J. Membrane Biol. 79, 153-161 (1984)

The Journal of

Membrane Biology
© Springer-Verlag 1984

Regulation of the Basolateral Potassium Conductance of the Necturus Proximal Tubule*

Y. Matsumura* B. Cohen,** W. B. Guggino,*** and G. Giebisch
Department of Physiology, Yale University School of Medicine, New Haven, Connecticut 06510

Summary. Two methods, the measurement of the response of the
basolateral membrane potential (Vy)) of proximal tubule cells of
Necturus to step changes in basolateral K* concentration, and
cellular cable analysis, were used to assess the changes in baso-
lateral potassium conductance (Gy) caused by a variety of ma-
neuvers. The effects of some of these maneuvers on intracellular
K* activity (ak) were also evaluated using double-barreled ion-
selective electrodes. Perfusion with 0 mM K* basolateral solu-
tion for 15 min followed by 45 min of 1 mMm K~ solution resulted
in a fall in basolateral potassium (apparent) transference number
(1), Vi and ak. Results of cable analysis showed that total baso-
lateral resistance, R;, rose. The electrophysiological effects of
additional manipulations, known to inhibit net sodium reabsorp-
tion across the proximal tubular epithelium of Necturus, were
also investigated. Ouabain caused a fall in tx accompanied by
large decreases in ak and V4. Lowering luminal sodium caused a
fall in tx and a small reduction in Vy;. Selective reduction of
peritubular sodium, a maneuver that has been shown to block
sodium transport from lumen to peritubular fluid, also resulted in
a significant decrease in tx. These results suggest that G varies
directly with rate of transport of the sodium pump, irrespective
of the mechanism of change in pump turnover.

Key Words potassium conductance - basolateral membrane
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Introduction

A ouabain-sensitive sodium-potassium ATPase
(pump) and a potassium conductance (leak) are in-
tegral parts of the basolateral membrane of a variety
of epithelial transporters (Ussing & Leaf, 1978). Re-
cent work in epithelia has shown that changes in
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sodium transport often do not result in changes in
intracellular K* activity despite the expected in-
crease in inward flux of K* through the pump
(White, 1976). Further work has suggested that this
is due to parallel changes in pump rate and potas-
sium conductance Gg (Davis & Finn, 1982q; Gras-
set, Gunter-Smith & Schultz, 1983). Schultz (1981)
has reviewed this recently and discussed some of
the possible mechanisms that could account for the
relationship between pump rate and potassium con-
ductance. In light of what is known about the pres-
ence of calcium-sensitive K* pathways in several
tissues (Schwarz & Passow, 1983), a change in in-
tracellular calcium is a prime candidate. Alterna-
tively, ATP or other metabolic factors, thought to
regulate the calcium sensitivity of some of these
pathways, could be involved (Lew & Ferreira,
1976; Romero, 1978; Fink, Hase, Liittgau & Wet-
twer, 1983). Another type of explanation involves
an inherent coupling of the pumps and leaks, either
through simultaneous addition or removal of both
units, or through a structural link between the two
(Blum & Hoffman, 1971).

We have studied the changes in G in the baso-
lateral membrane of the Necturus proximal tubule
during several maneuvers known to alter the rate of
active transport. These manipulations often had op-
posite effects on certain cell parameters (pH, Ca**,
aka, ak) yet similar effects on Gk . This suggests that
the changes in Gk were brought about by a change
in pump turnover per se or, alternatively, that sev-
eral factors are important in regulating the relation-
ship between pump rate and potassium conduc-
tance.

Materials and Methods

KIDNEY PREPARATION AND SOLUTIONS

Kidney preparation was similar to that reported in a companion
paper (Matsumura, Cohen, Guggino & Giebisch, 1984). Peritu-
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bular flow-rate was 2.6 ml/min in transference number experi-
ments and 1.0 ml/min in the cable experiments. Peritubular solu-
tion changes were made by changing portal-perfusion solution
only and luminal changes by aortic perfusion change only.

SOLUTIONS

The composition of the control Ringer was 100.5 mM Nat, 2.5
mM K*, 1.8 mm Ca**, 1.0 mm Mg*", 98.1 mmMm Cl-, 10.0 mm
HCOj5, 0.5 mm H,POy, 15 g/liter polyvinylpyrrolidone (PVP),
0.4 g/liter glucose and 2000 units/liter heparin. pH was main-
tained at 7.6 by bubbling with a 99% 0,/1% CO, mixture. The
zero-K and 1.0-K solutions were made by deleting the appropri-
ate amount of KCl and adding 2.5 and 1.5 mM mannitol, respec-
tively, as partial osmotic compensation. The 10-K solution was
made using an equimolar substitution of KClI for NaCl. In the 0.5
mM Na solution, 90 mm BIDAC (Bis(2-hydroxyethyl) dimethyl-
ammonium chloride) and 10 mM tetramethylammonium hydrox-
ide (TMAOH) substituted for equimolar amounts of NaCl and
NaHCQO:;. In the 10.5 mM Na solutions the TMAOH was not used
and in the 10 K-10.5 Na solution, equimolar substitution of KCI
for BIDAC was made.

Changes in peritubular perfusion solution were made by
way of a four-way stopcock placed near the site of caudal vein
cannulation. All experiments were performed at room tempera-
ture (19-22°C). Ouabain (Sigma Chemical Co., St. Louis, MO)
was added to the peritubular solution in some experiments.

ELECTRICAL POTENTIAL MEASUREMENTS AND
CALCULATION OF TRANSFERENCE NUMBER

The measurement of membrane potentials and the calculation
and interpretation of apparent transference numbers for potas-
sium (rg) have been described in detail in the previous paper
(Matsumura et al., 1984). Double-barreled electrodes (see below)
and electrodes used in cable analysis were beveled as described
previously (Guggino, London, Boulpaep & Giebisch, 1983).

The problem of attenuation in electrical response due to
current loops has been discussed elsewhere (Matsumura et al.,
1984). It is unlikely that a change in this attenuation factor pro-
duced the alterations in the apparent transference numbers re-
ported here. In these experiments decreases in 7 were found at a
time when the only other expected significant resistance change
would have been an increase in R, (apical membrane resistance).
This alone would have caused an increase in apparent potassium
transference number and therefore could not account for the
results.

MEASUREMENT OF
INTRACELLULAR POTASSIUM ACTIVITY

Intracellular potassium activity (ak) was measured with double-
barreled potassium selective microelectrodes either according to
the methods of Fujimoto and Kubota (1976) or by using a differ-
ent silanizing agent as described below. Double-barreled micro-
electrodes were pulled using the glass described above. The ref-
erence barrel was filled with acetone initially. The tip was then
dipped for 30 sec in a 1.5% solution (vol/vol) of silanizing agent
A137 (Pharmacia Fine Chemicals, Piscataway, NJ) in 1-chloro-
naphthalene. The electrode was then heated for 1 hr on a heating
plate set at 300°C. Corning 477317 exchanger was introduced into
the tip by backfilling with a syringe with polyethylene tubing
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(pulled to a fine tip) attached. The K*-sensitive electrode was
then backfilled with 1.0 M KCI and the reference barrel with 1.0
M NaCl. The ion-sensitive barrel and the reference barrel were
connected to the A and B inputs, respectively, of a high input
impedance dual-differential electrometer (F223A, W-P Instru-
ment, New Haven, CT). The A, B and A-B signals were recorded
on the Gould 220 recorders.

The mean slope of the potassium electrodes used in this
study was 58 = 2 mV/tenfold change in potassium activity. Se-
lectivity constant for sodium compared with potassium (Kina)
was calculated from the equation E = E, + S log(ax + Kxnatna)
where E is the voltage of the ion-sensitive electrode in a solution
of K activity ax and sodium activity ay,. S is the slope of the
electrode as determined from calibration in solutions of varying
activities of pure KCl, and E, is a constant for a given electrode.
Solutions of 5, 10, 50 and 100 mm pure KCl or pure NaCl were
used, and the mean Ky, for the first eight electrodes used in this
study was 0.036 = 0.007. Thus interference by sodium on the
measurement of ak can be ignored as previous studies from this
laboratory have demonstrated that normal al, is less than 10 mm
(Cemerikic & Giebisch, 1980) and rises to 30 mM with 1 hr of
ouabain perfusion. Even in the latter case the interference would
be equivalent to less than 1.5 mm potassium. The problem is
more significant in the external solution, so the intracellular ac-
tivity was calculated from the equation:

di = 76 (100K~ vk ™))

where Vi is the A-B value recorded inside the cell and vE"™ is
the value recorded by the ion-sensitive barrel in vitro ina 0.1 M
KClI solution (with K* activity of 76 mm). S is the slope of the
electrode as discussed above.

CABLE ANALYSIS

In order to estimate the basolateral membrane resistance (R,)
under free flow conditions, two measurements were needed.
These are «, the ratio of apical membrane resistance to basola-
teral membrane resistance (R,/R;), and R,, the apical and basola-
teral membrane resistances in parallel (R, R,)/(R, + R,). The the-
oretical and technical aspects of these measurements as well as
their validity in this preparation have been explored in detail in
recent work from this laboratory (Guggino, Windhager, Boul-
paep & Giebisch, 1982).

To measure «, a current-passing electrode was introduced
into the tubular lJumen and 0.5-sec pulses of either 1 X 1077 or 5 X
10-7 A were delivered. A second electrode at another site along
the tubule was introduced first into the cell to measure the
change in Vi caused by the current pulses (AVy) and then ad-
vanced into the lumen at the same site to measure the transepi-
thelial voltage deflections caused by the current (AVyg) (see Fig.
la). « was then calculated as AA_% —1. The validity of the use of
« as an estimate for R,/R, in this preparation is discussed by '
Guggino et al. (1982). In most cases, two or three measurements
of @ were made in each tubule (minimum of one, maximum of
four) at different distances from the current electrode. No sys-
tematic variation of o« with distance was noted and variability
was small so the measurements on a given tubule were averaged
to provide a mean value for that tubule. This mean was then used

a+1

to calculate the mean « and the mean (for estimating R;;

see below) for the set of tubules under each condition.
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R, was measured from the decay pattern of the voltage
response in the cell cable to current passed by an electrode
within a cell. Depolarizing current pulses of either 2.5 x 10-% or
1 x 1077 A were injected through the intracellular current-pass-
ing electrode. The voltage deflections at two points along the
tubule were measured by sequential impalements with a second
electrode (Fig. 1b). The distance between current-passing and
voltage-sensing electrodes was always greater than one tubule
diameter and less than 700 wm. This distance was measured
carefully with an ocular micrometer.

The voltage decay in this situation can be approximated by
AV = AVYe ™ where AV{ is the voltage change recorded at
distance x from the current electrode and AVj, the calculated
voltage deflection at the current source obtained by determining
the intercept of a logarithmic plot of the AV}, vs. distance ob-
tained from the data points in a given tubule. A, the length con-
stant of the cellular cable, is determined from the inverse slope of
this plot. Riy is then calculated from AV{/I (where I is the
current used) and this is used to calculate the specific resistance
of the cell cable, p,, as:

_ 477’[10(1 Rinput
Pc = )\C

where a, is the tubular radius and d, the thickness of the cell
layer. R, free-flow is then given by:

_ PN

R =5

As

R, can be estimated as
R, = R (a + 1)
b z) o .

The a and R, determinations were made in different sets of tu-
bules to avoid impalement damage. Therefore the mean R, was

. . . . —fa+1
estimated in each experimental situation as (RZ)(T) where

— + 1
R, is the mean of R, for all tubules in that group and(a p )

a+ 1

the mean of the value of calculated for each tubule indi-

vidually.

We have previously explored in detail the validity of cable
analysis for measuring individual barrier resistance in this prepa-
ration (Guggino et al., 1982). One problem not discussed there is
a statistical one arising from the technical problems that prevent
doing all of the measurements in one tubule. In this study we
needed only to measure the apical-to-basolateral resistance ratio
(o) and resistance of the apical and basolateral membranes in
parallel (R,) to derive a measure of R,. We felt though that mea-
suring R, in the same tubules as & would possibly lead to artifacts
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b

Fig. 1. Schematic of experimental set-up for cable analysis,
showing (a) measurement of o and () measurement of R,. See
text for details

resulting from the multiple impalements required. We thus
avoided a technical problem but added some statistical uncer-
a+ 1

tainty. In a given tubule, R, = (R) ( ) Because the two

[£3
measurements are done in separate tubules we can only use the

— +1 — .
product (R,) (aT) to estimate R,. This is only correct if R, and

at 1

are uncorrelated variables and therefore have a covariance

equal to zero. (In general for variables X and Y, (X)(¥)
+cov(X,Y) = X7). In some tight epithelia, most resistance varia-
tion occurs in the apical membrane and hence « and R, tend to be

+1
positively correlated (and therefore x

and R, negatively cor-

related). There is no evidence that a similar relation holds in the
proximal tubule. We also have no reason to think that any such
correlation changes significantly from the control to the experi-
mental situation (low K* perfusion). We thus assume that (R,)
(a +1

) gives us a reasonable estimate for R,, or at least that the

calculated change from control to low K* perfusion cells is a
reasonable approximation. The lack of data on the covariance
prevents us from doing tests of significance on the change in R,
(Eisenberg & Gage, 1969).

STATISTICS

Results are expressed as mean + seM. Significance was tested by
paired or unpaired ¢ test as noted below.

Results

Low K* PERFUSION

In this set of experiments a kidney was initially per-
fused with control solutions and, at the start of the
experimental period, the peritubular solution was
switched to the zero-K solution for 15 min. Follow-
ing exposure to the zero-K solution, a maintenance
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Fig. 2. Recording of the response of Vy, to a step increase in
peritubular potassium concentration from 2.5 to 10 mM under
control conditions. Some of the delay in the response from the
time of the solution change is due to the transit time of the
solution from stopcock to the animal. Impalement occurs at left

infusion containing 1.0 mmM K was used for the re-
mainder of the experimental period. Reduction in
peritubular potassium has previously been found to
reduce net fluid reabsorption in this preparation
(Giebisch, Sullivan & Whittembury, 1973). The rise
in intracellular sodium activity seen under these
conditions (Cemerikic & Giebisch, 1980) also sug-
gests that sodium-potassium pump rate has been
reduced by this maneuver. All data were obtained
after 30-45 min perfusion with the 1.0 mm K solu-
tion, a time when a new steady state had been
reached. Control V,, tx and ax were determined in
a separate group of animals. Typical recordings
showing the determination of tx and ak under con-
trol conditions are shown in Fig. 2 and Fig. 3, re-
spectively. Separate groups of control and experi-
mental animals were also used for the cable
analysis. _

Table 1 shows Vy,, ax and fk values in the con-
trol and low K cells. Control tx was 0.38 = 0.03
using K steps from 2.5 to 10 mm and the experimen-
tal tx was 0.09 + 0.01 using steps from 1.0 to 10 mm
(P < 0.001). In addition, using steps from 1.0 to 2.5
in both groups, the tx was found to fall from 0.36 =
0.06 (n = 7) in control to 0.17 = 0.02 (n = 8) in the
low K perfusion cells (P < 0.01). While there is no
difference between the two control fx’s measured
with different step changes, the two t¢’s in low K*
perfusion cells were significantly different (P <
0.001). This could be due to greater stimulation of
the sodium-potassium pump by the larger step in-
crease in potassium. Since the electrogenicity of the
pump is particularly demonstrable after low K* per-
fusion (Biagi, Sohtell & Giebisch, 1981; Sackin &
Boulpaep, 1981), the hyperpolarizing effect of pump
stimulation may have reduced the depolarization
caused by the effect of the K* increase on the con-
ductive pathway. This would lead to an underesti-
mate of the potassium transference number with the
larger underestimate occurring when pump stimula-
tion was greatest. That this effect is not responsible
for all of the measured fall in #x is shown by two
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Fig. 3. Typical recording of intracellular potassium activity us-
ing a double-barreled microelectrode under control conditions.
The top panel gives V; as measured by the reference barrel and
the bottom panel the response of the ion-sensitive barrel. The
middle panel gives the difference between the two. This signal is
compared to the results of in vitro calibration to calculate the
intracellular potassium activity which was 63 mM at the arrow.
Potassium does not appear to be above equilibrium (bottom
panel) because of interference by sodium when the electrode is
still on the kidney surface

findings. First, the mean driving force for K exit
increased from 31 = 2 mV (x = 17) in controls to 66
+= 3 mV (n = 12) in the experimental group (P <
0.001). Since apical potassium permeability is
known to be low (Kimura & Spring, 1980), in the
absence of a large change in pump coupling ratio
(sodium to potassium), this implies that potassium
conductance decreased as the decreased influx of
potassium through the pump must be balanced by
decreased exit through the teak. This is also borne
out by the results of cable analysis, shown in Table
2. R, increased significantly in the experimental
group despite a lack of significant change in «, giv-
ing an increase in the estimated R,. Thus, though a
fall in intracellular potassium activity was found,
this fall was minimized by a decrease in the leak
pathway for potassium.

Pump INHIBITION BY OUABAIN

Ouabain was applied in the peritubular solution at a
concentration of 107* M, and measurements were
made approximately 1 hr later. Control values were
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Table 1. Effects of inhibition of transport on potassium
transference number

Vb1 (mV) ai (mm) I
Control 59 +2(017 67 =2 (17)  0.38 = 0.03 (15)
Low K7 perfusion 39 +2(12) 49 +3(12)  0.09 = 0.01 21)
P <0.001 P < 0.001 P < 0.001
Control 54 = 1(8) 77+ 5@8) 0.32 £ 0.03 (12)
10~* M ouabain 14 £ 2(8) 26 = 3 (8) 0.19 = 0.02 (9)
P < 0.001 P < 0.001 P < 0.01
Control 61 £ 1(8) — 0.23 £ 0.03 (8)
Low luminal Na* 53 £ 3(6) — 0.11 =+ 0.03 (6)
P < 0.05 P <0.02
Control 68 +1(28) — 0.38 = 0.02 (28)
Low basolateral Na* 47 = 1 (8) — 0.20 = 0.02 (8)
P <0.01 P < 0.001

Number of observations is given in parenthesis.

obtained in these same animals before the ouabain
perfusion. This concentration of the drug has been
shown to inhibit sodium reabsorption profoundly in
this preparation (Giebisch et al., 1973) and increase
cell sodium activity (Cemerikic & Giebisch, 1980).
Thus the situation is similar to that in the low K*
perfusion experiments except that the pump inhibi-
tion is presumably more complete in this group. As
shown in Table 1, large decreases in Vy; and ax were
found and #k fell from 0.32 = 0.03 in control, to 0.19
+ 0.02 in the ouabain-treated tubules (P < 0.01).
t¢’s in this and all subsequent groups were mea-
sured using step changes of potassium from 2.5 to
10. A typical recording is shown in Fig. 4.

Low LuMINAL Nat

In this set of experiments control Vy; and #x were
determined and then the aortic solution was
changed to the 0.5-Na solution. After 30 min V}, and
t, were again measured. Vy appeared to have
achieved a new steady-state value by this time.
Results are shown in Table 1. Potassium apparent
transference number fell from 0.23 + 0.03 in control
t0 0.11 = 0.03 in the low sodium group (P < 0.02).
These experiments were done in the month of Janu-
ary and, given the known seasonal variation in
these animals (Spring & Giebisch, 1977), this may
explain the lower control ¢ in this group compared
to the other groups presented here.

This degree of lowering of luminal sodium will
certainly reduce sodium-potassium pump rate. So-
dium transport has been shown to vary inversely
with ambient sodium concentration in this prepara-
tion (Spring & Giebisch, 1977). It has also been
shown that little or no change in intracellular potas-
sium activity occurs in these circumstances (Spring
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Table 2. Effects of low K perfusion on basolateral resistance

Control Low K Perfusion
R, /Ry, 29 £0.6(7) 2.1 x037»
R, (Q - cm? 1181 =+ 88 (20) 1766 = 189 (14)®
p. (Q - cm) 6411 + 776 (20) 6879 = 2956 (14)°
Ry (- cm?) 1583 2611
Number of observations is given in parenthesis.
2 NS.
°p < 0.01.

& Giebisch, 1977; Kubota, Biagi & Giebisch,
1983a).

Low BASOLATERAL Na*

In these experiments Vi, and tx were measured
within 15 min of switching the basolateral solution
from control to the 10.5 solution. Control values
were obtained from a different group of animals in
concurrent experiments. As shown in Table 1, Vy,
depolarized as reported previously (Guggino et al.,
1983) and #x fell significantly from 0.38 + 0.02 to
0.20 = 0.02 (P < 0.001).

This maneuver has been shown to reduce net
sodium reabsorption and intracellular sodium activ-
ity in the Necturus proximal tubule (Windhager,
Taylor, Maack, Lee & Lorenzen, 1982). This is
thought to occur because lowering basolateral so-
dium reduces the sodium gradient across that mem-
brane that is used to energize calcium extrusion by
way of a sodium-calcium exchange pathway. The
resultant increase in intracellular calcium activity
then inhibits apical sodium entry (Windhager et al.,
1982). As intracellular sodium falls, presumably in-
tracellular potassium remains at least at control
levels.

Discussion

The data reported here show that a fall in the baso-
lateral apparent potassium transference number oc-
curs when sodium transport is inhibited by low K*
in the peritubular solution, ouabain, low luminal so-
dium, and low peritubular sodium. As discussed
above, we interpret this change in transference
number as indicative of a fall in the contribution of
the potassium conductive pathways to the electrical
properties of the membrane relative to the other
conductive pathways. The problem of the presence
of an electrogenic pump causing underestimates of
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Fig. 4. Recording of the response of Vy, to a step increase in
potassium in the presence of ouabain (compare Fig. 1)

potassium transference numbers has been discussed
with reference to the low K* perfusion experi-
ments. This is unlikely to play a role in the other
groups as significant pump stimulation from the in-
crease in peritubular K* during measurement of
transference numbers was not likely to occur in the
presence of ouabain or reduced sodium entry.
Thus, in the only group in which this was a prob-
lem, cable analysis confirmed the change in mem-
brane resistance.

A second problem arises from the fact that
changes in fg only give a measure of K* conduc-
tance relative to other pathways. Thus a fall in #x
could occur because of a fall in Gk or an increase in
another conductive pathway. However, evidence
that a fall in Gk did occur in these experiments is
obtained by analysis of the driving force for potas-
sium across the basolateral membrane. This has al-
ready been discussed in the case of the low K*
group. In the low luminal and low peritubular so-
dium groups, intracellular potassium is likely to be
near control levels, yet Vy, is diminished. Thus, the
electrochemical gradient for potassium has, if any-
thing, increased at a time when pump rate has de-
creased. Unless the number of potassium ions ex-
changed per sodium ion by the sodium-potassium
pump has greatly increased, a fall in Gg must have
occurred. Thus, though we know little of the regula-
tion of the nonpotassium conductive pathways in
this membrane, we consider it virtually certain that
the changes in tx reported here do reflect changes in
the potassium pathway itself.

THE RELATIONSHIP BETWEEN Gg
AND TRANSPORT

We have found a reduction of 7¢ in the following
conditions:

Lowered Peritubular Potassium

Because continuous perfusion with zero peritubular
K* results in a progressive fall in ay to very low
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levels, we followed 15 min of 0-K* perfusion with 45
min of 1-K* perfusion so that a steady state at
higher ax would be achieved. Since the electrodiffu-
sion model of Goldman predicts that conductances
are voltage and concentration dependent, we have
to ask if the lowered intra- and extracellular potas-
sium activities or the change in V4 could have been
responsible for the change in K* conductance. For
a given ion with outside concentration ¢°, inside
concentration ¢ and transmembrane voltage V,
Goldman theory predicts that the ionic current, 7,
will be given by:

PZZFQV CO _ CiezFV/RT
12[ RT ][ 1—ezFV/RT}

where P is the permeability and z, F, R and T have
their usual meanings (Schultz, 1980). Taking the
partial derivative of I with respect to V (holding c°
and ¢’ constant) gives us the slope conductance (G)
for this ionic pathway at any potential for the given
concentrations. We find:

G- [PzZFZ][co — (1 + (zFV/IRD))cle?V'RT
| RT 1 — ¢¥VRT
(ZFv/RT)(ezFV/RT)(Co _ CiezFV/RI)
1 - ezFV/RI)Z ]

Letting K* permeability under control condi-
tions equal P., we can now calculate, using the val-
ues in Table 1, the Gk predicted by Goldman the-
ory. This equals 47 P, ﬂl;—g—lyﬁ. If we assume P,
stays constant, Gg in the low K™ situation becomes
51 P¢. Thus, despite the fall in K* concentration,
Goldman theory predicts an increase in Gk in the
low K* group, unless potassium permeability falls.
This is because the effects of moving farther from
equilibrium in this outwardly rectifying model out-
weighed the effects of decreases in potassium con-
centration. We therefore conclude that the decrease
in K* conductance cannot be attributed to the alter-
ations in K* concentration alone if the pathway
conforms to electrodiffusion theory, unless these
alterations actually caused a change in K* permea-
bility.

We thus have a decrease in Gk associated with
decreased sodium pumping, reduced V, and ak and
ak. Presumably ac, is increased, as Nat/Ca** ex-
change is likely to be reduced in this situation. This
has been demonstrated in the case of pump inhibi-
tion by ouabain in this preparation (Lorenzen, Lee
& Windhager, 1982). Preliminary evidence suggests
that pH falls slightly in these cells, as might be ex-
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pected from the increase in ak, (Y. Matsumura, B.
Cohen, and G. Giebisch, unpublished observa-
tions).

Ouabain Perfusion

Ouabain caused a slow progressive fall in g, Vi, and
ak that tended to parallel each other in time course.
In many respects this situation resembles the low
K* perfusion cells except the pump inhibition is
presumably more complete here. Others have re-
ported similar changes in R, from ouabain (Helman,
Nagel & Fisher, 1979). In particular, the effect in
frog skin is thought to be a very rapid effect fol-
lowed by a slower fall that paralleled K* loss from
the cell. Whether the rapid effect was due to a direct
pump effect or a secondary effect on the potassium
conductance was not clear. A large fall in ax oc-
curred in our studies, but, as noted above, when the
pump is similarly inhibited by low K perfusion the
change in Gy is in excess of what would be pre-
dicted by electrodiffusion theory from intracellular
K* loss alone. Also as noted above, intracellular
calcium and sodium activities are increased in this
situation.

Low Luminal Sodium

Reducing luminal sodium to the degree we have
done will certainly cause a decrease in transport.
Thus decreasing transport by reducing sodium en-
try has an effect on 7y similar to reducing pump rate
by ouabain or low K*. This is intriguing as in the
former case an, will fall while in the latter it will
increase (Cemerikic & Giebisch, 1980), and ai does
not change when sodium is lowered (Kubota et al.,
1983a). Thus, we might expect ag, to fall in this
group due to the effects of the increased sodium
gradient across the basolateral membrane on so-
dium-calcium exchange. In studies in Ambystoma
proximal tubule, lowering luminal sodium did not
produce a significant fall in intracellular pH (Boron
& Boulpaep, 1983).

This type of fall in Gx with block of sodium
entry has been demonstrated in toad bladder (Davis
& Finn, 1982a,b). The fall in conductance in that
preparation is rapid and lags behind the fall in pump
current only slightly.

Lowering Peritubular Sodium

This maneuver depolarizes V,, and reduces 7. Intra-
cellular calcium has been shown to increase while
intracellular sodium and sodium transport decrease
under these conditions (Windhager et al., 1982).
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Thus the fall in transport appears to occur because
of decreased apical sodium entry, presumably due
to the elevated calcium. The mechanism of trans-
port inhibition is therefore similar to that in the low
luminal sodium experiments, but the changes in in-
tracellular calcium activity are likely to be different
in the two groups (see above). In a related prepara-
tion, intracellular pH falls when basolateral sodium
is lowered (Boron & Boulpaep, 1983), in contrast to
the results of lowering luminal sodium in that prepa-
ration.

THE MECHANISM OF REGULATION OF Gg

Though there is a fall in ak in low K* perfusion cells
and ouabain-treated cells, it is clear that changes in
Gk will help minimize swings in ax with changes in
transport rate in this preparation as it does in others
(Schultz, 1981). The mechanism of this coupling be-
tween pump rate and conductance is not yet clear.
It is of particular interest that decreases in Gx were
noted in each experimental group despite varying
changes (documented or presumed) in ay,, dk, dca
and a;H in these groups. It is difficult therefore to
implicate any one of these changes as the mediator
of the coupling in all of the situations. A fall in V, did
occur in all groups. Certainly, calcium is an excel-
lent possibility as the mediator of the observed
changes in potassium conductance during direct al-
terations in apical sodium entry. An increase in so-
dium entry might increase intracellular sodium,
thereby decreasing the basolateral sodium gradient
and the basolateral sodium-calcium exchange pro-
cess energized by this gradient. The resultant in-
crease in intracellular calcium activity would in-
crease the potassium conductance. A fall in sodium
entry would lead to the opposite sequence of
events,

The experiments reported here suggest that fac-
tors other than calcium must also be operative. A
fall in potassium conductance was found when
transport was siowed by direct pump inhibition (low
K™, ouabain) or by indirect suppression of sodium
entry by reduced peritubular sodium. Increases in
intracellular calcium were expected in all of these
situations. It is therefore likely that factors other
than calcium are important in K* conductance regu-
lation and that these factors can override whatever
effects calcium may have. In particular, decreases
in intracellular pH must be considered in this group
of experiments as effects of pH changes on this K*
pathway have been demonstrated previously
(Steels & Boulpaep, 1976; Kubota, Biagi &
Giebisch, 19835). Alternatively, some metabolic
consequence of pump inhibition, such as altered
ATP/ADP ratio, could alter the calcium sensitivity
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of the leak pathway. This type of metabolic control
has been suspected in red cells (Romero, 1978), and
changes in ATP/ADP ratio with changes in pump
rate have been demonstrated in proximal tubules
(Balaban, Mandel, Soltoff & Storey, 1980). It could
provide a unified explanation for the responses seen
in all of the experimental groups. We also cannot
rule out other forms of pump-leak coupling such as
a direct structural link or simultaneous addition or
removal of both units.

We have demonstrated that the basolateral po-
tassium conductance of the Necturus proximal tu-
bule is directly related to transport rate when a vari-
ety of maneuvers are used to reduce that rate. As
these maneuvers had varying effects on intracellu-
lar parameters, the data suggest that the signal in-
volved is a change in some parameter related to
pump turnover per se or, alternatively, that there is
multifactorial regulation of this pathway.

Addendum

Recently it has been shown that ouabain causes an increase in
intracellular calcium activity in frog proximal tubules (W. Wang,
G. Messner, H. Oberleithner & F. Lang, Pfluegers Arch. (sub-
mitted)). This group also demonstrated an increase in basolateral
membrane resistance and a fall in potassium transference num-
ber after ouabain application (G. Messner, H. Paulmichl, H.
Oberleithner & F. Lang, Pfluegers Arch. (submitted).
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