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ABSTRACT Gating currents (Ig) were recorded in single canine cardiac Purkinje 
cells at 10-12"C. Ig characteristics corresponded closely to macroscopic IN, charac- 
teristics and appeared to exhibit litde contamination from other voltage-gated 
channels. Charge density predicted by peak IN, was 0.14-0.22 fC #m -2 and this 
compared well with the measured value o f  0.19 - 0.10 fC #m -~ (SD; n = 28). The 
charge-voltage relationship rose over a voltage similar to the peak IN, conductance 
curve. The midpoints o f  the two relationships were not significantly different 
although the conductance curve was 1.5 _+ 0.3 (SD; n = 9) times steeper. Consis- 
tent with this observation, which predicted that a large amount  of  the gating 
charge would be associated with transitions close to the open state, an analysis of  
activation from Hodgkin-Huxley fits to the macroscopic currents showed that rm 
corresponded well with a prominent component  of  lg. Ig relaxations fitted two 
exponentials better than one over the range o f  voltages in which Na channels were 
activated. When the holding potential was hyperpolarized, relaxation o f  lg during 
step depolarizations to 0 mV was prolonged but there was no substantial increase 
in charge, further suggesting that early closed-state transitions are less voltage 
dependent.  The single cardiac Purkinje cell appears to be a good candidate for 
combining Ig and single-channel measurements to obtain a kinetic description of  
the cardiac Na channel. 

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

Na channel  gat ing currents  (Ig) have been studied in a variety o f  nonmammal ian  
prepara t ions  including squid giant axon (Armstrong and Bezanilla, 1974; Keynes 
and  Rojas, 1974), crayfish (Swenson, 1980), Myxicola (Rudy, 1976), f rog  node  o f  
Ranvier (Nonner  et al., 1975), and f rog  skeletal muscle (Collins et al., 1982; Camp-  
bell, 1983). Na channel  Ig has previously been  resolved in only one  mammalian 
preparat ion,  rabbit  node  o f  Ranvier (Chiu, 1980), and  in no  single-cell preparat ion.  
The  cardiac Purkinje cell is well suited for  lg studies because it has a large diameter  
and  lacks T tubules, which are both  characteristics that lower effective series resis- 
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tance.  In  addi t ion ,  Na channel  densi ty  has been  es t imated  to be in the  r ange  o f  200 
channels  #m -2 (Makielski et  al., 1987). 

INa in cardiac  cells has several  dis t inct  character is t ics  that  dis t inguish it f r om INa in 
bo th  neu rons  and  in skeletal  muscle.  In  add i t i on  to a lesser sensitivity to the  toxins 
t e t r o d o t o x i n  ( T I ~ )  and  saxi toxin (STX), cardiac  channels  a re  b locked  m o r e  effec- 
tively by several  divalents,  such as Zn ++ and  Cd  ++ (DiFrancesco  et  al., 1985; Fre l in  
et  al., 1986; Sheets  et  al., 1988). Kinetics o f  card iac  INa are  s lower in bo th  onse t  and  
decay than  in e i ther  skeletal muscle  o r  neurons ,  and  it is genera l ly  ag reed  that  mam-  
mal ian  cardiac  INa decays with m o r e  than  one  t ime cons tan t  (Brown et  al., 1981; 
Kunze et  al., 1985; Pat lak and  Ort iz ,  1985; B e n n d o r f  and  Nilius, 1987; Fo l lmer  et 
al., 1987; G r a n t  and  S ta rmer ,  1987; Makielski et  al., 1987). In  add i t ion  to o u r  pre-  
l iminary r e p o r t  o f  Ig in card iac  Purkin je  cells (Hanck et  al., 1988a),  Bean and  Rios 
(1988) and  Field et  al. (1988) have r e p o r t e d  r e c o r d i n g  Ig in vent r icu la r  myocytes.  
Both  Bean and  Rios and  Field et  al. p r e sen t  evidence that  a substant ia l  pa r t  o f  thei r  
signal arises f rom vol tage-ga ted  Ca channels .  In  contras t ,  this p a p e r  presen ts  evi- 
dence  that  for  the card iac  Purk in je  cell, asymmetr ica l  c u r r e n t  r e c o r d e d  d u r i n g  the 
first 10 ms af te r  a depo la r i z ing  s tep cor re la tes  well with INa and  reflects  pr imar i ly  
vo l t age -dependen t  ga t ing  t ransi t ions  o f  Na  channels .  These  da ta  can be resolved to 
a sufficient deg ree  such that  they can reveal  vo l t age -dependen t  t ransi t ions  o f  the 
channel .  Some  o f  these da ta  have been  p r e s e n t e d  in abs t rac t  fo rm (Hanck et  al., 
1988a; Fozzard  et  al., 1989). 

M E T H O D S  

Cell Preparation 

The experiments were performed on single canine Purkinje cells isolated by the procedure of  
Sheets et al. (1983). Briefly, free running canine Purkinje fibers were cut into short segments 
(2-3 ram) and incubated in modified Eagle's minimal essential medium, with 5 mg/ml Wor- 
thington type I collagenase for 1.5-2 h at 37~ in a shaking water bath. The digested fibers 
were washed in 130 mM K-glutamate, 5.7 mM MgCI2, 0.1 mM EGTA, and 5 mM HEPES (pH 
6.2) and incubated in this solution for 15 min at 37"C. Fibers were then mechanically sepa- 
rated into single cells by application of  shear force. Cells were stored at room temperature in 
Eagle's minimal essential medium (pH 7.3), which contains 1.8 mM Ca, and were studied 
within 18 h. 

Recording Technique 

All recordings were carried out using a large bore, double-barrelled glass suction pipette for 
both voltage clamp and internal perfusion (see Makielski et al., 1987). Voltage control was 
imposed via a unity gain amplifier (OPA-27; Burr-Brown Corp., Tucson, AZ) located in the 
headstage (to minimize capacitive coupling) and connected to the outflow pipette solution via 
a Ag/AgCI~ pellet and a 3 M KC1 bridge. A single cell with normal striation pattern and no 
membrane blebs was selected and drawn into the aperture until about one-third of the cell 
remained outside of  the pipette. The cell was allowed to seal to the aperture walls and then 
the cell membrane inside the pipette was ruptured with a manipulator-controlled wire to 
allow for voltage control of the membrane outside the pipette and exchange of the cytoplasm 
with the flowing pipette solution. INa and Ig were measured with a virtual ground amplifier 
(OPA-101; Burr-Brown Corp., connected to the bath via a second 3 M KC1 bridge and Ag/  
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AgCi2 pellet. Currents were recorded with a 16-bit A/D converter (Masscomp 5520; Concur- 
rent Computer, Tinton Falls, NJ) at 100 or 300 kHz, prefiltered with an 8-pole Bessel filter 
(model 848; Frequency Devices, Inc., Haverhill, MA) with a comer frequency of 10 or 50 
kHz, respectively. 

During IN~ recording, series resistance compensation was used to minimize the voltage drop 
across the series resistance, which, uncompensated, was in the range of 200-250 k~ (Rs 
without a cell in place was 50 kf~). The resistance at peak C~, with Nao/N~ of 30/0 mM 
ranged between 0.5 and 4 M~ (mean, 1.4 Mf~; n = 28). Series resistance compensation also, 
of course, sped the clamp, but in the absence of significant IN~ series resistance compensation 
was of marginal value, and therefore, when recording I s series resistance compensation was 
not routinely used. 

Solutions 

Solutions were chosen to minimize ionic conductances of channels other than Na while 
recording IN,. For recording I s, ionic current through Na channels could not be completely 
eliminated by simple cation substitution. Cs, a common replacement cation for Na, is 2% 
permeable to the cardiac Na channel but otherwise is similar to K as a replacement cation 
(Sheets et al., 1987), and Ic, through Na channels could be several nanoamperes. Although 
permeability of TMA is much < 1% (compared with Na) and did not affect INa magnitude or 
time course when placed extracellularly, the small amount of IN~ that remained obscured Ig 
measurements. In neuronal preparations TTX is usually added to the extracellular solution to 
avoid ionic current through Na channels. Cardiac channels are well known to have a much 
lower affinity for T rX  than neuronal channels, and they exhibit voltage-dependent block 
(e.g., Cohen et al., 1981). Under conditions similar to those for recording Ig (low tempera- 
ture, absence of extraceilular Na), the KD of block by STX is < 50 nM (Hanck et al., 1988b), 
and, therefore, 10 ~M STX was chosen to block ionic current through Na channels. STX was 
preferred to TI'X for two major reasons. First, STX is 5- to 10-fold more efficacious than 
TTX at blocking the channel. Second, STX could be completely washed out, whereas often 
high doses of T I X  could only be incompletely washed out at these temperatures. 

Extracellular solution for measuring INa contained (in rnillimolar): 120 TMA or Cs, 30 Na, 
2 Ca, 154 Ci, and 10 HEPES (pH 7.3). Extracellular solution for measuring Ig contained (in 
millimolar); 150 TMA or Cs, 2 Ca, 154 CI, 0.01 STX, and 10 HEPES (pH 7.3). Intracellular 
solution contained (in millimolar): 150 Cs, 150 F, 0 to 200 #M K-ATP, and 10 HEPES (pH 
7.3). Athough no additional intraceUular buffer for Ca was required because Ca is soluble in 
F at < 10 nM, in some cells 10 mM EGTA or 1 mM BAPTA was added to the intracellular 
solution. Temperature was controlled using a Sensortek (Clifton, NJ) TS-4 feedback-con- 
trolled thermoelectric stage. 

Experimental Protocols and Data Analysis 

Voltage protocols were imposed from a 16-bit D/A converter (Masscomp 5520) using locally 
written control programs (D. Hanck). Cells were held at - 150 mV to insure full INa availabil- 
ity, and they were depolarized once per second or once each 1.5 seconds for 10, 25, or 50 
m s .  

Linear capacity was assessed using modified P-4 protocols (Armstrong and Bezanilla, 1974; 
Bezanilla and Armstrong, 1974). Cells were held at - 1 5 0  mV and hyperpolarized for four 
cycles to - 190 mV for 16.67 ms every 247.5 ms. Armstrong and Bezanilla (1974) found that 
at very hyperpolarized potentials gating transitions could not be detected. We have con- 
firmed this for the cardiac cell by routinely comparing the steps from - 150 to - 190 mV with 
those from - 1 9 0  to - 1 5 0  mV (Fig. 1). In each case these steps subtraced to zero (Fig. 
1 C). 
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Capacitance was calculated by integration o f  the scaled, leak-corrected P-4 current  
responses, and membrane  area was estimated f rom capacitance, assuming 1 #F cm -2. Mean 
capacitance for the cells included in this study was 80 +_ 18 pF (n = 28). Whole cells can have 
a capacitance up to 500 pF (Sheets et al., 1983). Although the decay of  the linear capacity 
transient was usually multiexponential  (Fig. 1 B), the primary time constant was 9.6 _+ 3.9 #s 
and represented 97 _+ 3% o f  the amplitude (n = 28). To confirm that the electronics them- 
selves were linear, we per formed gating protocols with the pipette, KCI bridges, and model  
membranes of  similar series resistance and capacitance to that of  cells. Large voltage steps 
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hyperpolarizations from - 1 5 0  to - 1 9 0  mV are shown superimposed. Hyperpolarization 
transient has been inverted. (B) The first 200 #s o f  the data in A have been replotted on a log 
axis to illustrate the multiexponential  nature of  the decay. (C) The difference between the 
depolarization and hyperpolarization averages indicates the absence of  a t ime-dependent  
component  between - 1 9 0  and - 1 5 0  mV. 

might be expected to reveal nonlinear characteristics o f  the bridges or  the electronics. How- 
ever, model membranes contained a single time constant and steps of  150 mV subtracted 
without residual currents. 

A P-4 protocol preceded acquisition of  each set o f  experimental  data. Data from these 
protocols were compared in order  to moni tor  the stability o f  the preparat ion with time, and 
were combined to improve overall noise rejection. Gating protocols contained four  repeti- 
tions, t imed to be one-half  or  one-fourth o f  a 60-Hz cycle out  of  phase, and data from these 
were averaged offline for lg analysis. Ig measurements were bracketed by IN, measurements to 
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confirm the stability of  the preparation and to document any shift of gating parameters with 
time (Makielski et al., 1987). 

Leak resistance (Re), assessed from the linear, background (time-independent) currents 
between - 100 and - 190 mV, represents the parallel contribution to the resting cell mem- 
brane and the seal of the membrane to the glass. For the 28 cells included in this study mean 
Re was 137 _+ 106 M~2 (range, 30-350 M~). INa was leak-corrected with the value determined 
from the linear fit, and Ig was leak-corrected by the steady value of the current at 8-10 ms. 
However, for Ig leak estimates, sweeps were also manually checked, and leaks were compared 
with values determined from INa protocols and with baseline values predicted from exponen- 
tial fits to Ig relaxations. 

The background current-voltage relationship with 0 mM Na and 10 #M STX was linear 
with a zero-zero intercept except on occasion there was a small rectifying outward compo- 
nent at positive voltages. This current, when it was present, turned on after a lag of  several 
milliseconds, developed very slowly, usually diminished with time, and was not affected by 
STX. Under these conditions it appeared to be carried by Cs. It was not blocked by the addi- 
tion of 200 #M ATP to the pipette, and, therefore, it was unlikely to represent current 
through the ATP-regulated K channel. 

Peak lNa was calculated as the mean of  four samples about the maximum from capacity and 
leak-corrected data. lg current relaxations were fitted to sums of exponentials using 
DISCRETE (Provencher, 1976) on the Masscomp 5520. Boltzmann fits to the form: 

1 
Y = A [1 + e ~x-x'~] (1) 

where A was the determined scale factor and Xm Was the midpoint of  the relationship were 
also determined on the Masscomp using locally written programs (D. Hanck) based upon a 
modified Gauss-Newton nonlinear least-squares algorithm from the NAG (Numerical Algo- 
rithms Group) library. Statistical analyses were carried out on a DOS-based microcomputer 
using SAS (Cary, NC). Grouped data are reported as means + standard deviations unless 
otherwise noted. 

R E S U L T S  

Recording of Ig 

In  Purk in je  cells c lear  ev idence  o f  lg cou ld  be  seen in s tep depo la r i za t ions  at  posit ive 
poten t ia l s  even in the  p re sence  o f  INa (Fig. 2 A). W h e n  INa was b locked  with 10 #M 
STX and  Na  was r emoved ,  the  capaci ty  c o r r e c t e d  cu r r en t s  were ou tward ly  d i r ec t ed  
fo r  depo la r i z ing  pulses,  even posi t ive to the  INa reversal  po ten t ia l ,  and  inwardly 
d i r e c t e d  for  hype rpo l a r i z ing  s teps as would  be  e x p e c t e d  for  lg (Fig. 2 B). At  posit ive 
s tep poten t ia l s  the  initial a m p l i t u d e  o f  the  ON t rans ien t  was l a rge r  and  the decay ra te  
was faster.  Ig re laxa t ion  was biphasic.  This was especial ly ev ident  at  m o r e  negat ive 
potent ia ls .  The  t ime in tegra l  o f  the  capaci ty  and  l eak-cor rec ted  asymmetr ica l  cur-  
ren ts  (Fig. 2 C) p la t eaued ,  and  these values were  taken as the  charge  associa ted  with 
the  vol tage  step. 

Charge  t r ans f e r r ed  u p o n  depo la r i za t i on  shou ld  be  r e c a p t u r e d  u p o n  hyperpo la r i -  
zat ion,  i.e., oN charge  shou ld  be  equal  to  o r~  charge .  However ,  in tegra t ion  intervals  
mus t  be  long  e n o u g h  so tha t  all the  charge  moves  d u r i n g  the in teg ra t ion  per iod ,  and  
this is o f t en  difficult  to  achieve in pract ical  terms.  I n  o t h e r  tissues it has been  well 
d o c u m e n t e d  that  some charge  becomes  immobi l ized ,  that  is, it r e tu rns  too  slowly to 
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be recovered over the typical time periods for integration during repolarization 
(Armstrong and Bezanilla, 1977; Nonner, 1980; for review see Armstrong, 1981; 
Meves, 1986). In the cell shown in Fig. 2 the OFF charge recaptured during 4 ms 
after repolarization from - 5 0  mV was 80% of  the ON charge (Fig. 2 C, left) while 
after repolarization from 0 mV it was only 60% (Fig. 2 C, right). After shorter dura- 
tion depolarizations, when the test potential was - 4 0  mV or more negative, all the 
charge could be recovered within 4 ms. Note that in both instances the OFF charge 
contained a slow component  that appeared not to be complete in the 4-ms integra- 
tion interval. This slow component  was especially evident after the depolarization to 
0 inV. 

and STX have been reported to have no effect on magnitude or time course 
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FIGURE 2. Capacity-corrected 
recordings in same cell as in 
Fig. 1 (cl.02). Data are signal- 

, - -  averaged traces from four 
sequential sweeps and are 
shown digitally filtered at 20 
kHz and decimated by six (20 
#s). (A) Linear capacity-cor- 
rected, but not leak-corrected, 
IN, after depolarizations to 
- 5 0  (left) and 0 mV (right), 
and after repolarizations to 
-150  mV. Horizontal lines 
indicate the value of the linear 
leak. RL, estimated as des- 
cribed in the Methods, was 

L 200 Mft. (B) Currents re- 
corded in the absence of Na 
and in the presence of 10 t~M 
STX. Scale is 8• expanded 
over A. (C) Integral of B. Note 
the more prominent long tail 
in the OFF charge after the 
depolarization to 0 mV. 

of  Ig in squid (e.g., Armstrong and Bezanilla, 1974) and frog node of  Ranvier (e,g., 
Nonner  et al., 1975), although in crayfish Hegenness and Starkus (1986) reported 
block of  charge, consistent with surface charge effects secondary to toxin binding 
displacing Ca ++. In order to investigate whether STX affected charge displacement 
under our  experimental conditions, we recorded Ig in symmetrical Na-containing 
solutions (30 raM) at the reversal potential and compared these data with similar 
data obtained in 0 mM Na solutions and 10 /LM STX. Representative results are 
shown in Fig. 3. The cell was stepped at 0.1-mV increments and the very small cur- 
rents near reversal potential are shown on the left and the integrals are on the right. 
The data for the same protocol obtained in the presence of  10/~M STX are shown 
below. A comparison of  the integrals recorded in the presence of  Na at the reversal 
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potential with that in the presence of  STX was made in four  cells and in each case 
they were not significantly different. 

Peak IN= Compares Well with Q ~  

Cardiac cells have a variety of  voltage-gated channels, and, therefore, the presence 
of  asymmetrical charge is not unexpected. However, if the signal represents pri- 
marily Ig associated with Na channels, then there should be a direct correlation 
between INa and the asymmetrical charge. We compared  peak INa and charge in step 
depolarizations to 0 mV in 28 cells (Fig. 4) in which INa was measured with Nao/Na~ 
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INa values recorded near reversal potential (2.9, 3.2, 3.5, 3.8, and 4.2 mV). Right panel shows 
the integrals of the same data. (B) Left panel shows I s recorded at 3.5 mV in the presence of 
0 Na and 10 #M STX. Right panel shows the integral. Charge, 1,260 fC, was similar to the 
1,220 fC value measured in the presence of Na. 

(in millimolar) 30/0.  We chose 0 mV because the charge-voltage relationship pla- 
teaued positive to - 1 0  mV (see below). At 0 mV cardiac Na channels have a high 
probability of  only opening once and waiting times are concentrated near  the onset 
o f  the step so that peak INa should be a reasonable estimate of  the open probability. 
Also, contamination of  the signal by/ca or  by Ca channel gating currents should be 
evident. In support  o f  the hypothesis that the charge primarily reflected Na channel 
gating, there was a strong linear relationship between gating charge and peak INn 
with a y-intercept that was not different f rom zero. Variation in current  magnitude 
between cells could arise f rom two factors: (a) differences in cell size (membrane 
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area) a n d / o r  (b) differences in cur ren t  density. I f  the pr imary factor  determining 
cur ren t  magni tude  were cell size, it could be a rgued  that the linear relationship was 
simply secondary to the fact that  large cells had large currents.  However,  as can be 
seen in the inset to Fig. 4, this was not  the case; there was no dependence  o f  charge 
on the size o f  the cell as estimated by its capacitance. The zero intercept  also sup- 
ports  the hypothesis that u n d e r  ou r  experimental  condit ions we record  primarily Na 
channel  charge. Had  a significant contr ibut ion f rom other  channels, e.g., Ca chan- 
nels, been  present,  one  would have expected a positive value for  the y- intercept  
indicating some charge not  related to Na channel  gating. 

Channel  density can be predicted f rom IN~ and compared  with the value predicted 
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FIGURE 4. Relationship of charge to peak IN~. In 28 cells, studied between 10.5 and 14~ 
(12.4 _+ 0.9~ charge was measured during step depolarizations to 0 from - 1 5 0  mV. On 
the left this value is shown plotted as a function of peak IN,, measured at 0 mV with a Na 
gradient (Nai/Nao) of 30/0 mM. The line is the best fit by least-squares regression (R, 0.87); 
slope was 37 fC nA -~. The intercept was not different from zero. Variation in current magni- 
tude between cells is a function of  both cell size and of channel density. The right panel, 
which plots the charge as a function of the cells' capacitance, shows that differences in cell 
size was not important in determining the linear relationship between charge and peak IN,. 

f rom the gating charge. Estimation o f  the n u m b e r  o f  channels open  at the peak o f  
the macroscopic  cur rent  was made by dividing the macroscopic  peak conductance  
(GNa) by the single-channel conduc tance  (~,). y is probably in the range o f  2.5 pS 
based on scaling the 12-pS value measured  with 150 mM Nao at a similar tempera-  
ture (Sheets et al., 1987). Assuming 1 #F cm -2, GNa averaged 171 _+ 110 pS #m -2 for  
the cells in Fig. 4, and this predicts that  on  average 68 channels #m -2 were open  at 
peak INa. This value necessarily underest imates  channel  density because it does not  
account  for  channels that open  later than peak, that  close before  peak, o r  that  inac- 
tivate without  opening.  The probability that a channel  is open  at the time o f  peak 
cur ren t  at 0 mV at this t empera ture  is in the range o f  0.3 based on  data f rom the 
most  positive potentials for  which single-channel data in this cell type are available 
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(Scanley et al., 1990). This predicts that channel density is on average 167 channels 
#m -2. The gating charge associated with this number  of  channels, if one assumes 
4 -6  e- per channel (e- = 1.602 x 10 -19 C) is 0.14-0.22 fC #m -~. Average Q~,  for 
these cells was 0.19 -+ 0.10 fC #m -~, which is consistent with the hypothesis that the 
asymmetrical charge under  our  experimental conditions is primarily associated with 
Na channels. 

Charge as a Function of Voltage 

The charge-voltage (Q-V) relationship, assessed from step depolarizations (Fig. 5), 
was sigmoidal and was reasonably well described by a simple Boltzmann distribution 
(Eq. 1). In 11 cells the mean slope was 10.8 _+ 1.4 mV. With correction for the 
temperature differences between cells (10.5-13.5"C), the slope represented an 
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FIGURE 5. Conductance-volt- 
age and charge-voltage rela- 
tionship for  a typical cell 
(cl.02). Conductance was cal- 
culated from peak INa (squares) 
before  (right) and after (left) 
determinat ion of  activation by 
Ig as described in Methods. 
The dot ted lines are the best 
fit Boltzmann with precontrol  
midpoint  at - 5 1 . 2  mV and 
postcontrol  midpoint  at - 56.5 
mV (separated in time by 10 
rain). Slopes were - 8 . 6  and 
- 8 . 2  mV, and scale factors 
were 124 pS gm -~. Charge is 
shown as filled circles and the 
solid line is the Boltzmann fit 
(slope, - 12.6 mV; midpoint,  
- 5 5 . 8  mV; and scale factor, 
0.25 fC #m-~). 

effective valence of  2.3 + 0.4 e-. The midpoint of  the charge-voltage relationship 
was - 5 5  + 5 mV. 

These activation characteristics were compared with activation estimates made 
from INa. Estimates of  activation from ionic current  are in general model depen- 
dent. We chose the simplest transform of  the data, conductance calculated from 
peak INa, although the ratio of  the probability that a channel will be open at peak 
macroscopic IN, to the probability that it will open varies as a function of  membrane 
potential. There is some precedent  (e.g., Keynes and Rojas, 1976) for using perme- 
ability rather than conductance because it takes into consideration the change in 
slope that occurs in the conductance close to the reversal potential. However, in 
these experiments reversal was at ~56 mV and the errors inherent in calculating 
permeability near reversal potential counterbalanced any advantage this technique 
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would have provided had reversal been at a more  positive potential. Although the 
conductance curve peaked and then drooped above + 20 mV, a simple Boltzmann 
function fitted the lower curvature of  the conductance relationships well (see Fig. 
5). 

Activation occurs at more negative potentials with time in this preparat ion 
(Makielski et al., 1987) and so activation was routinely assessed both before and 
after recording of  Ig. Both pre- and post-control conductance curves are shown in 
Fig. 5. The average rate of  the shift in activation was 0.5 _+_ 0.3 mV min -l  (n = 9), as 
estimated from the change in midpoints of  the pre- and post-control conductance 
curves. The slope of  the conductance relationship, on the other hand, did not 
change with time. As expected, the slope of  the peak conductance curve was steeper 
than the charge curve; the mean value was 7.4 _+ 0.9 mV. In a paired comparison of  
the conductance slope to the charge slope, the conductance slope was 1.5 _+ 0.3 
times steeper than the gating curve. The two relationships rose over a very similar 
voltage range, and the midpoint of  the conductance curves and the charge curve 
were not significantly different. In particular there was no large excess of  charge at 
subthreshold potentials, suggesting that most of  the voltage-dependent charge tran- 
sitions were close to the open state under  our  experimental conditions. 

Time Course of Ig 

Having demonstrated that the magnitude and voltage dependence of  the charge 
correlated well with peak macroscopic IN,, we looked at the time course of  Ig. As a 
minimum requirement,  Ig associated with activation of  Na channels should proceed 
or be coincident with activation of  IN,. Because the charge-voltage relationship 
exhibited a close correlation of  charge and channel opening, we looked for a prom- 
inent component  of  Ig that matched the turning on of IN,. 

To assess activation f rom macroscopic current,  IN, f rom 10-ms step depolariza- 
tions were corrected for lg and then fitted on a DOS-based microcomputer  using 
SAS (multivariate secant method) to the Hodgkin-Huxley (1952) formulation: 

IN, = Scale.(1 - e(-t/'m))~.e -t/"~ (2) 

where t are the times of  the digitized data, rm is the fitted activation time constant, 
and ~-, is the inactivation time constant. IN, time course was well described by Eq. 2 
for steps near  threshold (Fig. 6 A). However, at more depolarized potentials, where 
IN, decay was more complete within 10 ms, deviations were consistently seen (Fig. 
6 B). This was not an unexpected finding. Multiexponential decay of  cardiac IN, has 
been repor ted by a number  of  investigators (Brown et al., 1981; Kunze et al., 1985; 
Patlak and Ortiz, 1985; Benndorf  and Nilius, 1987; Follmer et al., 1987; Grant  and 
Starmer, 1987; Makielski et al., 1987). In addition, the rise of  IN, at positive poten- 
tials was less well described by the Hodgkin-Huxley formalism. IN, turned on with a 
greater  lag and rose more  steeply than predicted by rm. Despite these limitations, 
this analysis provided values (Fig. 7 A) that could be compared with activation values 
repor ted for IN, in other  tissues, and it allowed for a comparison of  the major time 
constant associated with IN, activation with that of  Ig. 

Relaxations of  lg f rom step depolarizations were fitted to a model of  sums of  
exponentials. The decay time constants 0%) were a biphasic function of  voltage with 
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FIGURE 6, Examples of Hodgkin- 
Huxley fits (Eq. 2) to INa at --55 mV 
(above) and at - 10 mV (below) during 
depolarizations for 10 ms from 
- 1 5 0  mV. Data are shown digitally 
filtered at 20 kHz and decimated by 
six (20 ~) .  Data were corrected for Ig 
by subtraction of the current re- 
corded in the presence of 10 #M 
STX and 0 Na. Data were shifted 20 
#s before fitting to account for the 
delay introduced by the filtering. At 
- 5 5  mV r~, was 1.35 ms and rh was 
5.81 ms. At - 1 0  mV r,, was 0.33 ms 
and rh was 1.49 ms. Cell e8.01, 100 
pF, RL 150 Mf], 13"C. 

the longest  r ' s  occur r ing  be tween - 4 0  and  - 5 0  mV (Fig. 7 B). Ig decays were be t te r  
fitted by two exponent ia ls  than  by one  over the voltage range  that Na channels  acti- 
vated; a single exponent ia l  fitted best at very negative potentials  where r was also the 
shortest.  At potentials  where  Ig decayed with two time constants  the charge was con- 
cen t ra ted  u n d e r  the longer  t ime constant ,  a nd  this t ime cons tan t  matched well with 
the rm predic ted f rom the Hodgkin-Huxley  fits to macroscopic cur ren ts  (Fig. 7 A). 
Near  0 mV there was an  increase in the dispersion of  the fitted time constants  to Ig 
relaxations. The  decay of  IN, was also rapid nea r  0 mV; the fitted value for  rh for the 
ionic cu r r en t  was 1.8 + 0.4 ms (0 mV; n = 9). Al though inactivation has been  con- 
sidered to have l imited voltage dependence ,  a small con t r ibu t ion  to lg f rom inactiva- 
t ion might  be expected.  
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FIGURE 7. (A) Grouped data of r~ from fits of IN, to Eft. 2. Graphed are the means and 
standard errors of the mean for observations from 13 cells fitted as described in the text and 
illustrated in Fig. 6. (B) Grouped data of exponential fits to Ig current relaxations in step 
depolarizations. Graphed are the means and standard errors of the means from 14 cells fitted 
as described in the text. 



450 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  95 . 1990  

In the Hodgkin-Huxley model, Ig rises instantaneously to a maximum value and 
decays monoexponentially. The time constant o f  Ig relaxation is determined by 
1/(a +/3), the magnitude of  the electronic charge associated with the transitions 
(which is assumed to be the same for all transitions), and the number  of  channels. 
Armstrong (1981) has pointed out  that in this model, if the relationship of the time 
constants between closed states is altered, the most profound effect is evident in the 
initial portion of  lg. A marked rising phase to Ig is predicted if, for example, the 
relationship of  the rate constants is inverted from a 3:2:1 ratio to 1:2:3. Most of  the 
early Ig recordings in squid showed a distinct rising phase to lg (e.g., Armstrong and 
Gilly, 1979). However, recent evidence (Stimers et al., 1987) has indicated that this 
may be a consequence of  the Frankenhauser /Hodgkin space and that under  the 
best conditions no rising phase to Ig is recorded. In the cardiac Purkinje cell Ig rose 
quickly at all potentials and typically peaked at 50 #s. The primary time constant of  
the clamp was in the range of  10 #s and so voltage control (to within 1%) could be 
assumed by 30/ss. In addition, the 8-pole Bessel filter (50 kHz) further  rounded the 
recorded response. Thus the 50-#s rise time is close to that predicted from the char- 
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FIGURE 8. Capacity- and leak-cor- 
rected INa recorded during step 
depolarizations to 0 mV from hold- 
ing potentials of - 190 and - 130 
inV. Data were recorded at 100 kHz, 
analog-filtered at ! 0 kHz. Note that 
from the more negative holding 
p o t e n t i a l  /Na turns on with a greater 

0.5 ms lag and the peak current is reduced. 
Cell cl.02, 60 pF, Re 350 M~, 12~ 

V h 

acteristics of  the clamp and filter. This appears at first glance to contradict our  find- 
ing that the predominant  voltage-dependent time constant was close to the open 
state, which would seem to predict less voltage dependence of  closed-state transi- 
tions and a substantial lag before the appearance of  lg. However, even though a 
substantial portion of  the charge appeared to be associated with transitions close to 
the open state, there was a fast component  of  Ig (Fig. 7 B). This component ,  seen 
over the entire voltage range, undoubtedly obscured the delay in lg associated with 
channel opening. 

To further  investigate the contribution of closed-state transitions we looked at the 
effect of  hyperpolarization on Ig. In squid giant axon it was shown that strong 
hyperpolarization favored channels occupying the most distant closed state. Ionic 
current  and Ig during a depolarizing step were delayed (Taylor and Bezanilla, 1983). 
We could also demonstrate  this Cole-Moore shift (1960) for the cardiac Na channel. 
When the holding potential was - 1 9 0  mV, INa developed more slowly than when 
holding potential was - 130 mV (Fig. 8). This delay was similar to squid. However, 
in contrast to squid, peak INa was also reduced at the more hyperpolarized potential 
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(Fig. 8). The reduction in peak INa was small, but it was highly consistent, reproduc- 
ible, and reversible. Ig also had a lower peak and a longer relaxation time (Fig. 9 A) 
when the holding potential was - 190 mV. The charge integrals were not obviously 
different (Fig. 9 B), although a difference of  5% could not be excluded. In four  cells 
the primary relaxation time constant in step depolarizations to 0 mV was lengthened 
13 _+ 3% (Fozzard et al., 1988). These observations also support  the conclusion that 
closed state transitions far f rom the open state are less voltage dependent  than those 
near  the open state. 

D I S C U S S I O N  

We have recorded asymmetrical charge movement  in canine cardiac Purkinje cells. 
There  was good correlation between INa and the charge that transfers within the first 
10 ms after a change in voltage, such that contamination by charge movement  asso- 
ciated with voltage-gated channels other  than Na channels was likely to be small. 
Analysis o f  the time constants o f  Ig revealed complex behavior over the range of  
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S 050 ~ ~ l g 0  ~ 0.2 
<a. 0 . 2 5  �9 mV ~ 0 . 1  

mV 
0 t I 

0 . 0 0  L I 5 . 0  ms 
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FIGURE 9. Retardation of Ig by negative holding potential. Ig for the same cell as Fig. 8, are 
shown digitally filtered at 15 kHz. Relaxation r was 484 #s at -190  mV and 433 #s at -130  
inV. 

potentials Na channels activate and suppor ted  a model with prominent  voltage 
dependence in transitions close to the open state. Evidence for lesser voltage-depen- 
dent charge distribution between more  distant closed states was also demonstrated.  
This preparat ion appears  to be a good candidate for combining lg and single-chan- 
nel measurements  to obtain a kinetic description of  the cardiac Na channel. 

T I X  has been repor ted to exhibit voltage-dependent blocking effects and a shift 
in inactivation to more negative potentials (Cohen et al., 1981; Vassilev et al., 1986; 
Carmeliet, 1087). Similar voltage-dependent effects have also been repor ted in cray- 
fish (e.g., Salgado et al., 1986) and a shift in steady-state inactivation, as assessed by 
gating charge, has been repor ted  in that preparat ion (Heggeness and Starkus, 
1986). Heggeness and Starkus could explain their findings, which were more dra- 
matic for T I X  than for STX, by postulating that the toxin displaced divalent charge. 
The lesser effect o f  STX then was a consequence of  its two charges being bet ter  able 
to substitute for the displaced divalent. In these experiments we did not observe any 
difference in charge in the presence and absence of  STX. However,  we used very 
negative holding potentials, where effects of  the toxin would be predicted to be 
minimal or  absent, and we used STX rather  than TFX. We conclude that under  
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these conditions the use of  STX to block residual current did not alter the channels' 
kinetic behavior. 

Peak lu~ Compares Well with Q,~ 

It is perhaps surprising at first glance that the correlation between charge and mac- 
roscopic INa is SO strong since other membrane voltage-dependent processes cer- 
tainly exist. The cardiac cell is contractile, and one possible source of  asymmetrical 
charge movement might be expected from excitation-contraction (E-C) coupling. In 
fact, the first I~ measurements were of  E-C coupling gating charge in skeletal muscle 
(Schneider and Chandler, 1973). However, E-C coupling in cardiac muscle is 
thought to be triggered predominantly by Ca-mediated Ca release rather than by a 
voltage-dependent mechanism as in skeletal muscle (Fabiato, 1982; Rios and 
Pizarro, 1988), and the cardiac Purkinje cell has no T tubules. For these reasons any 
E-C coupling gating charge, independent of  voltage-gated Ca channels, would be 
predicted to be small. 

Although Na channel density is high, the Na-K ATPase is in much higher abun- 
dance in the cardiac cell than Na channels (Colvin et al., 1985; Doyle et al., 1986), 
and gating charge associated with the electrogenic Na-K ATPase has been measured 
in ventricular cells (Nakao and Gadsby, 1986). However, the Na-K gating charge is 
extremely slow in comparison with that for voltage-gated channels, and the low tem- 
perature used in this study (12~ as well as the ionic conditions of  our  experiments 
prejudiced us against measuring Na-K ATPase gating. 

Cardiac cells are well known to contain a variety of  voltage-gated channels. Sev- 
eral types of  K channels have been identified in cardiac cells, but little is known 
about their kinetics or density. IK~ density has been estimated from whole-cell and 
single-channel measurements in guinea pig myocytes (Sakmann and Traube, 1984) 
to be one channel per 2 #m 2. In addition, although the current-voltage relationship 
of  KKa rectifies, the most interesting characteristics of the current have been 
explained as channel blocking events rather than time-dependent gating, and there- 
fore a contribution of  IK1 to Ig is unlikely. 

Ig from delayed rectifier K channels (IK) has been reported in squid giant axon 
(White and Bezanilla, 1985), but it is much slower than Na channel lg in that prepa- 
ration, and the time course of  Ig is well correlated the time course of  IK. IK in cardiac 
Purkinje cells is not large; the work by Gintant et al. (1985) also suggests that its 
kinetics are quite slow with time constants of  hundreds of  milliseconds and seconds. 
At positive potentials there is a transient outward K current, / to (IA type), that acti- 
vates positive to - 30 mV, and this would be expected to contribute to gating charge 
at positive potentials. Nakayama and Fozzard (1988) have reported that at 12~ 
time to peak of/to is at ~40 ms at +40 mV and time to peak decreases to 15 ms at 
+ 80 mV. At these potentials INa peaks in much < 1 ms and Ig relaxes in 100-200 Us. 
This disparity in time course is itself enough to make contamination of  Ig by/to gat- 
ing unlikely. Also, channel density appears to be in the range of  2,000 channels 
Purkinje cell-1 (Nakayama, T., personal communication), which compares favorably 
with the estimate in ventricular cells published by Clark et al. (1988) of  1 per 3 -5  
/~m 2. While it is unlikely that gating charge associated with this channel is present in 
our  records, the slowly developing outward current  we sometimes see at positive 



HANCK ET AL. Na Gating Current in Canine Cardiac Purkinje Cells 453 

potentials has some characteristics that would be expected for ionic current  through 
this channel. 

Ca channels would be expected to gate over part of  the voltage range of  Na chan- 
nels, and Bean and Rios (1988) have suggested that some portion of  Ig in ventricular 
myocytes may be a consequence of  Ca channel gating. However, we fail to record 
excess charge that might be related to Ca channel gating (Fig. 4). Kostuyk et al. 
(1977, 1981) recorded Ig associated with Ca channels in Helix neurons. They found 
that 80% of  Ig in that preparation was irreversibly blocked by intracellular fluoride, 
and the fluoride-sensitive component  of  Ig correlated well with/Ca. It is possible that 
our  failure to record Ca channel Ig is secondary to our  choice of  fluoride as the 
intracellular anion. We have also estimated Ca channel density, based on whole-cell 
/Ca recordings in canine cardiac Purkinje cells without fluoride present (Hirano et 
al., 1989). L-type Ca channels are probably not in greater density than 1-3/zm -e, 
which would predict that, unless their gating is much more voltage dependent  than 
Na channels', their contribution would be small. The Purkinje cell also contains a 
T-type /Ca (Hirano et al., 1989). However, although the density is greater than in 
most ventricular cells, it is unlikely to be greater than that of  L-type Ca channels. 
The current  is transient; however, at 30"C the time to peak of  the current  is several 
milliseconds. At 12~ where the Na channel I s measurements were made, gating is 
likely to be much much slower than for Na channels. 

Channel density predictions argue that Ig associated with Ca channels would be 
much smaller than Ig associated with Na channels even without assuming that the 
fluoride-containing solutions precluded the recording of  Ca channel Is. However, in 
ventricular myocytes Bean and Rios (1988) recorded a D-600-sensitive component  
of  asymmetrical charge, which they identified as a candidate for /Ca gating. D-600 
has been known to block cardiac INa for some time (e.g., Bayer et al., 1975), and we 
have confirmed this for cardiac Purkinje cells at the 10-#M dose Bean and Rios used 
(Hanck et al., 1989). Therefore,  it is perhaps premature to conclude that this drug 
cleanly uncovers a contribution to gating by Ca channels. However, it is also quite 
likely that some portion of  D-600-sensitive charge was related to Ca channels in 
their study. This leaves the possibility that the Na/Ca channel ratio in ventricular 
cells is less than in Purkinje cells, either because Ca channel density is higher or Na 
channel density lower. This might be the case since many dihydropyridine-binding 
sites appear to be in the T tubules of  ventricular cells (Doyle et al., 1986). More 
recently Field et al. (1988) have also reported Ig recordings in neonatal rat ventricu- 
lar myocytes. They also concluded that a large part of  their signal was a consequence 
of  Ca channel gating. 

Implications for Modeling 

The voltage dependence of  charge was well fitted by a simple Boltzmann function. 
This is in contrast to some reports (e.g., Bezanilla and Armstrong, 1975; Stimers et 
al., 1985) where the Q-V relationship contained a low slope region at potentials neg- 
ative to channel activation, although some early recordings (e.g., Meves, 1974; 
Keynes and Rojas, 1976) also fitted a simple Boltzmann relationship to their charge 
voltage data. Recently Raynor and Starkus (1988) reexamined the issue of  holding 
potential and the Q-V relationship and concluded that the Q-V relationship deter- 
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mined  f rom very negat ive ho ld ing  potent ia l s  con ta ined  a single s lope factor .  In  the i r  
study,  only when ho ld ing  poten t ia l  was such that  some charge  became  immobi l ized  
d id  the  charge-vol tage  re la t ionsh ip  exhibi t  a low-slope region.  I t  is t he r e fo re  likely 
that  the  absence  o f  a low-slope reg ion  in the  Q-V re la t ionship  in o u r  da ta  does  no t  
r ep re sen t  a t rue  d i f fe rence  be tween  tissues. 

P robab ly  the  most  s t r iking f inding  in these studies was the c o n c o r d a n c e  o f  the  
conduc t ance  and  charge  re la t ionships;  the  midpo in t s  o f  the  two re la t ionships  were  
no t  different .  In  previous  studies,  even in those  where  the charge-vol tage  re la t ion-  
ship was well desc r ibed  by a s imple Bol tzmann  re la t ionship ,  the midpo in t s  o f  the 
two re la t ions  co inc ided  only when the c u b e - r o o t  o f  the  conduc t ance  re la t ionship  
was cons idered .  This d i f fe rence  may po in t  towards  p rope r t i e s  that  under l i e  the  
overal l  s lower kinetics o f  the  card iac  Na channel .  In  addi t ion ,  the  analysis o f  activa- 
t ion c o m p a r i n g  the m a j o r  t ime cons tan t  in the t u rn -on  o f  INa with the  m a j o r  t ime 
cons tan t  o f  Ig showed good  cor re la t ion .  A l though  a fast t ime cons tan t  was a p p a r e n t  
over  the  ent i re  vol tage range ,  a slower t ime cons tan t  was the p r e d o m i n a n t  cont r ib -  
u t o r  to the  charge  over  the  r ange  in which Na  channels  opened .  Act ivat ion models  
in which p r imary  vol tage d e p e n d e n c e  is associa ted with the  C ~ O t rans i t ion  have 
been  p r o p o s e d  (Arms t rong  and  Gilly, 1979; Arms t rong ,  1981), and  a mode l  o f  this 
type will u n d o u b t e d l y  apply  for  the  card iac  channel .  The  cardiac  cell has a l ready 
been  shown to be  a g o o d  cell for  s ingle-channel  r ecord ing ,  and  so this p r e p a r a t i o n  
provides  an ideal cand ida te  for  combin ing  kinetic in fo rma t ion  f rom the two record -  
ing techniques .  C o m b i n i n g  these da ta  will facil i tate the  d e v e l o p m e n t  o f  a kinetic 
mode l  o f  the mammal i an  cardiac  Na  channel .  
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