking the 
n th root of the observed frac- 

0.75 tion of nulls, where n is the 
number of channels estimated 

~tJLt. by the maximum likelihood 
method. There is a modest 

o. 50 
decline in percent nulls with 
depolarization. The line is a 
nonlinear least-squares fit to 

0.25 a simple Boltzmann with 
V(1/2) = 4 mV and slope = 44 
mV. See text for discussion. 

0.00 Patches 10/10A (O), 10/10B 
0 (A), 10/3A (12), and 4/11D (R) 

with estimated numbers of 
channels in each patch of 4, 4, 
4, and 3, respectively. 

the closed to the inactivated state (C ~ I), at least over the potential range at which 
the rate of  return to previous closed states is low. Of  course, at hyperpolarized 
potentials PN reaches 1.0 not only because the C --~ O transition rate is low, but 
because channels remain in previous closed states. However, if one assumes the pri- 
mary determinant of  PN is the probability of  inactivating without opening, then PN is 
equal to kcx/(kcl + kco). I f  further, C --~ O and C ----, I transition rates are simple 
exponential functions of  voltage, then the P~voltage relationship will be described 
by a simple Boltzmann, the slope of  which will be determined by the relative voltage 
dependence of  the kcl and kco transition rates. The line in Fig. l 0 is the Boltzmann 
fit to the multichannei patch data and predicts a slope of  44 mV, or about one-half 
e-. The slope for the single-chmmel patch (Fig. 9) appears steeper (20 mV) than that 
for the multichannel patches (Fig. 10), and the overall frequency of  null sweeps was 
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less. This patch was studied at 13~ and other patches at 10-12~ (see Discus- 
sion). 

Choice of Model 

The histogram analysis suggested that Markov chain models similar to those used by 
Horn  and Vandenberg (1984), Aldrich et al. (1983), and Kunze et al. (1985) are 
appropriate  for analysis of  Na channel behavior in cardiac Purkinje cells. Model 
features that were indicated f rom the data included the following: (a) The delay in 
peak frequency of  opening in the first-latency histograms was consistent with several 
closed states before the channel opens. (b) The single exponential open-durat ion 
distribution agreed with the conclusion of  Horn  and Vandenberg (1984) that there 
is only one open state. (c) The reopening seen in the single-channel patch required 
oscillation between the open state and one or more adjacent closed states before 
inactivation. (d) The closed interval distribution was consistent with these oscilla- 
tions being predominantly f rom one state, without ruling out a second closed state. 
(e) The occurrence of  null sweeps required a path to inactivation that bypassed the 
open state. ( f )  Many of  the ensembles and all latencies histograms demonstrated a 
second, slowly decaying component ,  which suggested models such as those contain- 
ing a nonabsorbing closed state just  before the absorbing, inactivated state (e.g., 
Chiu, 1977). 

These characteristics, with the exception of  the slowly decaying component  of  the 
latency distribution, are reproduced by the basic five-state model of  Horn  and Van- 
denberg  (1984). We chose this model because the size of  the slow component  was 
too small to determine the extra parameters  with accuracy. We used a maximum 
likelihood method to analyze our  data (see Methods) and compared the results with 
the histogram analysis. Data analyzed in histogram form may lose some of  the rela- 
tional information present in the original data, and these relations are preserved in 
the maximum likelihood method. The maximum likelihood analysis also provides 
standard errors of  the estimate for fitted parameters,  which helps in evaluating the 
reliability of  the estimates. However, the two analysis methods represent important  
checks on each other because of  their inherently different sources of  error.  The 
maximum likelihood analysis was first applied to data f rom the single-channel patch 
and then extended to multichannel patches. 

Several assumptions were tested in the analysis. (a) The assumption that the I state 
acts as a sink at depolarized potentials was tested by allowing finite return rates f rom 
the I state (klo or  klc). The model fits indicated that these rates approached zero at 
all voltages tested, so all results reported here used the assumption that I repre- 
sented an absorbing state. (b) The computat ion required assignment of  probabilities 
that the channel was in each of  the closed states just  prior  to depolarization. Main- 
tenance of  a negative holding potential assured that the probability of  being in the I 
state was small. Computat ions assumed that the P(I) = 0.1, but other choices would 
not have changed the results since I was an absorbing state. Assumptions of  the 
initial distribution of  the probabilities of  being in states R 2, R~, and C affected the 
rising phase of  the function describing the probability of  the channel being open. 
However, the experimental data in that initial time period were not considered suf- 
ficiently reliable to determine this initial distribution because of  the duration of  the 
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capacity transient. Although the arbitrary initial state distributions made the closed 
state transition rates unreliable, they had little effect on the other  transition rates 
(see Discussion). 

Predictions of the Model 

Table I shows the transition rates calculated at four  voltages from the single-channel 
data using the five-state model illustrated in the Methods. The transition rates deter- 
mined by the maximum likelihood method from the single-channel patch were used 
to calculate the open probability function, Pop~n(t) (Fig. 11). The fits were satisfac- 
tory across this voltage range, except that the predicted peak in Pop~(t) was in each 
case somewhat lower than that observed. However, the time to peak of  the data was 
predicted well. 

Predictions of  the model for the number  of  openings per sweep for the single- 
channel patch are shown in Fig. 12. Agreement with the observed number  of  null 

T A B L E  I 

k - 5 7  mV - 5 2  mV - 4 7  mV - 4 2  mV 

B,I~ - I  

RIR2 0 ,30  • 0 .15  0 .35  • 0 .12 6 .52 :t: 5 .58  7 .734  • 2 .64  

R~C 2.70 -+ 1.83 6 .95  • 6 .14  5 .99 • 5 .23 4 .29  • 1.40 

CR~ 0 .47  -+ 0 ,47  0 • 2 .32 0 • 2 .80 0 • 0 .79 

CI  0 .24 • 0 .05  0 .26  • 0 .10  0 .26  • 0 .13 0 .87 • 0 .09 

(0.24) (0.35) (0.68) 

C O  0 .18  • 0 .04 0 .28 • 0 .10 0 .29  • 0 .15 0 .64 • 0 .14  

(0.15) (0.32) (0.83) 

O C  0 .70  • 0 .10 0 .53  • 0 .12 0 .35  • 0 .06  0 .18  • 0 .02  

(0.8) (0.52) (0.29) 

O I  0 . 0 5 •  0 . 1 3 •  0 . 3 7 •  0.51 •  

(0.24) (0.31) (0.49) 

Rate  cons tants  a n d  s t anda rd  e r r o r  o f  the  estimates for  m a x i m u m  likelihood fits to the 

five-state model  descr ibed  in the  Methods  for  the pa tch  with o n e  channe l  (1/29).  Num-  

bers  in parentheses  a re  the  ra te  cons tan ts  ca lcula ted f r o m  the  h is togram measurements  

(see text). 

sweeps and the number  of  reopenings was good. Similar agreement occurred with 
three multichannel patches analyzed by the maximum likelihood method (10/3A, 
10/10A, and 10/10B). This agreement shows that the model was sufficient to repro- 
duce both reopenings and failure to open of  the cardiac Na channel, as was also 
shown by Horn  and Vandenberg (1984) for GH3 cells. Although reopenings most 
likely contribute to the slow decay phase of  the all-latencies distribution, this analysis 
showed that reopenings were also important in their contribution to the time course 
of  the rapid initial decay of  the all-latencies distribution. 

The open-duration distribution according to the model is described by a single 
time constant equal to (ko~ + koc) -~. The maximum likelihood calculations com- 
pared well with the mean open duration values determined by histogram analysis for 
the single-channel patch and three multichannel patches. For example, for the 
patch shown in Fig. 5 (10/3A), the maximum likelihood calculations predicted open 
durations of  0.8 ms at +5  mV (compared to 0.8 ms obtained by exponential fits to 
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the open-dura t ion  histogram); 1.1 ms at - 15 mV (compared  with 0.8 ms), 1.6 ms at 
- 5 0  mV (compared  with 1.7 ms), and 1.4 ms at - 7 5  mV (compared  with 1.4 ms). 
The voltage dependence  o f  mean  open  time derived for  maximum likelihood calcu- 
lation was bell-shaped (Fig. 13), as was the histogram-derived data shown in Fig. 7. 

Closed intervals, illustrated in Fig. 4, were also compared  with the rate constants 
derived f rom maximum likelihood calculations. In  the model,  closed intervals are 
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FIGURE 11. Comparison of  the observed probability of  the channel being open with that 
predicted by the maximum likelihood analysis. The data are the all-latency histograms convo- 
luted with the mean open times. The data are from the single-channel patch at -57 ,  -47 ,  
and - 4 2  mV. 

exponential ly distr ibuted with time constants  o f  (kco + kci) -1, providing kcRz is small 
(Vandenberg  and Horn ,  1984). For  the single-channel patch, sufficient reopenings  
occur red  to permit  the estimation o f  the time constant  o f  a single exponential  fit. 
For  - 5 7  mV the his togram fit yielded r equal to 2.7 ms, compared  with the com- 
puted  r o f  2.4 ms. At - 4 7  mV the his togram r was 1.5 ms and the compu ted  r was 
1.8 ms. At - 4 2  mV the his togram r was 0.7 ms and the compu ted  r was 1.0 ms. 
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FIGURE 12. Observed frequency of openings per sweep compared with that predicted by 
maximum likelihood analysis for the single-channel patch. The voltage dependence of re- 
opening and of null sweeps is apparent and well matched by the model. 

I I I I I I I I I I 

-1 O0 - 8 0  - 6 0  - 4 0  - 2 0  
Vol toge (mV) 

2.0 

1 . 5  

g 

)1.0 

0 . 5  8 

FIGURE 13. Voltage dependence of 
open-channel duration as predicted 
by the maximum likelihood analysis. 
Patches IO/IOA (0), IO/IOB (A), and 
10/3A ([3). 
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The probability of  inactivation without opening was high at negative potentials, 
because kcl is larger than kco. However, kco increases more rapidly with depolariza- 
tion, increasing the relative probability of  opening. Reopening is a consequence of  
return f rom the open state to the closed state, in preference to progression to the 
absorbing state, because near  threshold koc is similar to koi. With depolarization, hoc 
falls rapidly relative to kot, so transitions from open to closed become rare. The 
same properties are consistent with the biphasic mean open-time dependence on 
voltage. Initially, the mean open time is prolonged with depolarization because koc 
falls. With further  depolarization, the increase in ko~ reduces the mean open time. 

The characteristic voltage-dependent behavior of  the Na channel, as modeled by 
the Markov chain, is the consequence of  the voltage dependence of  the various tran- 
sition rates. Rate constants obtained f rom maximum likelihood analysis of  four 
patches are shown plotted against membrane  potential in Fig. 14. In an effort to 
obtain the best estimate of  the slopes of  the relationships, weighted log-linear 
regressions were calculated with the constraint that the data from each patch be 
fitted with a line of  the same slope, while allowing variation in the intercepts. In 
general the grouped data exhibited lesser voltage dependence of  the rate constants 
than did the fits to the single-channel patch data alone. The voltage dependencies of  
the rate constants keo and koc were opposite in sign and similar in magnitude; each 
showed an e-fold change with a depolarization of  ~30 mV, equivalent to just under  
one electron charge crossing the membrane  field, kol decreased with depolarization, 
also with a rate equivalent to just  less than one charge, kc~ increased with depolari- 
zation with a smaller slope equivalent to about  one-half charge. Voltage dependen- 
cies of  closed state transitions, R1 --" R2 and R 2 --- C, were 1.4 e- and 0.7 e-. 

The largest errors in the estimates occurred with the closed-state transition rates 
(Fig. 14, top), while other estimate errors were much smaller except when, as for the 
O --~ I transition, rates were very slow. To assess the effect o f  the choice of  the 
model on the predicted transition rates and their voltage dependency, we compared 
the estimates for the single-channel patch data alone with the five-state model with 
fits to two simpler models with only one rested state, in which entry to the inacti- 
vated state occurred only from either the rested state or  the closed state. 

R ---* C ---~ O R ---~ C ---~ O 
~ ~ ~ (Scheme 2) 

I I 

Voltage dependencies of  rates to and from the open state, kco, koc, and ko~, were 
insensitive to the choice of  the model. The magnitude and the sign were in all cases 
essentially identical and about twice that predicted f rom the grouped data (Fig. 14). 
As might be expected, however, estimates of  rates of  the closed-state transitions 
were much more sensitive to model choice. Both of  the simpler models predicted 
k~c to have a similar voltage dependence of  2 e-. This was in contrast to the fit of  the 
single-channel data alone to the five-state model where kRlv. 2 was predicted to be 
steeply voltage dependent  (6 e-)  and kR2 c was predicted to have no voltage depen- 
dency. Additional certainty as to the voltage dependency of  these rates was perhaps 
gained by grouping the single-channel patch data with the multichannel data (Fig. 
14). The rate of  inactivation without opening was the most interesting in that oppo- 
site dependency upon voltage was predicted for kci ( -  1.2 e-)  and kRj (1.5 e-)  rates 
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FIGURE 14. Voltage d e p e n d e n c e  of  ra te  constants .  Weigh ted  l inear  regressions o f  the  maxi- 
m u m  likelihood est imates for  the  five-state model  descr ibed in the  Methods,  cons t ra in ing  
data  f rom each pa tch  to the  same slope. Fi t ted lines gave e-fold changes  in the  ra te  constants  
as follows: for  R1 --~ R~ (kRiR~), 20 _+ 6 mV; for  R2 --* C (ka2c), 37 _+ 7 mV; for  activation f rom 
C ~ O (hco), 30 • 6 mV; for  inact ivat ion f rom C --- I (kcl), 53 • 7 mV; for  inactivation f rom 
O --* I (kol), 27 • 4 mV; and  for  closure f rom O --* C (koc), 30 • 4 inV. Thus,  the  n u m b e r  o f  
e lec t rons  requ i red  for  each t rans i t ion were ~ 1.4, 0.6, 0.8, 0.5, 0.9 and  0.8, respectively. 
Patches  10 /10B (O), 10 /3A (.), 1 0 / 1 0 A  (0), and  the  s ingle-channel  patch,  1 /29  (A). 
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in the fits to the two simpler  models. However,  for the five-state model  the voltage 
dependence  of  kcl was predic ted to be 0.7 e- ,  only slightly greater  than the depen-  
dency predicted f rom the g rouped  data (0.5 e-).  

The values of  the four  rate constants  kc], kco, koc and  koi were also est imated for 
the s ingle-channel  patch from direct exper imenta l  measures  of  mean  open  time, 
mean  closed time, null  frequency,  and  reopening ,  following the lead of  Aldrich and  
Stevens (1987) and  H o r n  and  V a n d e n b e r g  (1984). The assumptions  for those calcu- 
lations were that kcR was small at the voltages s tudied and  that depar tu re  rate f rom 
the closed state after  r e tu rn  from the open  state was the same as the initial depar-  
ture  rate f rom the closed state. These calculations yielded rate constants  close to 

1 . 0 0  
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- 0 . 1 ~ 5  
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FIGURE 15. Behavior of an 
"average" channel based on 
fits to grouped data shown in 
Fig. 14. Rate constants at 0 
mV were estimated as the 
weighted means of the inter- 
cepts in those fits. Probabilities 
that a channel would be open 
at the peak of the current in 
steps to the indicated voltages 
are plotted as triangles; the 
line shows the fit of the data to 
a Boltzmann distribution with 0. O0 0. 000 

- 1 6 0  - ~ 2 0  - 8 0  - 4 0  0 40  
a half-point of - 4 6  mY, slope 

Vol tage  (mV) of 16 mV, and plateau value of 

0.23. Note that this underestimated the recorded probabilities, as seen for example in Fig. 11 
where Pope, reached 0.3. Back rate constants produced steep voltage dependence of channel 
availability, graphed as the probability of not being in the inactivated state at the end of 500 
ms (rT). The line shown is the Boltzmann fit to the data with the half-point at - 109 mV and a 
slope of 5 inV. The relationship was very sensitive to the selection of the backward rates. 
Shown is the solution when kc~ and kR2RI were  given the opposite slope to tile corresponding 
forward reaction and values at 0 mV were set to 0.07 s -] and 30 s -l, respectively, kTc was 
given a negative voltage dependency of 2.1 e- and k]o had essentially none (0.1 s-l). Availabil- 
ity was determined by the values given the free parameters and was primarily constrained 
here by the requirement that fewer than 0.3% of the channels accumulate in tile open state at 
any potential. 

those ob ta ined  by the max imum likelihood method,  and  the rate constants  had sim- 
ilar voltage dependences  (Table I). 

Overall Behavior of the Model 

The values predic ted f rom the fits to the g rouped  data (Fig. 14) were used to calcu- 
late rates for an "average channel , "  and  the voltage dependence  of  its behavior  was 
examined  (Fig. 15). Estimates for rate constants  at 0 mV were calculated as the 

weighted means of  the intercepts  f rom the fits g raphed  in Fig. 14. The missing back- 
ward rate constants  were est imated assuming kcR9 and  kR~R1 had the opposi te  voltage 
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dependence as the corresponding forward reactions. Backward rate constants for 
klo and k~c were estimated using the constraints that the C --~ O --~ I loop should be 
microscopically reversible and the backward rates should be sufficiently slow such 
that < 0.3% of  the channels accumulated in the open state at equilibrium between 

- 160 and 40 mV. Microscopic reversibility required klc to be about 34 times slower 
than klo at 0 mV. 

The probability that the "average" channel would be open at the peak of  the 
current  during steps to the indicated voltages is plotted as triangles in Fig. 15. The 
half-point o f  the relationship matched well those observed in peak conductance 
curves measured from macroscopic currents at this temperature (e.g., Hanck et al., 
1990). However, the slope was considerably shallower, only about half that of  mac- 
roscopic peak conductance curves. Also, as mentioned above, this probability consis- 
tently underestimated the observed probabilities that the channel was open at the 
peak of  the current. 

The inclusion o f  estimates for  the back rate constants produced a model with 
voltage-dependent channel availability. Although the model did not assign a large 
voltage dependence to inactivation from the closed state (kci, 0.45 e-), the distribu- 
tion of  channels between the various nonconducting states was steeply voltage 
dependent  if one assumed the closed-state transitions had the opposite voltage 
dependence to the forward ones. Fig. 15 graphs the probability that the "average" 
channel would not be in the inactivated state after 500 ms as squares. This value is 
essentially equivalent to a measurement of  macroscopic steady-state availability as a 
function of  holding potential. Macroscopic INa measurements in cardiac Purkinje 
cells (e.g., Makielski et al., 1987) indicate that this relationship is quite steep with a 
slope between 5 and 6 mV, which matches well the slope produced by the model. 
However, it should be stressed that this property was determined by the choice of  
values for  the " f ree"  parameters. This was in sharp contrast to the activation rela- 
tionship which was very insensitive to the choice of  the backward rates. 

DISCUSSION 

The kinetic properties of  single Na channel recordings from cardiac Purkinje cells 
resemble those reported by Horn  and Vandenberg (1984) and Vandenberg and 
Horn  (1984) for GHa cells, and by Aldrich and Stevens (1987) for N 1 E l l 5  cells. 
Our  analysis of  channel behavior used two methods, conventional histograms and 
the statistical method of  maximum likelihood, to extract rate constants for a Marko- 
vian model with five states. These two methods gave similar estimates. Several 
important kinetic properties of  cardiac Na channels were demonstrated: (a) Most of  
the voltage dependence of  the cardiac Na channel resided in the activation steps. (b) 
There was striking reopening behavior near threshold, which diminished dramati- 
cally at potentials near 0 mV. (c) Inactivation from the open state was voltage depen- 
dent. (d) Inactivation without opening was prominent,  and it was also voltage depen- 
dent. 

As reported by Horn  and Vandenberg (1984) and Vandenberg and Horn  (1984) 
for GHs cells and by Aldrich and Stevens (1987) for  N1E115 cells, activation kinet- 
ics were the most important factor in determining the peak and the declining phase 
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of  the current.  Inactivation did play an important  role as well, although its voltage 
dependence was less. 

Channel Reopening 

A single-channel patch offered the opportunity to demonstrate  channel reopening 
behavior directly. Reopening was an important  source of  Na current  for the cardiac 
cell at voltages near  threshold, accounting for  as much as 39% of  the current. At 
more  depolarized potentials reopening was reduced dramatically, contributing only 
5-10% of  the current. These data are consistent with predictions f rom multichannel 
patch recordings by Kunze et al. (1985) and Kirsch and Brown (1989) in neonatal 
rat ventricular cells. Our  results also support  the proposal that reopenings occur 
primarily f rom the last closed state before opening in the activation sequence since 
the closed-interval histograms were well described by single exponentials with the 
mean closed time approximated by (kco + ko) - ' .  

Aldrich and Stevens (1987) have emphasized that Na channels open only once in 
N1E115 cells. Careful examination of  their shows that near threshold reopening 
was more common.  They estimated the reopening probability to be 0.27, which 
would cause channel reopenings to account for 40% of  the current  near  threshold. 
This result is similar to our  measurement,  although uncertainty as to the membrane  
potentials in their data as well as in the data f rom the single-channel patch makes it 
possible that the near identity of  the result is fortuitous. In contrast, Vandenberg 
and Horn  (1984) show that reopening contributed more to the total current  than 
first openings at - 4 0  mV in outside-out patches f rom their GH3 cells. This reopen- 
ing is greater  than that seen for either the cardiac channels or the N1 E115 chan- 
nels. Horn  and Vandenberg (1986) have offered evidence that the exaggerated re- 
opening behavior seen in their experiments may have resulted f rom the solutions 
they used or to changes in kinetics resulting f rom patch excision. Recently, Kirsch 
and Brown (1989) offered support  for the latter suggestion. They compared Na 
channel behavior in rat neonatal cardiac ventricular myocytes and rat brain cells in 
the cell-attached and outside-out configuration. Cardiac Na channels showed more 
reopening behavior and longer open times than brain channels. Excision further  
increased reopening and prolonged open times of  cardiac channels, but no change 
was seen in these measures upon patch excision of  brain channels. Such a change 
for the cardiac Na channel could be accounted for  by a reduction in ko~. Aldrich 
and Stevens (1987) also noted that excision of  patches f rom the N 1 E l l 5  cells 
altered inactivation characteristics. These observations raise the possibility that the 
ko~ rate constant is under  cytoplasmic control in some cells. 

Behavior of  Na channels in the threshold region is of  special importance in heart  
cells. Under  conditions of  slow diastolic depolarization during pacemaker events, or  
during slow or marginal conduction, the initiation of  the regenerative upstroke of  
the action potential depends upon recruitment of  Na channel openings in the face 
of  progressive inactivation and offsetting outward currents (Noble and Stein, 1966; 
Fozzard and Schoenberg, 1972). Detailed knowledge of  reopening of  Na channels 
in the threshold region, as well as the rate of  inactivation without opening, will be 
important  for understanding the initiation of  excitation (e.g., McAllister et al., 
1975). These phenomena  may be especially important  under  pathological condi- 
tions, when parts of  the heart  are depolarized by injury. 
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Voltage-dependent Inactivation 

Mean open time initially lengthened with depolarization and then shortened with 
greater depolarization, showing maximal values between - 5 0  and - 4 0  mV. The 
biphasic dependence of  mean open time in cardiac Na channels has also been 
reported by Grant and Starmer (1987), Benndorf  (1988), and Kirsch and Brown 
(1989). This behavior is most consistent with processes of  opposite voltage depen- 
dencies since according to the Markovian model, mean open time is (koc + koi) -1. 
The shortening with depolarization implies that kol cannot be constant if koc is 
monotonically dependent  upon voltage. Maximum likelihood estimation of  ko~ from 
single-channel and multichannel patches predicted a modest voltage dependence of  
26 mV for an e-fold change (1 e-). Vandenberg and Horn  (1984) found an average 
voltage dependence of  inactivation of  12 mV per e-fold change (2 e-) for GH3 cells. 
Although Aldrich et al. (1983) suggested that inactivation in N 1 E 115 had no voltage 
dependence,  the more detailed analysis of  Aldrich and Stevens (1987) showed a 
modest voltage dependence of  0.3-0.5 e-.  However, koc only approached kol in 
magnitude near threshold; at more positive potentials kol was much faster than koc. 
For both the GH3 cell and the cardiac cell, on the other  hand, ko~ is predicted to be 
much slower and the values cross over koc at much more depolarized potentials. 
Whether  or not these differences in inactivation voltage dependence between 
N 1 E 115 cells, GH~ cells, and cardiac cells represent significant differences in chan- 
nel properties is not  clear. In any case, the calculations provide a basis for experi- 
ments that directly examine this behavior. 

Inactivation without Opening 

Horn  et al. (1981) proposed that Na channels can inactivate without opening based 
on their patch-clamp data. This was demonstrated in depolarizing steps into the 
voltage range of  activation where there were no channel openings. The voltage 
dependence of  this behavior for  the single-channel patch is shown in Fig. 9 and for 
multichannel patches in Fig. 10. PN was quite high near threshold and one-third to 
one-half of  cycles even near 0 mV failed to elicit openings. The probability of  inac- 
tivation without opening in terms of  the Markovian rate constants is kcF/(kci + kco). 
The slope of  the Boltzmann fit to the PN VS. voltage relationship for the multichan- 
nel data was about one-half e-  and this can be compared with the prediction of  
slope by the maximum likelihood calculations (Fig. 14). The voltage dependence of  
kco was one e- and kcl was one-half e-,  and the slope of  the PN Boltzmann was 
predicted to be 69 mV, or about one-third e-. One limitation of  this analysis is the 
assumption that kco and kcl a re  well described by single exponentials such that the 
rates continue to increase at more positive potentials. I f  this is not the case, then PN 
need not approach zero but  might reach some limiting value. Because at more depo- 
larized potentials channel current  is reduced and latency to opening becomes 
shorter, obscuring some openings in the capacity transient, the presence of  a limit- 
ing probability is difficult to assess from patch-clamp data. 

The slope of  the PN voltage relationship appeared to be steeper for the single- 
channel patch, and, although there was some inaccuracy involved in assigning volt- 
ages because of  the bath solution, the data appear to be shifted to more negative 
potentials compared with the data from the multichannel patches (Fig. 10). This 
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patch was studied at several degrees warmer  temperature  than the multichannel 
patches, and this could mean that the kco transition rate is more  sensitive to temper-  
ature than the kci rate. Some support  for this idea has been indirectly suggested by 
Sheets et al. (1988) in comparing INa tO Vn~, over a range of  temperatures and by the 
observation that time to peak of  the macroscopic ionic current  has a very high Q~0. 
In support  o f  this as well is the PN voltage relationship published by Benndorf  
(1988) at room temperature.  In this case PN was a quite steep function of  voltage, 
and the relationship was displaced in the negative direction. 

Methodological Limitations 

The single-channel data were obtained over a limited voltage range, because of  the 
need to maintain a signal-to-noise ratio of  over six. On the other  hand, the voltage 
range included both the threshold and the plateau regions of  the cardiac Purkinje 
cell action potential. The experimental protocols were also limited to step depolari- 
zations, while more  complex protocols would have aided in sorting out some aspects 
of  the Markovian model. 

The five-state model, as well as the simpler models considered, reproduced 
observed open-durat ion data and reopening behavior, but resulted in Pop~.(t) that 
consistently underestimated Pop~n at peak and produced only a single exponential 
decline in current. Consequently, the more complex behavior of  current  decay 
found in heart cells requires some change in the model. Chiu (1977) suggested a 
model with an intermediate state on the path to the absorbing inactivated one, and 
such a change would be expected to produce two time constants for current  decay, 
one faster and one slower than that produced by the five-state model used here. 
This modification would also be expected to speed the estimate of  the rate of  activa- 
tion and to improve the estimate of  Pop~n at peak. Some evidence exists that the Na 
channel may have more than one open state (Kunze et al., 1985; Nagy, 1987). The 
present analysis assumed only one open state, consistent with our  own data. We 
could not exclude the possibility that there was another  open state with a similar 
value of  conductance and similar kinetics. 

The most important  assumption in our  data analysis is that the kinetic behavior of  
the Na channel can be represented by a Markovian model with a small number  of  
states. The advantage of  such an analysis is that it organizes channel behavior into 
smaller, more  manageable steps with convenient descriptors that may correlate with 
molecular events. For a more  detailed discussion of  this approach,  see French and 
Horn  (1983) and Horn  and Vandenberg (1984). Our  only data inputs used to eval- 
uate this model were the times of  opening and closing of  channels upon step depo- 
larizations, so that estimates of  transition rates for states distant f rom the open state 
were progressively more unreliable and slow back reaction rates could not be esti- 
mated. The use of  larger numbers of  states would increase the number  of  adjustable 
parameters  and improve fits to discrete data, but would be unlikely to maintain ade- 
quate levels of  accuracy. Integration of  other  methods of  Na channel characteriza- 
tion, such as gating current,  will be of  value in interpreting channel behavior prior 
to channel opening. 

In summary, we have used single-channel recordings f rom isolated canine cardiac 
Purkinje cells to characterize activation and inactivation behavior of  Na channels. 



STANLEY ET At.. Kinetics of Single Na Channels from Cardiac Purkinje Fibers 435 

Channe l  r e o p e n i n g  and  inact ivat ion without  o p e n i n g  were p r o m i n e n t  nea r  thresh- 
old, and  m e a n  o p e n  times showed a biphasic voltage dependency .  The single-chan- 

nel data  were analyzed by the his togram and  the m a x i m u m  likelihood methods,  
us ing  a simple Markov model  o f  channe l  states. The  results showed that  behavior  of  
the cardiac Na channe l  was domina t ed  by its activation kinetics, bu t  that inactivation 
was also voltage dependen t .  The  behavior  of  the cardiac Na channe l  is much  like 
that  o f  the GH3 pitui tary cell and  the N1E115  neu rob la s toma  cell, with only small 
changes in the values of  some of  the channel  t ransi t ion rate necessary to account  for 
the behavior  of  all three channel  types. 

Note added in proof Some of these results are similar to those recently reported by Yue et al. (1989. 
Science. 244:349-352) and Berman et al. (1989. Journal of Physiology. 415:503-531). 
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