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Summary. Glass microelectrodes were used to measure mem-
brane potentials and the ratio of apical to basolateral membrane
resistances before and after the passage of current from the po-
tential-recording microelectrode to ground, in toad urinary blad-
der epithelium, in order to iontophorese cations into the cell.
After application of the current, there was a transient change in
the tip potential of the microelectrode. This artifact was mea-
sured with the microelectrode in the mucosal medium and was
subtracted from the potential recorded in the cell. The serosal
medium was bathed by Ringer’s solution containing 51.5 mMm K+
to minimize any current-induced increase of K* in the unstirred
layer. Under those conditions, both Na* and K* jontophoresis
caused a significant hyperpolarization of basolateral membrane
potential (V,,) and a significant increase in the ratio of apical to
basolateral membrane resistances (R,/R,). When bladders were
exposed to amiloride in the mucosal solution, Na* iontophoresis
caused the basolateral membrane to hyperpolarize, but no signifi-
cant changes were observed in R,/R;,. When Na* was injected in
the presence of serosal ouabain, V., depolarized and R,/R, in-
creased. K* iontophoresis caused the basolateral membrane po-
tential to hyperpolarize in the presence of ouabain but R, /R, did
not change significantly. These results indicate that the Na*
pump in toad bladder is rheogenic, that apical Na* conductance
is sensitive to the cell levels of Na* and K+ and that the basola-
teral membrane is K* permeable.
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Introduction

The urinary bladder of the toad is a typical tight [8]
epithelium that transports sodium actively from the
urinary {mucosal or apical) to the blood (serosat or
basolateral) side [14]. The active transport of Nat
across the basolateral membrane (that provides the
driving force for transepithelial Na* transport) [14],
is thought to be mediated by the Nat, K*-ATPase
[13] and is linked to the uptake of K* by the cell.
Several lines of evidence have led to the suggestion
that the Na pump in nonpolar cells [22] as well as in
epithelial tissues [11-13] is rheogenic, that is, that
the ratio of Na* to K ions transported is larger
than one, and that therefore the pump contributes

directly to the basolateral membrane potential by
creating a current across that membrane.

Several experimental procedures have been
employed to demonstrate the existence of
rheogenic Na transport. One used most widely is to
load the cells with Na* [22]. Since the rate of active
Na extrusion is dependent in some way on intracel-
lular Na concentration, raising cell Na* over some
range will increase the number of Na' ions trans-
ported by the pump, therefore enhancing any effect
of pump current on the membrane potential [22].
One of the ways to increase cell Na* is by intracel-
lular electrical injection (iontophoresis) [21, 22].

It has been previously shown that the apical
membrane in toad urinary bladder is mostly Na*
selective [15] while the basolateral membrane is al-
most certainly potassium selective [9]. Further-
more, it has been recently proposed that the activity
of the basolateral Na* pump is linked to the sodium
conductance of the apical. membrane by a negative
feedback regulatory mechanism that keeps the
steady-state cell Na™ content constant [23]. The sig-
nal linking pump activity and Na* entry is thought
to be cell Na*t activity, i.e., there would be an in-
verse relationship between cell Na* activity and the
permeability of the apical membrane to Na*t [23,
24], perhaps through the intermediacy of cell cal-
cium [5].

We studied the effects of intracellular ion-
tophoresis on the membrane potentials and resis-
tances of toad urinary bladder epithelium. We found
that intracellular iontophoresis of Na* hyperpolar-
izes the basolateral membrane potential, indicating
that the sodium pump is rheogenic. Furthermore,
our results suggest that apical Na* conductance is
sensitive to cell levels of both Nat and K~*.

Materials and Methods

Toads (Bufo marinus) were obtained from the Jacques Weil Co.
(Rayne, La.), the National Reagents Co. (Bridgeport, Conn.), or



(9]

the Southwestern Scientific Co. (Tucson, Ariz.) and Kept in run-
ning water. Urinary bladders were mounted between the two
halves of a Lucite® chamber, as previously described [15, 17],
with Ringer’s solution bathing both sides of the tissue at room
temperature (22 = 1°C).

SOLUTIONS

Standard Ringer’s solution had the following composition (mm):
NaCl 110, KCI 2.4, NaHCO; 2.4, CaCl, 0.9, glucose 5.5, pH
about 8.5, gassed with room air. In experiments with high serosal
K*, K* was raised by isosmolar substitution for Na*. Amiloride
(a gift from Merck, Sharp and Dohme Research Laboratories,
West Point, Pa.) was dissolved in the Ringer’s solution to a final
concentration of 10~% M, and ouabain (Sigma Chemical Co., St.
Louis, Mo.) was added to a final concentration of 5 X 10~4 M.
Verapamil HCI (a gift from Knoll Pharmaceutical Co., Wippeny,
N.J.) was added to the serosal solution to a final concentration of
10~ M to inhibit smooth muscle contractions, so that the micro-
electrode could be kept intracellularly for longer periods. It has
been previously reported that at that concentration verapamil
either does not change the short-circuit current significantly [10]
or causes only a modest decrease in that parameter [2]. In our
experiments, verapamil did not affect V,,, or R,.

ELECTRICAL MEASUREMENTS

A) Transepithelial Potential (V)
and Resistance (R,)

V.. was measured with a high-impedance electrometer con-
nected to both bathing media with Ag-AgCl pellets and agar-
Ringer’s bridges. R, was measured from the change in V,, pro-
duced by a transepithelial DC pulse {17].

B) Cell Membrane Potentials

Apical (V,,) and basolateral (V,) membrane potentials were
measured with glass microelectrodes prepared by pulling glass
tubing (1 mm OD, 0.58 mm ID) threaded with fiberglass (W-P
Instruments, Inc., New Haven, Conn.) and filled with 4 m potas-
sium acetate, 4 M sodium acetate, or 3 M lithium chloride. The
microelectrodes were beveled [4] to tip resistances of 10 to 50
MQ and tip potentials were less than S mV. The impalements
were performed with a motor-driven micromanipulator under
visual control with an inverted, phase-contrast microscope
(Leitz Wetzlar, W. Germany) at 200 . The criteria for successful
impalements were as previously reported [17]. Potentials were
measured with M-4 electrometer probes (W-P Instruments, Inc.,
New Haven, Conn.) and displayed on a storage oscilloscope
(Tektronix, Inc., Beaverton, Ore). An Ag-AgCl electrode con-
nected to the serosal solution by means of a short agar-Ringer’s
bridge was grounded and used as reference.

C) Ratio of Cell Membrane Resistances (RJ/Ry)

The ratio of the apical (R,) to the basolateral (R,) cell membrane
resistances was measured as the ratio of voltage deflections pro-
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duced by a transepithelial pulse with the microelectrode in a cell;
R, AV,

1.6.,R—h: AV, {15].

D) Polarity Convention

For convenience, all potentials will be presented with the muco-
sal solution as reference. In this way, when the polarity of the
tfissue is as observed in control conditions (cell positive to the
mucosal and negative to the serosal medium), all potentials have
a positive sign.

E) Statistics

All results are expressed as means + SEM. Differences between
means were analyzed with the paired Student’s z-Test.

IONTOPHORESIS

The same glass microelectrode was used for injecting a cation
into the cell (by making the tip of the microelectrode positive
with respect to the grounded serosal electrode) and for recording
the membrane potentials and the value of R/R, before and after
the iontophoresis. As previously reported [1], passing current
through a microelectrode brings about a transient change in the
microelectrode tip potential; its magnitude was 4 to 12 mV imme-
diately after the injection and decayed thereafter, vanishing
within 20 to 60 sec. To correct for this artifact, we measured it
with the electrode in the mucosal solution, and then subtracted
the observed values from the potentials recorded with the elec-
trode in a cell, after passing the same amount of current for the
same length of time. In doing so, we assumed that the electrode
polarization was the same inside and outside the cell [1]. Micro-
electrodes with large artifact potentials were rejected, and the
results of a given intracellular iontophoresis were accepted only
if the extracellularly measured artifact potential was unchanged
after the intracellular injection. A Med 80 computer (Nicolet
Instruments, Madison, Wis.) was used for delivering the pulses
to the microelectrode and also for acquiring and processing data.
The experimental protocol was as follows:

1) The computer was triggered to record the baseline poten-
tial difference between the microelectrode and the serosal solu-
tion and between the macroelectrode and the serosal solution,
while passing transepithelial current pulses through the current
macroelectrodes.

2) Upon a second trigger pulse, the computer put out a four-
second square voltage pulse through the microelectrode, making
it positive with respect to the grounded serosal solution.

3) After a delay of one second following the pulse, the com-
puter recorded and stored for four seconds the potential differ-
ence measured by the microelectrode and by the macroelec-
trode, with respect to the serosal solution.

4) Immediately after this, transepithelial DC current pulses
were passed again and the potentials measured by the micro- and
macroelectrodes were recorded.

The sequence 1) to 4) was performed first with the micro-
electrode out of the cell and then with the microelectrode in the
cell. The change in potential induced by the current injection
with the electrode in the cell was subtracted by the computer,
point by point, from that recorded with the electrode out of the
cell, so that the true change in membrane potential elicited by the
ionic injection could be determined. In this way, we had the
values for V., R,, R/R,, V,.and V. before and after the ionto-
phoresis. The injection of current was performed by connecting
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the microelectrode to a BB-1 Breakaway Box (W-P Instruments,
New Haven, Conn.). The amount of current injected was not
measured routinely because it was found to be very close to

i= E+L25 both with the electrode in and out of the cell, where i
is the current injected, V is the potential difference applied to the
BB-1 Breakaway Box, R is the resistance of the microelectrode
and 22 (MQ}) is the resistance of the BB-1 Breakaway Box. Given
the difficulty in maintaining a microelectrode intracellularly for
long periods of time in toad urinary bladder epithelial cells, we
chose to perform the iontophoresis for a period of four seconds,
recording the resulting change in membrane potential for another
period of four seconds. Preliminary experiments showed that the
effective currents were of the order of 10-7 A. (For comparison,
the current due to leakage of K* from an intracellular 3 M KCl
filled microelectrode would be at most of the order of 10-° A [3,
7, 16]). In the experiments reported here, we used currents of 1.8
to4 x 1077 A.

Figure 1 illustrates how the artifact potential was subtracted
to obtain the change in membrane potential due to iontophoresis.
The bottom trace shows the potential recorded with the micro-
electrode in the mucosal solution after the passage of current. Its
value one second after the end of the pulse was 35 mV, and the
baseline value was 42 mV. This depolarization of 7 mV repre-
sents the change in tip potential induced by the current. The
potential across the basolateral membrane recorded after the in-
jection is shown by the middle trace. Its values before and one
second after the iontophoresis were 33 and 31 mV, respectively.
If we consider the change in tip potential obtained from the bot-
tom trace, the change in basolateral membrane potential due to
iontophoresis was 5 mV one second after the pulse, and in the
hyperpolarizing direction. This is shown by the upper trace,
which represents the change in V., due to Na iontophoresis, after
correcting for electrode polarization. We see that in this experi-
ment Na electrophoresis caused hyperpolarization of the basola-
teral membrane that was largest immediately after the pulse; its
magnitude decreased subsequently, as V,, relaxed towards its
baseline value.

THEORETICAL CONSIDERATIONS

In these experiments, we passed current between the microelec-
trode and ground, so that the current crossed cell membranes. It
is likely that most of the current flowing from the microelectrode
to the cell was carried by the cation of the salt filling the micro-
electrode! (see Discussion). However, we do not know which

1100 nl droplets (composition (mm) NaCl 50, KCI 10) were
suspended in mineral oil and impaled with glass microelectrodes
(resistance 10 to 22 M}, measured in standard Ringer’s solution)
filled with 4 M potassium acetate or with 4 M sodium acetate (see
Materials and Methods). The tip of the microelectrode was made
positive with respect to a grounded tungsten electrode immersed
in the droplet, and current was passed between the microelec-
trode and ground (1 to 6 x 10-7 A) for periods of 1 to 30 min. The
IR drop through a 1 KQ resistor was monitored continuously
during the injection of current. Na or K concentrations were
measured in each droplet after the passage of current and com-
pared with the Na* or K+ concentration calculated by assuming
that all of the current was carried out of the microelectrode by
the respective cation. The ratio (measured concentration/calcu-
lated concentration) was not significantly different from 1.0 both
for Na* and for K+ injections (0.98 + 0.03, 3 Na* injections and 2
K+ injections).
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Fig. 1. Voltage traces. The bottom trace is the potential re-
corded beginning one second after passing a pulse through the
recording microelectrode, which is in the mucosal solution. The
middle trace is obtained one second after another pulse, with the
microelectrode in a cell. To obtain the upper trace, the baseline
value of each of the bottom two traces is subtracted from the
respective potential and the difference between the two cor-
rected values is the upper trace. The left-hand ordinate refers to
the bottom two traces, and the right-hand ordinate to the upper
trace. See text for details

ions carried the current across the cell membranes. Given the
relatively high K* concentration in the cell and the high K+
conductance of the basolateral membrane we can predict that a
sizeable portion of the current would be carried by K* across the
basolateral membrane. However, since the apical membrane
presents a high Na* conductance, at least part of the current
must be carried by Na across that membrane. Therefore, one
would expect that the injection of Na* increases cell Na* and
decreases cell K*, probably also increasing the K+ concentration
in the serosal unstirred layer. Such a result would almost cer-
tainly lead to depolarization of V,, because of the K+ selectivity
of the membrane, and stimulation of a neutral pump by Na*
would only restore cell K* and Na* gradients; thus no hyperpo-
larization of V, would be expected. If any hyperpolarization is
observed, it would have to be due to the operation of a rheogenic
pump. The injection of K*, on the other hand, would increase
cell K* and decrease cell Na*, probably hyperpolarizing V. be-
cause of the increased K+ gradient across the basolateral mem-
brane. Finally, no changes in V, are expected in these experi-
ments, because the injection of ions will affect the membrane
potentials only of the injected cell and at most a few neighboring
cells according to the degree of cell-to-cell coupling. Since the
transepithelial potential is determined by the whole epithelium,
the V,,, of the injected cell is *‘clamped’’ by the rest of the epithe-
lium so that changes equal in magnitude and opposite in direction
will be expected for V,,. and V.. Thus, we must use experimental
maneuvers to distinguish the membrane to which the primary
effect of iontophoresis is exerted.

Results

Figure 2 shows the mean values of V,, and R/R,
before and one second (V) or five seconds (R, /R;)
following intracellular iontophoresis with Na* or
K™, with normal Ringer’s in both bathing media. It
is clear that neither Na* nor K* iontophoresis had
any significant effect on V, or R,/R,. As stated
above, if during the iontophoresis a significant por-
tion of the current is carried out of the cell by K+,
the possibility exists that an increase in K* concen-
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Table 1. Effect of Na™ and K~ iontophoresis on membrane potentials and on the ratio of resistances of toad urinary bladder epitheliums

Na* Iontophoresis

K~ Jontophoresis

Vmc Vc: Ra/Rh n VIH( V( § Ra/Rh h
(mV) (mV) (tissues, cells) (mV) (mV) (tissues, cells)
Before 20923 22.0=x1.5 286+ 0.63 13,21 203 £ 1.7 16.0=09 1.62+0.23 3,13
iontophoresis
After 17.0 £ 2.4 259 2.0 4.14 = 0.67 135+ 1.7 22413 224 +0.35
iontophoresis
A -39+09 3909 1.28=0.23 -68=13 6414 062=*024
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.05
2 Serosal K concentration was 51.5 mM. A = value after iontophoresis — value before iontophoresis.

Table 2. Effect of Na* and K* iontophoresis on V., V. and R/R, of bladders exposed to 10 * m amiloride on the mucosal side®

Na* lontophoresis

K* lontophoresis

\%

me

(mV)

Vcs
(mV)

(R./Ry) n

(tissues, cells)

Vine {(RJRy)

(mV)

Vc's
(mV)

n
(tissues, cells)

Before -27.0 =37 75%x12 554=x0.76
iontophoresis
After
iontophoresis
A

p

-30.4 £37 113=%=15 594 =09

-34x09
<0.01

3.8 09 0.40 = 0.98
<0.0t >0.50

4,

13 -49+20 63+t14 458=x044 3, 11
-67+28 82+18 510 x0.68

-1.8 1.0
>{.05

1.9+ 1.0 0.52 %047
>(.05 >0.20

2 See footnote in Table 1.

25-‘

204

154

Vcs,mv

vV,

CSs v

R/ Rp s Re/Ry

Fig. 2. Effects of sodium and potassium iontophoresis with nor-
mal Ringer’s on both sides. The open bars give the mean values
(= seM) before, and the closed bars after, iontophoresis

tration in the serosal unstirred layer depolarizes V.,
masking the hyperpolarization that would be ex-
pected following an increase in cell K or an en-
hanced pump rate. The experiments were repeated
with the concentration of K* raised to 51.5 mM in
the serosal medium (by isosmolar substitution for

Na') to minimize any current-induced increase of
K~ in the unstirred layer. Table 1 shows that under
these conditions, both Na* and K* iontophoresis
caused a highly significant hyperpolarization of
Ve, and an increase in R,/R,. As expected, the
membrane potentials changed in opposite direc-
tions, so that the change in V. could be secondary
to a depolarization of V. induced by the increase in
cell Nat brought about by Na* iontophoresis (as
opposed to a primary hyperpolarization of V). Ta-
ble 2 shows the effect of Na* and K iontophoresis
on tissues previously exposed to 1073 M amiloride in
the mucosal solution. Under these conditions, the
conductance of the apical membrane to Na™ is es-
sentially zero [14] and changes in cell Na* concen-
tration should not affect V,,.. However, Na* ion-
tophoresis still hyperpolarized V., and depolarized
Vme» suggesting that the effect of Na* iontophoresis
is on the basolateral membrane. Furthermore, when
amiloride was present, Na® iontophoresis brought
about no changes in R,/R,, and K* iontophoresis
caused no significant changes in either membrane
potentials or R,/R,. If the hyperpolarizing effect of
Na™ iontophoresis on V., is due to stimulation of
rheogenic Nat pumping, Na* injection in the pres-
ence of the pump inhibitor ouabain should not elicit
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Table 3. Effect of Na* and K* iontophoresis on V., V., and R,/R, of bladders incubated with 5 X 10~* M ouabain in the serosal

medium?
Na* Iontophoresis K~ Iontophoresis
Vmc Vrs (R a/ R b) n Vmc VC: (R a/ R b) n
(mV) (mV) (tissues, cells) (mV) (mV) (tissues, cells)
Before 7117 15507 272021 4,15 15813 10.1 £ 1.0 2.03+026 4,14
iontophoresis
After 104 1.2 11913 3.54+029 11.6 £ 1.5 142=*1.6 222 +041
jontophoresis
A 3408 -3.6x09 0.82=*0.31 43+ 1.2 4111 0.25=+0.33
p <0.001 <0.01 <0.05 <0.01 <0.01 >0.20

2 See footnote in Table 1.

such a hyperpolarization of V. Table 3 shows the
effect of Na* and K* iontophoresis on membrane
potentials and R,/R, of bladders incubated with
ouabain in the serosal medium. In these conditions
Na* iontophoresis caused V,, to depolarize signifi-
cantly instead of hyperpolarizing as observed when
no ouabain was present, and led to a significant in-
crease in R,/R;. On the other hand, K* iontophore-
sis still caused V., to hyperpolarize significantly,
although the mean change was somewhat smaller
than that observed when ouabain was not present,
and had no significant effect on R,/R,.

Some of the effects of iontophoresis of Na* and
K* on membrane potentials and resistances could
be due to a nonspecific effect of the passage of cur-
rent across the cell membranes. To rule out that
possibility, injections of Li* were performed using
the same conditions and similar currents to those
used for K™ and Na™ iontophoresis. Li* iontophore-
sis caused no significant changes in membrane po-
tentials: V,,. hyperpolarized by 0.5 = 0.6 mV (P >
0.20) and V., depolarized by 0.6 = 0.5 mV (P >
0.20) (4 bladders, 15 cells), and there was a small
decrease in R,/R, of 0.28 = 0.12 (P > 0.03).

Discussion

ASSUMPTIONS

a) The basic assumption in these experiments is that
the current-induced polarization of the microelec-
trode is the same inside and outside the cell. We
cannot prove that that is true. However, even if this
artifactual polarization were different inside and
outside the cell it could not explain the qualitatively
different results obtained with the different ions and
inhibitors. That is, the error involved (the differ-
ence in polarization inside and outside the cell)

should be the same regardless of the electrolyte fill-
ing the electrode; furthermore, it should not vary
with inhibitors of transport.

b) The fact that current crosses the cell mem-
branes during injection complicates the interpreta-
tion of these results, since cell composition changes
not only because of the ion being injected, but also
because of the possibility that other intracellular
ions carry current across the membranes. Further-
more, the concentration of ions in the extracellular
unstirred layers is perturbed. Since K* is the main
intracellular cation and the basolateral membrane is
K* selective [10], the passage of outward current
between the microelectrode and ground increases
the K* concentration in the serosal unstirred layer
and depolarizes V,, due to the decrease in the K+
gradient across the basolateral membrane. To mini-
mize this change in gradient induced by the ion-
tophoresis, we raised the concentration of K+ in the
serosal medium. It is true that by increasing K+ we
are probably changing the cell KT levels [18] and
kinetic properties of the sodium pump [20]. How-
ever, such changes would only affect the baseline
electrical parameters and the absolute change in
those parameters brought about by iontophoresis
but they could not explain the different results ob-
tained with different ions and transport inhibitors.

¢) We also assumed that amiloride can be used
to distinguish between the apical or the basolateral
membranes being the locus for the primary effect of
a given experimental maneuver. It has been previ-
ously shown that the apical membrane is mostly
Nat* selective [15] and that the major effect of ami-
loride is to block the conductance of that membrane
to Na* [14]. Thus, in the presence of amiloride, V,,.
and apical Na* conductance are not expected to be
affected by changes in the composition of the cell,
so that under those conditions changes in mem-
brane potentials and R,/R, brought about by ion-
tophoresis are due to a primary effect on the basola-



teral membrane. The fact that basolateral
membrane conductance also decreases upon addi-
tion of amiloride to the mucosal medium (probably
because of a decrease in basolateral K* con-
ductance) [6, 19] does not invalidate the above as-
sumption.

d) The currents used to inject ions in these ex-
periments were of the order of 107 A. By doing
iontophoresis into 100 nl dropiets we have shown
that at least under those conditions current is car-
ried out of the electrode almost exclusively by the
cation; that 1s, the transport number across the elec-
trode tip is not significantly different from one for
the cation of the electrolyte filling the microelec-
trode when the tip is made positive with respect to
ground'. If the volume of a cell is of the order of 10°
wm? [6], the injected current was enough to increase
cell Na* by about two orders of magnitude and K*
by one order of magnitude. Of course the actual
increase in cell concentration is much smaller, be-
cause the current flows out of the cell to the muco-
sal solution, to the serosal solution and to other
cells and possibly also because water enters the
cell. The net increase in cell content for the ion
being injected will depend mostly on which ions
carry the current out of the cell. For example, if
during K* iontophoresis all the current is carried
out of the cell by K*, no increase in [K™]. will be
expected. In any case, all electrical measurements
returned to baseline levels within 10 sec after the
injections.

CHANGES IN MEMBRANE POTENTIALS

No significant changes in membrane potentials were
found when K* and Na™ iontophoresis were per-
formed with a normal [K*] in the serosal medium.
However, when [K*], was increased both Nat and
K* iontophoresis caused significant hyperpolariza-
tion of V. This suggests strongly that the failure to
see hyperpolarization under control conditions is
due to depolarization of V. induced by increased
K* concentration in the serosal unstirred layer
(brought about by current-induced K* flow out of
the cell through the basolateral membrane). By in-
creasing [K*] in the serosal medium, the change in
K* in the serosal unstirred layer and the attendant
depolarization of V., were minimized, so that the
hyperpolarization due to iontophoresis was un-
masked. However, the possibility also exists that
the increase in serosal K* increased basolateral K*
conductance, resulting in more current being car-
ried out of the cell by K+ during the injection and in
a larger increase of Na™ concentration in the cell
after Na* iontophoresis. That this is not the only
mechanism is shown by the fact that the injection of
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K* also resulted in hyperpolarization of V., when
serosal [K*] was increased.

The fact that increased serosal K™ made the
iontophoresis-induced hyperpolarization of V. ap-
parent suggests that the basolateral membrane was
the site of the primary effect of iontophoresis. How-
ever, the possibility also exists that the first effect
was on V., as explained above. That this is not the
case is shown by the experiments with amiloride.
When the iontophoresis of Na* was repeated in the
presence of mucosal amiloride a hyperpolarization
of V., was still observed, indicating that the basola-
teral membrane was indeed the site of the primary
effect. The fact that K* iontophoresis caused no
significant hyperpolarization of V., in the presence
of amiloride indicates that under those conditions
virtually all of the injected current was carried out
of the cell by K* because the apical membrane con-
ductance was essentially zero and no increase in
cell K* was expected to occur.

If the hyperpolarization of V,, induced by Na*
iontophoresis is due to stimulation of the Na* pump
it should be blocked by ouabain [14, 21]. Table 3
shows that when ouabain was present in the serosal
medium, Na* iontophoresis caused V., to depolar-
ize instead of hyperpolarize. Under those condi-
tions, the hyperpolarizing effect of Na* injection
was prevented by the inhibition of the Na* pump,
and the cell K* depletion brought about by the in-
jection of Na* led to depolarization of V.. How-
ever, the injection of K still had a hyperpolarizing
effect on V., showing that the K*-induced hyper-
polarization of V, is a passive process that does not
depend on the activity of the Na pump, and that the
basolateral membrane is K permeable. Thus, Na*
iontophoresis hyperpolarizes V., by stimulating the
Na™ pump; as explained above, the stimulation of a
neutral pump would be expected only to restore the
K and Na gradients dissipated during the ion-
tophoresis, and no hyperpolarization of V. would
be expected. These results are best explained by
stimulation of rheogenic Na* extrusion upon load-
ing the cells with Na*. They do not tell us if the
pump is rheogenic when cell Na*™ concentration is
normal.

CHANGES IN R,/R,

When Na*® and K* iontophoresis were done with
normal serosal K* concentration, no significant
changes were found in R,/R,. However, upon in-
creasing the concentration of K™ in the serosal me-
dium both Na* and K* iontophoresis brought about
significant increases in the resistance ratio. That
this result was due to an increase of R, and not to a
decrease in R, is shown by the fact that in the pres-
ence of amiloride both Na* and K" iontophoresis
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failed to increase R,/R,, significantly. If the increase
in R,/R, were due to an effect on Ry, it should still
be present with amiloride.

In the presence of ouabain, the change in R,/R),
elicited by Na iontophoresis was smaller than in
control conditions. This finding supports the previ-
ously proposed effect of [Na*]. on apical sodium
conductance (gh*), that is, decreasing [Na'], raises
2N Quabain has been shown to increase [Na ], and
R, 114, 15], so that under those conditions an in-
crease in [Na™],. would be expected to be less effec-
tive in changing g)* and R,,. This also suggests that
the effect of Na™ iontophoresis on R, is at the same
locus as ouabain, namely, g5*. Sodium iontophore-
sis may also lead to an increase in cell calcium via
stimulation of a Na*-Ca** exchange mechanism at
the basolateral border |5]; such a mechanism would
also be expected to increase R,. Further experi-
ments are under way to clarify this point.

In the presence of ouabain, K* caused no sig-
nificant increase of R,/R,. This is probably related
to the fact that ouabain, as noted above, by itself
causes a rise in R,, so that K* injection can have no
further effect.

The experiments with lithium indicate that the
results shown above cannot be explained by non-
specific current-dependent mechanisms. Nonspe-
cific effects of current injection should not depend
on the ion injected, or on the presence of ouabain or
of amiloride. The absence of any significant change
in R,/R, or membrane potentials after Li* ion-
tophoresis indicates that the changes observed with
both Na* and K* must be due to specific effects of
the ions. In addition, these data indicate that Li* is
not a sodium (or potassium) substitute in this tissue.

In summary, we have shown that intracellular
injection of Na hyperpolarizes the basolateral mem-
brane most probably by stimulation of a rheogenic
Na pump, that the cellular iontophoresis of K* also
hyperpolarizes the basolateral membrane, as ex-
pected for a potassium-selective membrane, and
that the intracellular injection of either Na*™ or K*
increases the resistance of the apical membrane,
probably by decreasing the conductance of that
membrane to sodium.
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