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Summary. Cell Na activity, ak., was measured in the short-cir-
cuited frog skin by simultaneous cell punctures from the apical
surface with open-tip and Na-selective microelectrodes. Skins
were bathed on the serosal surface with NaCl Ringer and, to
reduce paracellular conductance, with NaNOj; Ringer on the api-
cal surface. Under control conditions af, averaged 8 = 2 mM (n
=9, sD). Apical addition of amiloride (20 uM) or Na replacement
reduced afy, to 3 mM in 6~15 min. Sequential decreases in apical
[Na} induced parallel reductions in af, and cell current, I.. On
restoring Na after several minutes of exposure to apical Na-free
solution I. rose rapidly (=30 sec) to a stable value while ag,
increased exponentially, with a time constant of 1.8 = 0.7 min (n
= 8). Analysis of the time course of ay, indicates that the pump
Na flux is linearly related to af, in the range 2-12 mM. These
results indicate that a5, plays an important role in relating apical
Na entry to basolateral active Na flux.

Key Words frog skin - cell Na activity - membrane potential -
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Introduction

Despite the central role of the basolateral Na pump
in epithelial Na absorption, very little is known of
the factors regulating its operation. It is generally
assumed that the intracellular Na activity, ag,, de-
termines the rate of operation of the pump (Larsen,
Fuchs & Lindemann, 1979; Nielsen, 19824). How-
ever, some doubts about the generality of this rela-
tionship have recently been raised (Thomas, Su-
zuki, Thompson & Schultz, 1983). A successful
direct technique in the investigation of the response
of the Na pump to changes in af, has been to raise
ax. either by ionophoretic injection (Thomas, 1969)
or by reversible pump inhibition (Thomas, 1972;
Eisner, Lederer & Vaughan-Jones, 1984) and then
simultaneously to follow the recovery of af, and
pump current toward the steady state. Although
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these approaches are difficult to use in epithelia, it
is possible to abolish Na entry and follow the rate of
decrease in afy,. In this way one can infer the rela-
tion between pump rate and a%, (Thomas, 1972;
Girdldez, 1984). An alternative approach, which we
also use in this study of the short-circuited frog
skin, is to suddenly restore Na after several minutes
of exposure to an apical Na-free solution. Under
these conditions, cell current (apical Na entry) rose
rapidly, reaching a stable value in =30 sec, while
a%, increased exponentially with a time constant of
~1.8 min. Analysis of the time course of af, indi-
cates that the basolateral Na flux is linearly related
to af., at least in the range 2-12 mM. A preliminary
account of some of our results has been presented
in abstract form (Garcia-Diaz, Baxendale & Essig,
1985a).

Materials and Methods

Experiments were performed on abdominal skins of Rana pi-
piens (Northern variety) obtained from either Connecticut Val-
ley Biological Supply Co. {Southampton, MA) or Kons (German-
town, WI). The experimental procedures and electronics were as
described previously (Garcia-Diaz, Baxendale, Klemperer & Es-
sig, 1985h). In the experiments reported here the transepithelial
voltage was clamped to zero. The inner side of the skin was
perfused with NaCl Ringer solution of composition (in mm):
NaCl 110, CaCl, 1, KOH 2.5 buffered to pH 7.8 with HEPES (3—
4 mMm). The outer solution was NaNO; Ringer, where all NaCl
was replaced by NaNO;. As shown previously (Nagel, Garcia-
Diaz & Essig, 1983; Garcia-Diaz et al., 1985b), this reduces para-
cellular conductance and its response to inhibition of Na trans-
port. Solutions with variable Na content were obtained by
substituting tetramethylammonium (TMA) or N-methyl-p gluc-
amine (NMDG) for Na. Amiloride (kindly supplied by Merck,
Sharp, and Dohme, West Point, PA) was added to the apical
solution to a final concentration of 20 uM.

Single-barreled Na-selective microelectrodes were fabri-
cated according to the method described previously for K-selec-
tive microelectrodes (Garcia-Diaz et al., 19855). The Na-selec-
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, Fig. 1. Calibration of Na-selective
# microelectrodes. (A) Calibration in Ringer
(R) and in solutions with [Na] + [K] = 125
mM and pCa = 7.0. [Na] values in mm are
o shown above traces. The amplifier output is
shorted during changes in solution. (B) Plot
of Na-microelectrode voltage vs. Na activity
for the calibration shown in A. The value in
Ringer (110 mM Na, 1 mM Ca) is taken as
zero. The dotted line is the Nernstian
response (59 mV/decade). (C) Calibration of
Na microelectrode in solutions with varying
pCa (at constant [Na] = 10 mM and [K] ~

115 mmMm)
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tive cocktail contained 10-12% neutral ligand ETH 227
(Sodium-Tonophore I, Fluka Chemical Corp., Hauppauge, NY)
and 0.7-1.0% sodium tetraphenylborate in 3-nitro-o-xylene. We
also made electrodes with a cocktail containing o-nitropheny!
octyl ether as a solvent but their response was considerably
slower than that of electrodes made with 3-nitro-o-xylene. The
backfilling solution employed was 0.2 M NaCl. The Na-selective
electrodes were calibrated immediately after the experiment, and
in some cases, also before impalement. Figure 14 and B shows a
typical calibration in solutions of variable [Na]. In these solu-
tions pCa (free Ca concentration) was kept constant at 7.0
(EGTA 10 mMm, CaCl, 5 mm, pH = 7.29) and Na was substituted
for K ([Na] + [K] = 125 mM) so as to keep the ionic strength and
activity coefficient (0.77) near constant. In the range of [Na] from
2 to 10 mM the K activity was 95-88 mM, close to the intracellular
K activity measured in this preparation (Garcia-Diaz et al.,
1985b). The pCa was kept at 7.0 to mimic the likely intracellular
pCa. Some Na microelectrodes were also calibrated in solutions
with varying pCa (at constant [Na] = 10 mm and [K] = 115 mm)
made according to the method described by Tsien and Rink
(1981).! As shown in Fig. 1C, the Na microelectrode shows a

! These solutions were checked with a Ca-selective PVC-
membrane electrode containing the neutral ligand ETH 1001
(Calcium-Ionophore, Fluka Chemical Corp., Hauppauge, NY)
fabricated according to the method of Affolter and Sigel (1979).
The PVC Ca-electrode responded linearly (slope ~30 mV/de-
cade) up to pCa 7.5, and changed by 14 mV between pCa 8 and
infinity.

strong dependence on pCa for pCa =< 5. This Ca effect has been
observed previously (Bers & Ellis, 1982; Girdldez, 1984) as a
discrepancy between readings in Ringer solutions (containing 1-
2 mM Ca) and in calibrating solutions with a similar activity of Na
but without any added Ca. However, for pCa = 6, the Na micro-
electrode hardly responds to pCa. Thus, if intracellular pCa does
not decrease much below 6 under our experimental conditions,
the measurement of cell Na activity, ak,, will be unaffected.
All measurements of ay, were made by simultaneous re-
cording from two different cells of apical membrane potential,
V., and Na microelectrode potential, Vy,, following the ap-
proach introduced by Del.ong and Civan (1983) and employed
previously by us to measure intracellular K activities (Garcfa-
Diaz et al., 1985b). ay, was calculated by direct interpolation of
the value Vy, — V, from the calibration curve (with pCasetto7).
V, and Vy, (before impalement and in calibration) are set to zero
in Ringer solution. In this way the effect of Ca (I mM in Ringer)
on the Na microelectrode is automatically corrected. Criteria for
acceptance of impalements and of simultaneous recordings from
two single barreled microelectrodes were as described previ-
ously (Garcia-Diaz et al., 19855) and as discussed below. Values ,
given are mean = SD.

Results

The use of the two single-barreled microelectrodes
placed in different cells allowed us to measure
changes in af, during alteration of the composition
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Fig. 2. Changes in cell Na activity and membrane potential after
removal and restoration of apical Na (N-methyl D-glucamine
substitution) and apical addition of amiloride (20 uM). The scale
at the right side of the Vy, — V, trace shows the Na activity
values derived from the calibration of the microelectrode (the
same as shown in Fig. 1)

of the apical solution, although it also introduced a
complication. Immediately after the change in solu-
tions there were transients in the Vy, — V, trace
(see Fig. 2). These transients were not due entirely
to the response time of the Na microelectrodes (<1
sec) since they were also observed when both mi-
croelectrodes were conventional open-tip elec-
trodes recording V, in two different cells (see Fig. 3
in Garcia-Diaz et al., 1985b). Although the nature of
the transients is unclear, we have attributed them to
the presence of a time lag and different rate of
change in membrane potential of two relatively dis-
tant cells after a change in solution. We based this
explanation on the following observations: (i) the
direction of the transients was reversed when the
position of the microelectrodes was reversed; (ii)
the magnitude of the transients was smaller when
the microelectrodes were positioned closer to each
other; (iii) the duration of the transients of Vy, — V,
was about the same as the duration of the change in
membrane potential (up to several minutes when
washing out amiloride or removing apical Na).
One criterion for the acceptance of impale-
ments when using two simultaneous intracellular re-
cordings is an identical response to a fast change in
membrane voltage (see, e.g., Girdldez, 1984;
Girdldez & Ferreira, 1984). Also, when V, is
changed rapidly on restoring apical Na and after
addition of amiloride, Vyn, — V,, should return to =2
mV of the initial values after the fast transients
(lasting =30 sec). When this did not happen, the
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Fig. 3. Cell Na activity, membrane potential, and transepithelial
current during inhibition of Na transport. Record continues in
Fig. 4. Amiloride concentration: 20 uM. Na substituted by tetra-
methylammonium

impalements were assumed to be leaky and the
results discarded (see Garcia-Diaz et al., 1985b).

As shown in Fig. 2, af., decreases following api-
cal Na removal, and it returns to near the initial
value after restoration of Na. Application of ami-
foride also induces a decrease in a%,. Removal of
apical Na or application of amiloride elicited the
usual hyperpolarizations in V, (the same in both
cases). Not shown in this figure are the decreases in
transepithelial current, I;, and conductance, g;, and
the increase to near unity of the apical voltage di-
vider ratio, F, = AV,/AV,, during removal of apical
Na or addition of amiloride (see, e.g., Figs. 6 and 7
in Garcia-Diaz et al., 1985b).

We were interested in analyzing the changes in
af, that take place after sudden abolition or restora-
tion of apical Na entry (i.e., cell current, I.). It is
possible to decrease I, rapidly by addition of ami-
loride, but removal of this drug and the subsequent
recovery of I, usually takes several minutes. How-
ever, the recovery of apical Na transport on resto-
ration of apical Na is a fast process as judged by the
increase in I, (~10-30 sec). Figures 3 and 4 show an
experiment where several maneuvers were per-
formed sequentially during the same cell impale-
ment. On addition of amiloride I, is inhibited within
1 min. After the initial fast transient in the V., — V,
trace, ak, decreases from 12 mM to a stable value of
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Fig. 4. Continuation of the record in Fig. 3. Note that the re-
corder speed is faster in this figure

4 mM in ~15 min. The apical solution is then
changed to one containing no amiloride and in
which all Na is replaced by TMA, with no apprecia-
ble effect on ai,. After 18 min, to allow for the
removal of amiloride, the solution is changed again
to normal Na Ringer (Fig. 4). The depolarization in
V, (~10 sec) and restoration of f; (~20 sec) are very
fast, while a§. increases slowly toward the initial
control value. In nine experiments the average an,
was 3 = 1 mM under apical Na-free conditions and
increased to 8 = 2 mM after restoration of Na (Ta-
ble). In the presence of 20 uM amiloride the average
steady-state value of af, was 3 = 2 mM (n = 9).
The time courses of a%, after inhibition and res-
toration of cell current are shown in Fig. 5 for the
experiment of Figs. 3 and 4. The decrease in af,
after addition of amiloride (Fig. 5A) can be fitted by
more than one exponential. Although in some ex-
periments a single exponential decay was observed,
in 5 out of 9 experiments with amiloride (and also
when aj, was reduced by removal of apical Na) the
behavior of af, was similar to that in Fig. 5A. The
half-time for the decrease in a%, after amiloride was
3.0 £ 0.9 min (# = 9). On the contrary, on restora-
tion of apical Na, recovery of af, follows a single
exponential (Fig. 5B), with a shorter time constant
than those during inhibition of cell current. In eight
out of nine experiments we found a single exponen-
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Fig. 5. Semilogarithmic plots of the time course of |ay,(r) —
ana()| after addition of amiloride (4) and restoration of apical
{Na] (B}, for the experiment in Figs. 3 and 4. The time constant in
B is 2.8 min. (Note the different time scales)

tial increase in af, after restoration of apical Na
with time constants ranging from 0.84 to 2.80 min
(see Table).

In order to interpret the significance of the time
course of afy, it is necessary to know concurrent
values of the cell current, I.. In this regard it is of
importance that with the use of Cl-free apical solu-
tions paracellular conductance is greatly reduced
{Nagel et al., 1983; Garcia-Diaz et al., 1985b). Thus
the paracellular current in the presence of the anion
asymmetry is negligible, as shown by the near zero
value of I, in Fig. 3 after amiloride. In 22 experi-
ments using NaNO; Ringer as the apical solution, 7,
after amiloride was 1.5 = 1.4 uA/cm?. Thus, under
these conditions, I; was a good estimate of I.. Even
after apical Na replacement paracellular current is
small, since as shown in Fig. 3 there is hardly a
difference in I, when amiloride is present or when
apical Nais replaced by TMA. The average value of
I, after substitution of apical Na was —1.0 = 1.8 A/
cm? (n = 22) with NMDG and 0.5 = 1.5 pA/cm? (n
= 10) with TMA.

Although [, is a good approximation of I, under
the conditions of our experiments, the basolateral
Na flux is equal to I, only during the steady state,
when there is no change in ak,. In order to obtain
the relation between a%, and the basolateral Na flux
during the steady state, we decreased apical [Na] in
the sequence 110, 11, 3.3, 1.1 and 0.11 mM. Each of
these solutions was perfused until a near constant
value of a%, was reached, usually in 4 to 8 min.
Figure 6 shows one of these experiments. At each
decrease in [Na], there was a rapid hyperpolariza-
tion of V, followed by a slow depolarization, while
afy. decreased to a near stable value in 4 to 5 min.
Figure 7A shows the mean values of af, at each
{Nal], for six experiments. The saturation in the re-
lation between a%, and [Na], has also been observed
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Fig. 6. Changes in Na activity, membrane potential, and transepithelial current in response to sequential decreases in apical [Na]
(TMA substitution). The values of [Na], in mM, are shown on the top of the figure

by Harvey and Kernan (19845) and agrees with the
cell Na concentration measurements made under
similar conditions with electron microscope analy-
sis (Rick et al., 1984).

The relation between I, and ag, is shown in Fig.
7B for each experiment. Although there is a positive
correlation between af, and I., linearity was ob-
served in only four of the six experiments. In the
linear cases the regression coefficient was signifi-
cant at the P < 0.01 level and the slopes ranged
from3.6t0 0.7 uAcm?mM~' (mean £ sSD =6+ 3
#A cm™? mMmY),

Discussion

Contrary to the problem in measuring cell K activi-
ties (Garcia-Diaz et al., 1985b), the sensitivity of the
Na microelectrodes (~0.5 mM/mV) in the range of
ana (—8 mM), allows the observation of systematic
changes in afy, during alteration of transcellular Na
transport, when care is taken for the elimination of
impalement artifacts.

The steady-state values of af, measured in this
study, both in control (8—9 mm) and after inhibition

of cell current with amiloride or removal of apical
Na (3 mM), agree well with the average cellular Na
concentrations measured by electron microprobe
analysis: 13—-16 mM and about S mM, respectively,
in R. esculenta and temporaria (Rick et al., 1984,
calculated using their estimate of 0.26 for dry wt/
wet wt). In a previous study (Nagel, Garcia-Diaz &
Armstrong, 1981) the values of af, reported, both in
control (14 mm) and after addition of amiloride (8
mM), were higher than the present ones. Also, in
contrast to the present results, no change in ag, was
observed during the initial 5 min after addition of
amiloride. These discrepancies are most likely due
to the limited accuracy of the technique of succes-
sive impalements with open-tip and ion-selective
microelectrodes employed at that time. In a recent
study using double-barreled microelectrodes, Har-
vey and Kernan (1984a and b) reported values of
afys of 10-12 mm for skins with I, > 14 uA/cm? and
2.8 mM for skins with I, < 14 wA/cm? under con-
trol conditions. After addition of amiloride or apical
Na replacement they found af, to be 1-2 mm. The
decreases in af, described by these authors were
faster (completed within 3 min) than in our experi-
ments (6-15 min). It is, however, not clear whether
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Fig. 7. (A) Cell Na activity dependence on apical [Na], for six
experiments like that shown in Fig. 6. Vertical lines indicate
SEM. (B) Relation between cell current and intracellular Na activ-
ity at the quasi-steady state. The lines join data points from the
same experiment

their measurements were obtained at short circuit
or open circuit (when cellular Na transport and af.
are lower, unpublished results).

Harvey and Kernan (1984a and b) reported a
correlation between af, and the short-circuit cur-
rent when the observations from spontaneously
transporting skins and others to which amiloride
was added were pooled together. Our analysis of
untreated skins did not show such a correlation.
Nor did the electron microprobe measurements of
Rick et al. (1984), who indicated that it was not
possible to predict the cellular Na concentration
from the transepithelial Na transport or vice versa.
From our observations and those of Rick et al. it
seems that other factors, in addition to a%,, influ-
ence the overall rate of cellular Na transport.

The exponential time course of increase in ak,
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after restoration of apical Na suggests a linear de-
pendence of the basolateral Na flux on an., as
shown by the following analysis. On the assumption
that there is no change in cell volume during these
experiments,? the continuity equation states that

1% = IR + (F - hiy)(dat,/dt) (h

where I, and 1%, are the net Na fluxes across the
apical and basolateral membranes, respectively, ex-
pressed as currents (uwA/cm?), F is the Faraday con-
stant, y the cell activity coefficient for Na (taken as
0.77), and A is the ratio of volume to cross-sectional
area of the epithelial cell layer. Inasmuch as Na is
the only ion transported across the apical mem-
brane I, = I.. Assuming that the basolateral Na
flux is linear in a&, above a certain threshold value
o, we have

IlIiIa =1, + k(ax. — o), aNa = o (2
where I,,, k and « are constants for each skin: Equa-
tion (1) can then be written

daf/dt = (I, — I, + ka — kak,)/0 (3)

where @ = Fh/y. Assuming that I. reaches its final
steady value immediately after the perturbation,
i.e., the change in I is stepwise, Eq. (3) can be
written as

dafu/dt = kla%a(®) — afa)/6 (4)

where af,() is the final steady-state value of a%,.
The general solution of Eq. (4) is

a%u(t) — afa(®) = [ala(0) — afa(*)] exp(—kt/6). (3)

If at time zero I, is abolished (for example, with
application of amiloride) Eq. (5) becomes

ava(t) — afa(*) = (./k) exp(—kt/6). (6)

On the other hand, for the case of restoration of I,
after several minutes of Na-free apical solution, Eq.
(5) becomes

afa() — afa(®) = —(./k) exp(—ki/6). (M
In both cases the relaxation of ay, toward afy,()
follows a single exponential time course with the
time constant given by

T = 6/k. ®)

2 In frog urinary bladder, Davis and Finn (1985) found no
change in cell volume after application of amiloride.
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Several observations have suggested the existence
of a basolateral Na leak pathway in parallel to the
pump. Isotope studies (Candia & Reinach, 1977;
Stoddard & Helman, 1985) have reported high lev-
els of influx across the basolateral membrane of iso-
lated skin. It is unclear, however, how much of this
influx reflects a component of net leak, as opposed
to Na: Na exchange. To the extent that net leak is
small, near constant and/or linear, our previous
analysis remains valid and the observed exponential
time course of aj, during restoration of apical Na
indicates a linear dependence of the net pump flux
on aya.

After application of amiloride there were sev-
eral cases where the decrease in ay., could not be
fitted to a single exponential. There are two possible
explanations for this different behavior. First, while
I. increases rapidly after restoration of apical Na
(=30 sec), the decrease in I, on application of ami-
loride is slower, taking occasionally up to 2 min to
reach 90% inhibition. Thus the assumption made to
derive Eq. (4) may not be valid. In this regard it is
worth noting that Nielsen (1982b) has reported a
single exponential decrease of the isotopic Na flux
from the cells to the basolateral solution in isolated
epithelia of R. temporaria in association with a
rapid response of the short-circuit current to ami-
loride. The half-time for this decrease (1.9 min) is
somewhat shorter than our values for the decrease
in a%, after amiloride (3.0 = 0.9 min). On the other
hand, in similar experiments in R. pipiens, Cox and
Helman (1983) observed more complex and slower
decreases in basolateral Na efflux and short-circuit
current after amiloride. Second, there may be an
influence of the basolateral membrane potential on
the Na pump operation. As shown in Fig. 3, on
restoration of apical Na, V(= —V,) depolarized
very rapidly (=20 sec) to a low value (range 8§ to 40
mV in these experiments) and then slowly repolar-
ized during the increase in a¥, to final values in the
range 30 to 60 mV. Thus during the time that a%,
increases V;remains below 60 mV. On the contrary,
after application of amiloride V;increases to values
between 100 and 120 mV and slowly depolarizes to
values in the vicinity of 90 mV. Although several
studies indicate that the Na pump operates indepen-
dently of the membrane potential in a variety of
animal cells (Glynn, 1984), including frog skin (Cox
& Helman, 1986), Rakowski and De Weer (1982)
have recently reported that hyperpolarization in-
hibits pump current in the squid axon, either under
normal or reverse pump operation (see also De
Weer & Rakowski, 1984). It is then possible that the
large hyperpolarization of V; during amiloride af-
fects pump operation so that af, is no longer the
only factor determining Na efflux through the

pump.
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Fig. 8. Development of cell current, and basolateral Na and K
net fluxes after restoration of apical Na. I%, is calculated from
Eq. (2) and the measured ay,, as explained in the text. 1% is
taken as I, — Ik,

According to the previous analysis, the expo-
nential time course of ay, after restoration of apical
Na suggests a linear dependence of Na pump flux
on af., at least in the range of af, studied (2-12
mM). This agrees with the behavior of the Na pump
reported in a variety of cell types (Brinley & Mul-
lins, 1968; Thomas, 1969, 1972; Garay & Garrahan,
1973; Eisner et al., 1984), although outside of this
range of af, a departure from linearity is expected
(Garay & Garrahan, 1973; Glitsch, Pusch & Venetz,
1976; Larsen et al., 1979; Nielsen, 1982a). In frog
skins where Na transport has been increased above
normal levels, the relation between Na pump efflux
and 4y, (in the range 0.8 to 20 mm) is sigmoidal.
Larsen et al. (1979) exposed the skin of R. esculenta
to p-chloromercuribenzoate or benzimidazolyl-
guanidine to increase apical permeability and varied
Na transport by altering apical Na concentration.
The relation between af. (calculated from the re-
versal potential of the K-depolarized skins) and the
short-circuit current followed an S-shaped curve
with a half-maximal saturation at 13 mm and maxi-
mum flux of 188 wmA/cm?. Essentially the same
results were obtained by Nielsen (19824) when the
short-circuit current was correlated to the Na trans-
port pool calculated from Na influx build-up experi-
ments on the isolated epithelia of R. temporaria. In
this case Na transport was altered by addition of
amiloride, arginine vasotocin or arginine vasotocin
plus theophylline. In rabbit urinary bladder Lewis,
Wills and Eaton (1978) and Lewis and Wills (1983)
have reported sigmoidal relations between a%, and
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Table. Transepithelial current, /,, cell potential, V,, and cell Na activity, ay,. in the short-circuited

frog skin in the absence and presence of apical Na

Exp. No. [Na],=0 [Nal = 110 mMm T k
(min) (uAcm >mMm 1Y)

I, v, ang 1, Vo aNa

(A cm™?)  (mV) (mM) (Acm™) (mV) (mm)
1 -1.5 -90 2 27.5 —32 8 1.30 5.8
2 -1.2 -105 5 27.0 —38 11 1.44 8.7
3 -0.1 -90 4 25.5 —58 8 1.56 5.3
4 0.0 -98 2 21.7 —56 6 2.48 7.2
5 0.0 -108 1 26.5 —65 6 1.80 8.3
6 2.8 -9 3 33.5 -33 6 0.84 8.5
7 4.4 -84 1 57.0 -32 8 2.31 7.2
8 0.2 -100 4 31.0 -25 12 2.80 5.2
9 1.0 —-100 4 57.0 —78 9 — —
Mean 3 8 1.81 7.0
SD 1 2 0.66 1.4

Values of I,, V,, and af, are at the steady state, 10 to 15 min after removal or restoration of apical Na.
7 is the time constant for the recovery of af, after restoration of apical Na, and k is the proportionality
constant between ag, and basolateral Na current, as defined by Eq. (2) in the text. In experiments 1
and 2 N-methyl-p-glucamine was substituted for Na. In all others tetramethylammonium was used.

pump current.® The latter was calculated by indirect
methods using estimates of basolateral resistance
and ionic permeabilities and the measurement of the
transepithelial potential after step changes in apical
[Na] in the presence of nystatin or after restoration
of basolateral K.

The Table lists the values of 7 and & (the latter
calculated by extrapolating the semilogarithmic
plots, as that in Fig. 5B, to intersect the ordinate)
for the experiments of apical Na restoration. On
average the rate constant & was found to be 7 uA
cm~2 mM~!. Estimates of k in different cell types
differ, possibly reflecting the number of pump units
per membrane area. In snail neurons, assuming a
cell radius of 50 um, £ is estimated at ~20 wA cm2
mm~! from the data of Thomas (1972, Figs. 9b and
13b). In Necturus gallbladder, Girdldez (1984) re-
ported a value of ~4 uA cm~? mm~!, although the
cell volume changes described by this author do not
permit attributing the observed changes in af.
solely to proportional changes in the rate of func-
tion of the Na pump. The lowest values of k are
found in squid axons: 6 X 1072 pA cm 2 mm™!
(Brinley & Mullins, 1968) and 7.6 X 1072 uA cm™2
mM~! (Hodgkin & Keynes, 1956). It is also interest-
ing to point out that from Eq. (8) one can calculate 6
and thus 4 for each experiment. The values of h
ranged between 34 and 84 um, which compare rea-
sonably well with the epithelial height measured op-

3 Assuming negligible Na leak at the basolateral membrane,
1%, is equal to the pump-mediated Na flux. For a pump exchang-
ing Na for K with stoichiometry »(= K ions/Na ions), the pump
current, 1, is related to I%, by I, = (1 — ) I{,.

tically in living skins (35-86 um; MacRobbie & Uss-
ing, 1961) or in freeze-dried sections (50 wm, Rick et
al., 1984).

It is of interest to analyze the development of
the basolateral Na flux after restoring Na to the
apical solution. Naturally, since we are assuming a
linear dependence of 1%, on a,, the increase in
I, will be exponential with the same time constant
as for the increase in af, (see Eq. (2)). Figure 8
shows the evolution of I%, calculated from Eq. (2)
for one of the experiments (taking I%, = 0 for ¢ < 0).
The net basolateral K current (I%) is taken as the
difference I, — I%,. Thus during the initial period
most of I. is carried across the basolateral mem-
brane by K ions leaving the cell. Note that during
this period V; becomes small (8—40 mV), and thus
the diffusive efflux of K is large. (The K equilibrium
potential is hardly affected by changes in cell cur-
rent; Garcia-Diaz et al., 19855). With time V; in-
creases, reducing the driving force for K diffusion
while at the same time the pump-mediated K influx
increases. Both processes reduce the net K current.
At the steady state, I, = I%, and I% = 0.

When apical [Na] was reduced in sequential
steps, the relation between af. and [Nal, showed
saturation (Fig. 74). When [Na], was reduced from
110 to 11 mM, the decrease in af, 2 = 1 mM, SD, n
= 6) was significant at the level P < 0.05. Rick et al.
(1984, Fig. 6) and Harvey and Kernan (19845, Fig.
7) found small decreases in cell Na when [Na], was
reduced to about 10 mM. Thomas et al. (1983) found
that a%, in Necturus urinary bladder, calculated by
fitting the current-voltage (I-V) relation of the api-
cal membrane to the Goldman-Hodgkin-Katz equa-
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tion, did not change significantly when apical [Na]
was lowered from 45 to 5 mMm. However, using the
same approach in frog skins, Schoen and Erljj
(1985) calculated that a%, decreased from 25.1 to
17.2 mM in less than 1 min after [Na], was reduced
from 120 to 24 mM. We do not know the reasons for
these discrepancies, but we would like to point out
the indirect nature of the calculation of a%, from the
I-V relations and the assumptions involved, in par-
ticular that the paracellular -V relation is un-
changed by amiloride.

The quasi-steady state relations between af,
and I, shown in Fig. 7B were not always linear. It
should be mentioned that, unlike the experiments
with apical Na restoration, V; reaches values in the
vicinity of 100 mV during the sequential decreases
in [Na], and, as discussed above, this may affect
pump operation. Although there is some scattering
in the slopes of the quasi-linear plots in Fig. 7B,
their values are close to the k values shown in the
Table.

In summary, our experiments show that
changes in cell Na correlate with changes in cell
current. In a first approximation the relation be-
tween afy, and Na pump flux can be considered lin-
ear in the range of af, 2-12 mM. These results
strongly support the notion that a%, is an important
factor regulating the operation of the Na pump in
epithelia. The role played by variables other than
af., particularly V;, on pump operation is still to be
determined.
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