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SUMMARY

Net calcium transport in the toad bladder was determined as the difference
between simultaneous unidirectional fluxes of #3Ca and *Ca. Owing to the contami-
nation with #Ca of available 47Ca, measurements were limited to bladders with sub-
stantial (and probably abnormal) calcium permeability. In Tris- or bicarbonate-
buffered Ringer solution, average net calcium flux during continuous short-circuiting
was not significantly different from zero, whether the medium contained 2.7 mM
calcium or 50 mM calcium. However, significant mucosal-to-serosal flux occurred in
a few experiments. Open-circuiting reduced flux ratio and often led to significant
serosal-to-mucosal flux, but the change observed was closer to the theoretical change
predicted for a monovalent cation than a divalent one. Pitressin had no appreciable
effect on calcium flux ratio.

INTRODUCTION

Like the distal tubule of the mammalian kidney, the toad bladder transports
sodium ions against a transepithelial potential difference, the existence of which
depends upon the presence of sodium in the medium. Whether these epithelia also
transport calcium is less clear. Indirect observations, summarized elsewhere!, support
the inference that the distal tubule does so, but direct evidence is lacking. There are
apparently no published studies of net calcium transport by the toad bladder.

The influence of transepithelial potential on calcium transport has not been
critically examined. A potential of 6o mV, as is often seen in both kidney and toad
bladder, would lead to an equilibrium concentration ratio for a passively distributed
divalent cation of 100:1, according to the Nernst relationship. Thus sodium transport
from mucosal to serosal surface of the epithelium might bring about substantial
calcium transport in the reverse direction. The present experiments were undertaken
to determine the direction of net calcium transport in the toad bladder and the influ-
ence of transepithelial potential thereon.

Several technical difficulties were encountered in using calcium isotopes to
measure bidirectional calcium flux. IFirst, an enormous variability in the calcium
permeability of the bladder was found. The use of matched bladder halves to deter-
mine net flux is thus out of the question. A detailed study of the factors contributing
to this variability has been reported®. When all factors tending to augment perme-
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ability were minimized, the bladder became virtually impermeable to calcium. Second,
commercially available ’Ca is contaminated with 4*Ca. While this circumstance does
not limit the accuracy of bidirectional flux experiments when both fluxes are sub-
stantial, it does place a lower limit on the measurable fluxes in such experiments.
Thus net calcium transport cannot be measured by the double isotope technique in
bladders relatively impermeable to calcium.

The present data may have limited applicability, because they are obtained
entirely from bladders in which calcium permeability, in retrospect, is probably
greater than in the intact toad bladder. Nevertheless, the results may shed some light
on the relationship between calcium transport and transepithelial potential.

METHODS

The technique of preparation of the bladders and of measuring %Ca and *Ca
fluxes has been described?. An additional feature of the double isotope experiments
was that the scintillation vials for #%Ca determination were tightly capped after adding
the samples to the methanol solution and set aside for six weeks, before adding the
toluene solution and counting. Storage in this manner did not alter the 45Ca counting
rate more than expected from physical decay.

The same three media were employed as previously described?: bicarbonate
Ringer solution, Tris Ringer solution, and high calcium Ringer solution (containing
50 mM calcium and 14 mM sodium, buffered with Tris to pH 7.4). The last-named
solution was selected because preliminary experiments indicated that respectable
potential was obtained despite its high concentration of calcium.

The standard errors of the individual fluxes were calculated from the standard
errors of the linear regression coefficients of isotope concentrations against time. The
standard error of the flux ratios were determined from the individual fluxes and their
standard errors by the relationship ¢2(v/x) = 0?(v)/x? + y%?(x)/x*, where y and x
are the two isotope fluxes, on the assumption that the covariance of the two fluxes
is zero3.

RESULTS

The linearity of isotope concentrations with time is illustrated in Fig. 1. The
intercept in *Ca concentration represents contamination of the commercial ¥’Ca.

Net transport of calcrum during continuous short-circutting

In Table I the results have been summarized. In Groups A, B, and C, short-
circuiting was continuous except for brief (<10 sec) observations of open-circuit
potential at 3-min intervals. Both Jms and Jsm are higher in the Tris-buffered media,
because conductance and hence calcium permeability was increased in these experi-
ments*. Average net flux was not significantly different from zero in any of the three
groups, and flux ratio was not significantly different from unity. Nevertheless, [ms
was significantly greater than Jsm, and flux ratio (Jms//sm) significantly greater than
unity in a few individual experiments. These are shown in the left panels of Figs.

* Jms = mucosal-to-serosal flux; [gm = serosal-to-mucosal flux.
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2 and 3. These individual experiments did not differ appreciably from the others with
respect to potential, short-circuit current, conductance, or calcium permeability.

Net transport of calcium during open-civcuit conditions

In Groups D and E (Table I), the short-circuit current was observed only briefly
(<10 sec), every 3 min. Again, average net transport of calcium did not differ sig-
nificantly from unity. A plot of the individual flux ratios against the spontaneous
potential (Figs. 2 and 3) is more revealing. In the medium containing 2.7 mM calcium
(Fig. 2) there is a suggestion of two groups of results, one in which net transport
approaches zero as potential approaches zero and another in which net transport is
significant at low potential; in both groups lower flux ratios, and significant serosal-
to-mucosal movement of Ca?* are seen at higher spontaneous potentials. The same
pattern is more clearly evident in the results obtained at 50 mM calcium (I7ig. 3).
Here the potentials are generally lower, and significant backflux is seen only in a

2{1 g J
4i 1 a»;} E

Flux k) {
ratio }
Ll Lol
08 —i 2}- 08t J—% l R
06+ 4 o6t } % t . g
04 4 o4t t 1
02 4 02t E
0.1 ol 1 1 | 1 1 1 ) -
10 20 30 40 50 60 70 80 30
Short- PO, mv
circuited Open-circuit

Fig. 2. Flux ratio (mucosal-to-serosal divided by serosal-to-mucosal) of calcium in individual
experiments. The media contained 2.7 mM calcium. The vertical lines represent 2 times the
standard error of the ratio. Pitressin-treated bladders shown as closed circles. Flux ratio exceeds
unity in some experiments, but tends to be reduced at higher transepithelial potentials (PD).
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Fig. 3. Results in high calcium medium (50 mM calcium) plotted as in Fig. 1. Again, significant
mucosal-to-serosal flux occurs in some experiments, but is evidently restrained by higher spon-
taneous potentials.
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few experiments. Again, there is no significant difference between the two subgroups
of experiments with respect to electrical parameters or unidirectional serosal-to-
mucosal caletum flux.

Effect of Pitressin

In approximately half of the experiments illustrated in Figs. 2 and 3, Pitressin
was present in the media at a concentration of 8o mU/ml. As the figures show, there
was no obvious difference between those with and without Pitressin in respect to
calcium flux ratio. In four experiments in Group D, Pitressin was added after control
observations of bidirectional flux were obtained, and sampling was continued. Short-
circuit current increased by an average of 160 uA, or 120%,, but there was no sig-
nificant change in average unidirectional fluxes or net flux.

Effect of open- versus short-circuiting on calcium flux vatio
The flux ratio, G; = Jms/Jsm, for a passively distributed ion is theoretically?
given by the following expression, in the absence of exchange diffusion:

In Gy = L5 [RT
where F is transepithelial potential, z; is the valence of the ion, F is I'araday’s con-

stant, R the gas constant, and 7 the absolute temperature. Thus, a graph of In G;
against E should be linear with slope z.I'/RT.
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Fig. 4. The effect of short-circuiting on calcium flux ratio. Observations in each experiment are
connected by lines showing the sequence of changes. In all five experiments, flux ratio is increased
by short-circuiting. The slopes of the lines, however, are closer to those predicted for a monovalent
cation than a divalent one.

Fig. 5. Net calcium transport, in high (50 mM) calcium media, in relation to bladder conductance.
Only those experiments from Group D in which mucosal-to-serosal transport occurred are included.
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Fig. 4 illustrates the effect of open- versus short-circuiting on calcium flux ratio
in five experiments, plotted on a semilogarithmic scale. The average slope of these
lines is close to F/RT, rather than 2F/RT, as anticipated for a divalent cation. These
results are consistent with the inference, made on the basis of unidirectional flux
data?, that calcium crosses the toad bladder as an ion-pair with chloride.

DISCUSSION

The variability in these results precludes any firm conclusions as to the relation-
ship between net calcium and sodium transport in this tissue. It is clear, however,
that net transport of calcium may occur in either direction, and that the trans-
epithelial potential does exert an influence on the magnitude and direction of move-
ment. Since high rates of sodium transport are generally associated with high values
of potential, there is at least a strong possibility that sodium transport and calcium
transport will be negatively correlated under open-circuit conditions, such as in the
intact animal. Negative correlation is only suggested in the present data when the
relationship between net calcium transport and short-circuit current is examined
among individual experiments in each group. For example, in Group D, » = --0.040
(n = 17), P ~ 0.1. Among those bladders in which net transport of calcium was ob-
served in the same direction as that of sodium (from Group E}, there is a positive
correlation between calcium transport and tissue conductance (Fig. 5), though not
between calcium transport and short-circuit current. This correlation presumably
expresses the strong dependence of calcium permeability on tissue conductance,
previously described?. Only bladders with abnormally high conductance (induced by
one of the experimental factors previously examined) are sufficiently permeable to
calcium to transport substantial amounts of this cation.

On the other hand, the direction of net calcium transport in some individual
bladders can be reversed by open-circuiting (Fig. 4). Here transepithelial potential is
clearly affecting calcium transport profoundly. Whether spontaneous variation in
potential (as opposed to these changes induced by applied current) would have the
same effects is uncertain. It is also uncertain whether the change in flux ratio would
be the same in bladders without abnormal calcium permeability. Until 45Ca-free +"Ca
can be obtained, this question will remain difficult to answer.

Another approach to the determination of net calcium transport is the use of
bladder sacs, everted or uneverted, incubated for several hours in the presence of
vasopressin. Net movement of water and ions occurs from mucosal to serosal surface.
Volume change can be estimated gravimetrically. The composition of the fluid which
accumulates in (or disappears from) the sac can be calculated from ion concentrations.
We have reported experiments of this type in preliminary form®. A complete account
of these studies is in preparation.
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