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Summary. Exposure of the mucosal side of toad (Bufo bufo)
urinary bladder and frog (Rana ridibunda) skin to the polyene
ionophore nystatin, resulted in stable preparations in which
the apical resistance was negligible compared to the basolateral
resistance. The preparations support passive K currents in both
directions and an amiloride-insensitive Na current in the apical-
serosal direction which is blocked by ouabain. The nystatin-
treated toad bladder was used to study the electrical properties
of the basolateral membrane by means of current-voltage curves
recorded transepithelially. The K current showed strong rectifi-
cation at cellular potentials negative with respect to the inter-
stitial space. The ouabain-sensitive current increased with mem-
brane voltage at negative voltages but saturated above
+20mV.

Key Words basolateral membrane-current-voltage rela-
tions - nystatin- potassium transport-tight epithelia

Introduction

According to the Koefoed-Johnsen and Ussing
model (Koefoed-Johnsen & Ussing, 1958) amphib-
ian epithelia like frog skin and toad urinary blad-
der are composed of two functional membranes
in series: the sodium-specific apical membrane,
and the basolateral membrane which contains the
ouabain-blockable Na pump, and is also perme-
able to K and Cl (for review see Macknight, Di
Bona & Leaf, 1980). Due to the relative simplicity
of transepithelial measurements these systems were
widely used to study Na transport and its regula-
tion by hormones, as well as the physical properties
of the various transport pathways.

A common problem in such studies is the diffi-
culty to distinguish between effects on the apical
membrane, basolateral membrane and tight junc-
tion. One possible approach to overcome this diffi-
culty is to treat one of the membranes in series
with an unspecific ionophore, assuming that in the
ionophore-treated preparation the transepithelial
current and resistance are governed by the other,
unmodified membrane. Lichtenstein and Leaf

(1965) and Sharp et al. (1966) used Amphoteri-
cin B to investigate the steps involved in stimulat-
ing Na transport in toad bladder by ADH and
metabolic substrates, respectively. Nielsen (1977,
1979) examined the coupling between Na and K
in filipin-treated frog skin. In a number of studies
the polyene antibiotic nystatin was used as a tool
to ‘eliminate’ the apical resistance in mammalian
epithelia. Lewis et al. (1977) showed that mucosal
addition of nystatin to rabbit urinary bladder in-
creased several-fold the total conductance, but had
no direct effect on the basolateral or junctional
conductances. Active and passive Na fluxes were
measured across the basolateral membrane of nys-
tatin-treated rabbit urinary bladder by Eaton,
Frace and Silverthorn (1982). Similar studies were
performed in rabbit descending colon in which nys-
tatin was used to measure the basolateral I-V
curves (Wills, 1981; Wills et al., 1979).

In the present study we describe the electrical
properties of the basolateral membrane in two am-
phibian epithelia: toad (Bufo bufo) bladder and
frog (Rana ridibunda) skin. Unlike previous cases,
steady nystatin-induced currents could be mea-
sured for extended periods of time. This was
achieved by the use of chloride-free solutions both
in the mucosal and serosal compartments. The
high stability of the nystatin-treated epithelial en-
abled us to measure conveniently the effects of the
internal ion composition on the basolateral mem-
brane. Near instantaneous current-voltage rela-
tions were measured in nystatin-treated toad blad-
der under various conditions. The K-specific cur-
rent showed strong rectification at cellular poten-
tials negative with respect to the interstitial space,
suggesting voltage-dependent gating of the baso-
lateral K pathway. On the other hand, the oua-
bain-sensitive current was linearly dependent on
the membrane potential in this range but appeared
to saturate above +20 mV.
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Abbreviations: G, transepithelial slope conductance; 4G 1y, free
energy of ATP hydrolysis; I, transepithelial short-circuit cur-
rent; I-V curve, current-voltage relations; P;, permeability of
ion i} V;_,, transepithelial open-circuit potential.

Materials and Methods

ANIMALS

Toads (Bufo bufo) and frogs (Rana ridibunda) obtained from
F. Stein, F.R.G., were kept at room temperature with free ac-
cess to tap water. The animals were double-pithed and the epi-
thelial tissue (urinary bladder or skin) was removed and
mounted as a flat sheet (nominal surface area 3 cm?) in a modi-
fied Ussing-type chamber. The serosal compartment of this
chamber was an 18-ml volume open to the atmosphere and
stirred by aeration. The mucosal compartment was of 1 ml vol-
ume through which solution was continuously flowing at a rate
of 1 to 50 ml/min. For further details see Gebhardt and Linde-
mann (1974) and Palmer, Edelman and Lindemann (1980).

SOLUTIONS

Most of the experiments were carried out using two types of
sulfate Ringer’s. The first, denoted Na60 (60 mM Na activity),
contained (in mm) 54.5 Na,SO,, 4 X,HPO,, 1 KH,PO, and
1 Ca-gluconate (pH =7.5). The second, denoted NaQ (Na-free
solution) had a similar composition to Na60 except that
Na,SO, was replaced by an equal amount of K,SO,. In addi-
tion Smwm glucose were present in all serosal solutions and
80 uM amiloride and nystatin in all mucosal solutions.

In a few experiments various chloride Ringer’s solutions
were used. All solutions contained 1 mm CaCl,, 0.5 mm MgCl,
and 3.5mM K-phosphate buffer (pH=7.5). In addition they
contained one of the following mixtures: 1) 100 mM NaCl (Na-
Ringer’s); 2) 100 mm choline chloride (choline Ringer’s); 3)
85 mM KCl+15 mM choline chloride (K-Ringer’s); 4) 85 mm
KCl+ 50 mM sucrose (K-sucrose-Ringer’s). The sucrose used
in the last Ringer’s was required to prevent cell swelling when
high K. activity was applied on the serosal side (Palmer et al,,
1980). As in the sulfate Ringer’s amiloride+ nystatin and glu-
cose were added to mucosal and serosal Ringer’s, respectively.

Nystatin (Sigma, 5400 units/mg) was added under vigorous
stirring from a freshiy made solution of 60 mg/ml in dimethyl-
sulfoxide which was protected from light. The final concentra-
tion of this antibiotic in the mucosal compartment was 10 to
20 pg/ml (10.7 to 21.4 um) for toad bladder, and 50 ug/ml for
frog skin. Mucosal addition of dimethylsulfoxide alone (0.03%)
had no effect on the electrical properties of these epithelial
tissues. Amiloride was applied from an aqueous 8§ mM solution.
Ouabain (Sigma) was dissolved in the appropriate Ringer’s to
a final concentration of 5 mm.

ELECTRICAL MEASUREMENTS

The mounted tissue was clamped to zero voltage and I, was
continuously recorded. Electrical slope conductance (G) was
measured by recording the current deflections in response to
brief (1 sec) 10-mV displacements of the clamping potential.
V-, was measured by clamping the current to zero for a short
period (~10 sec).

-V curves were obtained by generating a stepwise voltage
change and monitoring the corresponding currents. Two pat-
terns of voltage change were applied. In the first the voltage
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Fig. 1. Time course of nystatin action. A toad (Bufo bufo) blad-
der was pre-equilibrated in Na0+80 um amiloride (mucosal)
and Na60 (serosal). At the time indicated by arrow, 10 pg/ml
nystatin (abbreviated NYS.) were added to the mucosal side.
The changes in I, (—), V;—o (a——2a) and G (e——e) with time
were measured. See footnote for polarity definitions

was changed in 5-mV steps from —10 to +100mV.? In the
second, —5-mV steps from +10 to —100 mV were applied.
The step duration was 20 msec, a period long enough to estab-
lish a steady current in bladders, but not in skin. This observa-
tion was frequently verified by displaying the current transients
on an oscilloscope. In chloride Ringer’s (Fig. 6) the measuring
range was extended to + 150 mV. No long-term effects of the
applied voltages on the electrical properties of the tissue could
be detected; repeated measurements over a short period
(<5 min) yielded identical -V curves.

Control of the clamping voltage, storage of the data and
subtraction of I-V curves were done with a Data General Nova
1230 computer.

Statistics: Data are expressed as mean +SEM

Results

NYSTATIN INCORPORATION
INTO THE APICAL MEMBRANE

Figure 1 shows the increase in I, G and V;_,
which follow the application of the 10 pg/ml
(54 units/ml) of nystatin to the solution perfusing
the mucosal side of a mounted urinary bladder.
The mucosal Ringer’s in this experiment was Na0
and the serosal Ringer’s was Na60. Under these
conditions the cells are depleted of Na and no ac-
tive transport takes place. Therefore, the observed
current is the net result of passive K and Na fluxes
driven by the concentration gradients. Since the
basolateral membrane is essentially impermeable
to Na (Macknight et al., 1980), it is likely that sero-
sal-to-mucosal Na flux is limited to the paracellu-
lar shunt, while K flows mainly through the apical
nystatin channels and the basolateral K-specific
pathway. Usually a steady (maximal) potential was

! Polarity definitions: The mucosal potential is negative with
respect to the serosal. The positive direction of I is mucosa
to serosa.
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established ~ 60 min after the application of the
ionophore. It could be maintained for at least one
additional hour (see below).

In contrast to previous studies (Lewis et al.,
1977, Russel, Eaton & Brodwick, 1977) prolonged
exposure to nystatin (both in Na- and K-mucosal
solutions) did not cause large changes in the trans-
epithelial conductance nor cell swelling and tissue
disintegration. This improvement is probably due
to the use of sulfate Ringer’s on both sides of the
tissue. The absence of Cl in the mucosal Ringer’s
will prevent net salt uptake through the nystatin
channels which would cause swelling, and the ab-
sence of Cl in the serosal Ringer’s decreases the
relative nystatin effect on the transepithelial con-
ductance by increasing the basolateral resistance.

In 13 bladders treated as shown in Fig. 1 a
steady potential of —37.3+1.6 mV (mean + SEM)
was established. Substituting this value and the Na
and K activities of the solutions used in the Gold-
man-Hodgkin-Katz equation assuming negligible
permeability of sulfate, yields a ratio of Py /Py, =
6.1. If anions do have significant permeabilities,
the observed potential will represent a higher K
to Na permeability ratio. The high permeability
ratio (which also involves the contribution of the
nonspecific paracellular pathway) indicates that
the nystatin-treated bladder in the absence of mu-
cosal Na, is essentially a K-specific barrier; i.e.,
nystatin ‘opens’ the apical membrane to K without
affecting the basolateral membrane permeability to
Na significantly.

Incorporation of nystatin into the apical mem-
brane of frog skin followed a similar time course.
In this case higher nystatin concentrations were
required (50 pg/ml), and the steady-state open-cir-
cuit potential was slightly lower: —32+2 mV (n=
7).

A major question is whether the amount of
nystatin incorporated into the apical membrane is
sufficient to make its resistance and potential negli-
gible compared to the basolateral one. Direct an-
swer to this question will require the estimation
of the voltage divider ratio as done for rabbit blad-
der (Lewis et al., 1977). We could not perform such
measurements; however, the following findings
suggest that in toad bladder, too, nystatin reduced
the mucosal resistance and potential to negligible
values. (1) [, and V,_, reached steady values al-
though the mucosal surface was continuously per-
fused with fresh ionophore solution (Fig. 1). (2)
The steady I, was not affected by raising the iono-
phore concentration from 10 to 20 ug/ml (not
shown). (3) The transcellular potential, obtained
from I-V curves corrected for the paracellular con-
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Fig. 2. Effect of medium composition on the transepithelial cur-
rent and conductance in toad bladder. A bladder, pretreated
for 1 hr with 10 pg/ml nystatin, was exposed to different muco-
sal and serosal solutions, listed in at the bottom of the Figure.
All mucosal solutions contained in addition 10 pg/mi nystatin +
80 pM amiloride and the serosal solutions contained 5 mm glu-
cose. I, was continuously measured except for brief interrup-
tions, at the times marked by arrows, to record I~V curves.
The vertical spikes are the current deflections in response to
10 mV displacements of the clamping voltage (used for slope
conductance measurements). The dashed line is the zero current
level

tribution, is equal to the K equilibrium potential
(see below).

In conclusion, incubating the mucosal surface
of toad bladder with nystatin in sulfate Ringer’s
results in a stable preparation in which the apical
resistance and potential are likely to be negligibly
small compared to the basolateral values. In such
preparations transepithelial current-voltage mea-
surements may be performed to study the electrical
properties of the basolateral membrane.

ErreCTS OF VARYING ION COMPOSITION
ON THE ELECTRICAL PARAMETERS
OF NYSTATIN-TREATED EPITHELIA

Figure 2 shows a typical protocol of changes made
in the composition of the bathing solutions and
their effects on I, V;_, and G. The initial state
(period I) was the one obtained 60 min after ad-
ding nystatin (Fig. 1), i.e. a steady nystatin-in-
duced current measured in the presence of Na0
in the mucosal and Na60 in the serosal compart-
ment. Substituting the mucosal K by Na gave rise
to a transient increase in I, followed by a slow
decay to a new steady value somewhat lower than
the previous one (period II, Fig. 2). Now both
bathing solutions are identical Na Ringer’s; thus,
the steady-state current measured under these con-
ditions represents active transport only, and is the
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sum of transcellular flows of Na (mucosal to sero-
sal) and K (serosal to mucosal). Both ions are
transported across the basolateral and apical bar-
riers by the Na/K pump and the nystatin channels,
respectively. The large, transient increase in cur-
rent observed at the beginning of period II may
be accounted for by a difference in the kinetics
of the two processes involved, i.e. fast activation
of the electrogenic pump by the entry of Na into
the cell and slower dissipation of the K gradient
across the apical membrane.

Nexi, the serosal medium was replaced by the
same solution containing 5 mMm ouabain (peri-
od ITI). As a result the current and potential
dropped to nearly zero values. The slope conduc-
tance measured at this state will essentially repre-
sent the paracellular conductivity, but a parallel
ouabain-insensitive sodium-conducting pathway in
the basolateral membrane may also contribute to
this value (Chase & Al-Awqati, 1981). When the
mucosal Ringer’s was changed back to Na0 (peri-
od IV), almost all the original current could be
restored. In 13 bladders subjected to these maneu-
vers the average potential measured in this state
was 95% +2.9% of the original value (measured
during period I). The high degree of reversibility
favored the comparison of electrical properties
measured with the different ion compositions and
indicates that; (1) the ionic substitutions did not
affect the preparation’s integrity, (2) there was no
significant incorporation of nystatin into the baso-
lateral membrane during the experiment.

Changing the mucosal solution back to Na60
(period V) decreased the current again to near zero
values. Note that this process was much faster than
the opposite one (period IV). The observed differ-
ence in rate can be explained as follows: in the
presence of mucosal amiloride the exchange of cel-
lular Na with mucosal K can occur only through
the nystatin channels. This exchange will be slower
than the replacement of cellular K by mucosal Na,
where potassium can, in addition, leave the cell
through the basolateral K-specific pathway.

The last change was to substitute the serosal
Ringer’s by ouabain containing Na0 Ringer’s (peri-
od VI). This substitution gave rise to a small and
transient negative current followed by a slowly de-
veloping positive current. The initial current
change to negative values is in the direction ex-
pected for serosal-to-mucosal K flow. The subse-
quent positive current, however, is more difficult
to interpret, and seems to indicate that under these
conditions the basolateral membrane conducts
more Na than K. Possible explanations for this
unexpected finding are discussed below.
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Table 1. Electrical parameters before and after nystatin treat-
ment of toad bladder®

Solutions I, G Number
(uA/ecm?)  (mS/em?)  of

Mucosal Serosal bladders

Na20® Na60 450+0.33 0.10+0.02 13

Na0+ami. Na60 0.30+0.17 0.06+0.01 13

Na0+ami. Na60  12.60+1.15° 0.4040.03° 13

+nys.

Na60+ami. Na60 7.00+1.02 0.28+0.02 9

+nys.

Na60 +ami. Na60 2.00+0.63 020+0.02 11

+nys. +oua.

Na60 +ami. Na0 6.70+0.41  0.50+0.06 7

+nys. +oua.

® Data expressed as means + SEM.

® A 2:1 mixture of Na0 and Na60.

¢ Measured after the nystatin-induced effects reached steady
values.

Data from 13 toads were averaged, but only in 7 cases was
the whole sequence shown in Fig. 2 completed.

The Table summarizes the effects of nystatin,
ouabain and cation composition on /  and G. Nys-
tatin increased the amiloride-insensitive conduc-
tance by 6.7-fold (from 0.06 mS/cm? to 0.4 mS/
cm?), but only 50% of the nystatin-induced con-
ductivity reversed when K was eliminated from the
mucosal compartment and the pump was blocked
by ouabain (drop from 0.4 mS/cm? to 0.2 mS/
cm?). This can be accounted for either by assuming
nystatin effects on the paracellular pathway, or by
assuming significant ouabain-insensitive Na con-
ductivity in the basolateral membrane. Blocking
the pump with ouabain in the presence of Na60
on both sides of the tissue caused a 30% drop
in G. This, however, does not necessarily mean
that 30% of the current flows through the Na
pump, and it can be accounted for by a decrease
in the cellular K activity induced by ouabain (see
below).

Similar experiments to those summarized in
Fig. 2 and the Table were carried out with frog
skin. A typical response pattern is shown in Fig. 3.
The skin response differed from that of the urinary
bladder in the following way: (1) No overshoot
was observed when Na0 was replaced by Na60
on the mucosal side (period II). (2) When the prep-
aration was exposed to Na60 (mucosal) and Na0 +
ouabain (serosal), a steady negative current could
be demonstrated (period IV). However, both cur-
rent and conductance were substantially smaller
than those observed for the reverse situation (pe-
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Fig. 3. Effect of medium composition on the transepithelial cur-
rent and conductance in frog skin. Details are as in the legend
to Fig. 2. Nystatin concentration was 50 pg/ml

riod I). (3) Exchange of cellular Na with mucosal
K was very slow (period VI). Nevertheless, no sig-
nificant loss of tissue integrity was detected and
V-, monitored at the end of period VI was only
10% lower than the original value measured more
than 2 hours earlier.

Unfortunately, the nystatin-treated frog skin
was not suitable for near instantaneous current-
voltage measurements. After exposure of this prep-
aration to nystatin the current response to voltage
changes was relatively slow and did not reach
steady values within 20 msec. For this reason the
I-V curves described in the following section were
measured in bladder preparations only.

CURRENT-VOLTAGE RELATIONS
OF THE BASOLATERAL MEMBRANE
OF ToAaD BLADDER

Near instantaneous /~V curves were recorded in
the nystatin-treated bladders as described under
Materials and Methods. The measurements were
done in the various steady states marked in Fig. 2
by arrows. The curves measured in the presence
of Na0 mucosal and Na60 serosal (period I or in
the end of period IV) will essentially represent cur-
rent through the K-specific basolateral pathway
and those measured in the presence of Na60 on
both sides (in the end of period IT) are expected
to reflect current through the Na pump. However,
both curves contain contributions from the para-
cellular shunt and possibly other, cellular path-
ways. In order to correct for such contributions
we subtracted from each measurement a reference
curve measured in Na60 plus ouabain (end of pe-
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V=-62.5%35mv(8)

1 [
-80 “60 -40  -20 20 40 60 80 V(mv)

2

Fig. 4. I-V curve of the K-specific pathway. I~V curves were
measured under different conditions and the difference, K-spe-
cific, curves were calculated as described in the text. Each cur-
rent value was normalized to I, and data from 8 bladders were
pooled together. The vertical bars are standard errors from
the mean values of I/],

riod 111 or V) assuming that it represents the con-
tribution of all transepithelial pathways besides the
K-specific basolateral pathway, and the Na pump.
The validity of this assumption is discussed below.

Figure 4 shows the mean [ -V (K-specific)
curve calculated as the difference between two
measurements taken either immediately before and
in the end of period V, or in the end of periods I
and III (Fig. 2). For positive and small negative
potentials the current appeared to be a linear func-
tion of the transepithelial potential but strong rec-
tification is evident for V< —50 mV. According
to this curve the mean reverse potential of the K-
specific current (i.e. the potential value at which
the measured current reverses its sign) is
—62.5+13mV (8) (mean -+seMm). This value is
in good agreement with the transepithelial K equi-
librium potential of —64.8 mV (K activities of 65
and 5 mM in the mucosal and serosal sides, respec-
tively). The close resemblance between the mea-
sured reverse potential and the K equilibrium po-
tential suggests that the shunt subtraction intro-
duced in calculating this curve is probably correct
and only a K-specific pathway contributes to the
difference curve.

The change in slope conductance obtained for
large negative potential values is in the opposite
direction than expected according to the constant
field equation (see below) and can be accounted
for by one of two types of behavior: (1) voltage-
dependent gating of the K-conducting pathway,
(2) asymmetry of this pathway, i.e. it is more per-
meable to potassium flowing into the cell (negative
current). To discriminate between these possibili-
ties, we changed concentrations such that the re-
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verse potential assumed opposite polarities and
tried to see whether this will shift the break-point
of the I-V curve.

At high cellular Na the expected dominance
of serosal-to-mucosal passive K current could not
be demonstrated in toad bladder (period VI,
Fig. 2). We were, however, able to measure such
a current when the mucosal Na Ringer’s was re-
placed by a Na-free choline solution. The experi-
mental protocol and the results obtained are sum-
marized in Fig. 5. Since choline sulfate was not
available, this rather short experiment, was done
in chloride solutions.

When the mucosal surface was equilibrated
with K-Ringer’s containing nystatin, and the sero-
sal compartment with Na-Ringer’s+ouabain, a
fairly steady positive current was recorded (muco-
sal-to-serosal K flow, period I, Fig. 5). Substituting
the mucosal K by choline produced a sharp drop
of current and conductance (period II, Fig. 5). The
small negative current observed at the end of this
period can be accounted for by serosal-to-mucosal
Na flow through the paracellular pathway. From
this current and the associated conductance, one
can assess the tightness of the nystatin-treated
bladder. In a number of instances prolonged expo-
sure to nystatin in chloride Ringer’s produced a
leaky preparation characterized by much larger
negative current and practically no choline-in-
duced change of conductance.

In the next step, the serosal Na was substituted
by K (period 111, Fig. 5). As a result a steady nega-
tive current, whose magnitude is comparable to
the initial I, developed. This current is apparently
due to serosal-to-mucosal K flow. The above pro-
tocol enabled us to compare I-V curves measured
for two equal, oppositely oriented, gradients of K.
I-V curves were recorded in the 3 steady states
marked in Fig. 5 by arrows. The middle curve
(choline mucosal, Na serosal) was assumed to rep-
resent the paracellular -V curve and was sub-
tracted from the other two in order to calculate
the K-specific relations. The difference curves ob-
tained for a single but typical experiment are
shown in Fig. 6. The two curves appeared to be
parallel vertically displaced lines, and exhibit simi-
lar rectification for large negative potential values.
This observation supports the possibility of volt-
age-dependent gating and argues against possible
asymmetry of Py (in the latter case the I~V curve
measured in period III should have exhibited de-
creased slope for V> + 100 mV). Again the reverse
potentials obtained after subtracting the reference
curve (+100 and —85mV) are in fairly good
agreement with the K equilibrium potential
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Fig. 5. Effects of various chloride Ringer’s on the current and
conductance of nystatin-treated bladder. The bladder was pre-
incubated for one hour in KCl Ringer’s containing nystatin
(10 pg/ml) and amiloride (80 um) in the mucosal side, and NaCl
Ringer’s + ouabain (5 mMm) in the serosal side. Various substitu-
tions, summarized in the bottom of the Figure, were made.
All mucosal and serosal solutions contained nystatin +amilor-
ide and ouabain, respecitively. The dashed line is the zero cur-
rent level

Fig. 6. I,V curves in chloride Ringer’s. Two K-specific -V
curves, calculated as described in the text from measurements
done during the experiment shown in Fig. 5, are plotted. The
dashed lines are the K-specific /- relations predicted by the
constant field equation for Py =1 x 10~ ¢ cm/sec and the K con-
centrations used in this experiment

(+81.4 mV, calculated for K activities of 88.5 and
3.5 mm). This reasonably good fit suggests that the
correction made for the paracellular pathway is
sufficiently accurate. The dashed lines in Fig. 6 are
theoretical calculations of the K-specific -V
curves based on the constant field equation (Gold-
man, 1943), assuming a value of 1 x 10~ % cm/sec
for Py. The two experimental lines clearly deviate
from -V relations predicted for simple diffusion
in a constant electric field, and this deviation is
particularly large at high negative potentials.
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Fig. 7. Current-voltage relations of the ouabain-sensitive path-
way. A difference curve was calculated for 8 bladders as de-
scribed in the text; current values were normalized to 7. The
vertical bars are standard errors from the mean values of 7/,

In an attempt to measure the current-voltage
relations of the Na pump we calculated the oua-
bain-dependent line by subtracting the I~V curve
measured at the end of period III (Fig. 2) from
the one obtained immediately before the applica-
tion of ouabain (end of period II, Fig. 2). Since
in the two states identical solutions are used there
is little doubt that measurements at the end of pe-
riod III represent the paracellular contribution to
the curve obtained at the end of period II. How-
ever, the calculated curve will represent the ‘true’
pump I~V curve only if the intracellular ion activi-
ties are the same in the two states, i.c. K and Na
fluxes, though the nystatin channels, are high en-
ough to ‘clamp’ the cellular activities of these ions
to the mucosal values, irrespective of the pump
activity.

The ouabain-dependent current, shown in
Fig. 7, appeared to be independent of the trans-
membrane potential for I"'>20 mV and decreased
linearly for smaller values of V. The experimentally
measured reverse potential is —85+14 mV (8).
Voltage-independent current is expected if the Na
pump is a “constant current source” with nearly
infinite resistance. This independence was experi-
mentally observed for the giant neuron of the mol-
lusc Anisodoris (Marmor, 1971). In our case, how-
ever, the voltage-independent range was observed
for higher, “non physiologic,” potential values.
The mean reverse potential obtained, does not sup-
port the assumption that the above calculated
curve is the Na pump I~V curve either. For equal
cellular and serosal activities of K and Na and
fully coupled system, the pump reverse potential

should be equal to 117 AG p1p (¢f. Eq. 10 in Chapman

and Johnson, 1978). Values of AG,;p were esti-
mated in different cells (e.g. Meer etal., 1978;
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Warncke & Slayman, 1980; Williamson et al.,
1981; Erecinska & Wilson, 1982) and a reasonable
number would be —11 kcal/mole, i.e. a predicted
reverse potential of --477 mV for the isolated Na
pump. The large difference between the predicted
and experimental values of the reverse potential
shows that at least one of the above discussed as-
sumptions is incorrect {see below).

Discussion

We exposed the mucosal surface of toad bladder
and frog skin to the polyene ionophore nystatin
in order to increase the conductance of the apical
membrane and study some of the electrical proper-
ties of the basolateral membrane by means of
transepithelial measurements. This method re-
quires that the following conditions are met:

1. Nystatin effect must be large enough so that
the resistance and steady-state potential of the api-
cal membrane become negligible relative to those
of the basolateral membrane.

2. Ionophore incorporation must be restricted
to the apical membrane, leaving the basolateral
membrane unmodified.

3. Tissue integrity must be maintained, paracel-
lular pathway should be small and excessive cellu-
lar volume changes avoided.

Our preparations appear to fulfill these condi-
tions. As discussed above, the data suggest that
the apical conductance in the nystatin-treated
bladder is much larger than the basolateral con-
ductance. Since the ionophore has similar Na and
K permeabilities (Lewis et al., 1977; Russell et al.,
1977; Wills, 1981) the increase in conductance will
also abolish the apical membrane potential. The
Py/Py, ratio in nystatin-treated bladders was
larger than 6, indicating that nystatin did not affect
the basolateral membrane or the paracellular shunt
to a large extent. This permeability ratio could be
maintained for at least one hour, during which the
mucosal and cellular ion compositions were
changed several times. Thus, the ionophore, prob-
ably by virtue of its hydrophobicity, was essentially
restricted to the apical membrane. A similar obser-
vation was made in yeast (Von Hedenstrom &
Joffer, 1979) where the effect of nystatin was lim-
ited to the plasma membrane and mitochondrial
function was not affected.

Unlike previous studies in tight epithelia, most
of the above experiments were carried out in Cl-
free solutions (both mucosal and serosal). The sub-
stitution of Cl by the impermeable ion SO, had
two major advantages: (1) The absence of Cl in
the apical solution prevented excessive salt move-
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ment through the nystatin channels, known to in-
duce cell bursting (Lewis et al., 1977; Russell et al.,
1977). This is probably the reason for the high
stability achieved in these preparations. Steady
currents in a nystatin-treated bladder were also
measured by Eaton et al. (1982). In this study Ca
was eliminated from the mucosal Ringer’s in addi-
tion to the substitution of Cl by SO,. Russell et al.
(1977) showed that neither Ca nor Mg can readily
move through the nystatin channels. Yet, the possi-
bility of small leak of Ca that will raise the cellular
Ca activity above the physiological value should
be borne in mind.

An alternative way to overcome the problem
of cell bursting is to use a cation-specific ionophore
such as gramicidin D (Wills, 1981; Lewis & Wills,
1982). In the Bufo bufo urinary bladder mucosal
addition of 1 um gramicidin D had no effect on
the amiloride-insensitive conductance. This, how-
ever, could be due to the fact that the ionophore
concentration applied on rabbit bladder was much
higher than that used by us.

Serosal Cl-free Ringer’s decreased the basolat-
eral conductance and thus increased the relative
contributions of the transport systems of interest
(the Na pump and the K-specific pathway) to the
total basolateral I-V curve. The high permeability
of this membrane to Cl (Macknight et al., 1980),
made it almost impossible to determine accurately
the ouabain-sensitive -V curve in the presence of
high serosal Cl.

The need to carry out /-V measurements in
SO, Ringer’s forced us to prefer in this study Bufo
bufo toads over the more commonly studied species
Bufo marinus. We observed that substituting the
serosal Cl by SO, in bladders originated from Bufo
marinus (before the application of nystatin) caused
a large increase in the paracellular conductance.
This phenomenon was not observed in bladders
removed from Bufo bufo toads or in frog skin.

The computation of basolateral I~V curves re-
quired the accurate determination of the paracellu-
lar -V curves. We assumed that the measurements
taken at the end of periods III and V of Fig. 2
reflect properties of the paracellular shunt plus
those of cellular ouabain-insensitive Na pathways.
This assumption is probably justified in construct-
ing the ouabain-sensitive -V curve, but is more
problematic for the construction of the Iy-V curve,
since the paracellular Na and K permeabilities
might differ to some extent. However, the fact that
the reverse potential of the computed I-V curve
was in very good agreement with the expected K
equilibrium potential indicates that in this case the
subtraction is justified. Furthermore, we did not
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see consistent differences in the paracellular /~V
curves measured prior to the addition of nystatin
(in the presence of amilorde) with different muco-
sal Na concentrations. An alternative approach to
obtain the paracellular I~V curve would be to use
a specific blocker of the K pathway. Ba, known
to block K channels in frog skin (Nagel, 1979)
was precipitated by sulfate, and Cs which was re-
ported to block apical K channels in frog skin
(Zeiske & Van Driessche, 1979) had no effect in
our preparation.

The K-specific -V curves showed strong recti-
fication at potentials more negative than — 50 mV.
The rectification did not shift with the reverse po-
tential and, therefore, is probably based on volt-
age-controlled gating. It is interesting to note that
the rectification occurs in the vicinity of the physio-
logical basolateral potential (Fromter & Gebler,
1977; Helman & Fisher, 1977). Thus it may serve
to limit cellular K loss in cases where the mem-
brane potential deteriorates. This observation is
specially interesting in the light of recent sugges-
tions that the basolateral K conductance is subject
to cellular regulation (Schultz, 1981; Davis & Finn,
1982). The ouabain-sensitive I-V curve had a re-
verse potential of —85+14mV. As discussed
above this value is close to the basolateral mem-
brane potential and much higher than the pre-
dicted reverse potential of the Na pump under nor-
mal conditions. This discrepancy can be accounted
for in one of three ways: (1) The turnover rate
of the pump is high enough to accumulate K in
the cell although the apical Py is high and K was
removed from the mucosal medium. In this case
the curve measured in the presence of ouabain will
not account properly for the passive basolateral
K fluxes, since it was measured for a lower cellular
K activity. (2) The hydrolysis of ATP by the Na
pump is not fully coupled to the active transport
process and this system operates at an efficiency
which is much lower than 100% (Kedem & Ca-
plan, 1965). Passive ion leaks through the Na
pump had been recently described in reconstituted
vesicles (Karlish, Lieb & Stien, 1982). However,
it is doubtful whether these small passive fluxes
can account for the large discrepancy between the
expected and observed reverse potentials. (3) In
the nystatin-treated bladder the ATP/ADP ratio
could be much lower than assumed (e.g. nystatin-
induced impairment of mitochondrial function).
Direct measurements of the cellular ATP, ADP
and K activities at the different states will be re-
quired in order to distinguish between these possi-
bilities. Nevertheless it is of interest to note that
the ouabain-sensitive current was practically volt-
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age independent above 20 mV. Errors in the oua-
bain-independent curve will be least likely to dis-
turb the computed pump /-V curve in this range
where the slope of the I~V curve is relatively small
(Fig. 4).

A puzzling observation was the positive current
developed after substituting the serosal Ringer’s
by Na0+ ouabain (period VI in Fig. 2). The same
phenomenon was observed when chloride Ringer’s
was used (not shown), but not if mucosal Na was
replaced by choline (Fig. 5). One possible explana-
tion for this observation is that in the presence
of high cellular Na and high serosal K, ouabain,
although applied at very high concentration
(5 mm), failed to block the Na pump. It is well
known that a high external K activity can decrease
the binding of ouabain to the Na, K-ATPase, and
that such an effect is also induced by a high cellular
Na activity (Glynn & Karlish, 1975). In the am-
phibian bladder, high serosal K alone did not pre-
vent the binding of ouabain to the Na, K-ATPase
(Palmer et al., 1980; H. Garty, unpublished data).
However, the combination of high serosal K and
high mucosal Na could bring about dissociation
of ouabain from the pump. Alternatively, one may
speculate that the unusual serosal and mucosal ion
composition applied during this period decrease
the basolateral value of Py /Py, by affecting other
transport pathways besides the Na, K-ATPase.

In summary, equilibrating the mucosal surface
of toad urinary bladder and frog skin, maintained
in Cl-free solutions, with nystatin, enables us to
examine the electrical properties of the basolateral
membrane by means of transepithelial measure-
ments. The high stability of the nystatin-treated
preparations makes this method a convenient way
to study effects of various reagents and ion compo-
sitions on the basolateral membrane.

Thanks are due to Prof. B. Lindemann (II Physiologisches Insti-
tut der Universitdt des Saarlands, Homburg, F.R.G.) for mak-
ing his equipment available to us and for most useful discus-
sions. H. Garty was the recipient of a European Molecular
Biology Organization Fellowship. Financial assistance was pro-
vided by the Deutsche Forschungsgemeinschaft, SFB 38, pro-
ject CL
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