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S u m m a r y .  The conductance of a channel to permeable ions de- 
pends on the number of ions near the mouth of the pore. Surface 
charge controls the local concentration, and impermeable cat- 
ions can modify this charge. Correlating channel conductance 
with the concentration of impermeable cations therefore deter- 
mines the local charge near the open pore. This paper presents 
data from cell-attached patches on embryonic chick ventricle 
cells, and it uses the conductance of inward-rectifier channels in 
the patch (in 100 mM K, with various concentrations of Na, Ca, 
Ba, and Mg) to estimate the local surface potential. The results 
indicate the presence of ionized residues near the mouth of the 
channel. Using the Boltzmann equation and the Gouy-Chapman 
relation, the surface potential due to these residues (in 100K/ 
33Na/0Ca/0Ba/0Mg) is - 4 0  mV, and the charge density is -0.25 
e/nm 2. 

K e y  W o r d s  potassium channels - i n w a r d - r e c t i f i e r  �9 heart cells 
�9 surface charge 

Introduction 

Sakmann and Trube (1984a,b), using the patch- 
clamp technique (Hamill et al., 1981), first identified 
inward-rectifier channels in adult ventricle cells 
from the guinea pig heart. The channel showed 
many similarities to the macroscopic inward-recti- 
fier (or anomalous-rectifier) current in mammalian 
ventricle, including a high selectivity for K ions. 
The current, also designated by IK1 or Ibg, exists in 
many different kinds of cells; Beeler and Reuter 
(1977) and McDonald and Trautwein (1978a,b) were 
among the first to describe this current in cardiac 
tissue. The role usually ascribed to IKI is that it 
helps determine the resting conductance and assists 
in the repolarization of the cardiac action potential. 

Sakmann and Trube estimated that in guinea pig 
ventricle the inward-rectifier had a density of 1 
channel/2/xm 2, and in high external K the pore ex- 
hibited interconverting substates with distinct con- 
ductances. Numerous single-channel studies now 
exist; in adult cardiac tissue, these include Bechem, 
Glitsch and Pott (1983, guinea pig atrium), Kame- 

yama, Kiyosue and Soejima (1983, rabbit ventricle), 
Trube and Hescheler (1984, guinea pig ventricle), 
Kurachi (1985, guinea pig ventricle), and Hume and 
Uehara (1985, guinea pig atrium and ventricle). The 
embryonic chick heart ventricle inward (anoma- 
lous)-rectifier (designated AR) shares many proper- 
ties with previously described channels in adult tis- 
sue: it is K-selective, conducts primarily when the 
potential is negative to EK, and has at least five 
conduction states in high external K. 

The present work is an attempt to study the 
density of charge near an open channel using the 
conductance of the AR channel as an assay. Vary- 
ing the concentration of impermeable cations, while 
holding the concentration of the permeable K ions 
constant, changes the conductance of the AR pore. 
We interpret this effect as a change in the local K 
available to the channel. Under this assumption, the 
surface potential is calculable from the Bottzmann 
equation and the surface charge from the Gouy- 
Chapman relation. One difficulty arises, for if local 
K varies as the calculations suppose, not only con- 
ductance but also driving force will change. The 
new driving force has a separate influence on the 
current, making the calculations more complex. To 
avoid this problem, McLaughlin, Szabo and Eisen- 
man (1971) changed the impermeable ions equally 
on both sides of the membrane, leaving the driving 
force constant. Instead, we measured open channel 
i(V) curves, in which the conductance of the pore 
and its reversal potential are easily separated for 
any condition. 

Using channel conductance to measure surface 
charge has advantages over other methods: (i) it 
requires essentially no assumptions about channel 
kinetics; (ii) it is relatively free of the uncertainty, 
present in virtually all macroscopic experiments, 
that the measured current comes about from a sin- 
gle class of channel; (iii) only the patch encounters 
the test solutions; (iv) surface charge emerges from 
a single parameter (cf. Apell et al., 1979a,b), 
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w h e r e a s  m a c r o s c o p i c  e x p e r i m e n t s  r e l a t e  t h e  c h a r g e  

to  m u l t i - p a r a m e t e r  e f f e c t s ,  s u c h  as  v o l t a g e  s h i f t s  o f  

p e a k  c u r r e n t  ( F r a n k e n h a e u s e r  & H o d g k i n ,  1957; 

G i l b e r t  & E h r e n s t e i n ,  1969;  H i l l e ,  W o o d h u l l  & S h a -  

p i r o ,  1975;  S c h a u f ,  1975).  

Materials and Methods 

Preparation of ventricular cells by enzymatic digestion'of 7-day 
chick hearts followed the procedure of DeHaan (1967). Clusters 
of two to eight spontaneously beating cells adhere to Falcon 1008 
styrene petri dishes. The cells were usually cultured for at least 
one day before exchanging the medium for a protein-free, salt 
solution and moving the cells to the patch-clamp setup. The bath 
solution, 3.5 K/130 choline, contained (in raN) 130 choline, 3.5 
K, 1.5 Ca, 0.5 Mg, 133.5 CI, 2 SO4, 1 HzPO4, 5 dextrose, and 10 
HEPES (pH 7.35) and was isosmotic to the cell at 270 mOsm: 
this solution arrested beating within minutes and gave the cell a 
constant resting potential, measured independently under cur- 
rent clamp. About half the cells are naturally quiescent. 

Patch pipettes were made from borosilicate glass. Storing 
the glass at 470~ for 24 hr before using it increases its surface 
energy by removing entrapped gases and surface organics. This 
treatment provided a simple and clean storage facility, and it 
improved the glass for use as patch electrodes. Electrode resis- 
tances were between 3.4 and 6.9 Mft (95% confidence limits, n = 
31). Assuming that the patch electrode isolated a hemispherical 
segment of the membrane (Sakmann & Neher, 1983), the area of 
the patch is between 5 and 6/~m 2. 

The solution in the patch electrode was under slight positive 
pressure (less than 4 cm H20) as the electrode moved toward the 
cell surface and formed the mechanical seal. Upon applying a 
slight suction ( - 4  cm H20), a resistance of 10-100 GD. developed 
within seconds. This procedure maintained the composition of 
the electrode solution during the sealing process. 

All pipette solutions contained 10 mM HEPES (acid) at pH 
7.4. The divalent-free solutions also included 5 mM EGTA (acid), 
which was sufficient to buffer the Ca that might be contaminating 
the pipette solution during the formation of the patch or the Ca 
that is bound to the external surface of the membrane (see 
Schmid & Reilley, 1957). Divalent-free solutions without EGTA 
gave similar results in a few trials. All experiments (except Fig. 
3) used 100 mN K in the patch pipette. 

Monitoring the cell resting potential with electrodes con- 
taining an intracellular-like solution gave an average resting po- 
tential (in 3.5 K/130 Na) of -69.0 + 4.4 mV (1 sD, n = 21). With 
choline replacing Na, cells depolarized to -48.4 -+ 5.3 mV (1 SD, 
n = 21). This change was reversible. Resting potentials were 
constant for hours in either 3.5 K/130 Na or 3.5 K/130 choline. 
Reversible K channel blocking could account for the depolariza- 
tion in choline; whatever the solution, we used the resting poten- 
tial to calculate the absolute voltage across the patch. Bath tem- 
perature was 23-25~ A List EPC5 amplifier in voltage clamp or 
current clamp monitored the current or the voltage, which we 
collected and stored on floppy disks on a Nicolet 4094 oscillo- 
scope and analyzed later on an HP 9826 computer. 

with substates. In analyzing records like Fig. 4, we start with the 
smallest current and find its multiples. We then locate the next 
level (not an addition of the first) and its multiples, continuing 
until all steps in a given record classify as unique conduction 
states or as additions of these states. Ignoring the latter, the tiers 
could represent either dissimilar channels or substates of similar 
channels; we refer to the levels as substates because transitions 
between them often occurred within 100/xsec (the limit set by the 
1.6 kHz cutoff). However, we made no statistical test for the 
independence of the steps and cannot say whether the un- 
matched plateaus in a given record represent substates of con- 
nected channels or unique states of autonomous channels. We 
identified five disparate levels by the above procedure, plotted 
them separately, and established their dependence on the con- 
centration of the impermeable ions in the pipette. 

S u r f a c e  P o t e n t i a l s  

Boltzmann's equation gives the surface concentration of the per- 
meable ion (Co) in terms of its bulk concentration (CA) and the 
surface potential of the membrane (4'o): 

Co = Cb exp(-ze4'o/kT) (1) 

where kT is the thermal energy, and ze is the charge of the 
permeable ion. If the single-channel conductance (3') is propor- 
tional to the first power of the surface concentration of K, then it 
follows from Eq. (1) that 

y/%, = exp[-ze(4'0 - 4',,)/kT] (2) 

where % is the value of y in an uncharged membrane, and 4', is 
the value of 4'o in an uncharged membrane (zero). We approxi- 
mated the condition of membrane neutrality by using concentra- 
tions of divalent cations high enough to saturate their lessening 
of channel conductance (see Apeli et al., 1977, 1979a,b). Taking 
the logarithm of both sides of Eq. (2), setting 40, + 0, and solving 
for 4)0 gives 

4'0 = -(kT/ze)ln(y/yn). (3) 

If y is proportional to a power of K other than one, the power 
divides the expression for 4'0. 

S u r f a c e  C h a r g e  

The Gouy-Chapman theory of the diffuse electric double layer 
gives an estimate of the surface charge, o-s, from the surface 
potential, 4'o (Grahame, 1947). With o-, in e/nm z and 4'0 in mV, the 
relationship is 

o- s = 0.321 ~,mi[exp(-zie4'o/kT) - 1] I/2. (4) 

In Eq. (4), e is electronic charge, mi is in units of moles/liter, zi is 
the valence of the ith ion, and e/kT = 25.7 mV at 25~ 

ANALYSIS 

S u b s t a t e s  

Most patches contained several current levels for the same pi- 
pette conditions. Multiple levels occur if there are different kinds 
of channels in the patch; they could also result from a channel 

Results 

SINGLE-CHANNEL CONDUCTANCE 

F i g u r e  1 s h o w s  t h e  s i m p l e s t  c o n d i t i o n ,  a s i n g l e  c o n -  

d u c t a n c e  l e v e l  s u b j e c t  to  s y m m e t r i c a l  h y p e r p o l a r -  
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Fig. 2. The i(V) curve for ARs, from the data in Fig. 1. The 
current levels represent average values through the noisy traces 

~200 msec 

Fig. 1. Raw data for substate ARs. Bath solution (in mM): 3.5 K, 
130 choline, 10 HEPES (pH 7.35). Pipette solution: 100 K; 33 
Na; 0 Ca; 10 Mg; 10 HEPES (pH 7.4). The values in the right- 
hand column signify the voltage across the channel, Vre~t -- 
g p i p e t t  e . A downward deflection is a channel opening. For positive 
values of voltage, the channel is closed (upper trace, each panel). 
We inserted gaps in the +70 mV trace in order to show channel 
closings in the -70  mV trace. The cutoff frequency is 1.6 kHz 

izations ( - )  and depolarizations (+) from rest. The 
conductance (in this case, ARs) strongly rectifies, 
passing current only when the transmembrane po- 
tential is negative to the K reversal potential. Re- 
versal lies close to zero mV because the pipette 
contains 100 mM K, about equal to the free K in 7 + 
1 day embryonic ventricular cells [83 mM by ion- 
selective electrodes (Fozzard & Sheu, 1980) and 
138 mM by flame photometry (McDonald & De- 
Haan, 1973). 

Figure 2 gives the i(V) curve for Fig. 1 : V is the 
difference between the resting potential and the pi- 
pette potential. The conductance (YK = 35 pS, sub- 
state ARs) remains constant between -200 and -20 
mV and rectifies strongly above -20 mV. There is 
no outward current up to +200 inV. All substates 
have similar curves, in which the inward conduc- 
tance depends on the concentration of K ions and 
the concentration of impermeable monovalent and 
divalent cations in the pipette. 

SELECTIVITY 

The evidence that all AR conductance states are 
highly selective for K over Na, choline, divalent 
cations, and C1 is as follows: (i) no AR-like channels 

2.0- 
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ff 1.0 ~- pS 
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15 pS 

0 
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Fig. 3. The relation between conductance and pipette K for 
AR2. The abscissa is the ratio of the conductance at a particular 
K concentration to the conductance at 100 mM K; the ordinate is 
the ratio of that particular K concentration to 100 mM K. Ionic 
strength remains constant by substituting Na for K. The line 
through the points has a slope of one for this substate. The pi- 
pette contains X mM K, (133-X) mM Na, 5 mM EGTA, and 10 
mM HEPES (pH 7.4) 

appear in the patches unless the patch pipette con- 
tains K; (ii) the inward conductance of all AR sub- 
states decreases as external K decreases (the small- 
est detectable substate, AR5, is 4 pS in 3.5 K/130 
Na/0 Ca/0 Mg/10 HEPES, pH 7.4); (iii) replacing 
Na by choline (leaving K = 100 raM) does not 
change any of the substate conductances; (iv) AR 
conductance of AR2 is directly proportional to the 
concentration of K in the pipette (maintaining total 
ionic strength at 133 m g  by substituting Na for K). 
Figure 3 shows this proportionality by plotting the 
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Fig, 4. Raw data from a patch containing 
more than one substate. There are four 
hyperpolarizations to - 90  (A), - 110 (B), 
-130 (C), and -150 (D) in mV. Bath solution 
(in raM): 3.5 K, 130 choline, 10 HEPES (pH 
7.35). Pipette solution (in mM): 100 K, 33 Na, 
0 Ca, 1 Mg, 10 HEPES (pH 7.4) 
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Fig. 5. The i(V) curves for the patch in Fig. 4 containing two 
substates, AR2, (25 pS) and AR3 (35 pS), and the sum of these 
two substates (59 pS) 

normalized conductance (YK/TK100) VS. normalized 
concentration (K/K~00) where Klo0 = 100 mM exter- 
nal potassium. 
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Fig. 6. Effect of divalent cation concentration on substate con- 
ductance. The points represent individual measurements, not 
mean values. The lines are empirical fits by eye. Most patches 
contain at least two substates. All pipette solutions contain 100 
mM K and 33 mM Na 

SUBSTATES 

Figures 4 and 5 present a patch containing three 
different conductance levels. In this example, no 
instantaneous openings or closings occurred that 
would identify the highest and lowest conductances 
as conversions. An interpretation of Fig. 4 is that 
there are two separate channels in the patch, each 
expressing a different substate (AR2 = 25 pS, AR3 = 
35 pS), and that these substates add to give the top 
level. (We adopt the term substate for convenience 
only; see  the section on substates in Analysis.) Fig- 
ure 5 plots the i (V)  curves for the two substates and 
for the addition state. The common intercept of the 
extrapolated curves indicates that the two conduc- 
tances have the same selectivity. 

DIVALENT CATIONS AND CHANNEL 

CONDUCTANCE 

Figure 6 summarizes the conductances of five sub- 
states from 33 patches as a function of the concen- 
tration of three impermeable divalent cations. The 
monovalent cation concentrations were 100 K and 
33 Na in all experiments, resulting in solutions of 
nearly equivalent ionic strength. The lines in Fig. 6 
sort the data into five groups. Conductance de- 
creases monotonically with increasing bulk divalent 
cation concentration (McLaughlin e t  al., 1971; 
Apell et al., 1977, 1979a,b; Bell & Miller, 1984). For 
one of the substates, AR1, data exist out to 40 mM 
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Table 1. Substate conductance ratios v s .  [C-+], where C stands 
for cation 

[C +'] 0 1.0 2.0 3.25 5.0 6.0 7.5 Mean 
(mM) ratios 
Ratio 

ARJArI 4.08 4.48 4.20 4.50 4.40 4.33 3.89 4.3 
AR4/ARI 2.84 3.03 2.80 3.08 3.00 3.05 - -  2.9 
AR3/ARI 2.00 2.18 2.33 2.33 2.43 2.56 - -  2.3 
AR2/ARI 1 . 3 6  1 .58  1 .40  1 .50  1 .66  1.67 - -  1.5 

Table 2. Conductance levels for a neutral membrane 

Substate y(qS0 = 0) pS 

AR~ 5 a 
AR2 7.5 
AR3 11.5 
AR4 14.5 
AR5 21.5 

a This is the only experiment value; the other numbers are calcu- 
lated values. 

Mg; above 20 mM Mg, the unit conductance of AR~ 
remains constant at approximately 5 pS. Large di- 
valent concentrations thus appear to neutralize the 
surface charge near the channel; 5 pS represents the 
K conductance through AR~ in neutral surround- 
ings, in which condition the surface concentration 
of K equals the bath concentration. 

To estimate the lowest conductance of the other 
substates, which occur only rarely in a neutralized 
membrane, we divided the conductance of substate 
ARx by the conductance of substate AR~ using Fig. 
6. These ratios, listed in Table 1, vary little as the 
divalent concentration increases. Since the differ- 
ences between the ratios are unequal, Table 1 pro- 
vides additional evidence that the higher conduc- 
tance states are not simply multiples of the lowest 
state. Assuming the ratios remain constant as diva- 
lent concentration increases allows an estimate of 
the lowest conductance for each substate: the val- 
ues given in Table 2 appear reasonable, since the 
curves in Fig. 6 extrapolate to these same conduc- 
tances for high concentrations of divalent cations. 
Constant conductance in high divalent concentra- 
tion is also a feature of reconstituted channels in 
lipid bilayers (McLaughlin et al., 1971; Apell et al., 
1977, 1979a,b). 

The conductance of the neutralized channel fur- 
nishes an estimate of the surface potential [Eq. (3)]. 
The calculation assumes that the conductance of 
the pore is proportional to the surface concentration 
of K, which Fig. 3 demonstrates for substrate AR2. 
The data in Fig. 3 are obtained by holding 4~0 con- 
stant as the bath concentration of K varies: if 3, is 
proportional to K0 then 

"//71oo = K/Kloo. (5) 

Table 3 summarizes these calculations: (i) the 
surface potential becomes less negative as divalent 
cation concentration increases; (ii) the potential at 
the surface (133 mM monovalent/zero divalent) is 
-39.4 mV, a reasonable value based on the macro- 
scopic surface charge literature for K channels [see 
Gilbert and Ehrenstein (1983) for a review]. 
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MONOVALENT CATION CONCENTRATION (rnM) 

Fig. 7. Effect of monovalent cation concentration on substate 
conductance. The points represent individual measurements; the 
lines are empirical fits by eye. All pipette solutions contain 100 
mM K and 5 mM EGTA; ionic strength varies by adjusting Na 

MONOVALENT CATIONS AND CHANNEL 

CONDUCTANCE 

Figure 7 shows the effect of adding impermeable, 
monovalent cations to divalent-free solutions. In- 
creasing ionic strength with monovalent cations 
(keeping K = 100 mM) decreases channel conduc- 
tance. Calculating surface potentials from the 
monovalent data requires our previous estimates of 
the neutral membrane conductance. As with the di- 
valents, the monovalent data show that surface po- 
tential of all substates is approximately the same for 
each concentration (Table 4). 

SURFACE POTENTIAL AND SURFACE CHARGE 

Figure 8 plots the mean surface potentials vs. diva- 
lent and monovalent cation concentration. The 
change in surface potential per tenfold increase in 
cation concentration is a useful parameter; drawing 
a tangent to the linear portion of the curves in Fig. 8 
gives values of -62  mV for monovalent cations and 
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Fig. 8. Mean surface potential 4~ vs. cation 
concentrations (all substates, Tables 3 and 5). 
The maximum change in surface potential per 
10-fold increase in cation concentration is -31 
mV for C -+ and -62  mV for C +, where C 
stands for cation 

Table 3. Surface potentials for substates of the inward rectifier in the presence of divalent cations a 

Substate [C + +] y~ 4~0 Substate [C ++] YK ~50 

AR1 0.0 25.0 -41.0  AR4 0.0 71.0 -40 .4  
0.5 20.0 -35.3 0.5 60.0 -36.1 
1.0 17.0 -31.1 1.0 53.0 -33 .0  
2.0 14.0 -26.2  2.0 44.0 -28.2  
3.0 12.0 -22.3 3.0 38.0 -24.5  
4.0 11.0 -20.1 4.0 34.0 -21.7  

5.0 10.0 -17.6  5.0 30.0 18.5 
6.0 9.4 -16.1 6.0 28.0 -16 .7  
7.0 8,6 - 1 3 . 8  7 . 0  25.0 - 1 3 . 9  

8.0 8.0 -12.0  8.0 23.0 11.7 
9.0 7.3 - 9.6 9.0 21.5 -10.0  

10.0 6.8 - 7.8 10.0 20.0 - 8.2 

0.0 34,0 -38.5 AR5 0.0 102.0 -39 .6  
0.5 29.0 -34.4  0.5 86.0 -35.3  
1.0  26.0 - 3 1 . 6  1 .0  76.0 - 32 .1  

2.0 22.0 -27.4  2.0 64.0 -27.8  
3.0 19.5 -24.3 3.0 55.0 -23 .9  
4.0 18.0 -22.3 4.0 49.4 -21 .0  
5.0 16.5 -20.1 5.0 44.0 - 18.2 
6.0 15.0 -17.6  6.0 40.0 - 15.8 
7.0 14.0 -15.9  7.0 37.0 -13 .8  
8,0 13.0 - 14.0 8.0 34,0 - 11.7 
9.0 12.0 -12.0  9.0 31.5 - 9.8 

10.0 11.0 - 9.7 10.0 29.0 - 7.6 

0.0 50.0 -37.4 0.0 -39.4  
0.5 44.0 -34.1 0.5 -35 .0  
1.0 39.0 -31.1 1.0 -31.8  
2.0 33.0 -26.8 2.0 -27.3 
3.0 29.0 -23.5 3.0 -23 .7  
4.0 26.5 -21.2  4.0 -21.3 
5.0 24.0 - 18.7 5.0 - 18.6 
6.0 22.0 -16.5 6.0 -16.5  
7.0 20.5 -14.7 7.0 -14 .4  
8.0 19.0 -12.8 8.0 -12.4  
9.0 17.5 -10.7 9.0 -10,5  

10.0 16.5 - 9.2 10.0 - 8.5 

AR2 

AR3 Mean of all substate 

a Calculated from data of Fig. 6. 
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Table 4. Surface potentials for substates of the inward rectifier 
in the presence of monovalent cations" 

Table 5. Distribution of channels 

# Channels Occurrence 
Substate C + yK ~ in patch 

AR2 100 41 43.2 
150 32 -36.9 1 ll 
200 25 -30.6 2 12 
250 19.5 -24.3 3 14 
300 15.5 - [8 .5  4 5 

5 2 
AR3 100 55 -39.8 6 2 

150 44 -34.1 
200 35 -28.3 
250 28 -22.6 
300 23 -17.6 

AR4 100 84 44.7 
150 64 37.8 
200 50 31.5 
250 39 -25.2 Substate 
300 30 18.5 

Mean 100 -42.6 
150 -36.3 AR1 
200 -30.1 AR2 
250 -24.0 AR3 
300 - 18.2 AR4 

AR5 
a Calculated from data of Fig. 7. 

Frequency 
(%) 

Expectation if 
exponential 
(%) 

23.9 21. l 
26.1 27.3 
30.4 23.5 
10.9 15.2 
4.3 7.8 
4.3 3.4 

Table 6. Frequency of occurrence of at least one particular 
channel substate in a patch 

Frequency Expectation if 
(%) exponential 

(%) 

16.2 62 
35.3 36 
20.6 22 
16.2 15 
11.8 9 

-31 mV for divalent cations, near the Gouy-Chap- 
man limits of -58  and -39  mV at 25~ 

From Eq. (4), for our standard solution of 100 K 
and 33 Na, 

Os = -0 .25 e/nm 2. (6) 

The Gouy-Chapman surface charge surrounding K 
channels in squid axon, Myxicola axon, and toad 
and frog node ranges between -0 .2  and -0 .8  e/nm 2 
(Mozhagana & Naumov, 1970; Bresmer, 1973; Be- 
genisich & Lynch, 1974; Begenisich, 1975; Vogel, 
1974; Wanke, Carbone & Tosta, 1979). 

CHANNEL DENSITY AND THE OCCURRENCE OF 

SUBSTATES 

Table 5 summarizes the distribution of channels in 
46 patches; deleting the first number, the distribu- 
tion is nearly exponential, suggesting a random 
placement of the channels in the membrane. The 
mean number of channels per patch is 2.6. Assum- 
ing a patch area of 5.5/xm 2 (see Materials and Meth- 
ods) implies a density of one channel per 2 / x m  2, 
equivalent to the channel density of Sakmann and 
Trube (1984a) for the inward rectifier of adult 
guinea pig ventricular cells. 

Table 6 lists the frequency of encountering at 
least one substate per patch. The conclusion from 
these data is that the frequency of seeing substates 

decreases as their conductance increases. The 
chance of finding a particular substate decreases ex- 
ponentially from ARI to AR5 (assuming that the low 
frequency of observing AR~ comes about because of 
its small size and not because of its rarity), suggest- 
ing that the free energy for transition is larger to the 
higher states than to the lower states. 

BARIUM BLOCK 

Barium ions in the patch pipette do not absolutely 
block the inward-rectifier channel in chick embryo 
heart cells, though Ba may change the kinetics and 
frequency of appearance of the channels. The in- 
ward-rectifier channel opens in concentrations as 
high as 10 mM external Ba (Fig. 6). 

INWARD RECTIFICATION 

The common feature of all AR substates is complete 
inward rectification; no outward current flows 
through these channels. Rectification could result 
from voltage-dependent gates or intrinsic properties 
of the open pore. Figure 9 shows that mean channel 
open times are approximately voltage independent 
and that the channels are open more than 80% of the 
time. Assuming these data extrapolate to EK (near V 
= 0), rectification lies not with gate kinetics but 
within the pore itself. In support of this view, Mat- 
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suda, Saigusa and Irisawa (1987) show that in the 
absence of internal Mg, the inward rectifier does not 
rectify; in the normal solution, internal Mg probably 
blocks the open pore and prevents it from conduct- 
ing an outward current. 

Discussion 

Since Mg, Ca, and Ba have the same effect on con- 
ductance, it is probably the screening of surface 
charge, and not titration via specific cation binding 
to the protein, that causes the observed decrease in 
surface potential. Thus, the embryonic chick heart 
is similar to Myxicola giant axons, which bind nei- 
ther Ca nor Mg to their external surfaces (Schauf, 
1975), but is unlike squid giant axons and frog node 
preparations, which do show binding for different 
cations (Frankenhaeuser & Hodgkin, 1957; Hille et 
al., 1975). In chick AR channels, the divalent cat- 
ions screen negative surface charge and decrease 
local surface potential; the more positive the sur- 
face potential, the lower the local concentration of 
permeable cations and the smaller the inward con- 
ductance. 

For constant ionic strength, the single-channel 
conductance of at least one of the chick inward- 
rectifier conduction states is proportional to the first 
power of the external K concentration. Sakmann 
and Trube (1984a) found a (roughly) square root 
dependence on K concentration. By substituting K 
with Na ions, the present experiments attempted to 
separate the screening effect of K on conductance 
from the concentration effect of K on conductance. 
Beating cells have one conduction state with the 
approximate dependence on K that Sakmann and 
Trube report (Mazzanti & DeFelicel). 

The dependence of surface potential on cation 
concentration in cardiac inward-rectifier K chan- 
nels is comparable to crayfish axon Na channels 
(D'Arrigo, 1978), but it is significantly greater than 
for Na and K channels in virtually all other experi- 
ments (Gilbert & Ehrenstein, 1983). Greater sensi- 
tivity suggests that electrostatic repulsion helps 
maintain the open channel and that decreasing the 
surface charge results in partial collapse of the pore. 

The high K selectivity of all substates indicates 
that conductance and selectivity are independent. 
The AR channel behaves as a funnel toward the cell 
interior, with a large opening that can change di- 
mension and a small opening that cannot. Inter-con- 
versions between the closed and the five distinct 
open states may result from the number of protein 

Mazzanti, M., DeFelice, L. K channel kinetics during the 
spontaneous heartbeat in embryonic chick ventricle cells (in 
preparation). 
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m o n o m e r s  forming  the channel ,  as in alamethicin.  
Figure 10 summar izes  this v iew of  A R  substra tes  
and the t ransi t ions  f rom one substa te  to another .  

Al though  the e m b r y o n i c  chick ventricle AR 
channe l  is similar to the mammal ian  hear t  AR,  these 
differences  exist: (i) Sa km a nn  and Trube  (1984b) 
repor ted  a s t rong dependence  o f  channel  open- t ime 
on vol tage,  for  example  p = 0.15 at - 5 0  mV and 
0.02 at - 1 1 0  inV. This dec rease  o f p  with negative 
vol tage agrees  approx ima te ly  with K a m e y a m a  et al. 
(1983), but  it d isagrees  with Kurach i  (1985) and 
Trube  and Hesche le r  (1984), who  explain inward 
rectif ication by a dec rease  o f  p with posi t ive volt- 
age. E m b r y o n i c  chick ventr icle  A R  channels  are 
roughly  independen t  o f  vol tage and have  fairly uni- 
fo rm open- t ime probabil i t ies  be tween  about  0.8 and 
0.9. (ii) S a k m a n n  and Trube  demons t r a t ed  a block-  
ing effect  o f  bar ium,  co r robo ra t ed  by K a m e y a m a  et 
al. (1983), and that  Ba shor tens  openings  and de- 
creases  the n u m b e r  o f  openings  per  burst .  In 
B e c h e m  et al. (1983), Ba caused  rapid interrupt ions 
o f  open  A R  channels  instead o f  comple te  closures.  
In e m b r y o n i c  chick  ventr icle ,  it was  possible to 
s tudy  the c o n d u c t a n c e  o f  A R  channels  in up to 10 
m M B a .  (iii) Final ly,  S a k m a n n  and Trube  relate sin- 
g le-channel  c o n d u c t a n c e  to the 0.62 p o w e r  o f  K;  in 
e m b r y o n i c  chick  ventr icle ,  w h e n  the membranes  
are held at cons tan t  ionic s trength,  the c onduc t ance  
o f  at least one  o f  the substa tes  is p ropor t iona l  to the 
1st p o w e r  o f  K concen t ra t ion .  

It  is difficult to assign a funct ion  to a K channel  
that  c o n d u c t s  no cur ren t  above  EK. A possible role 
o f  inward-rect i f ier  channels  in hear t  m a y  be to 
coun te r  local  e levat ions  in cleft potass ium.  A topi- 
cal increase  in external  K would  cause  EK to shift 
posi t ive with respec t  to the neighbor ing m e m b r a n e  
potent ial ,  a l lowing the ext ra  K to enter  the cell 
th rough  A R  channels .  Po tass ium scavenging might  
be a w a y  for  the cell to r educe  t ransient  regional  
hyperka lemia ,  and it could  lessen cardiac  anomalies  
such as ec top ic  pacemake r s ,  re -ent ry  ar rhythmias ,  
and conduc t i on  disorders  that  occu r  with metabol ic  
or  s t ructural  damage  to the myoca rd ium.  I f  valid, 
such a m e c h a n i s m  would  depend  not  only  on the 
concen t r a t i on  o f  external  K,  but  also on the concen-  
t rat ion o f  Mg and Ca. 
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