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S u m m a r y .  The Na conductance of the apical membrane of the 
toad urinary bladder was measured at different concentrations of 
Na both in the external medium and in the cell. Bladders were 
bathed in high K-sucrose medium to reduce basal-lateral resis- 
tance and voltage, and the transepithelial currents measured un- 
der voltage-clamp conditions. Amiloride was used as a specific 
blocker of the apical Na channel. At constant external Na, the 
internal Na concentration was increased by blocking the basal- 
lateral Na pump with ouabain. With high Na activity in the mu- 
cosal medium (86 raM), increases in intracellular Na activity from 
l0 to over 40 mM increased the amiloride-sensitive slope conduc- 
tance at zero voltage while apical Na permeability, estimated 
from current-voltage plots using the constant field equation, de- 
creased by less than 20%. Lowering the serosal Ca concentration 
from 1 to 0.1 mM had no effect on the change in PNa with increas- 
ing Nac, but increasing serosal Ca to 5 mM enhanced the reduc- 
tion in PN~ with increasing Na,., presumably by increasing Ca 
influx into the cell. PNa was also reduced by serosal vanadate (0.5 
raM), a putative blocker of ATP-dependent Ca extrusion from the 
cell, and by acute exposure to CO2, which presumably acidifies 
the cytoplasm. Current-voltage relationships of the amiloride- 
sensitive transport pathway were also measured in the absence 
of a Na gradient across the apical membrane. These plots show 
that outward current passes through the channels somewhat less 
easily than does inward current. The shape of the I-V relation- 
ships was not significantly altered by changes in cellular Na, Ca 
or H, indicating that the effects of these ions on PN~ are voltage 
independent. 

K e y  W o r d s  tight epithelium �9 apical Na permeability - ami- 
loride-sensitive Na channels �9 intracellular Na activity, intracel- 
[ular Ca activity �9 intracellular pH 

Introduction 

Changes in the intracellular ionic environment have 
been implicated in the control of Na transport of 
tight epithelia. Increases in cellular Na (Lewis & 
Diamond, 1976; Turnheim, Frizzell & Schultz, 
1978) or Ca (Grinstein & Erlij, 1978; Taylor & Wind- 
hager, 1979; Chase & AI-Awqati, 1981, 1983) are 
thought to mediate down-regulation or feedback in- 
hibition of Na permeability of the apical membrane 

of these tissues. I have used the K-depolarized toad 
urinary bladder, in which the electrical properties of 
the apical membrane can be conveniently studied 
(Palmer, Edelman & Lindemann, 1980; Palmer, 
1984a) to examine apical Na permeability as a func- 
tion of both internal and external Na, and during 
presumed changes in cell Ca and pH. The goals of 
this study were first, to assess the effect of internal 
Na itself, as opposed to actions mediated through 
changes in Ca or H, on Na permeability, and sec- 
ond, to investigate the possibility that these internal 
cations might interact directly with the Na channels 
by plugging the pore through which the ions move. 
Such a mechanism should lead to a voltage-depen- 
dent block of Na permeability. 

Materials and Methods 

Toads (Bufo marinus, female, Dominican origin) were obtained 
from National Reagents (Bridgeport, Conn.). They were kept in 
tanks with access to fresh water prior to use. Urinary bladders 
were excised from double-pithed toads and mounted in Lucite | 
chambers. Mounting and electrical connections were as de- 
scribed previously (Palmer, 1982b). Current-voltage relation- 
ships were obtained by applying ramps to the command port of 
the voltage clamp, as described previously (Palmer, 1984b). Data 
were corrected for series solution resistance. 

SOLUTIONS 

Control serosal solutions contained KCI (85 raM), sucrose (50 
mM), CaC12 (1 raM), MgCI2 (0.5 raM), glucose (5 raM) and K- 
phosphate (3.5 raM, buffered to pH 7.5). 

Control mucosal solutions contained NaCI (115 mM), CaCI2 
(1 raM), MgCI2 (0.5 raM) and K phosphate (3.5 raM, buffered to 
pH 6.0). The activity of Na was calculated to be 86 raM, assum- 
ing an activity coefficient of 0.75. Solutions containing reduced 
Na activities were obtained with equimolar substitution for NaCI 
by either choline C1, in the experiment of Fig. 1, or N-methyl-D- 
glucamine C1 (NMDG CI) in all other cases. The activity coeffi- 
cient for Na was assumed to remain constant. The electrical 
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Fig. 1. Effect of ouabain on IN~ and GNu. Paired hemibladders 
were preincubated with either 20 or 80 mM NaCI on the mucosal 
side. At time zero, ouabain (5 mM) was added to the serosal side 
of  the experimental hemibladders.  INa and GN, were measured at 
10-min intervals for 50 min, and values were normalized to those 
at t = 0. Initial values were, in/zA/cm: and mS&m-'. 20 mM Na: 
1N~ = 6.4 --+ 1.4 (control), 8.3 --+ 2.5 (experimental); GN~ = 1.3 --+ 
0.3 (control), 1.7 --+ 0.6 (experimental). 80 mM Na: IN~ = 19 _+ 4 
(control), 20 -+ 3 (experimental); Gua = 3.6 --+ 0.8 (control), 4.1 -+ 
0.6 (experimental). �9 = ouabain-treated. �9 = control. Data are 
given as means +- SEM for five hemibladder pairs at each Na 
activity 

properties of the tissue were not measurably different in choline 
and NMDG-containing solutions (Palmer, 1984b). 

CO2 tension of  the mucosal medium was increased by bub- 
bling the solutions with 6% CO2 and adding 1.3 mM KHCO3 to 
maintain a constant  pH. Amiloride (a gift of Merck, Sharp and 
Dohme) was dissolved in deionized water at 10 -2 M and added to 
the mucosal solutions at concentrations of  0.1 /xM (sub-maximal 
dose) or 10/xM (maximal dose). Ouabain (Sigma) was dissolved 
directly in the serosal solution at a concentration of 5 raM. 
Na3VO4 (Sigma) was dissolved in deionized water at a concentra- 
tion of 0,5 M and added to the serosol solution to a final concen- 
tration of  0.5 mM. 

I - V  RELATIONSHIPS  WITH NO Na G R A D I E N T  

In several series of  experiments current-voltage relationships 
were obtained with equal Na activities in the mucosal solution 
and in the cytoplasm. Tissues were Na-loaded under short-cir- 
cuit conditions by incubation with 5 mM serosol ouabain for 
various times (10 to 40 rain) in the presence of  86 mM mucosal 
Na. The mucosal Na activity was then rapidly reduced, resulting 
in an outward or reversed Na current which decayed as the cell 
Na activity approached that of the mucosal solution (Morel & 
LeBlanc, 1975; Van Driessche & Erlij, 1983). When the current 
was zero the I -V relationship was measured, Although IN~ was 
not strictly in a steady state under these conditions, the rate of 
change was slow (worst case about 2/xA/cm 2 �9 min) relative to 
the time interval required to obtain the I -V curves (about 1 sec). 
Amiloride (10 /xM) was then added to the mucosal solution and 
the I-V relationship remeasured.  The latter relationship was used 
to correct  the former for currents not mediated by Na channels. 
Since the short-circuit current was zero both before and after 
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addition of amiloride, the drug had no effect on short-circuit 
current but reduced the currents for V & 0. 

ANALYSIS  OF D A T A  

As in previous studies, the transepithelial potential was assumed 
to reflect that of the apical membrane,  and the amiloride-sensi- 
t i re  transepithelial resistance was assumed to reflect that of the 
apical membrane Na channels (Palmer et al., 1980; Palmer, 
1984a). The transepithelial resistance in the presence of ami- 
Ioride was 5 to 20 kohm �9 cm 2. Typically, the conductance in the 
presence of  amiloride was 10 to 30% that in its absence. The 
short-circuit current in the presence of amiloride was close to 
zero (see Palmer et al., 1980; Palmer, 1984b). 

In some experiments ,  the amiloride-sensitive 1-V or IN,~-V 
relationship was fitted with the constant field equation over a 
voltage range including V = 0 and the reversal potential of 
I~,(EN~) as done previously (Palmer et al., 1980). In this study, a 
somewhat  simplified fitting method was employed. First, the in- 
tracellular Na activity (Na~) was calculated from E ~  using the 
relationship: 

EN ~ = _R~ in (Na,./Na,,) ( 1 ) 

where Nao is the Na activity in the mucosal solution. The apical 
Na permeability (PNa) was then computed from the relationship: 

INa(O) = FPNa(Nao - Nac) (2) 

where lNa(O) is the amiloride-sensitive short-circuit current. The 
parameters PNa and Na~. defined in this way are relatively model- 
independent,  and do not depend on the a priori assumption that 
the constant-field equation applies. The reversal potential mea- 
surement of  Nac depends only on the assumption that the chan- 
nels are perfectly Na selective. This assumption has been justi- 
fied (Palmer, 1982b). The calculation Of PN~ can be generalized to 
Eyring rate-theory models, in which diffusion through the chan- 
nel is discontinuous, as long as the channel is of low occupancy, 
i.e. far from saturation with respect  to Na (see Appendix). 

In other experiments,  in which paired hemibladders were 
studied, only the amiloride-sensitive currents at V = 0 and V = 
- 10 mV were measured.  To compare these results with those in 
which the whole I -V relationship was measured, PN~ and Na~ 
were estimated from Eq. (2) and from the additional relationship: 

F 2 [Nao + Na,_] 
GNa(O) = ~ PNa 2 (3) 

where GNa(O) is the amiloride-sensitive slope conductance at V 
= 0. These two equations can be readily solved for the two 
unknowns PYa and Nat.. 

Results 

The effect of  ouabain on the directly measured pa- 
rameters  INa and GNa at 20 and 80 mM mucosal  Na  
activities is shown in Fig. 1. Paired hemibladders 
which did not receive ouabain served as controls.  
The tissues were  short-circuited except  for brief  10- 
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Table l ,  Effect of ouabain on electrical properties of the apical membrane a 
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Fractional change Naic (mN) Nas (mM) 

/Na GNa PNa 

Na 20 
Control 0.85 • 0.08 0.85 • 0.09 0.82 • 0.07 1.3 • 0.2 0.6 • 0.3 
Ouabain 0.39 + 0.03* 1.21 • 0.17" 0.89 +- 0.13 1.4 • 1,0 10.5 • 1.2" 

n = 5  
Na 80 

Control 0.78 -+ 0.06 0.80 -+ 0.07 0.79 • 0.08 6.2 • 3.9 8.8 -+ 5.9 
Ouabain 0.32 • 0.03* 1.I1 • 0.08* 0.76 • 0.05 6.3 • 2.7 49 • 4* 

n - 5  
Na 80 

Normal Ca + ouabain 0.24 + 0.06 0.67 • 0.18 0.52 -+ 0.14 2.8 --- 2.8 34 -+ 8 
Low Ca + ouabain 0.30 + 0.06 0.80 • 0.14 0.57 • 0.13 1.2 • 0.7 34 +- 5 

n = 5  
Na 80 

Low Ca + ouabain 0.39 • 0.04 1.21 • 0.08 0.83 • 0.05 5.1 --- 1.5 45 • 3 
High Ca + ouabain 0.33 • 0.02 0.80 • 0.12" 0.57 • 0.07* 6.8 --- 3.6 37 • 4 

n = 9  
Na 80 

Low Ca 0.94 • 0.05 1.03 • 0.07 0.99 • 0.06 7.8 • 2.8 10.7 -+ 3.3 
High Ca 1.04 • 0.06 1.04 • 0.04 1.02 • 0.06 5.8 • 1.9 4.4 -+ 2.7 

n = 8  

a INa and GNa were measured directly at the beginning and end of the experimental time period. PNa and Na~ were 
calculated from the constant field equation. Number of experiments is given by n. 
* Indicates statistically significant difference between values in the upper and lower rows (P < 0.05 by paired 

Student 's  t-test). 

mV displacements of the clamping voltage to mea- 
sure conductance. The short-circuit current and 
conductance of Na-independent pathways were 
measured at the beginning and end of the experi- 
ments by removing Na from the mucosal medium. 
Values before and after the experiment were not 
significantly different and were averaged for use in 
correcting the currents and conductances measured 
in the presence of Na. With both high and low mu- 
cosal Na, INa fell continuously after addition of oua- 
bain to the serosal medium. GNa initially rose and 
then remained fairly constant compared with con- 
trols. The fall in INa is attributable to the blocking of 
the basal-lateral Na pump resulting in an increase in 
internal Na which reduces the driving force for Na 
entry across the apical membrane (Palmer et al., 
1980). The increase in C ~  can be attributed to the 
rise in internal Na as predicted from the constant- 
field equation (Eq. 3). 

To see if Na permeability as well as the Na 
driving force across the apical membrane was af- 
fected by ouabain, PN~ and Nac were estimated ac- 
cording to Eqs. (2) and (3). As can be seen in Table 
1, increases in Nac to 10.5 and 49 mN were accom- 
panied by decreases in Pya of 11 and 24%, respec- 
tively. However, in paired tissues serving as time 
controls, PNa fell by roughly the same amount with- 

out a significant change in Nac. Thus the effect on 
PNa was largely a time-dependent one and could not 
be attributed to the increase in Nac. 

Chase and AI-Awqati (1981) suggested that de- 
creases in Na permeability with increased cellular 
Na in nondepolarized ouabain-treated toad bladders 
may result from inhibition of Na-Ca exchange at the 
basal-lateral membrane leading to an increased cel- 
lular Ca activity (Chase & A1-Awqati, 1981). To 
evaluate this possibility, the experiments described 
above were repeated using different serosal Ca con- 
centrations. In these protocols the paired hemiblad- 
ders were preincubated with different concentra- 
tions of serosal Ca, and both hemibladders received 
ouabain. As shown in Table 1, lowering Ca from 1 
to 0.1 mM had no apparent effect on PNa, which fell 
by equivalent amounts in both Ca concentrations. 
On the other hand, raising Ca to 5 mM led to a 
significantly greater fall in PNa after ouabain addi- 
tion. Similar results have been obtained by Garty 
and Lindemann (1984). In the absence of ouabain, 
increasing serosal Ca had no effect on INa or GNa. 
One interpretation of the results is that at increased 
cell Na and serosal Ca, a Na-Ca exchanger in the 
basal-lateral membrane mediates the exchange of 
cytoplasmic Na for serosal Ca. The increase in cell 
Ca could then inhibit Na permeability. 
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Fig. 2. Current-voltage relationships for forward and reversed 
Na currents. The first 1-V relationship (Vq) was obtained after the 
hemibladder had reached a steady state in 86 mM mucosal Na. 
Ouabain was then added to the serosal medium and additional I- 
V relationships were obtained 2 � 9  (�9 and 5 � 9  (A) later. 
After 20 min of exposure to ouabain, the mucosal Na activity 
was rapidly reduced to 3.75 mM, causing a reversal of the short- 
circuit current. I-V relationships were obtained 15 sec (•), 1.5 
� 9  (O) and 7 � 9  (A) after reduction of mucosal Na activity. 
The I -V  relationships were corrected for amiloride-insensitive 
currents obtained in the presence of 10/xM amiloride at the be- 
ginning (86 mM Na) and at the end (3.75 mM Na) of the experi- 
ment. The solid lines represent theoretical I -V relationships de- 
rived from the constant field equation using the following 
parameters: 

PN~(10 6 cm/sec) Nac(mM) 
0.86 10.1 

�9 0.71 23 
A 0.65 40 
[] 2.71 37 
[] 3.38 18,5 
lit 3.43 10.3 

The effect of cell Na on Na permeability was 
further evaluated in a second series of experiments 
shown in Figs. 2-4. Here unpaired hemibladders 
were incubated in 86 mM mucosal Na and short- 
circuited except for periods in which I-V relation- 
ships were obtained. After a steady state was 
reached, ouabain was added to the serosal medium. 
I-V curves were obtained at intervals of 1 to 5 min 
for about 30 min, after which Nac, measured from 
the reversal potential of INa, had reached 35 to 45 
mM. At this time, the mucosal Na activity was 
abruptly dropped to 3.75 mM, eliciting a reversal of 
the short-circuit current due to the reversal of the 
activity gradient for Na across the apical membrane 
(Morel & Leblanc, 1975; Van Driessche & Erlij, 
1983). The reversed current gradually decayed with 
net Na efflux from the cell. Additional I-V relation- 
ships were obtained during the decay of current. 
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Fig. 3. Time course of changes in PNa and Nac after ouabain 
addition and lowering of mucosal Na activity. The protocol was 
that described in Fig. 2. Values of PNa and Nat were calculated 
from the constant field equation fits to the I~,.a-V relationships. 
The bars marked A indicate application of amiloride to the muco- 
sal solution. The arrows indicate addition of ouabain to the sero- 
sal solution (t = 0) and the reduction of mucosal Na from 86 to 
3.75 mM (t = 26 �9  

The I-V curves were corrected using curves mea- 
sured in the same solutions but with the addition of 
amiloride before the experiment (in 86 mM Na) and 
at the end of the experiment (in 3.75 mM Na). In 
some experiments the I-V relationship was checked 
by briefy adding amiloride to the mucosal solution 
before reducing the Na activity. No significant 
change in the amiloride-insensitive I-V relationship 
was observed at the different times throughout the 
experiment. The INa-V curves obtained in this way 
were fitted with the constant field equation as 
shown in Fig. 2. 

During Na loading, PNa, estimated from the INa- 
V relationship as described in the Materials and 
Methods section, decreased by about 20% as shown 
in Fig. 3 for a typical bladder. This may have been 
due in part to a time-dependent, rather than a Na- 
dependent decrease as in the experiment in Fig. 1. 
When mucosal Na was lowered, PNa rose rapidly, 
more than doubling within the time required to 
change the solution and obtain the new I-V relation- 
ship. An additional, smaller increase was observed 
as Nac diminished. This increase in PNa is similar in 
terms of percentage change, to the initial decrease 
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Fig. 4. Correlation of  Pua with Na~. Values of  PN~ are plotted as a function of Na,. for seven exper iments  similar to that shown in Fig. 3. 
Filled triangles indicate four exper iments  with l mM Ca and open circles three exper iments  with 0.1 mM Ca. A. Increasing Na~.. PNa and 
Na~ were measured  after ouabain addition with 86 mM mucosal  Na. PN, values were normalized to the value before ouabain addition 
(mean Na~ = 7.6 -+ 1.5 mM). B. Decreasing Na~. PN~ and Na,  were measured  after reduction of  mucosal  Na to 3.75 raM. PNa values were 
normalized to the value after Na,  had fallen below 10 mM (mean Nat. = 8.3 -+ 0.4 raM) 

with increasing Na~, and is presumably not time 
dependent. Note that the value of Na~. dropped 
abruptly after lowering the mucosal Na activity. 
This fall was too rapid to be accounted for by a net 
loss of Na from the cell, and may reflect solute po- 
larization in the vicinity of the apical membrane. 

Values of PN~ were plotted as a function of Na~. 
in Fig. 4A for Na loading in high mucosal Na and in 
Fig. 4B for Na unloading in low mucosal Na. These 
Figures show data from seven experiments. To fa- 
cilitate comparison, PNa was normalized to its maxi- 
mum value, obtained with the lowest value of Na~. 
recorded. The maximum PNa was 3.4 --+ 0.4 times 
higher with low mucosal Na than with high mucosal 
Na (mean -+ SEN). The fall in PNa with increasing 
Na,. was similar in both cases, and roughly linear. 
Linear regression analysis revealed correlation co- 
efficients of 0.60 (loading) and 0.59 (unloading) with 
slopes of 0.48 and 0.52%/mM, respectively. 

INa-V R E L A T I O N S H I P S  W I T H  E Q U A L  Na 
A C T I V I T I E S  ON B O T H  S IDE S  OF T HE  M E M B R A N E  

A possible mechanism for decreases in Na perme- 
ability associated with increased cellular Na is bind- 
ing of Na to sites within the lumen of the pore, thus 
mechanically and/or electrostatically preventing Na 
transit from mucosa to cell (see Edmonds, 1982). 
Such a mechanism could imply a change in the 
shape of the IN~-V curve as intracellular Na is in- 
creased. In order to test this possibility over as wide 

a voltage range as possible, the INa-V relationship 
was measured between -200 and +200 mV under 
conditions of equal Na activities on both sides of 
the apical membrane. Cells were loaded with Na in 
the presence of 86 mM mucosal Na and serosal oua- 
bain for 40 to 50 min. The mucosal Na activity was 
then reduced to 43 mM and, after the short-circuit 
current reached zero following the decay of the out- 
ward current transient the I-V relationship was 
measured first in the absence and then in the pres- 
ence of amiloride. The amiloride was washed off, 
and the procedure repeated by further reducing the 
mucosal Na activity to 21.5 and 10.75 raM. This 
protocol gave INa-V curves which passed through 
the origin, indicating that there was no net move- 
ment of Na through the channels when the voltage 
was zero. 

INa-V curves obtained in this way are shown in 
Fig. 5. Each curve was normalized by dividing by 
the slope conductance at V = 0 (G~a) to eliminate 
differences in the total channel density from tissue 
to tissue. Normalized currents at each voltage were 
averaged for seven hemibladders. The normalized 
INa-V curves were similar at different Na concentra- 
tions, although at lower Na activities the currents 
showed a slightly greater tendency to level off at 
both positive and negative voltages. 

As a positive control to show that voltage-de- 
pendent block could be demonstrated under these 
conditions, INa-V plots in the absence and presence 
of a submaximal concentration of amiloride (0.1 
,aM) were obtained with equal Na activities (20 mM) 
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Fig. 5. IN,-V relationships in the absence of a Na gradient. 
Hemibladders were incubated with serosal ouabain and 86 mM 
mucosal Na. The mucosal solution was abruptly changed to one 
containing 43 mM Na and the I-V relationship obtained when the 
short-circuit current was zero. The mucosal Na activity was then 
further lowered to 21.5 mM and 10.75 mM and I-V relationship 
was remeasured when lsc w a s  zero. The I-V curves were cor- 
rected for amiloride-insensitive currents measured in the pres- 
ence of 10/xM amiloride with each mucosal Na activity at the end 
of the experiment. Values of 1N~ at each voltage were normalized 
by dividing by the slope conductance at V = 0 (G~). Mean 
values of normalized currents for seven experiments are plotted. 
Standard errors are shown at V = -+200 mV and were compara- 
ble or smaller at other voltages. Mean values of G~, were 1,2 -+ 
0.2 mS (10.75 mM Na), 2.1 -+ 0.2 mS (21.5 mM Na), and 2.4 _+ 0.2 
mS (43 mM Na) 

on both sides of the apical membrane. Cells were 
Na loaded by incubation with 86 mM mucosal Na 
and 5 mM serosal ouabain as described above. The 
mucosal Na activity was dropped to 21.5 mM and, 
when the short-circuit current reached zero, 1-V 
relationships were obtained with no amiloride, 0.1 
~M amiloride and 10/xM amiloride in the mucosal 
solution. The latter curve was used to correct the 
former two curves for amiloride-insensitive cur- 
rents. IN,-V relationships from six hemibladders 
were normalized by dividing by G~a  and averaged. 
The normalized, averaged curves with and without 
0. [ /~M amiloride are shown in Fig. 6. The normal- 
ized currents were lower in the presence of ami- 
loride at positive voltages, confirming that the 
blocker becomes more potent in the presence of an 
electric field which tends to drive the molecule into 
the membrane. At negative voltages, the normal- 
ized currents are higher in the presence of ami- 
loride, indicating that the fractional block of Iy, by 
the drug is reduced in this voltage range relative to 
V = 0. The absolute current was always lower in the 
presence of amiloride at all voltages. 

Palmer (1984b) showed that under non-Na- 
loaded conditions amiloride block was increased at 
positive voltages. The increase was consistent with 
the hypothesis that the amiloride binding site senses 
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Fig. 6. Voltage-dependence of amiloride block. INa-V relation- 
ships were obtained with 21.5 mM Na on both sides of the apical 
membrane in the presence (O) and absence (�9 of 0.1 /xM ami- 
loride as described in the text. Data represent means + SEM of 
IN~ values normalized to G~a for six experiments. The solid line 
is a theoretical curve describing the predicted INa-V relationship 
in the presence of 0.1 ~M amiloride assuming the amiloride inhi- 
bition constant is voltage dependent according to the relationship 
Kt(V) = Kl(O)e OFVmr with K~(O) = 0.18/xM and ~ = 0,13 

about 12% of the electric field across the apical 
membrane. The solid line in Fig. 6 shows the pre- 
dicted normalized IN,-V curve for equal Na activi- 
ties assuming 

KI(V) = KI(O) exp(-8FV/RT) 

where KI(V) is the voltage-dependent inhibition 
constant for amiloride and 8 is the fraction of the 
field sensed by the amiloride binding site. Values of 
KI(O) and 6 were 0.18 /xM and 0.13, respectively. 
The theoretical curve fits the data reasonably well 
except at the most negative potentials (V = -200 
mV). This extends previous results obtained for 
amiloride block in the voltage range 0 to +200 mV 
and confirms that voltage-dependent block can be 
observed in both the positive and negative voltage 
domains in the absence of a transmembrane Na gra- 
dient. 

EFFECT OF INCREASED INTRACELLULAR C a  

ON THE INa-V RELATIONSHIP 

To test whether cytoplasmic Ca might interact with 
the Na channel in a voltage-dependent manner, 1Na- 
V relationships were determined with Na-loaded 
tissues in the absence and presence of Ca loading. 
Internal Na was first increased by incubation for 5 
to 10 min with ouabain in the presence of low (0.1 
raM) serosal Ca. 1N~-V curves were generated as 
before with 20 mM Na in the mucosal medium and 
in the cell. Then the tissues were incubated for a 
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Fig. 7, Effect of  Ca loading on IN~-V relationship.  IN,-V relation- 
ships were obtained as in Fig. 5 with 21.5 mM Na in the mucosal  
solution and 0. I mM serosal  Ca (O), 5 mM serosal Ca (0)  and 5 
mM serosal Ca plus 0.5 mM vanadate  (---) as described in the 
text. Currents  were normal ized as in Fig. 5 and plotted as means  
+ SEM for six exper iments .  Values of  G~a were 0.53 _+ 0.10 mS 
(0.1 mM Ca), 0.28 -+ 0.04 mS (5 mM Ca) and 0.13 -+ 0.02 mS (5 
mM Ca plus vanadate)  

Table 2. Effects  of  CO2 and vanadate  on electrical properties of  
the apical membrane"  

INa PNa Nac 
(t~A/cm 2) (10 -~ cm/sec) (mM) 

Control 10.7 -+ 2.9 0.143 -+ 0.041 6.7 -+ 1.5 
6% CO2 5.1 + 1.4 0.069 -+ 0.020 7.9 + 1.2 
Fractional 

change 0.48 -+ 0.04 0.48 -+ 0.05 1.2 _+ 0.1 

Control 17.8 -+ 2.2 0.239 -+ 0.031 8.7 -+ 1.1 
0.5 mM 

vanadate  8.4 -+ 1.0 0.118 -+ 0.015 12.3 -+ 1.0 
Fractional 

change 0.47 +_ 0.02 0.50 -+ 0.02 t.47 -+ 0.20 

~' PNa, Na,. and /Na(O), the amiloride-sensit ive short-circuit  cur- 
rent, were es t imated  before and after addition of  6% COz + 1.3 
mM KHCO3 to the mucosa l  solution, and before and after addi- 
tion of  0.5 mM Na3VO4 to the serosal solution. Data  represent  
means  -+ SEM for five exper iments  for COz and four exper iments  
for VO4. 

further 30 to 40 min in the presence of 5 mM serosal 
Ca. As shown in Table 1, this procedure results in a 
Ca-dependent decrease in PNa, presumably due to 
increased Ca influx across the basal-lateral mem- 
branes. 

G~, was decreased in Na + Ca-loaded condi- 
tions by 47% over that in Na-loaded controls, con- 
firming the finding presented in Table 1 for high vs. 
low Ca with ouabain. There was, however, no sig- 
nificant change in the shape of the INa-V relation- 
ship, as shown in Fig. 7. Thus the Ca-dependent 
block of PN~ is voltage independent. 

In an attempt to produce further increases in Ca 
in the cell, the same tissues were incubated for an 
additional 10 to 15 min with Na3VO4 in the serosal 
medium. VO4 3 is known to block Ca-ATPase in the 
plasma membranes of red cells and in squid axons 
(DiPolo & Beaug6, 1981, Rossi, Garrahan & Rega, 
1981), and causes a rapid reduction in INa and PNa in 
non-Na-loaded K-depolarized bladders (Table 2). 
IN,-V relationships in the absence of a Na gradient 
were obtained after incubation with vanadate. 
Within 20 min, G~a fell to 46% of the value before 
vanadate. Once again, the normalized INa-V rela- 
tionship was not significantly changed, indicating 
that the inhibition of rNa by vanadate was not volt- 
age-dependent. 

E F F E C T  OF C O 2  ON P N a  

In addition to Na-Ca exchange processes, a Na-H 
exchanger has been reported in the basaMateral 

membrane of at least one renal epithelium, the 
proximal tubule of Necturus (Boron & Boulpaep, 
1983). Thus cytoplasmic H activity could be af- 
fected by changes in cytoplasmic Na, and might 
also be involved in negative-feedback control of 
PNa. To see if cytoplasmic pH affected PNa, CO2 
mixture was added to the mucosal medium together 
with sufficient HCO3 to maintain constant external 
pH. This manuever is known to acidify the cyto- 
plasm in squid axons (Boron & De Weer, 1976). 
Increases in CO2 from 0 to 6% resulted in a rapid, 
reversible decrease in GNa and PN~ as shown in Fig. 
8 and Table 2. Note that although PN~ decreased 
with CO2, the intracellular Na activity increased 
slightly. This could signify an inhibition of the basal- 
lateral Na pump by cellular acidification, as pro- 
posed by Eaton, Hamilton and Johnson (1984) for 
the rabbit urinary bladder, in addition to the effect 
on Na permeability. 

Since the inhibition OflNa by mucosal protons is 
voltage dependent (Palmer, 1984b) the voltage de- 
pendence of the CO2-induced inhibition was also 
studied. INa-V relationships were determined with 
20 mM Na in the cell and in the mucosal medium as 
described above. Then 6% CO2 was added to the 
mucosal medium and the measurement repeated ap- 
proximately 5 min later. As shown in Fig. 9, the 
normalized INa-V curves from control and CO2- 
treated tissues were nearly superimposable. Thus, 
like the effects of increased Na, high Ca and vana- 
date, inhibition of PNa by internal protons is voltage 
independent. 
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Fig. 8. Effect of C O  2 o n  the INa-V relationship. A hemibladder 
was equilibrated with 86 mM mucosal Na in the absence and 
presence of 10 ~M amiloride. After the amiloride was washed off, 
CO2 (6%) was added to the mucosal medium, along with KHCO3 
to maintain constant pH. After 4 min, 1-V curves were re- 
measured in the absence and presence of amiloride. After ami- 
loride was washed off, the mucosal solution was replaced with 
the original CO2 and HCO3-free medium. After 5 rain the 1-V 
relationships were obtained again. The IN.~W relationships for 
control (�9 CO2 (liD) and recovery (A) are plotted. The solid 
lines are theoretical I-V curves obtained from the constant field 
equation with the following parameters: 

PN~(10 -5 cm/sec) Nac 
control 0.16 5.2 mM 
CO2 0.10 8.1 mM 
recovery 0.15 5.2 mM 

Discussion 

SHAPE OF THE INa-V RELATIONSHIP 

WITH EQUAL Na ACTIVITIES ON BOTH SIDES 

OF THE APICAL MEMBRANE 

In a number of tight epithelia the I-V characteristic 
of the amiloride-sensitive Na transport pathway in 
the apical membrane can be described by the con- 
stant field equation over a substantial voltage range 
(Fuchs, Hviid Larsen & Lindemann, 1977; Palmer 
et al., 1980; Thompson, Suzuki & Schultz, 1982; 
Thomas et al., 1983). When the Na activity is equal 
on the two sides of the membrane the constant field 
equation predicts a linear I-V relationship passing 
through the origin. 

One major conclusion from the work presented 
here is that the Iua-V relationship does become sub- 
stantially linearized when the Na gradient is abol- 
ished as evidenced by an amiloride-sensitive short- 
circuit current of zero (Figs. 5, 6, 7 and 9). This 
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Fig. 9. Effect of CO2 on the 1Na-V relationship. 1Na- V curves were 
obtained as in Fig. 5 with 21.5 mM mucosal Na. The mucosal 
solution was then replaced with one containing 6% CO2 as in Fig. 
8. After 5 to 10 min the INa-V relationship was remeasured. Cur- 
rents were normalized as in Fig. 5, and are plotted as means -+ 
SEM for seven experiments. Mean values of G ~  were 1.4 +- 0.3 
mS (control) and 0.5 -+ 0.1 mS (CO2) 

implies that most of the rectification seen under 
more physiological conditions is a consequence of 
asymmetric Na activities on the two sides of the 
membrane. 

There is, however, a relatively small but con- 
sistent curvature in the Iya-V relationship even in 
the absence of a Na gradient. The curve was slightly 
concave upward, and the outward current at V = 
-200 mV was on the average about 30% lower than 
the inward current at V = +200 inV. There are 
several possible explanations. First, the assumption 
that the basal-lateral potential is zero could be 
wrong. A cell potential of +5 to +10 mV under 
short-circuit conditions would explain the results 
according to the constant field equation since the 
cell Na activity would be lower than that of the 
mucosal medium. Second, the assumption that the 
basal-lateral membrane resistance is negligible com- 
pared to that of the apical membrane could break 
down at negative potentials, making the true transa- 
pical potential smaller than the transepithelial 
clamping potential. Third, outward current could be 
diminished more than inward current by depletion 
of Na in the solution near the apical membrane. 
This could be due to a more restricted ionic diffu- 
sion in the cytoplasm, or to a difference in the sur- 
face charge density at the inner and outer sides of 
the membrane. This could also explain the rapid 
reduction in Nac measured during reversal of the Na 
current in Fig. 3. Finally, the channel itself might be 
asymmetrical. Helman (1981) has previously pro- 
posed that the flow of Na across the apical mem- 
brane of the frog skin is rectified, based on the I-V 
properties of that membrane. 
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INHIBITION OF PNa BY CELL Na 

The second major conclusion from this work is that 
intracellular Na ion activity p e r  se  has little or no 
effect on PNa between 0 and 40 raM, a range that 
encompasses that likely to be encountered under 
physiological conditions. Thus the present results 
confirm and extend findings of weak dependence of 
PNa on Na, over a smaller range in the toad bladder 
and the rabbit urinary bladder (Palmer et al., 1980; 
Eaton, 1981). 

The results presented in Figs. 1 and 4 need rec- 
onciliation. Although both show a decrease in Na 
permeability of about 20% as Nac increases from 
less than 10 to over 40 raM, in Fig. l this decrease 
seems to be time dependent rather than Na depen- 
dent, as PN~ in controls fell by a similar amount. In 
Fig. 3, however, a subsequent increase in PYa was 
observed as Na,. is lowered, apparently reversing 
the effects of increased Na,. One explanation is that 
the controls in Fig. 1 are not true controls, since the 
control hemibladders have a larger short-circuit 
current, and hence a larger metabolic demand, 
throughout the experiment. This could lead to a me- 
tabolism-dependent decrease in PN, (Palmer et al., 
1980) which by coincidence is similar to the Na,- 
dependent decrease in the experimental tissues. 
Another possibility is that changes in PNa during Na 
loading are Na independent, but changes during Na 
unloading are Na dependent. This could be the case 
if internal Na and external Na were competitive in- 
hibitors of PN~. 

It is not clear how much of this effect can be 
attributed to direct interactions of intracellular Na 
with the Na channel, and the 20% diminution Of PNa 
is in any case of minimal importance in the physio- 
logical regulation of Na reabsorption, The data do 
indicate quite strongly, however, that the inhibition 
of PNa seen with increasing mucosal Na concentra- 
tion in the K-depolarized toad bladder (Li et al., 
1982) is a direct effect of external Na and is not 
secondary to an increase in Na,.. This conclusion 
conflicts with a recent report of Chase and AI- 
Awqati (1983) who found no effect of Na concentra- 
tion on tracer Na fluxes in apical membrane vesicles 
from the toad bladder. 

INHIBITION OF PNa BY CELL Ca 

A number of investigators have proposed that intra- 
cellular Ca might inhibit apical Na permeability in 
tight epithelia (Grinstein & Erlij, 1978; Taylor & 
Windhager, 1979; Chase & A1-Awqati, 1981, 1983). 
This proposal is based on a variety of evidence, 
including the observation that Na transport is re- 

duced by lowering serosal Na, a maneuver ex- 
pected to raise cytoplasmic Ca by reducing extru- 
sion of Ca from the cell in exchange for serosal Na. 
In the K-depolarized bladder, in which the apical 
conductive pathway can be studied more directly, 
serosal Na is absent under control conditions, elimi- 
nating this pathway for Ca efflux. Recently Garty 
and Lindemann (1984), using K-depolarized toad 
bladders in which intracellular Na was increased by 
serosal ouabain, found that Pya was reversibly in- 
hibited by increasing serosal Ca. Their interpreta- 
tion was that the basaMateral Na-Ca exchange 
process runs backwards under these conditions, ex- 
changing cell Na for serosal Ca, thus increasing the 
cytoplasmic Ca activity. These observations were 
confirmed in the present study (Table 1). It should 
be stressed that the Ca-dependent decrease in Na 
conductance required high levels of intracellular 
Na. In tissues not treated with ouabain increased 
serosal Ca did not affect Na transport (Table 1). 
This provides further evidence that Ca influx 
through the Na-Ca exchanger is responsible for the 
decrease in P~,. 

In the absence of Na-dependent Ca extrusion 
from the cell, it is likely that an ATP-dependent, 
Na-independent Ca pump is largely responsible for 
maintaining low cytoplasmic Ca activity. This 
transport mechanism has been found in the plasma 
membranes of other tissues (Schatzmann, 1966; Di- 
Polo, 1978; Gmaj, Murer & Kinne, 1978). Since this 
Ca pump is inhibited by vanadate in other prepara- 
tions (DiPolo et al., 1979; Rossi et al., 1981), it 
seemed possible that vanadate could lead to in- 
creased cytoplasmic Ca and decreased PNa. The 
second prediction was verified: serosal vanadate 
decreased PN~ by 50% under conditions where Na~ 
was raised by less than 4 mM (Table 2). The small 
increase in Nac was presumably a consequence of 
inhibition of the Na pump (Cantley et al., 1978). In 
addition, vanadate decreased GNu in bladders where 
the Na pump had previously been blocked with oua- 
bain (Fig. 7). These results are consistent with those 
of Beauwens, Crabb6 and Rentmeesters (1981), who 
reported that serosal vanadate decreased the short- 
circuit current and the net Na flux in the toad blad- 
der, with a loss of intracellular K that was much less 
than that observed in the presence of ouabain. Thus 
increased cytoplasmic Ca could account for these 
effects of vanadate on the isolated toad bladder and 
might also contribute to the high potency of vana- 
date as a natriuretic agent in the rat (Balfour, Grant- 
ham & Glynn, 1978). This interpretation should, 
however, be made with caution, as vanadate in- 
hibits other enzymes involved in phosphate metabo- 
lism (Van Etten, Waymack & Rehkop, 1974; Lo- 
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pez, Stevens & Lindquist, 1976) and may not affect 
PNa exclusively through changes in cell Ca. 

EFFECT OF CO 2 ON PNa 

Increased CO2 has been used to acidify the cyto- 
plasm of squid axons, presumably acting by diffus- 
ing more rapidly into the cell than does HCO3, be- 
coming hydrated and releasing a proton (Boron & 
DeWeer, 1976). This maneuver caused a rapid, re- 
versible fall in INa and PN~, consistent with the idea 
that intracellular protons block Na channels. A sim- 
ilar effect of CO2 on Na transport by the frog skin 
was reported by Ussing and Zerahn (1951). How- 
ever, changes in cell pH and pCa are difficult to 
separate, and decreases in cell pH have been asso- 
ciated with increases in cytoplasmic Ca in some tis- 
sues (Meech & Thomas, 1977; DiPolo & Beaug6, 
1982). Thus changes in PN, with acidification of the 
cytoplasm may be mediated by increased Ca ac- 
tivity. 

Thus the third conclusion of this work is that 
putative increases in cytoplasmic Ca and/or pH can 
decrease PN~. In the absence of direct measure- 
ments of the Ca and H ion activities in the cyto- 
plasm in these experiments and in different physio- 
logical conditions, it is yet to be established if these 
ions are important physiological regulators of this 
system. 

It should also be stressed that these results 
were all obtained using K-depolarized epithelia. 
Clearly, the regulation of intracellular ionic compo- 
sition in this preparation will differ significantly 
from that of nondepolarized bladders. Intracellular 
Ca homeostasis, for example, is probably affected 
by both the absence of serosal Na ions and the re- 
duction in the basal-lateral membrane electrical po- 
tential. In addition, Thomas et al. (1983) have cited 
differences in the regulation of intracellular Na ac- 
tivity in depolarized vs. nondepolarized Necturus 
urinary bladders. I have assumed that the behavior 
of the channels themselves in response to changes 
in the intracellular milieu is similar in the depolar- 
ized and more physiological states. Although I 
know of no evidence to the contrary, this assump- 
tion should be made with caution. 

MECHANISM OF BLOCK 
BY CYTOPLASMIC CATIONS 

A final major conclusion of this study is that inhibi- 
tion of Na permeability by intracellular Na, H and 
Ca is voltage independent. This has implications for 
the mechanism of inhibition by these ions. In many 
instances, voltage-dependent block of channels by 

impermeant or slowly premeant ions has been inter- 
preted as indicating that the binding site for the 
blocking ion is within the lumen of the channel. 
Examples include block of K channels by Ba, qua- 
ternary ammonium ions and Cs (Benzanilla & Arm- 
strong, 1972; Eaton & Brodwick, 1980; Coronado & 
Miller, 1982), block of excitable Na channels by H 
(Woodhull, 1973; Begenisich & Danko, 1983) and 
block of epithelial Na channels by amiloride and 
alkali metal cations (Palmer, 1984b). Thus inhibition 
of Na channels by internal Ca is not analogous to 
block of K channels by internal Ba. If a divalent 
blocking cation, present at a concentration giving 
half-maximal inhibition at V = 0, senses 1% of the 
electric field at its binding site, an applied voltage of 
200 mV would alter the degree of block by 17%, 
which would have been easily detected in the exper- 
iments shown in Fig. 7. Thus Ca could act directly 
on the Na channels at a site which senses less than 
1% of the membrane field or, alternatively, could 
act indirectly, as through a Ca-dependent protein 
kinase. 

In the case of block by H, the interpretation is 
complicated by the fact that the channel is perme- 
able to H (Palmer, 1982b). This can reduce the volt- 
age dependence of block (Woodhull, 1973; Begeni- 
sich & Danko, 1983). Nevertheless, block of the 
toad bladder Na channel by external protons was 
found to be voltage dependent (Palmer, I984b) as 
was block of excitable Na channels in squid axon by 
both external and internal protons (Woodhull, 1973; 
Bengenisich & Danko, 1983). Therefore, the volt- 
age independence of the effect of cellular acidifica- 
tion is evidence that internal protons are not titrat- 
ing an acidic group within the lumen of the pore 
under these conditions. As in the case of Ca, the 
effects of decreased cell pH could be to titrate a 
charge near the mouth of the channel, or could be 
mediated by parallel changes in cell Ca or by inhibi- 
tion of metabolism, which is known to decrease Na 
permeability (Palmer et al., 1980). 

In the case of Na, reduction in PNa by internal 
Na could reflect saturation of a binding site for Na 
within the pore. According to the data shown in Fig. 
4, such a site might be about 20% saturated at 40 
mM interval Na activity, assuming that the entire 
fall in PNa in that experiment is due to direct effects 
of internal Na. This would be consistent with a 
binding site with a Km for Na of 160 raM. As this site 
could be within the electric field of the channel, a 
saturation of the site, and hence the effect of Na on 
PNa, might be voltage dependent. In this case, how- 
ever, the voltage dependence may well be quite 
weak. In the Appendix, theoretical I-V curves for a 
symmetrical 3-barrier Eyring rate-theory model of a 
channel are derived for various degrees of channel 
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saturation. Interaction of internal Na with a binding 
site which senses 30% of the electric field of the 
membrane is still consistent with the weak voltage 
dependence of the effects of internal Na. 
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A p p e n d i x  

In this paper, as in previous reports (Fuchs et al., 1977; Palmer et 
al., 1980; Thompson et al., 1982; Thomas et al., 1983) the con- 
stant field equation (CFE) has been used to describe the I-V 
relationship of the amiloride sensitive transport pathway in tight 
epithelia and to derive voltage-independent permeability coeffi- 
cients in various conditions. This equation is based on the 
Nernst-Planck equation which describes electrodiffusion of ions 
through a homogeneous medium. There is no theoretical justifi- 
cation for its application to single-file ion migration through nar- 
row, inhomogeneous biological membrane pores. The purpose of 
this Appendix is first to demonstrate that I -V relationships very 
similar to those predicted from the CFE can be accounted for by 
discontinuous diffusion or Eyring rate-theory models of ion 
translocation (Eyring, Lumry & Woodbury, 1949; L~uger, 1973; 
Hille, 1975). Second, it will be demonstrated that two features of 
Na channel 1-V relationships reported here--asymmetry of cur- 
rent in the absence of a Na gradient and the relative indepen- 
dence of the shape of the I-V curve with changing Na concentra- 
t i o n s - c a n  be readily accounted for by such models. The 
purpose is not to present a unique or even a best-fit rate theory 
model of the presented data. Rather, somewhat general schemes 
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Fig. ?1 .  I-V relationships predicted from the constant field 
equation (dotted lines) and from the 3-barrier Eyring model (solid 
lines) illustrated with k~o = k,2 = k2~ = k2, and 6~ = a2 = 0.3 and 6,,, 
= 0.4 in the limit ofPo = 1 (low channel occupancy). The models 
are compared for the cases Si = So and S~ = 0.1 So. In both 
models the currents in the two cases converge at high positive 
voltages. The parameters of the models were adjusted so that 
they predicted the same currents and conductances at V = 0 

which qualitatively describe the observed features and are con- 
sistent with the experimental data will be described. 

The basic model to be examined has three energy barriers 
for ion translocation and two binding sites or energy wells as 
illustrated in the inset to Fig. A1. Translocation of ions through 
the channel is described kinetically by the scheme: 

k61 ki2 k~i 
So+ Co.  " SC~ . " S C 2 .  " Si + Co 

klo k~l k[2 

where So and Si are the concentrations of permeant ions on the 
two sides of the membrane, Co is the number of unoccupied 
channels and SCt and SC2 the channels occupied at the two sites, 
respectively. For simplicity it is assumed that the two sites can- 
not both be occupied. The k' parameters represent voltage-de- 
pendent rate constants and are given by: 

k~l - k01 exp(SiU/2) 

ki2 - kl2 exp(SmU/2) 

kit k2i exp(62U/2) 

kill = kl0 exp(-6iU/2) 

kit - k21 exp( 8,,,U/2) 

kj2 = kn exp(-6~U/2) 

where the k parameters represent rate constants in the absence 
of a transmembrane electric field, U = FV/RT,  81, am and a2 are 
the fractions of the transmembrane voltage expressed across the 
first, middle and third barrier, respectively. Current flow through 
this system is given by: 

S,, exp(U/2) - Si exp( U/2) 
I(U) BCo k2,k,o exp((62 --- 6~U~)  4-- k ~ e x p ~ _  + &,,)U/2) 

3 
+ k~lklo exp(-(61 + 6,,)U/2)J 

where B = kolkl2k2i = ki2kzlklo. 
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Fig. A2. Normalized l- V relationships from the model of Fig. A 1 
for S,, = S~ and open channel probabilities (P,,) of 1, ~ and ~. Since 
the channel is symmetric the points at negative voltages are 
omitted 

If the concentrat ions So and S~ are sufficiently small, C, 
C7, the total number of  channels. This is likely to be a good 
approximation for the Na channel under physiological condi- 
tions, as the Na channel current is a linear function of  mucosal 
Na in this range (Van Driessche & Lindemann, 1979). The 1-V 
relationship predicted by Eq. (2) for small So and Si is similar to 
that of the CFE when the values of  the different rate constants 
and 6's are similar. An example is illustrated in Fig. A1, for kz~ = 
k,~ = ku = k2~ and 6~ 8_, = 0.3 and 6,,, = (1.4 I-V relationships 
with equal Na activities and a 10:1 Na gradient across the mem- 
brane are shown together with the comparable 1-V relationships 
derived from the CFE. Significant divergence is seen only at high 
voltages. The particular values of  k's and 6's chosen are not 
critical, and the divergence can be reduced by increasing the 
number of  barriers and sites. In the limit of an infinite number of  
barriers with the same k and 6 values, the CFE will be repro- 
duced exactly (Woodbury et al., 1970). Lindemann (1982) also 
found that I -V  curves for 2-barrier, 1-site channels at low occu- 
pancy were very similar to those predicted by the constant-field 
equation. 

Note that at V = 0, I = BCo(So - S i ) / (k2 ik lo  + k2iklz  + k2~kt0). 
Thus the parameter  P = l(O)/(So - S~) depends only on the total 
number of  channels and the voltage-independent rate constants,  
as long as So and S~ are sufficiently small. Thus this parameter is 
in effect a permeability coefficient. A decrease in P with increas- 
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Fig. A3. Normalized I -V  relationships from the model of  Fig. AI 
with So = S iand  Po = 1 but with 6t = 0.3, 82 = 0.2 and 6m = 0.5 
(curve 1), 6t - 0.35, 82 - 0.15 and 6,~ = 0.5 (curve 2), and 6~ = 
0.28, 82 = 0.22 and 8,, = 0.5 (curve 3). Data points from Fig. 5 
(Na,, = 20 raM) are also plotted on the same scale 

ing ion activities can be explained by saturation of  the channel, in 
which case Co < Cr. For example, a 20% reduction in the num- 
ber of unoccupied channels will reduce P by 20% and would 
account for the data shown in Fig. 4. In general, channel occu- 
pancy will be voltage dependent .  The voltage dependence pre- 
dicted on the basis of  the model under consideration will, how- 
ever, be weak. Figure A2 shows the predicted normalized 1-V 
curves for such a model with the So = Si adjusted to give 0, ~ and 

occupancy.  The essential point is that the shapes of the 1-V 
relationships are rather independent  of the degree of occupancy, 
and hence of  ion concentration,  particularly at relatively low 
occupancy levels. 

Finally, asymmetric I -V  curves are predicted even in the 
presence of  symmetrical solutions, providing the channel itself is 
asymmetric.  Figure A3 shows the I -V  relationship expected from 
the same channel discussed above but with 6~ =P 82. For compari- 
son the data from Fig. 5 is also shown. Asymmetries  as shown in 
Figs. 5, 6, 7 and 9 can be accounted for by this sort of channel 
asymmetry.  As discussed in the text, however,  other explana- 
tions are also feasible. 

In summary, the electrical properties of the epithelial Na 
channel can be accounted for by an Eyring rate-theory model 
with three (or more) barriers which have similar potential drops 
and rate constants across them, and with two (or more) energy 
wells which are mostly unoccupied at physiological concentra- 
tions of  Na. A more precise description will require measure- 
ments made under conditions which are better defined with re- 
spect to series resistance barriers and intracellular blocking ions, 
and which can be varied over  a larger range, particularly with 
respect  to the concentrations of permeant ions. 


