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A B S T R A C T  Ba z+ currents through L-type Ca 2+ channels were recorded from 
cell-attached patches on mouse pancreatic [3 cells. In 10 mM Ba 2+, single-channel 
currents were recorded at - 7 0  mV, the [3 cell resting membrane potential.  This 
suggests that Ca 2+ influx at negative membrane potentials may contribute to the 
resting intracellular Ca 2+ concentration and thus to basal insulin release. Increasing 
external Ba 2+ increased the single-channel current ampli tude and shifted the 
current-voltage relation to more positive potentials. This voltage shift could be 
modeled by assuming that divalent cations both screen and bind to surface charges 
located at the channel mouth. The  single-channel conductance was related to the 
bulk Ba 2+ concentration by a Langmuir  isotherm with a dissociation constant (Kdl~)) 
of 5.5 mM and a maximum single-channel conductance (~/max) of 22 pS. A closer fit 
to the data was obtained when the barium concentration at the membrane surface 
was used (Kd(v) ---- 200 mM and ~max = 47 pS), which suggests that saturation of  the 
concentrat ion-conductance curve may be due to saturation of  the surface Ba 2+ 
concentration. Increasing external Ba z+ also shifted the voltage dependence  of 
ensemble currents to positive potentials, consistent with Ba 2÷ screening and binding 
to membrane surface charge associated with gating. Ensemble currents recorded 
with 10 mM Ca 2+ activated at more positive potentials than in 10 mM Ba 2+, 
suggesting that external Ca 2+ binds more tightly to membrane surface charge 
associated with gating. The perforated-patch technique was used to record whole- 
cell currents flowing through L-type Ca 2÷ channels. Inward currents in 10 mM Ba 2÷ 
had a similar voltage dependence  to those recorded at a physiological Ca 2÷ 
concentration (2.6 mM). BAY-K 8644 (1 I~M) increased the ampli tude of the 
ensemble and whole-cell currents but did not alter their voltage dependence.  Our 
results suggest that the high divalent cation solutions usually used to record single 
L-type Ca 2÷ channel activity produce a positive shift in the voltage dependence  of 
activation (~  32 mV in 100 mM Ba2÷). 
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I N T R O D U C T I O N  

Pancreatic 13 cells secrete insulin in response to glucose. Associated with this secretion 
is a characteristic pattern of electrical activity that consists of rhythmical oscillations 
in membrane potential between a hyperpolarized potential and a depolarized 
plateau upon which bursts of calcium-dependent action potentials are superimposed 
(see review by Henquin and Meissner, 1984). There is good evidence that Ca ~+ influx 
during the action potential (and possibly also the plateau phase) is essential for 
insulin secretion (reviewed by Prentki and Matschinsky, 1987). [3 cells from all species 
thus far investigated possess voltage-gated dihydropyridine-sensitive calcium chan- 
nels (for review see Ashcroft and Rorsman, 1989) that belong to the L-type family (for 
nomenclature see Fox, Nowycky, and Tsien, 1987). However, unlike rat [3 cells 
(Ashcroft, Kelly, and Smith, 1990; Sala and Matteson, 1990), mouse [3 cells do not 
appear to possess T-type calcium channels (Rorsman, Ashcroft, and Trube, 1988; 
Smith, Rorsman, and Ashcroft, 1989). Mouse 13 cells thus provide a preparation in 
which L-type Ca z+ channels may be studied in isolation. 

In all single-channel studies of [3 cell L-type Ca 2+ channels to date, the pipette 
(extracellular) solution has contained a high concentration of Ba 2+ (100 mM) to 
increase the single-channel current amplitude, and the dihydropyridine agonist 
BAY-K 8644 was included in the bath solution to prolong the channel lifetime (Smith 
et al., 1989). These conditions, however, produce a poorly defined shift in the voltage 
dependence of  channel gating and permeation. First, the high concentration of 
barium ions may be expected to screen negative surface charge on the membrane 
and so shift the voltage dependence of gating to more depolarized potentials; 
second, BAY-K 8644 has been reported to shift the voltage dependence of L-type 
calcium channel activation toward more hyperpolarized potentials (Fox et al., 1987; 
Markwardt and Nilius, 1988; Rorsman et al., 1988). The overall effect is thus to 
produce an unknown shift in the voltage dependence of calcium channel activation, 
thereby precluding estimation of the voltage-dependent properties of the Ga s+ 
channel under physiological conditions (~ 2.6 mM Ca z+ and no BAY-K 8644). 

The perforated-patch configuration of the patch-clamp technique (Horn and 
Marty, 1988) has already been used to measure whole-cell calcium currents (Korn 
and Horn, 1989; Smith et al., 1989). In this paper, we have used both the 
perforated-patch and cell-attached configurations of the patch-clamp technique to 
measure the voltage shifts in permeation and gating of the L-type calcium channel 
produced by BAY-K 8644, barium, calcium, and sodium in mouse pancreatic [3 cells. 

M E T H O D S  

Cell Culture 

Single [3 cells were isolated from the pancreases of NMRI mice (3 mo or older; Bantman & 
Kingston, Hull, UK, and Oxford Physiology colony). Pancreases were digested with collagenase 
(type V; Sigma Chemical Co., St. Louis, MO). Individual islets of Langerhans were then 
hand-picked and subsequently dispersed into single [3 cells by trituration in a divalent 
cation-free Hank's solution containing 0.5 mM EDTA and 0.5 mg/ml trypsin (Sigma Chemical 
Co.). Trypsinization was halted by the addition of tissue culture medium (see below) and the 
cells were washed and centrifuged several times before plating onto 35-mm plastic culture 
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dishes (Falcon 300 l; Becton Dickinson Microbiology Systems, Cockeysville, MD). The  cells were 
cultured in RPMI 1640 med ium supp lemented  with l l mM glucose, 10% (vol/vol) heat-  
inactivated fetal calf serum (GIBCO, BRL, Gaithersburg,  MD), and  gentamycin (50 I~g/ml; 
GIBCO BRL), and  used within 4 d of  plating. 

Solutions 

The  composit ion of the saline solutions is shown in Table  I. A l mM stock solution of  the 
dihydropyridine agonist  BAY-K 8644 was made  in dimethylsulfoxide (DMSO) and  added  to the 
ba th  solution as required.  DMSO at the concentrat ions used had  no  effect on  its own. 

For cell-attached pa tch  exper iments ,  the pipet te  solution conta ined  I0 mM tet raethylammo- 
n ium chloride (TEACI) to block residual potassium channel  activity (Bokvist, Rorsman,  and  
Smith, 1990a, b). Different Ba ~+ concentrat ions were obta ined by mixing appropr ia te  amounts  
of the 100 m M B a  2+ and  150 mM Na + pipet te  solutions: in the divalent cation-free 
exper iments ,  the 150 mM Na + p ipet te  solution was supp lemented  with 2 mM EDTA to chelate 

T A B L E  I 

Composition of the Saline Solutions 

NaCI KCI MgCI2  Cs2SO4 K2SO4 CaCI2  BaCI~ TEA HEPES 

mM 
Bath solutions 

High K + 10 115 1.1 
2.6 mM Ca 2+ 138 5.6 1.1 
10 mM Ba ~+ 128 5.6 1.1 

Pipette solutions 
150 mM Na +: 150 - -  - -  
100 mM Ba 2+ - -  - -  - -  
10 mM Ca 2+ 135 - -  - -  
Cs + nystatint 10 10 7 
K + nystatini 10 10 7 

w 

- -  1 "  - -  - -  1 0  

- -  2 . 6  - -  1 0  I 0  

- -  - -  1 0  1 0  I 0  

. . . .  10 10 
- -  - -  - -  100 10 10 
- -  - -  1 0  - -  10 I0 
70 . . . .  10 
- -  7 0  - -  - -  - -  10 

All solutions were adjusted to pH 7.4 and had osmolalities ranging from 0.27 to 0.3 osmol. 
*10 mM K-EGTA was present to buffer the free calcium to ~80 nM. 
:2 mM EDTA was present to sequester residual divalent cations. 
q 0  mM sucrose was added to the pipette solutions used in the perforated-patch experiments to increase the 
osmotic strength. Nystatin was also added to these solutions as detailed in the text. 

residual divalent cations (see Hess, Lansman,  and  Tsien, 1986). A 10 mM Ca ~+ pipet te  solution 
was used in some cases. To control  the 13 cell rest ing potent ia l  in cell-attached experiments ,  the 
cells were ba thed  in h igh  K + ba th  solution. This  solution also conta ined BAY-K 8644 (0.1-1 
IzM) to facilitate the measu remen t  of single Ca ~+ channel  currents,  and  20 mM glucose to 
increase Ca a+ channel  activity (Smith et al., 1989). 

For perforated patch exper iments  the bath conta ined ei ther  a 2.6 mM Ca 2+ or a 10 mM Ba ~+ 
bath  solution (Table I). Tolbutamide  (0.1-0.2 raM) and  TEACI (10-20 raM) were added  to 
block ATP-sensitive K currents  and  residual delayed rectifier K currents,  respectively (Bokvist et 
al., 1990a, b). In most  cases the pipet te  solution conta ined Cs + (rather  than  K +) to reduce 
outward K + currents.  2 mM glutathione was added  to chelate any silver ions released from the 
Ag+/AgCI electrode. Its h igh molecular  weight (307) suggests that  glutathione is unlikely to 
permea te  nystatin pores. 

All exper iments  were carried out  at room tempera ture  (21-25°C). 
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Patch-Clamp Pipettes 

These were pulled from borosilicate glass (Hilgenberg, Malsfeld, Germany, or Boralex, Roch- 
ester Scientific, Rochester, NY), coated close to their tips with Sylgard (Dow Coming Corp., 
Midland, MI) to reduce their electrical capacitance, and fire-polished immediately before use. 
Pipette resistances were typically between 2 and 5 MI~. 

Cell-attached Patch Configuration 

For cell-attached patch recording, 13 cells were bathed in a high K + solution which almost 
completely depolarized the cells. The extent of this depolarization was measured under  current 
clamp in a separate series of experiments, using the perforated-patch technique and a K + 
nystatin solution in the pipette (Table I). The measured resting potential was +5 - 1.3 mV 
(range - 2  to +9 mV; n = 8), which agrees closely with the K + equilibrium potential estimated 
assuming an intracellular potassium concentration of 114 mM (Smith, 1988). As there may be 
an error in the measured value of the resting potential due to a small Donnan potential across 
the patch (Horn and Marty, 1988), we have assumed that the resting potential was 0 mV; i.e., 
that the membrane potential was the inverse of the applied pipette potential. 

In most cases, channel activity was elicited by 225-250-ms voltage pulses from a holding 
potential of - 7 0  or - 1 0 0  inV. Pulses were applied a t a frequency of 0.5 Hz. In high barium 
concentrations, the channel open probability at negative potentials was very low: channels were 
therefore activated by a 100-ms prepulse to 0 mV, after which the membrane was stepped to 
the desired test potential and the single-channel current amplitude was measured before the 
channels had deactivated. This procedure was only used for measuring the single-channel 
current-voltage relation and not for measuring channel activity. 

Perforated Patch Configuration 

Whole-cell currents were recorded using the perforated-patch configuration of the patch-clamp 
technique (Horn and Marry, 1988). In this method, the pore-forming antibiotic, nystatin, is 
included in the pipette solution. Nystatin incorporates into the membrane patch and produces 
a low resistance pathway between the pipette and the cell interior. The advantage of this 
method is that it provides electrical access to the interior of the cell without disruption of the 
patch membrane. The nystatin pores are relatively impermeable to divalent cations and 
uncharged molecules > 0.8 nm in diameter; anions are only weakly permeable. Intracellular 
dialysis by the pipette solution of species other than monovalent cations is therefore prevented 
and Ca 2+ currents can be maintained for considerably longer than with the conventional 
whole-cell configuration (Korn and Horn, 1989; Smith et al., 1989). 

A stock solution of nystatin in DMSO (50-100 mg/ml)was prepared and stored at -20°C for 
up to 1 wk. Each day, the stock solution was ultrasonicated for 6 min and then diluted with the 
pipette solution and sonicated for a further 12 rain; the final nystatin concentration was 50-200 
Ixg/ml in 0.1-0.2% DMSO. All nystatin solutions were protected from light, and with this 
precaution the final nystatin solution remained usable for up to 4 h. The tip of the pipette was 
first filled with nystatin-free solution by capillary action and the pipette was then backfilled with 
the nystatin-containing solution. 

After obtaining a seal, the holding potential was set at - 7 0  mV and 10-mV test pulses of 
10-ms duration were applied to monitor the access resistance. As nystatin incorporated into the 
patch membrane, the series resistance decreased and a slow capacitative current appeared. 
With increasing perforation of the patch membrane this capacity transient became larger and 
faster, until eventually it was possible to compensate the cell capacitance. The mean cell 
capacitance was 5.1 +- 0.3 pF and the mean series resistance was 35 +- 2 Mlq (range 14-50 MI2; 
n = 33); cells in which the series resistance was >33  M~ were not used for analysis. Series 
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resistance compensation was not used as it led to clamp instability during perfusion. The  
voltage error due to the presence of  a series resistance ( < 33 MI-I) may be expected to be small 
in our experiments (<  8 mV) because the maximum amplitude of  the inward currents we 
recorded was < 250 pA. For each cell, the voltage error was estimated from the measured series 
resistance; during later analysis, this voltage was added to the applied potential to obtain the 
correct membrane potential. In fact, the voltage dependences of whole-cell currents from cells 
with different access resistances were not significantly different. 

The holding potential was - 7 0  mV and 250-ms voltage pulses were applied at a frequency of 
0.5 Hz. 

Liquid Junction Potentials 

The reference potential for all experiments was the zero-current potential before the establish- 
ment  of  the seal. Junction potentials were measured by comparing the zero-current pipette 
potential in each experimental  solution against a reference of  150 mM KCI. In these 
experiments, the pipette contained 150 mM KC1 and the test solution was connected to the 
reference electrode by a 3 M KCI agar bridge. Since the measured junction potentials were 
small ( < 4 mV), we have not corrected for them in these studies. 

Data Recording and Analysis 

Currents were recorded with an EPC-7 amplifier (List Electronic, Darmstadt, FRG) and 
acquired on-fine using an Axolab-1 interface with pClamp software (Axon Instruments, Inc., 
Foster City, CA). Currents were amplified and then filtered using an 8-pole Bessel filter 
(Frequency Devices Inc., Haverhill, MA). Whole-cell currents were filtered at 2.5 kHz ( - 3  db) 
and digitized at 5 kHz; currents from cell-attached patches were filtered at 2-2.5 kHz ( - 3  db) 
and digitized at 8-10 kHz. Digitized data were analyzed using a combination of pClamp and 
in-house software. 

Unitary current amplitudes were measured individually and these values were confirmed by 
cross-reference to an all-points amplitude histogram of the sweep, displayed simultaneously. 
Ensemble currents were constructed by averaging ~ 20 sweeps. They were then corrected for 
capacity and leak currents by averaging sweeps that did not contain channels, scaling this 
average current and then subtracting it from the ensemble current. In some patches we 
observed an additional type of inward current which had a single-channel slope conductance of 
6 pS in 100 m M B a  ~+ and long-lasting openings, and which showed little voltage dependence.  
We have not included records showing noticeable activity of  this channel when constructing the 
ensemble currents. 

To measure the voltage dependence of  activation, the whole-cell currents were corrected for 
inactivation by fitting the current decay during the pulse by a single exponential. The 
exponential was extrapolated to the beginning of the voltage step in order to estimate the peak 
current. Currents were corrected for inactivation in this way at potentials between - 3 0  and + 50 
mV. 

Functions were fitted to the data by minimizing the square of the residuals by a variable- 
metric free parameter fitting routine. In the case of  implicit functions (Grahame's equation, our 
Eq. 2), Newton's method was implemented to determine the implicit variable. For Eqs. 3 and 
11, which had three free parameters, the possibility of  more than one unique solution was 
explored. That  is, calculations were run several times with different initial values for all three 
parameters. In all cases, the final solutions were very similar; the solution chosen was that with 
the lowest sum of squares (LSS). 

Data are given as mean _+ SEM, with the number of observations in parentheses. Paired data 
were tested for significance using either the sign test or the Wiicoxon test; unpaired data were 
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tested for significance using the Mann-Whitney test. The significance (P) is given in parenthe- 
ses. 

~o(p) 

I~i(p) 
vs 

O'(p) 

Kd(~t) 
PBa 
Peo 

[Ba~+]o 
[Ba2+]s 

0i(g) 
I~/o(g) 

O'(g) 

Kd(g) 

N 
Po the channel open probability 

"°max the maximum probability of the channel opening 
NPm,x the maximal channel activity 

k the slope factor describing the steepness of voltage dependence of activation 
1/0.5 the voltage at which half-maximal activation occurs 

~/ the single-channel conductance 
~,~a~ the maximum single-channel conductance 

L O S S A R Y  

the external surface potential sensed by the ion permeation pathway 
the internal surface potential sensed by the ion permeation pathway 
the voltage shift required to fit the constant field equation to the single-channel cur- 
rent-voltage relation, which is equal to Oocp) - I~/i(p) 

initial membrane surface charge density associated with the ion permeation pathway 
the dissociation constant for the binding of the divalent cation to the membrane sur- 
face charge associated with the ion permeation pathway 
the dissociation constant for the ion binding site within the permeation pathway 
the measured Ba 2+ permeability 
the true Ba 2+ permeability, obtained by correcting for membrane surface charge 
the Ba 2+ concentration in the bulk solution 
the Ba 2+ concentration at the membrane surface 
the internal surface potential sensed by the gating particle 
the external surface potential sensed by the gating particle 
the initial membrane surface charge density associated with gating 
the dissociation constant for the binding of the divalent cation to the membrane sur- 
face charge associated with gating 
the total number of channels available for activation 

R E S U L T S  

In this section, we first discuss the permeat ion properties of  the single-channel 
currents carried by barium, calcium, and sodium. We then consider the effects of  
these cations, and that o f  BAY-K 8644, on the gating o f  the calcium channel. 

Permeation of Ba 2+ through Ca 2+ Channels 

Fig. 1 A illustrates barium currents flowing through single C a  2+ channels recorded 
from a cell-attached patch with a pipette containing 100 mM Ba 2+. The  associated 
single-channel current-vol tage relation (Fig. 1 B; see also Fig. 2) shows inward 
rectification, as expected since intracellular Ca z+ is very low. The  current-vol tage 
relation was well fit by a modification of  the constant field equation which takes into 
account a surface potential (Goldman-Hodgkin-Katz [GHK] equation: Goldman,  
1943; Hodgkin  and Katz, 1949; Frankenhaeuser,  1960): 

-PBa(ZF)  2 (V - Vs) [Ba2+]o -- [Ba2+]i  exp (zFV/RT) 
i = R T  exp ( - z F V J R T )  1 - exp [ z F ( V -  Vs)/RT ] (1) 

where i is the single-channel current  and z, F, R, and T have their usual meanings. V 
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is the membrane  potential across the patch (in volts) and V~ is the voltage shift due to 
the difference between external (t~oip)) and internal (~/i(p)) surface potentials. [BaZ+]o 
and [Ba~+]i are the bulk extracellular and intracellular Ba ~+ concentrat ions (in 
millimoles), respectively. [Ba2+]i was assumed to be negligible and was taken as zero: 
varying [Ba2+]i between 0 and 0.1 mM was without effect on the fitted relationship. 
PB~ is the measured (fitted) barium permeability which is related to the true barium 
permeability (Psi) by the following equation: 

PBa = PB~ exp (-zFt~i(p)/RT) (2) 

The  dot ted line in Fig. 1 B was an a t tempt  to fit the GHK equation assuming no 
voltage shift (V~ -- 0) and clearly deviates f rom the data. Only when a voltage shift was 
included in the GHK equation, to take account  o f  surface potentials, was a good fit to 
the single-channel current-vol tage relation obtained (Fig. 1 B, solid line). The  mean 

A B 
Vm (mV) 

-go ~ [ - - ~  Vm (mY) 
-100 -80 -60 -40 -20 

.....- -7o ~.~.,.~,~"~.~.',':~,:';:.*'~:~:~','~,:~, ~ ~  .."'~ I 
-50 " ° /  

° . ." /  -2- 

- 30 t ~ ' ~ , , ~ & ' ¢ ~ , ~  - ~ . ~  .... -3- 

-4- 

25 ms 

20 40 

FIGURE 1. (A) Single Ca 2+ 
channel currents recorded at 
different pipette potentials with 
100 mM Ba ~+ in the pipette. 
Channels were activated by a 
100-ms prepulse to 0 mV from 
a holding potential of - 70  mV 
and openings were recorded on 
returning the membrane to the 
potentials indicated. At nega- 
tive potentials, channel open- 
ings are clustered toward the 
beginning of the sweep, ac- 

counting for the rapid deactivation of Ca 2+ tail currents at these potentials (Rorsman and 
Trube, 1986). Filter frequency, 2 kHz. (B) Single-channel current-voltage relationship for the 
channel shown in A. Individual current amplitudes are plotted to demonstrate their variability. 
The solid line through the data points is the best fit of the GHK equation (Eq. 1) to these data: 
PBa = 5.6 × 10 -Is cross -l and V~ = +45 mV. The dotted line is drawn to Eq. 1 with PBa = 

0.25 × 10 -is cross -l and Vs = 0 mV (i.e., without a voltage shift). 

value of  the voltage shift was +45.0  + 2.1 mV (n = 7) and that of  the barium 
permeability was 5.2 -+ 0.7 x 10 -~3 cm% -t  (n = 7). Rorsman et al. (1988) reported 
that they were only able to satisfactorily fit the standard GHK equation to the single 
Ca 2+ channel  current-vol tage relation measured in outside-out patches from mouse 
13 cells by adding  a 30-mV shift to the fitted curve. Using a similar approach,  we 
obtained a barium permeability of  0.15 + 0.01 x 10 -~3 cm% - l ,  which is close to the 
0.13 -+ 0.01 × 10-1~ cm%-l  they reported (Rorsman et al., 1988). The  single-channel 
slope conductances,  measured over the linear range of  the current-vol tage relation, 
are also similar: 22 -+ 1 pS (n = 7) compared  with 24 pS in 110 mM Ba 2+ obtained by 
Rorsman et al. (1988). 

Although assumptions concerning the mechanism of  ion permeat ion are inherent  
in the use o f  constant field theory (Goldman, 1943; Hodgkin  and Katz, 1949), we 
were nevertheless able to obtain close fits o f  the GHK equation to our  data at all 
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barium concentrations used (see below). Barrier models based on Eyring rate theory 
can provide a more  complete description of  ion permeat ion th rough  L-type calcium 
channels but are considerably more  complex (Almers and McCleskey, 1984; Hess and 
Tsien, 1984; Yue and Marban, 1990). Since our main aim was to relate the channel 
properties measured in 100 mM barium to those at a physiological calcium concen- 
tration (2.6 mM) we have chosen to fit our  data using the constant field theory 
because this has the least number  o f  free parameters.  

Voltage shift due to membrane surface charge. To determine the [Ba2+]o depen- 
dence of  the voltage shift of  the single-channel current-vol tage relationship, single- 
channel  currents were recorded in barium concentrat ions ranging from 5 to 100 mM. 
Fig. 2 shows channel openings recorded at - 3 0  mV (A) and representative current- 
voltage relationships (B) at different barium concentrations. As the barium concen- 
tration is decreased, there is both a decrease in the slope of  the current-vol tage 
relation and a shift to more  negative potentials. These effects combine to produce a 

A B FIGURE 2. (A) Single Ca 2+ 
[Ba~+l°t~,,#~:~.-,-,~,,-~(mM) channel currents recorded with 

100,~.- . . ~  Vm (mV) different barium concentrations 
7 0 ~  7100 780 ,-6p 740 ,-20 , 0 , 20 , 4,0, 6,0 in the pipette. Curren t s  were 

elicited by a voltage step to 
4 0 ~  -30  mV from a holding poten- 

tial of - 70  mV. Filter fre- 
20 ~ r ~  quency, 2 kHz. (B) Representa- 

tive single-channel current- 
1 0 ~  voltage relations measured at ±-3 

different barium concentra- 
5 ~  tions. (O) 5 mM Ba 2÷, ( I )  10 

10A[__ mM Ba 2+, (O) 40 m M B a  2+, 
25 ms (0) 100 mM Ba 2+. The solid 

lines are the best fits to Eq. 1 using values of PBa and V~ of(O) 8.4 x 10 -Is cmas -1 and +22 mV, 
(11) 8.1 x 10 -13 cm3s -I and +27 mV, (0) 6.6 x 10 -~3 cm3s -1 and +38 mV, and (0) 5.1 x 10 -j3 
cm3s -~ and +45 mV, respectively. 

marked reduction in the unitary current amplitude at low barium concentrations 
(Fig. 2 a ). 

The  individual values obtained for the voltage shift (Vs, Eq. 1) in each patch are 
plotted as a function of  [Ba2+]o in Fig. 3 A. When [Ba2+]o is raised, the voltage shift 
increases, f rom +15.1 -+ 5.6 mV (n = 8) in 5 mM [Ba2+]o to +45.0  mV + 2.1 mV 
(n = 8) in 100 mM [Ba2+]o. This shift can be explained by the combined effects of  the 
divalent cation binding to and screening fixed negative charges on the membrane  
surface (see below). 

Vs varies significantly between patches (Fig. 3 A ). The  increase in the variability of  
Vs at low [Ba2+]o (a range of  50 mV in 5 mM barium) may be attributed to the greater 
difficulty of  fitting the single-channel current-vol tage relationship when its slope is 
less steep. 

We at tempted to fit the barium dependence  of  the voltage shift using several 
models. First, we assumed that only specific binding of  Ba 2+ to membrane  surface 
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charge takes place, using the empirical equation given in the figure legend (Fig. 3 B; 
Hagiwara and Takahashi,  1967). This approach  does not provide a physical basis to 
the voltage shift f rom which membrane  surface charge density can be calculated. We 
have therefore fitted the data with the Grahame equation assuming either: (a) that 
Ba 2+ only screens membrane  surface charges and does not bind (Fig. 3 C); or  (b) that 
Ba 2+ both screens and binds to membrane  surface charges (Fig. 3 A ). Like others, we 
have assumed that both Ba 2+ and Na + can contribute to screening (McLaughlin, 
Szabo, and Eisenman, 1971; Wilson, Morimoto,  Tsuda,  and Brown, 1983; Cota and 
Stefani, 1984; Ganitkevich, Shuba, and Smirnov, 1988). The  Grahame equation is: 

1 
(rr = 2 - ~  {E [Cj [exp (-zjF~o/RT) - 1]]} °5 = 1 + 3£ [K~Cj exp (-zjF~o/RT)] (3) 

A 
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• • 0  
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.z S" • 
m . - 2 0  

• - 3 0  

• . - 4 0  

• - 5 0  
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0 
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FIGURE 3. (A) The effect of 
the bulk barium concentration 
([Ba2+]o, abscissa) on the volt- 
age shift associated with perme- 
ation (Vs, left ordinate) and the 
external surface potential (t~o(p), 
right ordinate). Each point rep- 
resents a different patch. The 
solid line is fitted to Eq. 3 with 
cry(p) = 1.4 e.nm -9, 0icp) = -51 
mV, and K~(p) = 77 M -I 
(LSS = 3,286). Data at 0 mM 
[Bae+]o ([Z]) were obtained using 
the 150 mM Na + pipette solu- 
tion (divalent cation free) and 
were not used in the fit. (B) 
Same data as in A given as 
mean - SEM which were fit 
assuming binding only by using 
the empirical equation Vs = 
Vmax/{] + (Kd/ [Ba2+]o)}, where 
Kd = 9 mM and Vmax = +47 

mV (LSS = 3,686). (C) Same data as inA, fit assuming screening only. The solid line is fit to Eq. 
3 with no binding (i.e., Kcl(p) = 0), where wi(p) = 0.6 e.nm -2 and t~i(p) = -77  mV (LSS = 4,t95)• 

where crf is the free surface charge density (in electronic charges per  square 
nanometer ;  e.nm-2), (r is the initial surface charge density (e.nm-2), q~o is the external 
surface potential, Ci is the concentrat ion of  the j th  ionic species in the bulk solution, 
zj is its valence, and Ka is the association constant for the binding of  the divalent 
cation to the membrane  surface charge (monovalent ions are assumed not to bind). 
The  dissociation constant, Kd, is given by 1/Ka. We use the subscript (p) to refer to the 
values of  ai, +i, Ka, and Kd calculated from shifts in ion permeation;  below, we use the 
subscript (g) to refer to the values calculated from the voltage shifts associated with 
gating. 

The  external surface potential associated with permeat ion (+o(p)) is related to the 
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measured voltage shift (Vs) by 

t~o(p) = t~i(p) + V s (4) 

where flJi(p) is the surface potential at the internal face of the channel pore associated 
with permeation. Substituting Eq. 4 into Eq. 3 enables values for the three free 
parameters ~p), Ka~p), and I~i(p ) tO be obtained from the best fit of  Eq. 3 to the data. 
We have assumed that ~i(p) is constant and does not change with external cation 
concentration. Note that at high barium concentrations the external surface charge is 
expected to saturate, such that ~olp) tends to zero and Vs becomes the inverse of I~i(p) 

( i .e . ,  --I~i(p)), and that when the measured voltage shift is zero, 0otp) = t~iCp). 
The best fit to the barium dependence of the voltage shift (Fig. 3 A ) was obtained 

with a if(p) of 1.4 e.nm -2, a Ka~p) of 76.9 M -~ for barium (i.e., Kd(p) is 13 mM), and a 
t~i(p) o f  -51.1 mV. 

Conductance. The single-channel slope conductances (-¢), estimated from the 
linear portions of  the current-voltage curves, are plotted in Fig. 4 A as a function of 
barium concentration. The conductance saturates with increasing [Ba2+]o, and thus 
appears to violate the independence principle that is assumed in fitting the GHK 
equation. The line drawn through the data in Fig. 4 A is the best fit of the data to a 
Langmuir saturation curve: 

~/max [Ba2+]o 
~/ = [Ba2+]  ° + Kd(v ) (5) 

where "/max, the maximum single-channel conductance, is 22 pS, and Kd~v), the 
dissociation constant for the ion-binding site within the permeation pathway, is 5.5 
mM. Both these values are smaller than those measured for L-type calcium channels 
in other tissues (30 pS and 13 mM, Rosenberg, Hess, and Tsien, 1988; 26.8 pS and 8 
mM, Ganitkevich and Isenberg, 1990). 

The presence of a surface potential would mean that the surface barium concen- 
tration, [Ba2+]s, will be greater than that in the bulk solution. [Ba2+]~ was therefore 
estimated from the mean surface potential, t~o~p), determined at each bulk barium 
concentration, [BaZ+]o, using the Boltzmann relation (Ganitkevich et al., 1988): 

[Ba2+]s = [Ba2+]o exp ( ~ 1  (6) 

The slope conductance can be described as a function of the surface barium 
concentration by using Eq. 5 and substituting [Ba2+]o for [BaZ+]~. The best fit to this 
modified equation is shown in Fig. 4 B and gave values of 47 pS for ~max and 200 mM 
for Kd~). This fit provides a much better description of the data than that shown in 
Fig. 4 A, where bulk barium concentrations were used. 

When the slope conductance was plotted as a function of [Ba2+]s rather than 
[Ba2+]o, it is clear that there is much less saturation (Fig. 4 C). This observation has 
implications for models of ion permeation through the L-type calcium channel. It 
demonstrates that constant field theory provides a far better description of ion 
permeation through the Ca channel than is generally recognized; this is because 
saturation of the conductance-concentration relation results largely from the satura- 
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t ion o f  m e m b r a n e  surface charges  that  concent ra te  cat ions in the  vicinity o f  the 
channe l  mou th  r a the r  than  from ion b ind ing  within the pore .  Clearly, an overesti-  
mate  of  the  affinity of  ion-b ind ing  sites within the  po re  will occur if the  ability o f  
m e m b r a n e  surface charge  to increase the local cat ion concent ra t ion  is ignored .  

A 25" 

20- 

15- 
3' (ps~ 

10- 

20 40 60 80 100 

IBa"lo~mM) 

B 25" 

20" 

15" 

3' (ps) 
10' 

5. 

0 20 40 60 80 100 

[Ba'qo(mM) 

C 25" 

20- 

15- 

"Y (ps) 
10" 

5" 

o i 40 80 120 160 200 

[Ba"],(mM) 

FIGURE 4. (A) Relationship between the single-channel slope conductance (% ordinate) and 
the bulk barium concentration (abscissa, [Ba2+]o). Data points show the mean - SEM of 5--14 
patches at each barium concentration. The line is the best fit to Eq. 5 using the values given in 
the text. (B) Relationship between the single-channel slope conductance (% ordinate) and the 
bulk barium concentration (abscissa, [Ba2+]o ). The data points are the same as in A, but the line 
is the best fit to Eq. 5 using surface barium concentrations calculated from Eq. 6. (C) 
Relationship between the single-channel slope conductance (~/, ordinate) and the surface 
barium concentration (abscissa, [Ba2+],). The line is the best fit to Eq. 5 using surface barium 
concentrations calculated from Eq. 6. Data are the same as in A. 

Permeation of Ca 2+ through Ca 2+ Channels 

Fig. 5 i l lustrates channel  open ings  el ici ted at - 3 0  mV with e i ther  10 mM Ca ~+ (A) or  
10 mM Ba 2+ (B) in the  p ipe t te .  Ca 2+ currents  a re  o f  smal ler  ampl i t ude  than  Ba 2+ 

currents  ( - 0 . 3  and  - 0 . 8  pA at - 3 0  mV, respectively),  indicative o f  a lower Ca z+ 

permeabi l i ty .  T h e  channel  kinetics are also different ,  the o p e n  t imes be ing  shor te r  
when calcium carries current .  Al though not  obvious in Fig. 5 A, in genera l  we not iced  
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that  Ca 2+ cur ren t s  t e n d e d  to be c lus tered  toward the b e g i n n i n g  of  the  trace, 
especially at posit ive potent ia ls .  Th i s  p roduces  an  e n s e m b l e  c u r r e n t  tha t  inact ivates  
m o r e  rapid ly  (see Fig. 6 B). 

Fig. 5 C shows the  s ing l e - channe l  c u r r e n t - v o l t a g e  re la t ions  in  10 m M  [Ca2+]o a n d  
10 m M  [Ba~+]o . In  10 m M  Ca 2+ the  m e a n  pe rmeab i l i ty  was 3.6 -+ 1.2 x 10 -13 cmSs -1 
(n = 14) a n d  the  s lope c o n d u c t a n c e  was 6.6 + 0.5 pS (n = 14), values  tha t  are  abou t  
hal f  those m e a s u r e d  in 10 m M  b a r i u m  (PBa = 7.7 + 1 x 10 -13 cmSs -1 a n d  

= 13.9 +- 0.5 pS; n = 14), sugges t ing  that  Ba 2+ is m o r e  p e r m e a b l e  t h a n  Ca 2+. T h e  
vol tage  shift, V~, was s imilar  in  the  two solut ions,  b e i n g  22 -4- 4 mV (n = 14) in  Ca 2+ 

A 
10 mM Ca 2. 

B 
10 mM Ba 2÷ 

50 ms 50 ms 

C Vm (mY) 
- 6 0  - 4 0  - 2 0  0 2O 

I I 

¸-0.4 

- 0 . 6  i ( p A )  

- 0 . 8  

' -1.0 

.-1.2 

-1.4 

FIGURE 5. Single Ca 2+ chan- 
nel currents recorded with 10 
mM Ca 2+ (A) or 10 mM Ba 2+ 
(B) in the pipette. Currents 
were elicited by a 250-ms step 
to - 3 0  mV from a holding po- 
tential of - 1 0 0  mV. Filter fre- 
quency 0.5 kHz. (C) Associated 
single-channel current-voltage 
relationship recorded with 10 
mM Ca 2÷ ( I )  or 10 mM Ba 2+ 
(El). Lines are best fits of the 
data to Eq. 1 with Pca=  0.43 × 
10 -I~ cmSs -j and V, = +21 mV 
(m) and with PB~ = 1.0 × 10 ~3 
cm~s-i and Vs = +19 mV (D). 

a n d  26 -+ 2 mV (n = 14) in  Ba 2+ (Table  II). If  we a s sume  that  bo th  the  ini t ial  surface 
charge  densi ty  (~(p)) a n d  the  i n t e rna l  surface po ten t i a l  (t~/i(p)) associated with the  
p e r m e a t i o n  pathway are  the  same in  the  b a r i u m  a n d  ca lc ium solut ion,  it is possible  to 
es t imate  the  dissocia t ion cons t an t  for ca lc ium (Ka(p)) f rom Eq. 3. Us ing  the  m e a s u r e d  
value  of  Vs (22 mV) a n d  t ak ing  tr(p) as 1.4 e . n m  -2 a n d  +i(p) as - 5 1 . 1  mV, we found  
Ka(p) to be  18.3 mM.  T h e  c o m p a r a b l e  value for b a r i u m  is 13 m M  (Table  II). 

A l t h o u g h  we were u n a b l e  to m e a s u r e  s ing l e - channe l  cu r ren t s  in 2.6 m M  Ca 2+, it is 
possible  to es t imate  the i r  p rope r t i e s  if we assume that  the  Ca 2+ pe rmeab i l i ty  is 
u n a l t e r e d  be tween  2.6 a n d  10 m M  Ca 2+. With  this cond i t ion ,  we o b t a i n e d  a va lue  of  
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+ 10 mV for Vs a n d  - 0 . 3  pA for the  s ing l e - channe l  c u r r e n t  a m p l i t u d e  at - 7 0  mV in 

2.6 m M  Ca 2+ at 20°C. 

Voltage Dependence of  Ca e+ Channel Gating: Ensemble Ba e+ Currents 

In  10 m M  b a r i u m,  c h a n n e l  o p e n i n g s  were regular ly  observed  at the  h o l d i n g  po ten t i a l  
o f  - 7 0  mV, which is close to the  n o r m a l  res t ing  po ten t i a l  o f  the  13 cell. Occas iona l  
o p e n i n g s  were even  seen  at h o l d i n g  po ten t ia l s  as nega t ive  as - 120 mV. O p e n i n g s  of  
L- type  ca lc ium c h a n n e l s  at  very nega t ive  m e m b r a n e  po ten t i a l s  have also b e e n  
observed  in  cardiac  myocytes  u n d e r  s imi lar  r e c o r d i n g  cond i t i ons  (Gani tkevich  a n d  
I senbe rg ,  1990). 

At h igh  (100 mM)  b a r i u m  concen t ra t ions ,  c h a n n e l  activity was no rma l ly  only  
observed  at  m e m b r a n e  po ten t ia l s  posi t ive to - 5 0  mV (Smith et al., 1989). Th i s  shift 
in  the  vol tage  d e p e n d e n c e  o f  c h a n n e l  act ivat ion p robab ly  arises f rom b a r i u m  

s c r een i n g  a n d / o r  b i n d i n g  to m e m b r a n e  surface charge  wi th in  the  vicinity of  the  

T A B L E  I i  

Comparison of Permeation and Gating Parameters 

V~ Kdtp) [X],Ip ) Px Px ~/ I/0.5 Kd(g) k 

mV mM mM xlO -tJ cmSs -t pS mV mM mV 
Single-channel 

c u r r e n t s  

10 mMBa 2+ 26.0 -+ 1.7 13" 
10 mM Ca 2+ 22.4 -+ 3.6 18.3-* 
150 mM Na + 3.6 +- 5.5 336-* 

Whole-cell 
c u r r e n t s  

10 mMBa 2+ 4.5 --+ 5.0 - -  
2.6mMCa 2+ - 7 . 0 - 2 . 0  - -  

70 7 .7 -  1.0 0 . 15 :13 . 9 -0 . 6  -23.1-+ 1.6 430 7.9-+0.5" 
92 3.6 ± 1.2 0.07: 6.6 +- 0.5 -3.1 -+ 2.0 38~ 8.2 - 1.0 

980 1.0 -+ 0.2 0.14" 43.0 - 3.0 -44.4 - 3.6 a0 7.5 -- 1.1 

w m 

3.5-+ 1.9 - -  7 .6 -0 .3  
-3.8-+ 1.3 - -  8 . 4 -0 . 6  

[X]~p) is the surface concentration of the ion X associated with the permeation pathway, calculated from Eq. 
6. *For all Ba 2+ concentrations. "*Determined using the values of 1.4 e.nm -2 for oitp) and -51.1 mV for 01tp) 
obtained from analysis of single-channel Ba 2+ currents. ~Determined using the values of 0.54 e.nm -2 for ¢itg) 
and -20 mV for (B - ~itg)) obtained from analysis of ensemble Ba 2+ currents. 

ga t i ng  particle(s).  T o  test  this idea,  e n s e m b l e  cu r r en t s  were  cons t ruc t ed  by ave rag ing  
s ing l e - channe l  cu r ren t s  r e c o r d e d  at  each poten t ia l .  These  average  cu r ren t s  were t h e n  
p lo t t ed  as a func t ion  of  m e m b r a n e  po ten t i a l  to d e t e r m i n e  the  vol tage  d e p e n d e n c e  of  
act ivat ion a n d  the  vol tage  at  which  the m a x i m a l  c u r r e n t  occurred .  E n s e m b l e  cu r ren t s  
r e c o r d e d  in  10 m M  Ba 2+ are  shown in  Fig. 6A.  In  some patches ,  the  e n s e m b l e  Ba ~+ 
cu r ren t s  inac t iva ted  at po ten t i a l s  posi t ive to + 10 mV. Th i s  is n o t  likely to be  d u e  to 
act ivat ion of  a n  ou tward  c u r r e n t  because  the  ind iv idua l  traces showed grea te r  
s i ng l e - channe l  activity at the  b e g i n n i n g  of  the  trace a n d  no  ou tward  s ing l e - channe l  
cu r ren t s  were observed  (data  no t  shown). W h e n  ca lc ium was the  charge  carr ier ,  
inac t iva t ion  o f  the  e n s e m b l e  cu r ren t s  was faster  a n d  m o r e  c o m p l e t e  d u r i n g  a vol tage  
s tep o f  s imi lar  l e n g t h  (Fig. 6 B).  

Represen ta t ive  peak  e n s e m b l e  c u r r e n t - v o l t a g e  re la t ionsh ips  in  10 a n d  40  m M  
b a r i u m  are  shown in  Fig. 7 A a n d  r e semble  the  whole-cel l  b a r i u m  cur ren t s  (see Figs. 
10 a n d  14). T h e  c u r r e n t - v o l t a g e  re la t ion  is shif ted toward m o r e  posi t ive po ten t i a l s  at  
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the higher Ba 2+ concentration.  This is presumably due to an increase in the 
screening of  (and binding to) negative surface charge by the divalent cation, as 
previously described for whole-cell calcium currents (Wilson et al., 1983; Cota and 
Stefani, 1984; Ganitkevich et al., 1988). 

The  ensemble current  ampli tude (I) is given by: 

1 = NPoi (7) 

where N is the number  of  channels available for activation, Po is the channel  open  
probability, and i is the single-channel current  amplitude. Peak channel  activity (NPo) 

A 10 mM Ba 2÷ B 10 mM Ca 2+ 

Vm (mY) I _J 

- 7 0  

- 6 0  

- 5 0  

-40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

-10 ............................................. 

0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 0 ~ ~  ...... 

1 pAL__ 
25 ms 

FIGURE 6. Ensemble average currents, 20 sweeps, recorded with 10 mM Ba 2+ (A) and 10 mM 
Ca 2+ (B). Currents were elicited by a 200-ms step to potentials indicated from a holding 
potential of -100 mV. The pulse protocol is indicated above. Filter frequency 0.5 kHz. 
Capacity transients have been removed for clarity. 

for each potential was obtained by dividing the peak ensemble current  by the 
single-channel current ampli tude determined at the same potential and in the same 
patch (from the fit to Eq. 1). We were able to calculate the voltage dependence  of NPo 
in a number  of  patches which had substantial channel  activity (Fig. 7 B and 12 other  
patches). It was not  possible, however, to correct satisfactorily for the presence of  a 
developing outward current at more  positive potentials and these values have 
therefore been excluded from the analysis. 

The  Boltzmann relationship was used to describe NPo as a function of  voltage (see 
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also Atwell and Eisner, 1978): 

NPmax 
NPo = {1 + exp [ - ( V -  Vo.5)/k]}" (8) 

where V0.5 is the voltage at which half-maximal activation occurs, k is the slope factor, 
and n is the reaction order,  which was fixed at 1. N is the total number  of  channels 
available for activation and Po is the probability o f  the channel  opening;  as a change 

(mV) 

- 100  - 8 0  20 40 60 

0.2 

I / Imax 

V m  

- 6 0  - 4 0  - 2 0  0 

2 
\,\ 

- 100  - 8 0  

I 
? 

0.8 

"0.2 

I 
- 6 0  -40  - 2 0  0 20 

0.6 
NPo/NPmax 

0.4 

I 

40 6~0 

FIGURE 7. (A) Representative 
peak ensemble current-voltage 
relationship recorded in 10 
mM Ba 2+ ([]) and for a differ- 
ent patch with 40 m M B a  2÷ 
( . ) .  Currents have been nor- 
malized to the maximum value 
measured. (B) Normalized 
channel activity (NPo/NPmax) as 
a function of membrane poten- 
tial (Vm) in 10 mM ([-I) and 40 
mM (II) Ba 2+. The lines are fit 
to Eq. 8 using the parameters 
given in the text. Same data as 
in A. 

Vm {rnV) 

in N cannot  be distinguished from a change in Po, we have lumped them together  as 
NPo, the channel  activity. For the examples shown in Fig. 7 B, k is +7.5 and +6.5 
mV, and V0.5 is - 2 5  and - 1 1  mV in 10 and 40 mM barium, respectively. Al though a 
second-order  reaction (i.e., n = 2) may be more  appropr ia te  for vol tage-dependent  
activation o f  L-type calcium channels (Markwardt and Nilius, 1988; Cena, Stutzin, 
and Rojas, 1989), we found that a first-order reaction (n = l) gave just  as good  a fit to 
our  data. The  value o f  k obtained from the ensemble currents was independent  of  
both the concentrat ion and species o f  permeant  ion; the mean value for all Ba ~+ 
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concentrations was +7.9 -+ 0.5 mV (n = 15) and for 10 mM Ca 2+ was +8.2 - 1.0 mV 
(n = 6). 

In over half  of  the patches in which barium was used as the charge carrier (14 of  
27), channel  activity was so low that only the voltage at which the maximum current 
occurred, Vma×, could be determined with accuracy. It is possible to estimate V0.5 from 
Vmax if k, y, and the single-channel current  ampli tude (i) a t  Vma x are known. Thus: 

Vo.5 = Vma× - k l n { [ - i / ( k y ) ]  - 1} (9) 

k was taken as 8 mV (see above). The  values of  V0.5 obtained using Eq. 9 were very 
similar to those derived from fitting Eq. 8 to the voltage dependence  o f  N P o  in 
patches showing high channel  activity. The  mean difference in the measured and 
estimated values was 0.92 + 1.33 mV (n --- 12; t = -0 .7 ;  P = 0.51; paired t test) and 
lay within the range of  experimental  error. 

+10" 

O" 

- 1 0 "  

-20  
Vo. ~ (mY) 

-30  

- 4 0  

-50  

-60  

• iN • 

/: 
[I 

I 

F I G U R E  8 .  

I I I I I I I I I I I 

0 20 40 60 80 100 
[ B a ~ * l o  ( m M )  

" -10  

• - 2 0  

• - 3 0  

• - 4 0  
~va~ (mY) 

• - 5 0  

• - 6 0  

• - 7 0  

• - 8 0  

Relationship between the bulk barium concentration (abscissa, [Ba2+]o) and the 
voltage at which NPo was half-maximal (V0.5, left ordinate) and the external surface potential 
(right ordinate, +o(g)). Each data point was obtained from a different patch• The line is the best 
fit to Eq. 3 with a cr,(g) of 0.54 e.nm -2, a (B - t~i(g)) of - 20  mV, and a Kd<g) of 430 raM. Data at 0 
mM [Ba~+]o (D) were obtained using the 150 mM Na + pipette solution (divalent cation free) 
and were not included in the fit. 

In Fig. 8, V0.5 is plotted as a function o f  the bulk barium concentration. Although 
the data are scattered, V0.5 clearly shifts toward more  positive potentials as the barium 
concentrat ion increases, and saturates toward the higher  concentrations. 

The  shift in the voltage dependence  of  activation was fitted by assuming that 
barium both screens and binds to the membrane  surface charge associated with 
channel gating (Eq. 3). In this case: 

Vo. ~ = t~o(g ) -- t~i(g ) + B (10) 

where t~i(g) is the internal and t~o(g> the external surface potential associated with 
gating. Vo.5 is the voltage at which channel  activation is half-maximal and B is the 
potential at which half-maximal activation would occur in the absence of  any surface 
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potential. We assume that both B and ~/i(g) a r e  constant and independent  o f  the 
experimental  conditions (Wilson et al., 1983), and lump them together  as (B - ~i(g)). 

The  solid line in Fig. 8 was obtained by substituting Eq. 10 into Eq. 3 and fitting 
the resulting expression to the data (the data obtained in divalent cation-free solution 
were excluded from this fit). The  best fit gave values of  - 2 0  mV for (B - ¢i(g)), o f  
0.54 e .nm -2 for (T(g) (the initial surface charge density associated with gating), and of  
430 mM for Kd(g) (the Ba 2+ dissociation constant associated with gating). We also 
fitted the Grahame equation (Eqs. 3 and 10) to the data obtained from those 14 
patches in which we were able to measure V0.5 directly (from Eq. 8), with similar 
results: - 1 7  mV for (B - ~o(g)), 0.45 e .nm -2 for Or(g), and 430 mM for Ka(g). Both 
these sets o f  values differ markedly from those associated with permeat ion deter- 
mined from the same patches (~i(p) = - 5 2 . 4  mV, (~(p) = 1.8 e .nm -2, Kd(p) = 8 mM). 
This suggests that membrane  surface charge associated with channel  gating is quite 
different from that associated with ion permeation:  the gating domain appears  to 
possess a lower initial charge density and a lower binding affinity. 

T he  relationship between V0.5 and V~ (the voltage shift measured for permeat ion)  
for a number  of  different patches is shown in Fig. 9 A. The  individual data points are 
too scattered to be certain whether  or  not there is a correlation between the value of  
V0.5 and that o f  V~ in the same patch, a l though a plot of  the mean value of  V0.5 against 
the mean value of  Vs for each Ba ~+ concentrat ion (Fig. 9 B )  suggests that a 
relationship between these two parameters  may exist. 

Voltage Dependence of Ca 2+ Channel Gating: Ensemble Ca 2+ Currents 

Ensemble currents recorded in l0  mM Ca 2+ are shown in Fig. 6 B. In the majority of  
patches, a slowly activating outward current  developed at potentials positive to + l0  
mV, which may be expected to cause a small but significant error  in the peak 
ampli tude of  the ensemble current.  The  ionic basis of  this outward current  was not 
investigated, but it is likely that it is blocked by Ba 2+ since outward currents were 
larger in calcium solutions. 

The  peak ensemble current  was largest at +5  - 1 mV (n = 7) in l0 mM Ca 2+ 
currents and at - 1 2  +- 1 mV (n = 7) in l0  mM [Ba2+]o. From Eq. 9, we calculate V0.5 
to be - 3 . 1  _+ 2 mV (n = 7) in l0 mM [Ca2+]o and - 23 -+ 2 mV (n = 7) in l0  mM 
[Ba2+]o, taking k as 8 mV in both cases. If  we assume that (B - ¢i(g)) and (T(g) are 
independent  of  the cation, and use the values o f  - 2 0  mV for (B - ¢i(g)) and of  0.54 
e .nm -2 for (~(g) obtained for barium, we calculate the Ca 2+ dissociation constant, Ka(g), 
as 38 mM. This is smaller than that found for barium (430 raM; Table II), implying 
that surface charge associated with channel  gating has a much higher affinity for Ca 2+ 
than for Ba z+. Assuming that magnesium does not  bind to this surface charge, we 
estimate that at the physiological Ca 2+ concentrat ion of  2.6 mM the whole-cell 
current  would be maximal at about - 5  mV and the activation curve would be 
half-maximal at - 1 5  mV. These values are ~ 7 mV more  positive than those 
measured in l0  mM Ba z+ (maximum current  at - 1 2  mV and V0.5 = - 2 3  mV). 

Voltage Dependence of Ca z+ Channel Gating: Whole-Cell Currents 

T he  relatively low probability o f  Ca 2+ channel  opening  hinders an accurate estima- 
tion of  the voltage dependence  of  channel gating from the ensemble currents. We 
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therefore used the perforated-patch technique to record whole-cell currents flowing 
th rough  calcium channels. Fig. 10 A illustrates calcium currents recorded in 2.6 mM 
Ca 2+ with this technique. Inward currents are elicited at a threshold of  about  - 5 0  
mV, are maximal a round - 1 0  mV, and then decrease in ampli tude with further 
depolarization, finally reversing at potentials positive to +80  mV. As previously 
reported (Plant, 1988), the rate and extent of  inactivation varies with the amplitude 
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FIGURE 9. (A) Relationship 
between V0.5 and Vs measured 
in the same patch. Each data 
point comes from a different 
patch. (O) 5 raM, (O) 10 mM, 
(D) 20 mM, (m) 40 mM, (•) 70 
mM, (0) 100 mM Ba 2÷. (B) 
Relationship between the mean 
value of V05 and the mean 
value of Vs at different barium 
concentrations. (O) 5 mM 
(n=4) ,  (0) 10 mM (n=7) ,  
(D) 20 mM (n = 4), (m) 40 mM 
(n=5) ,  (~) 70 mM (n=4) ,  
(0) 100 mM (n = 3). Bars indi- 
cate - SEM. 

of  the Ca z+ current, inactivation being greatest and most rapid when the Ca 2+ 
currents are largest. Further  evidence that inactivation is at least partly Ca 2+ 
dependent  is provided by the finding that the Ba 2+ currents show much less 
inactivation (Fig. 10 B ). 

Fig. 10 C shows the associated whole-cell peak current-vol tage relationship in 2.6 
mM Ca 2+ and 10 mM Ba 2+. There  is little difference in the voltage dependence  o f  
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the current-vol tage relation in these two solutions, suggesting that substitution o f  10 
mM Ba 2+ for 2.6 mM Ca ~+ produces little shift in surface potential. Further  support  
for this idea was obtained by compar ing  the voltage dependence  of  channel  activation 
(NPo) in these two solutions. One method  of  determining NPo is to divide the 
macroscopic current  (I) by the measured value o f  the single channel  current  (i), as we 
did for the ensemble currents. An alternative approach,  however, is to fit the peak 
current -vol tage  relationship directly with Eq. 11 (see below), which is derived by 
substituting Eqs. 1 and 8 in Eq. 7 (see also Markwardt and Nilius, 1988, who have 
used a similar approach).  This approach  is more  suitable when the value of  i cannot  

A 2.6 mM Ca'* B 10 mM Ba" 
/ l_ _~ L_ 

40 p A ~  
40 ms 

C Vm (mY) 

-100-80-60-40-20 0 20 40 60 100 

-225 

FIGURE 10. Whole-cell cur- 
rents recorded in 2.6 mM Ca 2+ 
(A) and subsequently in 10 mM 
Ba 2+ (B). Currents were elicited 
by 250-ms pulses from a hold- 
ing potential of - 70  mV to 
potentials ranging between 
-60  and 0 mV (above) and 
between + 10 and +80 mV (be- 
low) in 10-mV steps. (C) Peak 
current-voltage relations in 2.6 
mM Ca 2+ (m) and 10 mMBa 2+ 
(0). The lines are the best fits 
to Eq. 11. 

be measured directly (as is the case in 2.6 mM Ca2+). Eq. 11 states: 

NPma x PBa(zF) 2 (V - Vs) 
I =  

{1 + exp [ - ( V -  Vo.5)/k]} n RT 
( l l )  

([Ba2+]o - [Ba2+]i exp (zFV/RT) 
• exp (-zFVs/RT) {1 - exp [zF(V - Vs)/RT]} 

where I is the peak ampli tude of  the whole-cell inward current  and other  parameters  
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are def ined  as for Eqs. 1, 2, and  8. [Ba2+]i was assumed to be zero and both  the 
possibility of  an outward Cs + current  th rough  the L-type calcium channel  and  any 
cont r ibut ion  of  [Ca2+]i were ignored  (Wilson et al., 1983). As N, Pmax, and  PBa are  
i n t e rdependen t ,  they were l u m p e d  toge ther  as a single value, PBa(max), the m a x i m u m  
whole-cell  ba r ium permeabi l i ty .  Vs was taken as a free pa ramete r ,  ra ther  than as the 
value calculated from the s ingle-channel  cu r ren t -vo l t age  re la t ion because of  the 
different  ionic condi t ions  used in the whole-cell  exper iments .  Al though an outward 
cur ren t  c o m p o n e n t  was often p resen t  at positive potent ials ,  p roduc ing  an a p p a r e n t  
reversal potent ia l ,  this had  little effect on the values ob ta ined  for k and  110.5 (using Eq. 
11). Whe the r  n was taken as 1 or  2 had  little effect on the overall  closeness of  fit, and  
n was thus f ixed at 1. The  lines in Fig. 10 C show representa t ive  fits of  the peak  
whole-cell  cur ren t  vol tage rela t ions to Eq. 11. 

The  mean  value o f k  in 10 mM Ba 2÷ was +7.6  --- 0.3 mV (n = 8), and  is in good  

ag reemen t  with that  ob ta ined  from our  analysis of  the ensemble  Ba 2+ currents  (7.9 
mV; Table  II). The  value o f k  in 2.6 mM Ca 2÷ was +8.4  -+ 0.6 mV (n = 15), close to 
that  found in ba r ium (P = 0.63, paired) .  

The  mean  values of  V0.5 were - 3 . 8  --- 1.3 mV (n = 15) in 2.6 mM Ca 2÷ and +3.5  +-- 
1.9 mV (n = 8) in 10 mM Ba 2+. T h e  difference of  7.3 mV in the mean  value of  V0.5 is 
similar to that  of  8 mV es t imated  from the ensemble  currents  in calcium and ba r ium 
solutions. Somewhat  surprisingly,  V0.5 was 15-25 mV more  negative in cel l -a t tached 
patch studies (Table II) than in the whole-cell  exper imen t s  for reasons that  are 
unclear .  This  difference is unlikely to result  f rom the 1.1 mM Mg 2+ in the solut ion 
used for the whole-cell  expe r imen t s  since whole-cell  calcium or  ba r ium currents  were 
indis t inguishable  in the presence  or  absence of  Mg 2+. Ano the r  exp lana t ion  we have 
cons idered  is that  the difference in V0.5 arises from our  use of  Cs ÷ as a K ÷ substitute 
in the p ipe t te  solution for the whole-cell  exper iments .  In convent ional  whole-cell  
record ings  of  L-type Ca 2+ currents ,  Malecot,  Feindt ,  and  Trautwein  (1988) have 
shown that  V0.5 is 11 mV more  positive when Cs ÷ is used as a K ÷ substitute r a the r  
than when N-methyl -g lucamine  (NMG) is used. A much larger  shift appea r s  to occur 
in 13 cells since the vol tage d e p e n d e n c e  of  the whole-cell  cu r ren t -vo l t age  re la t ion in 
10 mM Ba 2+, r eco rded  with NMG as the main  intracel lular  cat ion (Plant, 1988), is 
~ 3 0  mV more  negative than that  which we found using Cs÷; it is, however, 
remarkably  similar to the ensemble  cu r ren t -vo l t age  re la t ion we record.  

To  test whether  Cs + produces  a shift in the vol tage d e p e n d e n c e  of  Ca 2÷ channel  
activation, whole-cell  bar ium currents  were measured  with the pe r fo ra ted -pa tch  
technique,  but  us ing a K ÷ nystatin solution in the p ipe t t e  (Table I). T h e  whole-cell  
ba r ium currents  measu red  using the K + solution were almost  identical  to those 
measu red  with Cs ÷ solution (data  not  shown): the values of  k and V0.5 de t e rmine d  
from fits of  Eq. 11 to the peak  current  were similar to those ob ta ined  with a Cs + 
p ipe t te  solution (k = +7.3  c o m p a r e d  with +7.6  +--0.3 mV and V0.r, = +3.4  mV 
c o m p a r e d  with + 3 . 5 - - - 1 . 9  mV, for K ÷ [n = 2] and  Cs ÷ [n = 8], respectively). 
However,  the values of  Vs were different,  be ing  + 14 mV (n = 2) with K ÷ as the 
in ternal  cat ion and  +4.5  --- 5 mV (n = 8) with Cs ÷. 

V~ was also affected by the ex te rna l  divalent  cation, be ing  - 7 . 9  --- 2 mV (n = 15) in 
2.6 mM Ca 2÷ and  +4.5  --- 5 mV (n = 8) in 10 mM Ba 2+ (P = 0.63, paired).  This  
difference in Vs is similar to that  es t imated  for the cel l -at tached studies (Table II). In 
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both  Ca 2÷ and Ba ~+ solutions, the value o f  11, found in the whole-cell experiments  was 
~ 20 mV more  negative than that estimated for the cell-attached experiments  (2.6 
mM Ca 2+, Vs = +9.7 mV; 10 mM Ba 2+, Vs = +26  mV; Table II). 

The  values obtained for both V0.5 and V, in 10 mM barium from the whole-cell 
currents were thus very different from those measured for the single-channel currents 
(Table II). To  determine whether  this difference arose from our  fitting procedures,  
we fitted the peak current-vol tage relationship of  the ensemble currents to Eq. 11. 
The  values obtained for Vs, V05, and k were not  significantly different from those 
calculated using Eqs. 1, 2, and 8 (P > 0.2, n = 12). Furthermore,  a l though Eq. 11 
has four free parameters,  fixing the value o f  Vs had little effect on the calculated 
values ofk  and V0.5 ; a +20-mV change in 11, p roduced  a < 5-mV change in V0.5 and a 
< 7% change in k. 
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Vm (mY) 

- 5 0 ~  

1 pal 
20 ms 

Vm (rnV) 
-80 -60 -40 -20 

I I I I I I I | I 

- 2  

' - 3  

. - 4  

FIGURE 11. (A) Single-channel currents recorded in the absence of divalent cations with 150 
mM Na + solution in the pipette. Currents were elicited by a 200-ms step to potentials indicated 
from a holding potential of -100  mV. Filter frequency, 2 kHz. (B) Single-channel current- 
voltage relationship for the channel shown in A. The line through the data points is the best fit 
to Eq. 1 with PNa = 1.4 x 10 -~3 cm3s -I and V, = +15 mV. 

Permeation and Gating in the Absence of Divalent Cations; Na + Currents through 
L-Type Ca 2+ Channels 

Permeation. Na + currents through single L-type Ca 2+ channels were recorded in the 
absence of  extracellular divalent cations (Fig. 11 A ). Addition o f  20 ~M nifedipine to 
the extracellular solution completely abolished these channel  openings,  confirming 
that they were due to the opening  of  L-type Ca 2+ channels and not sodium channels 
(not shown, n -- 5). Furthermore,  the currents were unaffected by the addition o f  1 
~M tetrodotoxin to the pipette solution (not shown). Fig. 11 B shows the single Ca 2+ 
channel  current-vol tage relation obtained with Na + as the charge carrier. The  best fit 
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to Eq. 1 is shown as the solid line. Mean values were 1.0 -+ 0.2 × 10 -13 cm3s  -1 for the 
Na + permeability, PNa; +3.6 -+ 5 mV for the voltage shift, Vs (n = 5); and 37 - 5 mM 
for the internal Na + concentrat ion (which is close to that found experimentally in the 
13 cell, 36 mM; Smith, 1988). The  single-channel slope conductance at - 7 0  mV was 
43-+ 3 p S ( n = 5 ) .  

The  very small voltage shift (Vs) observed in the absence of  divalent cations 
indicates that Na + binds far less tightly to membrane  surface charges than either 
Ba 2+ or  Ca 2+. If  we assume that both the initial surface charge density ((r(p)) and the 
internal surface potential (~ i (p) )  a r e  the same in Na + and Ba 2+ solutions, that is, (r(p) is 
1.4 e .nm -z and tl/i(p) is --51.1 mV, we calculate a dissociation constant (Kd(p)) for 
sodium of  336 mM (Ka(p) = 3.0 M -l)  (Table II). This value is much higher than that 
found for either calcium (18 mM) or  barium (13 mM), suggesting that Na + binds only 
weakly to membrane  surface charge associated with the mouth  o f  the pore. 

Gating. Ensemble currents constructed from the single-channel data obtained in 
Na + solution are shown in Fig. 12 A and the corresponding peak ensemble cu r ren t -  
voltage relation in Fig. 12 B. Na + currents are elicited at a round - 1 0 0  mV and are 
maximal at - 4 0  mV. These values are in good agreement  with those reported for 
whole-cell Na + currents and are 20-30  mV more negative than those found in 10 
mM Ba + solution (Plant, 1988). Unlike the whole-cell currents measured by Plant 
(1988), the ensemble Na + currents inactivated very rapidly, as expected since the 
single-channel currents were clustered toward the beginning of  the trace (not shown). 
The  voltage dependence  of  NPo (Fig. 12 C) was determined for the ensemble Na + 
currents using the same method  as described for the ensemble Ba 2+ currents. The  
relationship was fit by Eq. 8 and gave mean  values o f  +7.5 + 1.1 mV (n = 3) for k, 
and of  - 4 4  + 4 mV (n = 5) for V0.5. The  value for V0~ is 21 mV more  negative than 
that found in 10 mM Ba2+; this difference is similar to that observed for V~ (23 mV; 
see above). Our  results therefore indicate that removal o f  divalent cations produces a 
large negative shift in both V0.5 and V~ (Table II). 

In fitting the barium dependence  o f  V~ and V0.5 in Figs. 3 and 8 we did not include 
the data obtained in divalent cation-free solution. However, it is clear from Fig. 8 that 
the value o f  V0.5 obtained in divalent cation-free solution is close to that predicted 
from the fitted relationship for zero barium. In the absence of  divalent cations, it is 
also possible to obtain Or(g) from the Gouy expression, which assumes that ions screen, 
but do not bind to, membrane  surface charge (McLaughlin et al., 1971). If  we assume 
that (B - ~i(g)) is - 2 0  mV (i.e., independent  of  the extracellular cation), we obtain a 
value of  0.5 e .nm -2 for the initial surface charge density, ~rig ). This value is close to 
that of  0.54 e .nm -2 found for the best fit of  Eq. 2 to the barium dependence  o f  V05, 
consistent with the idea that Na + does not readily bind to membrane  surface charges 
associated with Ca 2+ channel  gating. 

Effect of BAY-K 8644 on the Permeation and Gating Properties 

BAY-K 8644 has been reported to exert part  of  its agonistic effect on the L-type 
calcium channel by shifting the voltage dependence  of  channel  gating to more  
negative membrane  potentials (Hess, Lansman, and Tsien, 1984; Sanguinetti, Krafte, 
and Kass, 1986; Markwardt and Nilius, 1988; Cena et al., 1989). It has been 
suggested that this may result from the drug interacting with membrane  surface 

on A
pril 28, 2017

D
ow

nloaded from
 

Published May 1, 1993



SMITH ET AL. Ca 2+ Channel Permeation and Gating 789 

charge in the vicinity of the gat ing particle (Kass and  Krafte, 1987). As BAY-K 8644 
has been  used throughout  this study, we examined  its effect on the channel  
permeat ion  and  gating propert ies in 10 mM Ba 2+ solution. 

In  cell-attached studies there was no effect of 0.1 I~M BAY-K 8644 on the 
s ingle-channel  current -vol tage  relat ionship for the L-type calcium channel .  There  
was also no consistent effect on  Vs when the concentra t ion of BAY-K 8644 was 
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FIGURE 12. (A) Ensemble average currents recorded in 150 mM Na + solution from the same 
patch as in Fig. 11. Currents were elicited by a 200-ms step to indicated potentials from a 
holding potential of -100  mV. The pulse protocol is shown above. Filter frequency 0.5 kHz. 
Capacity transients have been omitted for clarity. (B) Peak ensemble current-voltage relation- 
ship for the patch shown inA. The line is the best fit to Eq. 11 using: k = 8.1 mV, V05 = - 5 9  
mV, and V s = +12 mV. (C) Normalized channel activity (NPo/NPmax) as a function of 
membrane potential (Vm) in 150 mM Na ÷ solution. The line is a fit to Eq. 8 using the same 
values as above. A similar fit was obtained when V05, determined from Eq. 9, was set at - 54  mV 
with a k of 8 mV. Same data as in A. 

increased from 0.1 to 1 wM (P = 0.29). Mean values of Vswere +30  -+ 2.6 mV (n = 5) 
in 0.1 ~M BAY-K 8644 and  +26 -+ 2 mV after changing to 1 v,M, with some patches 
showing an increase, and  others no change or a decrease in Vs. Both the single- 
channel  permeabil i ty and  conductance were also little affected, changing from 8.5 -+ 
1 x 10 -13 to 7 - 1 x 10 -l~ cm3s - l  (P = 0.59) and from 12.4 + 1.4 to 13.6 -+ 1.0 pS 

(P = 0.27), respectively, on increasing the drug concentra t ion (n = 5). In several 
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FIGURE 13. Ensemble peak current- 
voltage relationships measured with 
10 mM Ba 2+ in the pipette, in the 
presence of 0.1 ~M BAY-K 8644 (m) 
and subsequently after increasing 
BAY-K 8644 to 1 ~M (0). 

patches showing high channel  activity, it was possible to construct the ensemble peak 
current -vol tage  relationship at both BAY-K 8644 concentrat ions (Fig. 13). Raising 

BAY-K 8644 to 1 IxM increased the ensemble current  ampl i tude but  did not  alter the 
voltage dependence  of the current-vol tage  relation. Thus  the data strongly suggest 

A Control B 0.1 IJM BAYK 8644 
l_ _J L 

60 p A ~  40 ms 
C Vm (mY) 

-100-80-60-40-20 0 20 40 60_8=,0 100 

FIGURE 14. Whole-cell cur- 
rents recorded in 10 mM Ba 2+ 
in the absence (A) and subse- 
quently the presence (B) of 0.1 
IxM BAY-K 8644. Currents 
were elicited by 250-ms pulses 
from a holding potential of 
- 70  mV to potentials ranging 
between - 60  and 0 mV (above) 
and between + 10 and + 80 mV 
(below) in 10-mV steps. (C) 
Peak current-voltage relations 
in the absence (m) and subse- 
quently the presence (0) of 0.1 
~M BAY-K 8644. Lines 
through the data are the best fit 
to Eq. 11. 
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that BAY-K 8644 itself does not induce a voltage shift in either the permeation or 
gating of L-type Ca 2+ channels in mouse [3 cells. 

The effect of BAY-K 8644 on the whole-cell currents was examined in 10 mM Ba 2+ 
(Fig. 14, A and B). Addition of 0.1 o,M BAY-K 8644 to the extracellular solution 
produced a small increase in current amplitude but did not shift the voltage 
dependence of the current-voltage relation (Fig. 14 C). Increasing the dihydropyri- 
dine concentration to 1 ~M had similar effects (not shown). These results contrast 
with earlier reports showing that BAY-K 8644 induces a negative shift in the 
whole-cell current-voltage relationship of mouse 13 cells, measured with the standard 
whole-cell configuration (Plant, 1988; Rorsman et al., 1988). 

Activation parameters were determined by fitting Eq. 15 to the peak current -  
voltage relationship. Neither V0.5 nor k was significantly altered in the presence of the 
dihydropyridine agonist (n = 6): V0.5 = +8.62 + 4.5 mV and k = +6.7 - 0.4 mV in 
0.1 ~M BAY-K 8644; V0.5 = +7.2 -+ 4.3 mV and k = +7.6 - 0.3 mV in the absence 
of the drug (P = 0.75 and 0.14, respectively). As expected, Vs was also unaffected by 
BAY-K 8644 (+6.6 + 2.8 and +7.7 + 3.8 mV in the absence and presence of the 
drug, respectively; P = 1.0). 

D I S C U S S I O N  

Surface Charge 

Variations in the extracellular divalent cation concentration produced shifts in the 
voltage dependence of both the single-channel current-voltage relation and Ca 2+ 
channel gating. We believe that these shifts arise from divalent cations interacting 
with membrane surface charges. It was not possible to fit the voltage shift in the 
single-channel current-voltage relation produced by varying [Ba2+]o by assuming 
that divalent cations merely screen membrane surface charges (Fig. 3). Although a 
reasonable fit was obtained with binding alone, the best fit was achieved by allowing 
[Ba2+]o to both bind to, and screen, membrane surface charge. Assuming both 
binding and screening, we calculate a value of 1.4 e.nm -2 for membrane surface 
charge associated with the ion permeation pathway (if(p)) and a Kd(p) of 13 mM, the 
dissociation constant for Ba 2+ binding to surface charge associated with the perme- 
ation pathway. A value of - 5 1  mV was obtained for ~i(p), the internal surface 
potential sensed by the permeation pathway. No values for these parameters have 
been reported previously. 

The corresponding values for tr(g) and Kd(g) associated with channel gating were 
very different: 0.54 e.nm -2 and 430 mM (for barium), respectively. Thus, although it 
has often been assumed that membrane surface charge sensed by the gating particle 
is the same as that sensed by the permeation pathway (Wilson et al., 1983; Cota and 
Stefani, 1984; Byerly, Chase, and Stimers, 1985; Ganitkevich et al., 1988), our 
measurements suggest that this is not true for the L-type Ca 2+ channel of mouse 13 
cells. Several studies have demonstrated that ion permeation through the channel is 
not influenced by the surface charge of the neighboring lipid environment (for 
example: Coronado and Affolter, 1986; Worley, French, Pailthorpe, and Krueger, 
1992), which suggests that the mouth of the pore is effectively insulated from the 
lipid by both the bulk and structure of the channel protein. It seems likely that in 
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mouse [3 cells also the surface charge associated with permeation resides on the Ca 2+ 
channel protein itself. 

Values similar to those we obtained for the surface charge associated with calcium 
channel gating (C,(g)) have been reported in other tissues: 0.2 e.nm -2 in frog skeletal 
muscle (Cota and Stefani, 1984); 0.5 e.nm -2 in guinea pig Taenia coli (Ganitkevich et 
al., 1988); 0.4 e.nm -2 in cardiac myocytes (Kass and Krafte, 1987); and 0.5 e.nm -2 in 
neurons of Lymnea stagnalis (Byerly et al., 1985). These values are lower than that of 
2.6 e.nm -2 associated with a bilayer composed solely of negatively charged lipids 
(McLaughlin et al., 1971), which suggests that either the gating particle is some 
distance from the membrane lipid, that a large proportion of the membrane near the 
gating particle consists of neutral lipids, or that the surface charge sensed by the 
gating particle is located on the channel protein itself. 

The value of 430 mM that we determined for Kd(g), the dissociation constant for 
barium binding to surface charge associated with channel gating, compares with that 
of 182 mM (Ka~g) = 5.5 M-l)  reported for Ca 2+ channels in smooth muscle (Ganitkev- 
ich et al., 1988). In other studies, binding of Ba 2+ appears to be negligible (Cota and 
Stefani, 1984; Kass and Krafte, 1987). Our value for Kd~g) for calcium (38 raM) lies 
well within the range observed in other tissues: 22 mM to 1 M (Cota and Stefani, 
1984; Kass and Krafte, 1987; Ganitkevich et al., 1988). 

There does not appear  to be a direct correlation between Vs and V0.5 even in the 
same patch (Fig. 9). Plotting the mean values for Vs and V05 for each concentration of 
barium does suggest some form of correlation, however, as is expected if both 
variables depend on the concentration of barium (Fig. 9). 

Conductance and Permeability 

The saturation of the single-channel conductance at high [Ba~+]o can be attributed to 
Ba 2+ screening, and binding to, membrane surface charge in the vicinity of  the 
channel mouth. This explains why the conductance shows little saturation when 
expressed as a function of the surface Ba ~+ concentration. It also indicates that the 
affinity of the ion-binding site within the pore is substantially overestimated when the 
effect of  surface charge is ignored (Kd~) = 200 mM, as opposed to 5.5 mM when the 
bulk Ba ~+ concentration is used). After correction for surface charge, it is apparent  
that there is no substantial binding of Ba 2+ to sites within the pore. Since different 
ionic species may vary in their ability to bind to surface charge, thus producing 
different surface concentrations, the true permeability sequence of the channel may 
differ from that calculated using the bulk concentration of the ion. For the L-type 
Ca 2+ channel in mouse [3 cells, the true permeability sequence is Na + = Ba 2+ > Ca 2+ 
(Table II). 

Values for Kd(v) of 8-13 mM, calculated using the bulk barium concentration, have 
been obtained for single L-type C a  2+ channels in other preparations (Rosenberg et 
al., 1988; Ganitkevich and Isenberg, 1990), and compare favorably with that reported 
here (5.5 raM). However, as discussed by Yue and Marban (1990), when plotted as a 
function of [Ba2+]o, the data are poorly fitted by a Langmuir saturation curve, the 
conductance continuing to increase (creep) at higher barium concentrations (Fig. 
4A). 

A number  of models of varying complexity have sought to describe ion permeation 
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through the Ca 2+ channel. To account for the saturation of the conductance, all of  
these models assume that ions bind within the pore as they pass through it. The  
simplest model assumes a single binding site (Ashcroft and Stanfield, 1982). This 
model, however, cannot easily account for all of  the reported properties of the L-type 
Ca 2+ channel; for example, the anomalous mole-fraction effect, the dramatic increase 
in monovalent ion permeability when divalent cations are removed, and the creep in 
the conductance-concentration relationship. To explain these properties, two main 
approaches have been developed: these assume either the presence of multiple 
binding sites within the pore (Almers and McClesky, 1984; Hess and Tsien, 1984) or 
the existence of an extracellular divalent cation binding site (Hagiwara and Takaha- 
shi, 1967; Kostyuk, Mironov, and Shuba, 1983). Yue and Marban (1990), have shown 
that the anomalous mole-fraction effect does not occur at the single-channel level in 
cardiac myocytes, but they still favor a multi-ion occupancy model because of the 
creep in the conductance-concentration relationship. Conversely, Armstrong and 
Neyton (1991) have proposed a single ion-binding site model for ion permeation 
through the calcium channel. Their  model, however, cannot account for the creep in 
the concentration-conductance curve. Our data show that this creep may be the 
consequence of ion binding to membrane surface charge. This implies that multi-ion 
pore models may not be necessary to explain permeation through the L-type Ca 2+ 
channel (Armstrong and Neyton, 1991) and also emphasizes that it is important to 
consider the effects of surface charge when formulating models of ion permeation. 
Our data also suggest that the GHK-model of ion-permeation can adequately 
describe ion permeation through the L-type calcium channel under a limited set of 
conditions. 

Effect of the Dihydropyridine, BAY-K 8644 

In both the cell-attached and the perforated-patch experiments, BAY-K 8644 had no 
effect on either the single-channel current amplitude or the voltage dependence of 
activation. The lack of an effect on the single-channel conductance is well established 
(Hess et al., 1984; Fox et al., 1987). What is surprising is our finding that BAY-K 
8644 did not shift the voltage dependence of activation. This is in contrast to other 
tissues, where the drug produces a negative shift in the voltage-dependence of L-type 
Ca 2+ channel activation (Hess et al., 1984; Fox et al., 1987; Sanguinetti et al., 1986). 
Furthermore, previous studies in mouse [3 cells have also reported a negative shift in 
the whole-cell Ca 2+ current-voltage relationship with dihydropyridine agonists (1 I~M 
BAY-K 8644, Rorsman et al., 1988; 5 IxM CGP 28392, Plant, 1988). 

The main differences between our whole-cell studies and earlier work on [3 cells is 
that we used the perforated-patch rather than the conventional whole-cell recording 
configuration, and Cs ÷ rather than N-methyl-glucamine (NMG +) as a K + substitute in 
the pipette. We also saw no effect of BAY-K 8644 on the voltage dependence of 
gating in cell-attached patches. In both the cell-attached and perforated-patch 
configurations the cell is intact and loss of cytosolic constituents is minimized. One 
possible explanation for the shift in the voltage-dependence of the current-voltage 
relation induced by BAY-K 8644 in conventional whole-cell studies, therefore, is that 
it results from the loss of some cytoplasmic factor. 
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Activation 

Both V0.5 and the potential at which the maximum current occurred were ~ 30 mV 
more  positive for the whole-cell current than for the ensemble current  in 10 mM 
Ba 2÷. One possible reason for this difference is the presence of  a Donnan  potential 
across the perforated-patch membrane,  a l though this seems unlikely since Donnan  
potentials should be small with the pipette solutions we used (Horn and Marty, 
1988). Another  possible source of  error  that can be dismissed is that the resting 
membrane  potential was not actually 0 mV, as we assumed; in separate experiments 
we measured the resting potential as +5 mV and correction for this error  would have 
the effect of  increasing the difference in I/0.5 to +35  mV. There  appears to be no 
difference when K ÷ or Cs ÷ is used in the pipette for perforated-patch whole-cell 
recording of  calcium currents; thus the use o f  Cs + as an internal cation does not 
account  for the difference between cell-attached and perforated-patch studies, or for 
that between perforated-patch and previous whole-cell studies. The  reasons behind 
the differences in the values of  V0.5 and Vs from cell-attached and perforated-patch 
whole-cell studies therefore remain unresolved, al though it seems to relate to the use 
of  the perforated-patch recording configuration. Whether  NMG is a more  suitable K ÷ 
substitute than Cs ÷ for s tandard whole-cell recordings also remains to be ascertained. 

The  difference in V0.5, the voltage dependence  o f  gating, that we observed for the 
ensemble currents in 100 mM and 10 mM Ba ~÷ is about +22  mV, and the difference 
between V0.5 for the whole-cell currents recorded in 10 mM Ba 2+ and 2.6 mM C a  2+ is 
+8  mV. This suggests that in mouse pancreatic 13 cells there is a positive shift in the 
activation curve of  L-type Ca 2+ channel  gating of  ~ 30 mV between 2.6 mM Ca 2+ and 
I00 mM Ba 2+. 

Inactivation 

The more  rapid inactivation of  single-channel Ca 2+ currents, as compared  with 
single-channel Ba 2+ currents, suggests that Ca2+-dependent inactivation may occur 
in cell-attached patches. This finding is in agreement  with that of  Yue, Backx, and 
Imredy (1990), who used conditional open  probability analysis to demonstrate  
Ca2+-dependent inactivation at the single-channel level in cardiac myocytes. In 
c o m m o n  with earlier studies, a slow inactivation of  the ensemble Ba 2+ currents was 
also observed. Whether  this reflects an ability of  Ba '~+ to substitute for C a  2+ in the 
inactivation process or  whether it represents a componen t  of  vol tage-dependent  
inactivation is unknown. The  inactivation of  the ensemble Na + currents, a phenom-  
enon we also observed in perforated-patch recordings, was not found in conventional 
whole-cell studies (Plant, 1988). This difference may result from dialysis of  the cell 
cytoplasm in Plant's studies since we observed inactivation of  whole-cell Na + currents 
in perforated-patch recordings (data not shown). 

Physiological Implications 

Most previous studies of  single Ca ~+ channel currents have been carried out using 
100 mM B a  2+ a s  the charge carrier to increase the current amplitude, and using 
BAY-K 8644 to pro long the channel lifetime. These conditions are far ti-om 
physiological. In mouse [3 cells, we have found that BAY-K 8644 has little effect on 
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the voltage dependence of channel activation. However, the high divalent cation 
concentration produces a shift in activation to potentials that are considerably more 
depolarized than those found in a more physiological saline solution containing 2.6 
mM Ca 2+. A much smaller shift was found, however, when the charge carrier was 10 
mM Ba 2+. Since single-channel currents can still be resolved quite easily in 10 mM 
Ba 2÷, this would appear to be an appropriate experimental solution. 

In 10 mM Ba 2+, single-channel activity is seen at, or more negative to, the 13 cell 
resting potential ( - 7 0  mV). This suggests that Ca 2+ influx through L-type Ca 2+ 
channels may contribute to the background Ca 2+ influx into the 13 cell and would 
explain why dihydropyridine agonists can increase (Malaisse-Lagae, Mathias, and 
Malaisse, 1984; Boschero, Carrol, DeSouza, and Atwater, 1990) and dihydropyridine 
antagonists decrease (AI-Mahood, EI-Khatim, Gumaa, and Thulesius, 1986) basal 
insulin secretion. 
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