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Summary

When active Na* transport across the toad urinary bladder was abol-
ished by ouabain, a ‘reversed’ short circuit current could be induced by an
Na' concentration gradient. This reversed current was increased by vasopres-
sin and inhibited by amiloride and appears to represent net Na" movement
‘backwards’ through epithelial cells which normally participate in active Na*
transport across the bladder.

Active sodium transport across an epithelial cell layer may be regarded
as the net effect of two oppositely directed, unidirectional rate processes.
Ussing [1] proposed that the ratio of the unidirectional fluxes in the active
sodium transport pathway provided a measure of the effective driving force
of the sodium pump in the isolated frog skin, Eng*. More recently, however,
it has been widely recognized that the transmural flux-ratio may not be
uniquely related to the active transport process because a significant portion
of undirectional fluxes measured in isolated epithelial preparations may
traverse extracellular pathways; either between cells [2,3] (paracellular
shunts) or through the ‘damaged edge’ of the isolated epithelium [4]. Quan-
titative measures of shunt permeability in several Na’-transporting epithelia
have, in fact, suggested that virtually all of the Na* ‘backflux’ across isolated
rabbit ileum [5,6], rabbit colon [7], toad bladder [8] and turtle colon [9]
traverses the paracellular route, i.e., that a backflux through cellular path-
ways involved in active transport across these tissues is not detectable. This
result is not unexpected, however, since the apparent e.m.f. of the active
path in the toad bladder [10] and turtle colon [9] appears to be of the
order of 120 mV. The predicted ‘backflux’ through the cellular active trans-
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port path would thus be on the order of 1072 uequiv/cm? per h and perhaps
difficult to resolve in a typical unidirectional flux measurement [9].

Recent studies on the relation between active Na* transport and metab
olism in the toad bladder have suggested that Na* entry into the active trans
port pool from the serosal side is undetectable. Such experiments indicate
that there is no ‘recycling’ of serosal Na* across the basolateral membranes,
i.e., the coupling between active Na* flow and CO, production is indepen-
dent of serosal Na* concentration [11]. These experiments, coupled with
the tissue labeling studies of MacKnight et al [12], suggest that serosal Na*
may not have access to the ‘Na*-transport pool’.

Recent studies of the relation between active Na* transport and metab-
may be possible to measure an isotopic Na" backflux through the cellular
path involved in active transport. O’Neil and Helman [13] reported that in
non edge-damaged frog skin, under conditions of zero electrochemical
potential gradient, it was possible to detect an isotopic Na* backflux which
was increased by vasopressin and inhibited by amiloride. Similarly, Biber
and Mullen [14,15] reported that in non edge-damaged frog skins under
conditions of zero electrochemical potential, the unidirectional Na* back-
flux exhibited saturation kinetics, was enhanced by ouabain and, at least
at low serosal Na* concentrations, was inhibited by amiloride. These
studies, however, because they were conducted under conditions of zero
electrochemical potential gradient, provide no information as to whether,
under optimum conditions, it may be possible to induce a net flow of Na’
backwards, through the cellular path responsible for active transport.

Thermodynamic considerations suggest that the apparent permeabil-
ity of an active transport pathway may depend on ‘energetic’ as well as
‘passive’ properties [16]. Despite these complexities it seems reasonable
to expect that agents which inhibit metabolically-linked Na® transport
(e.g. ouabain) might decrease the ‘barrier’ to backflow of Na' through
cells involved in active transport. In this circumstance an appropriate
external driving force would be expected to produce a net backflow of
sodium through Na’-transporting cells. We report here that in the presence
of ouabain and an Na* concentration gradient net flow of Na" was induced
from the serosal to the mucosal side of the toad bladder through a pathway
which, on the basis of responses to vasopressin and amiloride, appears to
represent cells which are normally engaged in active Na* transport across
the tissue.

We used urinary bladders from Dominican toads since it is well-known
that under normal circumstances Na' is the only ion actively transported
by this tissue [17,20] . Isolated hemibladders were mounted in Ussing
chambers (area, 8 cm?) equipped with four 3 M KCl electrodes, two for
measuring the transepithelial electrical potential difference (PD) and two
for passing current across the tissue. A driving force favorable to the back-
wards movement of Na* was established by bathing the mucosal side of the
tissue with a sodium-free, choline-Ringer’s solution, while the serosal side
was bathed with Ringer’s solution containing 112 mM Na®. The transmural
PD was voltage clamped at zero mV and the short circuit current (I ) was
monitored continuously.
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Fig. 1 shows a representative experiment. After washing the mucosal
side of the bladder several times with Na*-free Ringer’s solution I is reduced
to a low value. Although the Na® concentration in this solution was not rou-
tinely measured in these experiments, previous studies have indicated that
several washes of the mucosal side with Na*-free Ringer’s solution reduces
the Na* concentration to values less than 1 mM. Note, however, that despite
the counter e.m.f. due to the Na’ gradient, the direction of I is nevertheless
consistent with active Na* transport from mucosa to serosa. At the time indi-
cated the serosal solution was exchanged for one containing 10 mM ouabain.
I declined to zero and then reversed in sign, such that the direction of net
positive charge transfer was from serosa to mucosa, opposite to that of the
normal active Na* current. The reversal of current flow was produced by
ouabain only in the presence of an Na® gradient from serosa to mucosa.
Addition of 10 m units of vasopressin to the serosal side increased the re-
versed current from —3.0 to —8.0 p A. Mucosal addition of 0.1 mM amiloride
abolished the reversed current virtually instantaneously. Table I shows the
pooled results from a series of such experiments in which the effects of vaso-
pressin and amiloride on the short-circuit current were studied. Vasopressin
significantly increased the reversed current by 5.5 uA. Amiloride reduced
the reversed current by 8.4 p A to a value not different from zero. The mean
total tissue conductance (mQ~!/8 cm?) was 1.76 + 0.07 just prior to the
addition of vasopressin. After the addition of vasopressin the conductance
increased to 2.11 *+ 0.14, while after the addition of amiloride the conduc-
tance decreased to 1.64 + 0.07.

These experiments indicate that it is possible to establish a ‘reversed’

I across the isolated toad bladder by applying a counter e.m.{. in the form
of an Na’ gradient from serosa to mucosa and inhibiting active Na* transport
with ouabain. The reversed I is stimulated by vasopressin and inhibited by
amiloride, i.e., in a qualitative sense the reversed current responds to these
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Fig. 1. Short circuit current (I4.) across the toad bladder as a function of time. Positive values indicate
current flow from mucosal side to serosal side. The time axis is interrupted to emphasize the change in
time scales.
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agents in a manner which is identical to the I, of the normal, actively trans-
porting bladder. There is good evidence that vasopressin and amiloride affect
active Na’ transport across epithelial cell layers by changing the Na* perme-
ability of the apical cell membrane [18,19]. In the present experiments the
effect of these agents is clearly on permeability since it is observed in the
absence of active transport. The effects of vasopressin and amiloride on
epithelial conductance are also consistent with a primary effect on Na* per-
meability. The reversed currents observed in these experiments appear to re-
present, at least in part, the passive movement of Na* down an electrochem-
ical potential gradient through the active Na'-transport path, broadly defined
as the cells which are normally responsible for active Na* transport across the
bladder.

It should be noted that the identification of the small reversed I, mea-
sured in this study (0.5 uA/cm?) with a net ionic flux may pose some techni-
cal difficulties. A net flux of this magnitude might be obscured, for instance,
by the noise inherent in tracer flux measurements. In addition, although
bladders of Dominican toads possess less carbonic anhydrase-containing cells
than those from toads of Colombian origin [20], the bladders of Dominican °
toads are not devoid of the enzyme. It might be argued that these bladders
could exhibit an ‘acidification current’ consistent with the magnitude of the
reversed Iy, observed in these studies, but below the limit of detectability of
the pH-stat titration technique [20]. In the present experiments, however,
the ouabain-induced reversal of Iy, was only observed in the presence of an
Na' gradient favoring serosa to mucosa Na* movement. In addition, the re-
versed I, was altered by vasopressin and amiloride in a manner consistent
with effects of these agents on normal, active Na* transport. These observa-
tions strongly suggest that the reversed I is the result of Na’ movement
through the same cellular path which is the normal route of active Na* ab-
sorption.

The induction of a reverse flow of Na® through the active transport path
in the toad urinary bladder provides evidence that under appropriate condi-
tions serosal Na* can enter cells normally responsible for active Na* absorp-

TABLE I
EFFECT OF OUABAIN, VASOPRESSIN AND AMILORIDE ON THE SHORT CIRCUIT CURRENT
IN THE PRESENCE OF A SODIUM GRADIENT
Ige (uA/8 cm?)

Na‘-Ringer’s Ouabain  Vasopressin Amiloride

solution (1073 M) (0.1 units/ml) (10~* M)
100 —8.6 —13.0 +3.0
116 —3.0 — 6.5 —0.6
40 +3.1 — 5.0 +1.3
49 —5.1 —10.6 —2.8
105 —5.0 —12.0 —4.6
—7.0 —12.0 —5.0
x 81.8 —4.3 — 9.8 —1.4
S.E $15.3 +1.7 t+ 1.3 +1.3
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tion. The mechanism by which Na* crosses the basolateral membranes of
these cells has not been discerned, but at least two possibilities may be envi-
sioned. Na’ might simply diffuse across the basolateral membrane or Na*
might actually traverse the ouabain-sensitive Na* pump in reverse. Ouabain
might be expected to facilitate Na* backflux in the former case by reducing
active Na® extrusion and, in the latter, perhaps by decreasing the energetic
barrier to backflow through the pump. Chen and Walser [21] reported, how-
ever, that in a sac preparation of the toad bladder bathed on both sides by
Na'-Ringer’s solution and voltage-clamped at 150 mV, serosal side positive;
the serosal to mucosal, unidirectional Na* flux was decreased in the presence
of ouabain.

In a recent study Wolff and Essig [22] obtained evidence for a net flow
of Na* from serosa to mucosa through Na'-transporting cells of the toad
bladder bathed on both sides by Na*-Ringer’s solution and voltage-clamped
at a serosal-positive PD which exceeded the apparent e.m.f. of the active
path.

This research was supported by grants from the National Institutes of
Health (AM18776 and HL.19071) and the Iowa Heart Association (76-G-6
and 76-G-1).
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