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ABSTRACT The whole-cell configuration o f  the patch-clamp technique was used 
to study the outward Na + current through Ca channels in hybridoma cell lines 
(202B and 206), constructed by fusion of  S194 myeloma cells with murine splenic 
B lymphocytes. The concentration o f  Na + in the electrode solution, [Na+]p, was 
changed by isosmotic replacement o f  Na + with N-methyl-rbglucamine + ions. When 
2.5 mM calcium was present in the bath, neither the current nor  the reversal 
potential was significantly altered by changes in the level o f  external Na + ([Na+]o . 
By contrast, both o f  those properties were strongly affected by [Na+]p. At fixed 
depolarizing potentials, the outward current increased approximately as the square 
power o f  [Na+]p, a feature that cannot be easily explained by one-ion models for a 
channel or  by "cont inuum" theories based on electrodiffusion. Instead, all the data 
could be well described by a "single-file" model for a two-site pore that admits up 
to two ions. Although double occupancy o f  the Ca channel by divalent cations has 
been proposed previously (Hess and Tsien. 1984. Nature. 309: 453-456;  Almers et 
al., 1984. J. Physiol. 353: 585-608),  this study indicates that, in our  system, 
states o f  the channel with two Na + ions must also be considered in order  to explain 
the dependence o f  the outward current on [Na+]p. A good fit to the data could be 
obtained by assuming that both sites in the channel are "electrically" close to its 
cytoplasmic end and that most o f  the voltage dependence pertains to the rates for 
ion exit to the external medium. The values o f  the parameters suggest that: (a) Ca ~§ 
is bound most strongly by the site nearest to the cytoplasm (in both singly and 
doubly occupied channels); (b) in channels with two Ca 2§ ions, the dissociation 
constant o f  the site close to the external mouth must be >2.5 mM; and (c) in pores 
occupied by two Na + ions, the rate constant for  Na + exit to the external solution is 
larger than the rate constant for Na + exit to the cytoplasm. 

*Professor Hagiwara diedjust before submission of this paper. 
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I N T R O D U C T I O N  

Recent studies have shown that monovalent cations are capable of  carrying inward 
current  through Ca 2+ channels when the extracellular concentration of  Ca 2+ is 
decreased to micromolar levels, thus suggesting the presence in the channel of  
binding sites for Ca 2+ with a dissociation constant of  the same order  of  magnitude 
(Kostyuk and Krishtal, 1977; Kostyuk et al., 1983; Almers et al., 1984; Fukushima 
and Hagiwara, 1985). However, earlier reports indicated that the inward Ca 2+ 
current, far from saturating at micromolar levels of  external Ca 2+, is still an 
increasing function of  the concentration of  external Ca 2+ even in the millimolar 
range (Hagiwara and Takahashi, 1967; Hagiwara and Byerly, 1981). One way to 
reconcile these findings has been to propose that Ca channels are multi-ion pores 
(Almers and McCleskey, 1984; Hess and Tsien, 1984), a hypothesis that is also 
strengthened by independent evidence. For example, Hess and Tsien (1984), using 
ventricular cells from mammalian heart, have shown that the conductance in 
mixtures of  Ca 2+ and Ba 2+ exhibits anomalous mole-fraction dependence with sharp 
minima at low fractions of  Ca 2+, and similar features have also been described in the 
Ca channels from Lymnea neurons (Byerly et al., 1985). As it is known, anomalous 
mole-fraction dependence of  the conductance is inconsistent with one-ion channels 
with fixed energy profiles, but can be explained by singie-file pores (Hille and 
Schwarz, 1978). 

While inward currents carried by monovalent cations through Ca channels can be 
detected only when the external Ca 2+ concentration is of  the order  of  1 #M or less, 
outward currents carried by monovalent cations through the same channel can be 
observed also at physiological Ca 2+ levels if the applied potential is stepped to 
sufficiently high positive values (Reuter and Scholz, 1977; Fenwick et al., 1982; 
Almers et al., 1984; Fukushima and Hagiwara, 1985; Iijima et al., 1986; Campbell et 
al., 1988). However, while the characteristics of  the inward current have been 
studied in many systems, the outward current has not been analyzed in detail, and 
little attention has been given to the information that it may give about the 
permeation properties of  the channel. 

Applying the whole-cell configuration of  the patch clamp technique to cells from a 
hybridoma cell line, this study describes the effects on the channel electrical 
properties of  varying both the internal and external concentrations of  Na +, and also 
formulates a model based on Eyring rate theory in order  to interpret the experimen- 
tal results. It is concluded that a good fit to the data demands fairly rigid constraints 
upon the position in the electric field of  the peaks and wells of  the energy barriers, 
which are similar to those determined in a previous study (Iijima et al., 1986), and 
also requires that a state of  the channel with double occupancy by Na + be included 
in the kinetics, along with states with double occupancy by Ca 2+ and mixed ions. A 
preliminary report  of  this work has already been published as an abstract (Yamashita 
et al., 1989). 

M E T H O D S  

Materials 

Two hybridoma cell lines (202B and 206), constructed by fusion of S194 mouse myeloma cells 
with mouse splenic B lymphocytes and known to secrete immunoglobulin M, were used in the 
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experiments.  The culture was kept at 37"C in RPMI 1640 medium supplemented with 10% 
fetal calf serum, and subculture was done every 4 d. The cells were used for the electrophys- 
iological experiments  3 o r  4 d after renewal o f  the medium, since it had previously been  found 
that maximal Ca ~+ current  was obtained at that stage o f  growth (Fukushima et al., 1984). The 
cell diameter  was ~20 #m. 

Electrophysiological Analysis  

The whole-cell configuration o f  the patch clamp technique was used in the electrophysiologi- 
cal studies. The resistance o f  the patch electrode ranged f rom 3 to 8 Mfl and the seal 
resistance was 10-30  Gfl. The holding membrane  potential was - 9 4  to - 9 6  mV, a potential 
at which the inactivation o f  the Ca channel was completely removed. The current  was filtered 
through a low-pass filter at 1 kHz, and the steady leakage current  was subtracted. O the r  
details of  the technique were essentially similar to those repor ted  previously (Fukushima and 

T A B L E  I 

Compositions of the Solutions Millimolar 

External solutions 
Na + Ca 2+ Mg ~+ K + EDTA choline C1- 

Standard 130.3 2.5 1.0 5.0 0 0 143.3 
26 mM Na 26.0 2.5 1.0 5.0 0 104.3 143.3 
Ca ~+-, Mg 2+-, K+-free EDTA 144.3 0 0 0 2.0 0 135.3 

All media contained 17 mM glucose and pH was adjusted at 7.4 by 10 mM HEPES (Na salt). In 
EDTA-containing solution pH was adjusted by adding NaOH in addition to 10 mM HEPES Na. 
Na § concentration also includes the amount added for titradng HEPES and EDTA. 

Internal solutions 

X C1- Aspartic acid ATP-Na MgC12 EGTA HEPES 

156 40 95 2 1 5 10 

X = Na + N-methyl-o-glucamine. X concentration also includes the amount added for titrating 
HEPES and EGTA, and the amount of salt of ATP. The pH was adjusted at 7.3. 

Hagiwara, 1985). The composit ion o f  the solutions is shown in Table I. The p H  of  the 
extracellular media was adjusted to 7.4 and that o f  the intracellular medium to 7.3. 
Corrections o f  the membrane  potential to compensate for liquid junct ion  potentials were 
made as described by Hagiwara and Ohmor i  (1982). All the experiments were carried out  at 
room temperature  (20-25~ 

It  has been previously demonstrated that Ca channels are the only type o f  voltage-gated 
channels present  in hybridoma cell lines secreting immunogtobulin, and that there is probably 
one type o f  Ca channel with voltage-dependent inactivation (Fukushima et al., 1984; 
Fukushima and Hagiwara, 1985). This property is characteristic o f  the type I (or transient 
type) Ca channels, which are found also in o ther  tissues (Hagiwara et al., 1975; Nowycky et al., 
1985; Narahashi et al., 1987). However,  in ~30% o f  the cells in the 202B cell line it was 
noticed that a slowly inactivating Ca ~+ current  was superimposed upon that o f  the type I Ca ~+ 
channels. This slowly inactivating Ca 2+ current ,  which resembled that o f  the type II  (or 
long-lasting) Ca channels, appears to be a peculiar property o f  the 202B clone, since it was 
almost never  observed in the 206 cell line, and was also absent in related clones (MAb2-1 and 
MAb-7B) studied previously (Fukushima et al., 1984; Fukushima and Hagiwara, 1985). Since 
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the objective of  this study was to examine the outward current carried by monovaient cations 
through the type I Ca channels, cells showing the presence of  type II Ca channels were 
discarded. 

RESULTS 

Evaluation of the IntraceUular Sodium Concentration 

Previous work by Fukushima and Hagiwara (1985) repor ted  that  the permeabilities 
o f  K +, Rb +, and Cs +, re fer red  to Na  +, are: 0.8, 0.6, and 0.35, respectively. I n  this 
work, the effect o f  the intracellular concentra t ion o f  monovalent  cations on  the 
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B 
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FIGURE 1. Ca 2+ channel currents in the standard and in Ca 2+-, Mg ~+, K+-free medium. The 
upper panel in A shows the Ca ~+ channel currents recorded in the standard extracellular 
medium; the lower panel shows those recorded in the Ca ~+-, Mg d+-, K+-free medium 
containing 2 mM EDTA. The patch electrode solution contained 50 mM Na § Both records 
refer to the same cell. Holding potential was - 9 6  mV and the test potentials (in millivolts) are 
indicated in the figures. Time scale (horizontal) and current amplitude (vertical) bars in the 
upper panel are equal to 50 ms and 100 pA, respectively. Current amplitude bar in the lower 
panel is equal to 200 pA. Time scale in the lower panel is the same as that in the upper panel. 
B shows the I-V relationships of  the records in A. Squares indicate the I-V relationship in the 
standard medium and circles, that in Ca 2+-, Mg ~+-, K+-free medium. 

outward  current  was studied by dialyzing the interior o f  the cell with Na  +, the most  
permeant  o f  the alkali cations. I n  s tandard conditions, the solution o f  the patch 
pipette conta ined 156 mM Na + and 0 K +, changes in the concentra t ions  o f  Na + 
being obta ined by partial replacement  with the impermeant  ion, N-methyl-D- 
glucamine +. Data record ing  generally started 5 min after  establishment o f  the 
whole-cell c lamp conditions. In  conditions o f  complete  dialysis, the sodium concen-  
tration inside the cell, [Na+]i, would be expected to be the same as in the pipette, 
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FIGURE 2. The relationship between the reversal potential  and the concentra t ion o f  Na + in 
the patch electrode solution ([Na+]v) for  cells exposed  to the Ca ~+-, Mg 2+-, K§ medium 
containing 2 mM EDTA. The ordinate  indicates the reversal potential  and the abscissa [Na]p 
on  a logarithmic scale. Each point  represents  the da tum f rom a single cell. The straight line 

was drawn according to the Nernst  equation. 

[Na+]o. To test whether this was the case, after recording the data with the standard 
extracellular medium, the external medium was exchanged with a Ca ~+-, Mg 2+-, and 
K+-free medium containing 2 mM EDTA and 144.3 mM Na +. Since Na + should be 
the sole permeant ion present in these conditions, the reversal potential would he 
expected to obey the Nernst equation for this ion. While many cells deteriorated in 
the Ca~+-free solution, successful recordings could be obtained in ~20% of them. 
Fig. 1 A shows the current records obtained with the standard external medium 
(upper panel) and those obtained from the same cell when that medium was replaced 
with the Ca2+-free solution defined above (lower panel). [Na +] p in the pipette was 
50 mM. The corresponding relationships between the voltage and the peak current 
(IoV relationships) are illustrated in Fig. 1 B. In Fig. 2, the reversal potential, Vr, 
recorded in the Ca 2+-, Mg ~+-, K+-free medium containing Na + as the sole permeant 

TABLE II 

Average Values o f  V r and [Na+],for [Na+]p 

[Na+]p Vr [Na+]~ n 

mM mV mM 
156 -2.3 • 1.2" 153 • 8.8* 4 
80 11.4 • 1.5 92 • 5.7 6 
50 23.7 • 1.9 55 • 4.1 5 
20 37.3 • 4.7 33 • 5.6 4 

*Mean • standard deviation. [Na+]p indicates the Na + concentration in the patch electrode solution, V,, the 
reversal potential in Ca~§ Mg~+-, K+-free solution, [Na+]~, the estimated intraceUular Na + concentration, and n, 
the number of the examined cells. 
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ion, is plot ted against the logari thm o f  the sodium concent ra t ion  in the pipette 
solution, [Na+]p. I f  the dialysis had been  complete,  the data  should fall on  a straight 
line with a slope o f  58 mV for  a 10-fold change in [Na+]p. While most  o f  the data 
follow this prediction, some deviations are seen in the range o f  low [Na+]p, as if the 
actual intracellular Na + concent ra t ion  were higher  than that expected in the case o f  
t ho rough  dialysis. At least two reasons may account  for  these two small discrepan- 
cies: (a) some amounts  o f  K § may remain in the cell due  to incomplete  dialysis; and 
(b) N-methyl-D-glucamine + may be slightly permeant .  Also, some inaccuracy in the 
measurements  o f  V r at low internal Na  + concentra t ions  cannot  be excluded. The 
averaged values o f  V r and the estimated values o f  [Na+]i for  different Na  § 
concentra t ions  in the pipette, [Na+]p, have been  listed in Table II.  In  this paper  we 
shall use [Na+]p to denote  the intracellular Na  + concentrat ion,  because [Na+]p is a 
known quanti ty and because the differences between [Na+]p and the calculated 
values o f  [Na+]i are no t  large. 

"~ 156 mM B 20 mM 

FIGURE 3. Effects of  the internal Na + concentration on the membrane current. A, Mem- 
brane currents recorded using the standard external medium and the standard patch 
electrode solution with 156 mM Na § B, Membrane currents recorded in the standard 
external medium with the patch electrode solution containing 20 mM Na § Time scale 
(horizontal) and current amplitude (vertical) bars are equal to 50 ms and 100 pA, respectively, 
in both A and B. The holding potential was - 9 6  mV and test potentials (in millivolts) are 
indicated in the figure in both A and B. The reversal potentials were + 25 mV in A and + 59 
mV in B, respectively. 

Effect~ of  Internal Na + on the Reversal Potential 

Fig. 3, A and  B illustrate the membrane  current  obtained in two different cells. 
[Na+]p was 156 mM in one  o f  them (standard), 20 mM in the other.  The  membrane  
potential at which the inward cur ren t  became apparent  was almost identical in the 
two records.  Fig. 4 plots the time-to-peak and  the inactivation time constant  that  
cor respond  to the currents  in Fig. 3. There  is almost no  difference in this parameter  
between the two cells, indicating that changes in [Na+]p have negligible effects on  the 
kinetics o f  gating. However ,  one  discrepancy between the records  o f  Fig. 3, A and B 
was the value o f  the reversal potential  V r, which was + 25 mV in A and + 59 mV in B. 
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The relation between V r and [Na+]p, determined in standard external medium, is 
displayed in Fig. 5. The continuous line in Fig. 5 represents a fit to the data with a 
"two-site, two-ion" model for  the Ca channel, as will be described later. 

Dependence of the Amplitude of the Outward Current on [Na+]p 

Since the amplitude of  the membrane  current  varied considerably f rom cell to cell, 
the current  amplitude of  each cell was normalized to the peak value of  its inward 
current  to allow comparison of  the data f rom different experiments. The cu r ren t -  
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FIGURE 4. Time to peak (up- 
per panel) and the inactivation 
time constant (lower panel) of 
Ca *+ current. Data were ob- 
tained from the cells shown in 
Fig. 3. Open circles indicate 
the data of the cell with the 
internal solution containing 
156 mM Na + and solid circles 
indicate the data of the cell 
with the internal solution con- 
taining 20 rnM Na +. 

voltage (I-V) relationships o f  representative cells, corresponding to internal solutions 
with different Na + concentrations, are displayed in Fig. 6, where each point 
represents the mean current  normalized according to the criterion just  mentioned. 
The outward current  increased with the level o f  internal sodium, as shown in Fig. 7, 
where the current  amplitude at + 65 mV is plotted against [Na+]p. An uncommon 
feature of  this plot is that the dependence is more  steep than linear, such that it 
could be fitted by a function proport ional  to a power of  [Na+]p with an exponent  
greater  than one. It  was thought at first that this effect might be explained, at least in 
part,  by changes in the interaction between the Ca ~+ and Na + fluxes consequent to 
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FIGURE 5. Relationship be- 

tween  the reversal potential in 
the standard external medium 
and the internal Na + concen- 
tration ([Na]p). The ordinate 
indicates the value of the rever- 
sal potential and the abscissa 

- .  r that of  [Na]p on a logarithmic 
~ Z x  scale. Symbols indicate mean 

reversal potentials and bars in- 
dicate standard deviations. The 
numbers of  the cells examined 

~. J I J are 28 with 156 mM [Na+]p, 17 
20 50 80 150 mM with 80 mM [Na§ 7 with 50 

mM [Na+]p, and 13 with 20 
[ ] .No p mM [Na+]p. The continuous 

line is the theoretical fit with 
the model. 

changes in the level o f  sodium in the pipette. For  example, raising the level o f  [Na+]p 
might cause (by ext ruding Ca ~+ f rom the channel  at positive voltages) such a drastic 
decrease o f  the inward flux o f  Ca ~+ that  the combined  effect o f  this decrease and o f  
the concomitant  increase in the outward flux o f  Na + would result into an unusually 
steep dependence  o f  the outward  cur ren t  on  [Na+]p. However ,  in the experiments  
where 2.5 mM Ca 2+ was present  in the external med ium and N-methyl-D-glucamine + 
was the sole monovalent  cation in the pipette, no  inward cur ren t  could be measured 
above + 5 0  mV (data no t  shown), a result that  is inconsistent with the a rgument  
presented above, since it implies that  no  fur ther  decrease o f  the inward current  
should be expected beyond  that  voltage. 

l F o++ IV relationships of the membrane 
Nap 2.0 current recorded with various 

o 156 mM ] I/1 ./ [/ concentrations of  intraceUular 
�9 80 mM ] I / I  ~ ]OF Na § Membrane currents were 
�9 50 mM / t/ t I /I normalized by dividing all cur- 
. 20 mM [ • /  ~/[ ]" rents by the maximum ampli- i0/  u eofthepe i+a cu 

rent for each cell. Open circles 
(six cells), solid squares (four 

-50 V cells), solid triangles (four 
- - - - ' ~ '  [ m ~  100 cells), and solid circles (four 

f cells) refer to the following val- 
ues of [Na+]p: 156, 80, 50, and 

�9 ~ I.-1.0 20 mM, respectively. All data 
were obtained with standard 

extracellular medium. The holding potential was between - 9 4  and - 9 6  mV. Vertical bars 
indicate standard deviations and Nap is the Na + concentration in the patch electrode solution. 
Continuous lines were drawn by eye. 
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FIGURE 7. Relationship between the 
amplitude of  normalized outward 
current at +65 mV and the [Na+]p. 
The data were taken from Fig. 6 and 
the continuous line was drawn by eye. 

Effect of  External Na + on the Current 

Previous work has demons t ra ted  that, when [Na+]o was 156 raM, eliminating Na + 
f rom the external solution resulted in very little effect on  either V r o r  the ampli tude 
o f  the outward  cur ren t  (Fukushima and Hagiwara, 1985). The  same conclusion can 
be drawn f rom o u r  experiments,  in which different values o f  [Na+]p were also tested. 
Fig. 8 displays two I-V curves, co r responding  to [Na+]o = 130.3 mM (standard 
solution) and [Na+]o = 26 raM, respectively, with [Na+]o = 50 mM in both  cases. As 
can be seen, changes in V r and  in the cur ren t  are very minor,  similar results having 
also been  obta ined  f rom experiments  with different values for  [Na+]p. 

A Two-Site, Two-Ion Model for  Ca 2+ Channels 

O n  the basis o f  the existing evidence that Ca channels are multi-ion pores,  the I -V 

data were fitted using a two-site, single-file model  fo r  a channel,  which is similar in 
many respects to a model  formula ted  previously by Urban  and Hladky (1979). As is 
known, nine states o f  occupancy  o f  the pore  are possible if two permeant  species are 
present,  and  a system with the same n u m b e r  o f  equat ions is required  to calculate the 
probabilities o f  these states and the ion fluxes. Assuming that Ca 2+ and Na + are the 

Na o 
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= -5o 

 ,oo 
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FIGURE 8. Effect of  extracellular 
Na + concentration on the membrane 
current. Triangles refer to the data 
recorded with standard extracellular 
medium ([Na+]o = 130.3 mM); 
squares refer to the case of  26 mM 
Na + in the external medium using 
the same cell. [Na+]p was 156 mM in 
both records. Holding potential was 
- 9 4  mY. 
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only permeant  ions, the nine states of  the channel that are consistent with our  model 
are those shown and numbered  in Fig. 9 B. Once the probabilities of  states 2, 3, 5, 
and 6 are evaluated, the total fluxes of  Ca 2+ and Na § are given by 

jca = A~P2 - X~P3 (1) 

jNa=XhaPs  - X~P6, (2) 

where the h's denote  rate constants for  crossing the middle barrier  in singly occupied 
channels, and the indices ' and " (when applied to rate constants) indicate outward 
and inward movement,  respectively. 

The general solution for the steady-state electric current  through a single-file, 
two-site channel has been given by Urban and Hladky (1979). Although the results 
can be written compactly by grouping lengthy terms, the complete kinetic scheme 
implies 22 independent  rate constants, in addition to other  parameters  in the form 
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FIGURE 9. A two-site, two- 
ion model for the Ca 2+ chan- 
nel. A, Approximate energy 
profile for three occupancy 
states of the channel. (No abso- 
lute value for energy peaks or 
wells is deducible from the fit- 
ting parameters.) Dashed lines 
in each profile refer to forbid- 
den transitions for the particu- 
lar state of occupancy shown in 
that profile. Diagram also illus- 
trates the hypothesis, de- 
manded by the fit, the most of 
the voltage dependence per- 

tains to the rate constants for exit to the external medium, ~'. B, States of occupancy of a 
two-site, two-ion channel permeable to both Na + and Ca 2+. Empty sites are indicated by 0. 

o f  "electrical distances" of  the peaks and the wells o f  the energy profiles. It  is thus 
clear that the use of  this model to fit the data generally available for biological 
channels may become practical only if suitable approximations are permitted. 

In our  development,  the only simplification adopted at the outset was the 
assumption that the probability of  the empty state of  the channel is negligible, 
implying that the channel is always occupied by either one or two ions. Thus, when 
the pore  contains only one ion, this will be able to move between the two internal 
sites, but  will not leave the channel before another  ion occupies the site that is still 
vacant. Although this hypothesis will be discussed later, one can intuitively appreciate 
its reasonableness in view o f  the widely accepted notion that Ca 2+ ions bind to Ca 2+ 
channels very strongly, and considering that the level of  the external Ca 2+ in our  
experiments was more than three orders o f  magnitude higher than the dissociation 
constant estimated for  that binding. 
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Thus, if the empty state of  the channel is neglected, it can easily be seen that the 
only ions that play a role in our  kinetic scheme are ions that enter singly occupied 
channels, ions that leave doubly occupied channels, and ions that move between the 
two sites in singly occupied channels. Therefore,  all the rate constants for  ion entry 
to the channel and exit from the channel need two indices for  proper  identification: 
the lower, for  example, to denote the moving ion, the upper  to denote the ion that 
occupies the adjacent site. For example, the rate constant, H a , will describe the 
jump  of  a Ca 2+ ion out of  the channel in the external solution when the adjacent site 
is occupied by one Na +. Moreover, when a rate constant is voltage dependent,  its 
explicit form, according to Eyring theory, will be given by the product  of  a 
voltage-independent term and an exponential of  voltage. For example, 

U~" ---- ~ "  e 2~, (3) 

where AS is the potential difference, in units o f  R T / F ,  between the site where the ion 
is located and the peak o f  the barrier to be crossed, and a bar is used to designate the 
voltage-independent term in the rate constants. Also, recalling that the rate constants 
for entering the channel (indicated by v in Fig. 9 A) are proportional to the ion 
concentrations in the solutions, we shall have 

prtC~ ~ r  . 
Ca ~ PCa Ca, 

it~Na a ,Na C N a ;  P N a  

vv Na vr Na -~J' . 
i/Na ~ P N a  U N a ,  

VGa = Ca 

,Ca ,Ca C*Na VNa ~ PNa  

,,Ca . C a  
VNa ---- PNa (TNa, 

(4) 

where the superscripts ' and " on the concentrations refer to the intracellular and 
external ones, respectively. 

Though neglecting the empty state of  the channel simplifies the treatment, the 
explicit equation for the current  that is obtained by considering all the other  eight 
states is still too complex for practical use (results not shown in this paper). However, 
from a comparison between experiments and theory it is possible to infer that such 
an equation contains many terms that must be very small, and that a further 
approximation can thus be made. More precisely, the data show that in the presence 
of  2.5 mM external Ca ~+, both the current  and the reversal potential are insensitive 
to even large changes in the level of  external Na § (26 to 130.3 mM). On the other  
hand, the theory predicts that effects of  external Na § on the current and the reversal 
potential will be negligible only if the probability of  the doubly occupied state of  the 
channel with Ca ~+ in the site close to the intracellular medium and Na + in the one 
close to the external solution (state 9 in Fig. 9 B) is very low. Mainly on the basis of  
these a posteriori arguments we have deemed it justifiable to simplify the treatment 
by omitting state 9 of  the channel from our  kinetic scheme. However, as will be 
argued later in the Discussion, there are also other  plausible reasons why, in our  
system and for our  ionic conditions, the probability of  state 9 of  the channel would 
be expected to be small compared with that of  all the other  doubly occupied states. 

By neglecting state 9, the expression for the current becomes considerably 
simpler, although, in order  to obtain an equation that is an explicit function of  the 
potential, it is still necessary to select a particular configuration of  the channel in 
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terms of  "electrical" distances of  the energy peaks and wells. While several possibil- 
ities were tried, the only configuration that gave a satisfactory fit to all four sets of  
I-V data in the region of  positive potentials in Fig. 6 was the one in which both sites 
were assumed to be close to the cytoplasmic interface and the peak of  the outermost 
barrier was adjacent to the external end of  the channel (see Fig. 9 A for an 
approximate representation of this profile). In this case, the expression for the 
current (IN), normalized to its peak value, is found to be 

i N =  [P~et'C'N2(CN'e____~ ~ -- C~,) P_zCa 2 ] 

t 1 + P ~ e  ~ 1 + P2e ~*j 
1 

, ( 5 )  
x [ Ps ,1 

C& 1 + 1 + P~e ~ + [P4C'C'a + pse2*] C'N" 

where qb = FV/RT (V being the potential difference between the intracellular and 
extracellular medium), C~a = [Na+]i, C'~a = [Na+]o, and C'~ = [Ca2+]o, while the 
exact meaning of  the seven parameters will be given in the next section (see the 
Appendix for a derivation of  Eq. 5). 

Definition and Physical Meaning of the Parameters in Eq. 5 

Since the parameters in Eq. 5 are not all simple quantities, it is helpful to define 
certain combinations of  rate constants in order to express them concisely. 

Recalling the definitions of  the rate constants for entry to the channel given in Eq. 
4, denoting by # the rate constants for exit and by ;~ those for crossing the central 
barrier, we shall define 

~,b~a -,Ca 

= ~ ' " C a  ~ ' - -"Cau N,  

X P t  - - I  

Ca ~Na 
X "  = �9 X ~ ,  - - , (6)  

where the Ks have the obvious meaning of binding constants of the sites in the 
channel. With the aid of these definitions, the first five parameters in Eq. 5 are given 
by 

Ca 
PI = --,,Na ; P2 ---- - -  " X' + - " C a " '  

,us~ ~ '  Ca PCa ~c. 
~ , ,  - , ,Car,, ,  / ~", 

Y- - -~ -~ca  I ' ~  
P 3 -  1 + Ca "-t-pca ,oca \P, Ca 

1 ) (7)  

- -  - - t  - -  C a  K'Nca~ I + A N a  K'~a 
= - - , ,  ; P s -  - - - - - - - : -  " - -  �9 

P 4  1 + A c . ,  1 + A ~  K ' ~  a 

The meaning of  the other two parameters in the numerator of Eq. 5, P6 and PT, is 
slightly less simple. In fact, since the fitted data represent currents normalized to 
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their reference values, denoted by I ref (peak value of  the inward current, found to 
occur at about - 3 0  mV), one can see that the definition of  P6 and P7 must include 
such values. Denoting by p ~  and z ~f  the reference values o f  the open channel 
probability and of  the single channel current, respectively, and by N T the total 
number  o f  channels, I r~f will be 

I ref = NTp~eti ref, (8) 

its explicit expression being given by Eq. 11A in the Appendix. I f p  u is the maximum 
value of  the open channel probability, and if we assume that this is its actual value in 
the whole range of  positive voltages where we fit the data, P6 and P7 are: 

NT pM e ~NCa a -~,~a NX pM e ~Za~aCa-g~Ca 
P6 - -  i i~f I ~,&c~ (1 + ~.~) ' P7 = 2 ~ P2 1 + A~ (9) 

where e is the unit charge. Although the physical meaning of  most of  these 
parameters is not directly intuitive, we shall see later in the Discussion that they 
provide interesting information about certain features of  the channel. 

I 156 mM 

2.0 

yl  
,,X . g  .Y.,- J. x7 ~_~ I./ ~ -~ 

0 

-1"0  ~ r - ~  

FIGURE 10. Comparison be- 
80 mid tween the model and the data. 

/ 7 /  Continuous curves illustrate 
the theoretical fits with Eq. 1 in 

50 mM the range of positive voltages 
- using the standard extracellu- 

lar medium and different intra- 
cellular Na + concentrations 

i (same as in Fig. 4). The best 
1 T 20 mM fitting values for parameters 

were; P] = 25.552, P2 = 
V 0.0929, P~ = 0.888, P4 = 

I 3.837 X 10-4 M-~, P5 = 
100 mV 6.0126 x 10 -5, P6 = 0.063 

M - l ,  P7 = 52.83 M -l, C~a = 
0.130 M, and C_~ = 0.0025 M. 
Symbols and bars are the same 
as in Fig. 6. Open circles refer 

to 156 mM [Na+]p, solid squares to 80 mM [Na+]p, solid triangles to 50 mM [Na+]p, and solid 
circles to 20 m M  [Na+]p. Dashed curves indicate the expected I-V relationships in the Na+-free 
extracellular medium (C~a ----- 0) using the same values for parameters. 

Comparison of the Model with the Data 

Fig. 10 illustrates the fit o f  Eq. 5 to the I-V data for positive membrane potentials. 
Since the probability of  channel opening is presumably maximal in that range of  
voltages, and the number  of  open channels is therefore constant, the shape of  the 
I-V curves is expected to reflect only the permeation properties of  the channel and 
not those of  gating. The four  continuous curves and the four sets of  data correspond 
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tO different concentrations of  internal sodium, with the external ion composition 
being constant: 2.5 mM Ca ~+ and 130.3 mM Na +. The fit is quite satisfactory, except 
for the case of  50 mM internal sodium, where deviations are appreciable. Also in this 
case, however, the theoretical points are within the errors of  most o f  the data. A 
limitation of  the model, to be discussed in more  detail later, can be noted in the 
tendency of  the theoretical curves to saturate at high positive potentials, a feature 
that is not borne out  by the average values of  the data, although the error  bars are 
sufficiently large that saturating currents can be accommodated within their limits. 

The fitting values of  the seven parameters,  obtained using a "least-square 
minimization" routine for  nonlinear functions, are listed in the legend of  Fig. 10. 
The closeness of  the fit was very sensitive to displacements of  the parameters  f rom 
their optimal values, except for the case of  P4. 

The dashed curves in Fig. 10 are the currents predicted by the model when the 
external Na § is set equal to zero in Eq. 5 and the values of  the parameters  are those 
deduced by fitting the data. The closeness of  these curves to the continuous ones 
demonstrates that, for the values of  the parameters  deduced f rom the fit, the 
theoretically expected sensitivity of  the current  to changes in external Na § is very 
small. This is in agreement  with the results of  several experiments, only part  o f  which 
are illustrated in Fig. 8. 

The theoretical dependence of  the reversal potential on the Na § concentration in 
the pipette, [Na+]p, can be calculated by setting the parenthesized quantity in Eq. 5 
equal to zero. Using the parameters  determined by fitting the I-V data, the reversal 
potential as a function of  [Na+]p is illustrated by the solid curve in Fig. 5. As can be 
seen, the fit to the data is quite good. 

DISCUSSION 

Assumptions of the Model 

The channel is never empty of ions. Several early studies with Ca channels have 
demonstrated that in standard ionic conditions the inward current  is an increasing 
function of  the external Ca ~+ concentration, saturation occurring in the range 
between 10 and 30 mM (Hagiwara and Takahashi, 1967; Hagiwara and Byerly, 
1981). However, recent studies of  the effects of  monovalent cations on the inward 
current  have also shown that Ca 2+ ions bind to Ca 2+ channels very strongly, 
suggesting the presence of  a site (or sites) with a dissociation constant of  <1 #M 
(Almers and McCleskey, 1984). One  obvious way to resolve the apparent  conflict 
between these observations has been to propose that Ca channels are multi-ion 
channels, an idea that has now gained wide acceptance. In  consonance with this 
hypothesis, the weaker binding in the millimolar range, originally repor ted by 
Hagiwara and Takahashi (1967), would be related to the channel interaction with the 
second Ca 2+ ion. 

Capitalizing on the evidence that Ca channels are multi-ion pores with very strong 
binding sites for Ca ~+, we have used a modified version of  the "single file" model 
previously formulated by Urban and Hladky (1979), assuming that the channel is 
never empty of  ions when the ionic conditions are similar to those of  our  
experiments. According to this hypothesis, when the membrane  potential is negative 
(or not too positive with respect to resting), the channel will always contain at least 
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one Ca ~+ ion, and the flow of  inward current  will occur via Ca ~+ ions hopping into 
singly occupied channels and out of  doubly occupied ones, thus never leaving them 
empty. However, as the potential is increased to more  positive values, Na + ions f rom 
the cytoplasm will be driven into channels that contain one Ca ~+ in the site close to 
the extracellular bath, and will eventually expel this ion f rom the pore,  thus 
unblocking it and permitt ing the onset o f  outward Na § fluxes. Note that, for  
consistency with the assumption that the channel is never empty, states of  the 
channel with two Na + ions must be included in the kinetics if outward fluxes o f  this 
ion are to be possible at all. I t  is pleasing, however, that this feature of  the kinetics 
that must be evoked for  logical consistency is also required in order  to fit both the 
quadratic dependence o f  the outward current  on the concentration o f  internal Na +, 
[Na+]p, and the steep dependence o f  the current  on voltage at high [Na+]p values. 
Simpler models for  one-ion channels based on Eyring theory would not account for  
these characteristics of  the data, nor  would "cont inuum" treatments based on the 
Nernst-Planck equation with the approximation of  constant field. 

Can the doubly occupied state o f  the channel with Ca 2+ inside and Na  + outside be 

neglected? As we stated earlier in the Results, when the extraceUular Ca 2+ was in the 
millimolar range, changes in the concentration of  external Na +, [Na+]o, had almost 
no effect on either the reversal potential or  the current,  inward or  outward. 
However, the theoretical results o f  the general model (not shown in this paper) 
indicate that effects o f  external Na § [Na+]o, should be apparent  if the probability of  
state 9 of  the channel in Fig. 9 B (with Ca ~+ in the cytoplasmic site and Na + in the 
other) were significantly different f rom zero. In this case, for example, the inward 
current  would be expected to sense changes o f  [Na+]o . Even if a Na + f rom outside 
were to j u m p  into the channel only to be bounced back by a Ca 2+ "plug" already 
present in the cytoplasmic site (therefore without contributing directly to the 
current), any change in the probability of  state 9 caused by changing [Na+]o would 
alter in the opposite direction the probability of  state 4, the state with two Ca 2+ ions 
considered crucial for the flow o f  inward current,  and would in this way alter the 
properties of  this current.  However, although state 9 is likely to play a negligible role 
when the current  flows in the outward direction, this claim should be mitigated in 
the case of  the inward current  through L-type Ca ~+ channels o f  skeletal muscle. 
Using this preparation,  the peak of  the inward current  observed when Na + was 
replaced by TEA was somewhat larger than that observed when Na + was present and 
TEA absent (Almers et al., 1984), an effect which, in principle, may be related to Na + 
entry into the channel and formation o f  state 9. 

While the above arguments are deduced a posteriori f rom the experimental 
results, there are also other  reasons why the probability o f  state 9 would be expected 
to be small compared  with that o f  all o f  the other  doubly occupied states of  the 
channel (states 4, 7, and 8 in Fig. 9 B). For example, examining the kinetic pathways 
that lead to formation o f  states 9 and 4 (the latter being the state with two Ca 2+ ions 
in the channel), the following considerations seem plausible: since the Ca 2+ level in 
the cytoplasm is extremely low (and so is the chance that a Ca 2+ ion will enter  a 
channel f rom inside), it is obvious that the last kinetic steps that lead to the formation 
of  state 9 or  state 4 can only be the entry of  an external ion (Na + or Ca 2+, 
respectively) into a channel that is already in state 2; namely, a channel with one Ca ~+ 
ion located in the cytoplasmic site, having arrived there f rom the external solution. 
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While it is equally possible for  an external Ca ~+ or  Na + to enter a channel that is in 
state 2, the high affinity of  the channel for  Ca 2+ makes it reasonable to expect that a 
Ca 2+ ion, once bound, will reside in the channel longer than a Na +, and thus that the 
time-averaged probability of  state 4 will be greater than that of  state 9.1 

In addition, there are also valid reasons why state 9 would be expected to occur 
less frequently than the other  two doubly occupied states of  the channel with Na +, 
states 7 and 8. Both the latter, in fact, can form via Na + ions entering the channel 
from the cytoplasmic side, where the competition with Ca 2+ for getting into the 
channel is negligible, whereas state 9, as we argued above, can only form via Na + 
ions entering from outside, where the competition with Ca 2+ is very great. 

For all these reasons we have considered it justifiable to simplify our  treatment by 
neglecting the contribution of  state 9 to the kinetics. 

Location in the field of the energy peaks and wells. The fit depended crucially on the 
"electrical" position of  the peaks and wells of  the energy barriers. The configuration 
of  the channel that intuitively would seem to be the most probable (insofar as it is 
consistent with minimal repulsion between the cations in doubly occupied channels), 
is the one with the two sites close to the two opposite interfaces. However, this 
configuration was clearly inadequate to fit all the four I-V curves, the main reason 
being that it implies lack of  voltage dependence for the rate constants for  exit to the 
external solution. Similarly inadequate were energy profiles with evenly spaced peaks 
and wells, as well as models in which the dependence on the voltage was given only to 
the rate constants for movement in one of  the two directions, outward or inward 
(sawtooth-shaped profiles). Instead, a good fit could be obtained assuming electrical 
proximity of  both o f  the two sites to the cytoplasmic medium, implying that the 
entire " transmembrane" voltage drops between the site close to the external 
medium and the outer  mouth of  the channel and, consequently, that only the rate 
constants for exit to the external medium, #', and those for entry from that medium, 
v", can be voltage dependent.  However, to comply with recently obtained evidence, 
which indicates that the kinetics of  Ca 2+ entry from outside is insensitive to voltage 
(Lansman et al., 1986), the peak of  the outermost barrier was assumed to be 
adjacent to the outer  mouth of  the channel, so that only the rate constants for exit to 
the external solution (and not those for entry from that solution) are functions of  the 
voltage. A potential profile of  this type could be explained if the inner segment of  
the pore, comprising its cytoplasmic end and both of  the two sites, could be regarded 
as a polar, high dielectric medium. In this case, electrical proximity of  the two sites 
would not necessarily imply physical closeness. In principle, however, even physical 
closeness between the two sites may be conceivable if they are constituted of  highly 
charged negative groups. Rosenberg et al. (1986) have shown that Ca 2+ channels 
from cardiac sarcolemmal vesicles, when incorporated in lipid bilayers and inter- 
posed between symmetric solutions of  100 mM BaC12 and 50 mM NaCI, exhibit a 
nearly perfect ohmic behavior up to > 100 mV. This feature would be difficult to 
reconcile with our  model, whereas it would be consistent with a more symmetric 

tWhat is said he re  should no t  be cons t rued  to imply that  the effects o f  external  Na + have been  
neglected altogether.  This would violate "microscopic  reversibility" and the second law. In  our  
kinetic scheme, external  Na  + is allowed to cont r ibute  to the format ion o f  state 7 (the state o f  the 
channel  with two Na+), and  the condi t ion --,Na~, --,Na --,,N~ . . . . .  Na PNa ANa/.gNa = DNa ,,Na~.Na , which is imposed  by 
microscopic reversibility, is used to deduce  Eq. 10A and  Eq. 5 f rom Eq. 6A. 
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energy profile. On the other  hand, such a symmetric profile would be unfit to 
explain the strong rectification and the steep increase of  the outward current  with 
voltage observed by 'those authors in the same channel when Ba 2+ is removed from 
the internal solution. Since this behavior in asymmetric conditions is qualitatively 
similar to that observed with our  channel, it is very likely that a model similar to ours 
would account for it. Although the reason for this inconsistency is not clear, it may 
be related to drastic effects on the characteristics of  the permeation pathway of  the 
channel induced by the presence of  high concentrations of  divalent cations in the 
internal solution. 

As can be seen in Fig. 10, the theoretical curves saturate at high voltages, a trend 
not shown by the averaged values o f  the data (although the error  bars are sufficiently 
wide to allow saturating curves within their limits). This behavior is due to the fact 
that, consistent with the chosen positions for  the barrier peaks in the field, the rate 
constant for Na + entry from the cytosolic solution is independent of  voltage. 
Different energy profiles, which allowed a significant voltage dependence for that 
constant, drastically impaired the overall fit. 

Although the reason for this discrepancy is not clear, it may be related to 
field-induced distortions of  the channel structure, and thus of  the energy profile 
(such, for  example, that the rate constant for Na + entry would become increasingly 
voltage dependent  as the applied field is raised to positive values). However, to 
minimize the number  of  assumptions, we have preferred to use a model that does 
not have the flexibility to allow for these complexities. 

What Can Be Learned about the Channel from the Parameters? 

The simplest o f  the parameters, P1, represents the ratio of  the two rate constants for 
Na + exit from the channel when both sites are occupied by sodium. The fact that its 
value is greater than one (-25) indicates that it is easier for a Na + in a Ca channel to 
move out  o f  the channel to the external medium than to the cytoplasm. 

Interesting information can be also deduced from Ps. From its value ( -0 .89)  and 
from Eq. 7, where Ps is expressed as the product  o f  three factors, it can be deduced 
via simple reasoning that the absolute value of  each o f  those factors must be between 
0.89 and 1. This clearly implies 

X' X"" X~ < -,,c~,~, . ca < ca, 0c~ ,~c~, X~ < u ~  c~. (10) 

Taken together, these three relations suggest that X~, the rate constant for Ca ~+ 
movement across the central barrier in the outward direction, is a small quantity, 
making it difficult for Ca ~+ to move in such a direction. Moreover, a consequence of  
the first of  the above inequalities, ~,~ < ~a,  is that the site that binds C 2  + most 
strongly is the one nearest to the cytoplasmic solution (in both singly and doubly 
occupied channels). In fact, using microscopic reversibility, it can be easily shown 
that 

--tn 

~ &  ~&c~. (11) 

Since ~ / ~  < 1 (see the first inequality in Eq. 10), it follows that K ~  > K'~ and 
Kca, ca i,-,,c~ 
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From P2 and Ps it is also possible to infer the upper  limit for the binding constant 
K ~  ~z~ relative to the binding of  the second Ca ~+ ion by the site close to the 

:,c~ G, X~, justifiable on extracellular solution. Using the approximation X~ + v ca ca -- 
account of  the second inequality in Eq. 10, and recalling the definition of  K ' ~  in 
Eq. 6, the expression that defines P~ in Eq. 7 can be rewritten in the form 

~,~c~ ~ ~ c ~  " P2C~" (12) 

On the other  hand, as a corollary of  the above discussion about P3,therc follows also 
X~ ~ . c a  that the ratio c_~ ~,c~ , which appears in that definition of  Ps in Eq. 7, cannot bc 

greater  than 0.11. Inserting this limiting value in Eq. 12, along with the values for P2 
(---- 0.09) and C~  (0.0025 M), one finds t h a t / ~  < 490 M -1, or, equivalently, that 
the dissociation constant, K d (----- 1 / K ~ ) ,  must be greater than 2.0 mM. This is 
consistent with the fact that saturation of  the inward current  at millimolar levels of  
Ca 2+, probably due to binding of  the second Ca 2+ ion by the channel, occurs at 
concentrations higher than 2.0 raM, generally between 10 and 30 mM (Hagiwara 
and Byerly, 1981). 

Finally, f rom P7 it is possible to deduce the ratio between the maximum value for 
the open channel probability, pM (presumably coinciding with its actual value at 
positive membrane  potentials) and its corresponding value at the peak of  the inward 
current  (reference value, corresponding to a membrane  potential of  about - 3 0  
mV). In fact, substituting the explicit expression for/ref, Eq. 11A, in the definition of  
PT, (Eq. 9), and rearranging, one finds 

pM P 7 C ~ a  
(13) 

pr~f - -  1 + P2e 2*'~f + P3 " 

Using the fitting values for  P7 (---- 52.8 M-a), P2 ( =  0.09), and P3 ( =  --0"89),pM/P r~f 
is found to be ~1.1, suggesting that about 90% of  the functional channels are 
already open at the reference potential (about - 3 0  mV). 

A P P E N D I X  

A Two-Site, Two-Ion Model for a Channel: Derivation of Eq. 5 

A two-site, single-file pore can exist in any of the nine states of Fig. 9 B if Ca ~+ and Na + ions 
are both permeant. However, for reasons discussed in the text, we have neglected both state 1 
and state 9, thus reducing the number of possible states of occupancy of the channel from 
nine to seven. In this case, seven kinetic equations can be written to express the fact that, at a 
steady state, the net rate of formation of each of those states must vanish. For example, for 
state 2 we will have 

dP2 
dt -- ~aP3 - ~zaP2 + ~ P4 -- ~Cap~ = 0, (1A) 

and analogous relations can be written for the other six states. However, since only six of the 
seven equations thus obtained are independent, an additional relation is required to calculate 
the seven unknown probabilities, the simplest one being the normalization of the sum of the 
probabilities to one. Once P2, P~, P4, and P5 are calculated, substitution in Eqs. 1 and 2 yields 
explicit expressions for the fluxes of Ca 2+ and Na +, and hence for the current. 
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For brevity, and also to render the equations more easily comprehensible, it is useful to 
group certain recurring combinations of  rate constants. Recalling the notation used for the 
various rate constants (Eqs. 3 and 4), we shall define: 

~"]Na /)lqa~Na/.LN a~Na + x .  I ~Na _~_ ~NaX. ^Na~#Na tUNa J,  
~']~/a #~Na - N a  X~ ~ ~Na , N a ~ .  

t~Na P'Na "[- *"Na~-/'/'Na + /s ) 
(2A) 

= ' ~'NaVNa .+ , ,Nal~ a . . } -  . ~ - ~ N a  
(3A) 

~']" ~ ~ t  X "  , , C a - N a  r ,Ca A =  Ca + Sa CaiN, VCa t.lZCa +lZ~Ca +v~C~). (4A) 

The fluxes of  Ca 2+ and Na + (expressed in moles per  second per  channel) can now be written 

~ t  x .  -Ca .Ca  .Ca/ 'vr2 
NaAC, a]~Na /JC~ ~U~ ~-~ca 

JCa = - A (5A) 

ppNa ~tCa ~ t e N a x t  r Na  ..-x. erNaxrp trNa..-wt 
/LCa PNa *'-'Na~PNa ^Na/LNa ( - ' N a -  t0Na ^Na#'Na (aNal 

j N a ~  A (6A) 

At this stage, a reasonable approximation is suggested by our experimental finding that the 
current, at given positive voltages, increases approximately as the square power of  the internal 
Na + concentration, C~  (or [Na+]p) (see Fig. 7). In accordance with this, the equation for the 
flux of  Na +, Eq. 6A, indeed contains a term in the numerator that is proportional to the 
square power of  C~. However, since the quadratic dependence must be a property of  the 
whole expression for the flux (and not only of  its numerator) to be consistent with the data, it 
is clear that the wole denominator must not be proportional to C~a, nor must its terms with 
high powers of  C~  significantly affect its value when C~a is varied in the range of  our 
experiments. From analysis of  Eqs. 2A-6A, one can see that these requirements are met if it 
is assumed that the rates for Na + ion entry into channels already occupied by one Na +, v;~2 ~ 
and v~'~ ~, are smaller than the rate constants for jumping across the central barrier, X~, and X~ 
(in singly occupied channels), as well as smaller than the rate constants for jumping out of  
doubly occupied channels, V~2 ~ and ~ '~ .  These approximations are also intuitively plausible, 
considering that the entry of  Na + ions into channels with a site occupied by another Na + will 
be hindered by electrostatic interaction with the ion already present in the channel. Thus, 
using these simplifications, we will have 

t tt ~,t t tNa 
as~ = X:;~,,,,N~('"N~ + ~ ) ;  aN~ -~ ̂ N ~ t ~  + ~ a  N~) 

p ~ (~KN a + . .  x/  ,Na ' ^ . o u , ~  + u ~ P )  (7A) 

e~ ~.].tNat" rNa + ,rNa'~r pNa ,Nat 'x ,  . x .  t, NaJ' ,Na m~.sCa~] 
/s )[//Ca ~ ~.ANa + ~Na) "F ANaP Ca ~/.tCa -F P~a / J ,  

and A the denominator of  the fluxes in Eqs. 5A and 6A, becomes 

,Ca ,Na~-, ,, )] + ~ t~  ~AN~+XN~J. (8A) 
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Recalling that the total cell membrane current for positive potentials is 

I = AfrpMe(jN~ + 2jc~), (9A) 

where N T is the total number of  channels and pU is open-channel probability for positive 
membrane potentials, an explicit expression for the current as a function of  the concentra- 
tions can be obtained by combining Eq. 9A with Eqs. 5A, 6A, and 8A. Finally, choosing the 
positions for the sites and the barrier peaks as specified in the paper, (such that only the rate 
constants for exit from the pore to the external medium are voltage dependent), the equation 
for the current becomes an explicit function also of  the voltage, namely, 

[ ~ ~Yae2* �9 CN.( c~a~ - c;~,) 
{ ~ " 1 + 7v~ 

I NrpMe 
L 1 + Pxe* 

~ a  _,,Ca--;-~,,CaC,, 2 ] 2P~ �9 1 + - ~ " ~  " ~ca ~ a  ca} 
T T p~-T j 

1 

( C.~ 1 + 1 + (P4C'& + Pse~C')C'N~ 

where the five parameters, P~-P~, have been defined in Eq. 7. To obtain Eq. 5, which is the 
equation used to fit the data, and which corresponds to the current normalized to its 
reference value (maximum negative value), we must calculate such reference current and 
divide Eq. 10A by its absolute value. Realizing that at the reference potential ( - 3 0  mV) the 
current is carried mainly by Ca 2+ ions, we shall deduce from Eq. 10A 

~ a  - ,,ca-~,,caC,,2 
- -  " l J ~  ~ Ca 

1 + A" Ca 

- 2 P 9  �9 

I ref :~ NTprefe 1 

I + P ~  2*ref " [ Ps f ] '  ( l l A )  

C.~ 1 + 1 + P~e 2*r" 

where ~ f  denotes the reference potential and p'~f is the corresponding open-channel 
probability at that potential. Thus, dividing Eq. 10A by Eq. 11A, and recalling the definitions 
of  the parameters P6 and P7 given in Eq. 9, one finally obtains the normalized expression for 
the current, Eq. 5. 
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