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Journal of Clinical Investigation
Vol. 44, No. 8, 1965

Effect of Amphotericin B on the Permeability of the
Toad Bladder *

NORMANS. LiCHTENSTEIN ANDALEXANDERLEAF t

(From the Departments of Medicine, Harvard Medical School and the Massachusetts General
Hospital, Boston, Mass.)

Neurohypophyseal hormones have been found to
induce large net transfers of water across various
transporting epithelia from anurans while the low
permeability of these tissues to small solute mole-
cules is retained. Since the water is considered to
move in bulk through aqueous channels in such
circumstances (1, 2), an explanation has been
needed to account for the concomitant low perme-
ability of these channels to small hydrophilic sol-
utes. Andersen and Ussing (3) postulated the
existence of a double series permeability barrier to
account for this discrepancy in toad skin, and this
concept has been extended to the toad bladder (4).
A homogeneous outer diffusion barrier, highly
permeable to water but of low permeability to most
hydrophilic solutes, is considered to overlie a
deeper porous barrier in which the porosity is in-
creased by neurohypophyseal hormones. Since
water crosses the diffusion barrier readily, changes
in the porous layer will determine the character-
istics of net water transport. The penetration of
the bladder by small solute molecules, effectively
blocked at the outer diffusion barrier, is unaffected
by hormonally induced changes in the porous layer.

It became apparent that these considerations
could not be restricted to water alone, on the one
hand, and to all solutes, on the other, because the
permeability of the toad bladder to urea and a
small group of related, uncharged amides was
found to be markedly enhanced by neurohypo-
physeal hormones (4, 5). These hormones also
specifically stimulate the active transport of sodium
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in the tissues considered (6, 7). In order to pre-
serve a unitary hypothesis for the action of neuro-
hypophyseal hormones on the permeability char-
acteristics of the toad bladder it was assumed that
urea, its congeners, and sodium ions-like water-
somehow penetrated the diffusion barrier readily
so that their rate of penetration was determined by
the porous barrier.

This unitary hypothesis of the hormonal action
quickly encountered difficulties with respect to so-
dium transport: 1) Removal of potassium from
the medium bathing the serosal surface of the toad
bladder blocked the entry of sodium through the
mucosal surface of this tissue with resultant failure
of stimulation of sodium transport by vasopressin;
however, little, if any, decrease in the hormonally
induced enhancement of water transport was ob-
served in these circumstances (8). 2) Sodium
ions have been shown to interact specifically with
some membrane component near the mucosal sur-
face of the toad bladder (9, 10), whereas urea and
water show no evidence for such interaction (4,
5). This interaction would have to occur in the
dense diffusion barrier and seems the most likely
place that vasopressin might enhance sodium
transport. 3) Petersen and Edelman (11) have
dissociated the effects of low concentrations of
vasopressin in the presence of calcium on the per-
meability of the toad bladder to water and to so-
dium. 4) Morel (12) has found that various syn-
thetic analogs of vasopressin affect the perme-
ability of the frog bladder to sodium and to water
to different degrees. These arguments require a
separate locus of action of neurohypophyseal hor-
mones on the permeability of the bladder to sodium
and to water.

Although a double series barrier seemed a for-
mal requirement to account for the permeability
characteristics of the toad bladder and related
transporting epithelia, some independent means
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for testing the existence of such a double barrier
was required. A series of compounds that would
react with known components of the cell membrane
was tested. Amphotericin B, a substance thought
to interact with the sterols of the cell membranes
of microorganisms (13, 14) gave the most promis-
ing results. The purpose of the present study is
to examine the effects of amphotericin B on the
permeability characteristics of the toad bladder.
It is concluded that this compound functionally re-
moves the outer selective diffusion barrier leaving
the deeper porous barrier relatively intact. This
effect supports the dual barrier hypothesis and af-
fords a means of examining the contribution made
by each barrier separately to the permeability char-
acteristics of the tissue.

Methods

Studies were made with the urinary bladder of the
toad, Bufo marinus, according to the technique of Ussing
and Zerahn (6). A double chamber was used (15) with
one half bladder mounted across the two chambers, one
quarter being used as the test preparation and the other
quarter as either the control or as a second experiment.
The cross-sectional area of each half chamber was 4.65
cm'. The short circuit current was measured and re-
corded automatically (16). For the water movement
studies a chamber was designed which is similar to that
recently described by Edelman, Petersen, and Gulyassy
(17) but which permits the simultaneous measurement
of both net water flow and short circuit current. As il-
lustrated in Figure 1, the bladder is held firmly in place
by a nylon mesh support at both surfaces. Thus, by pre-
venting bladder movement, net transfer of water across
the tissue can be easily and accurately measured. The
cross-sectional area of the chamber is 7.07 cm'. For
most of the experiments a sodium Ringer's solution was
used that contained sodium chloride 114 mM, potassium
chloride 3.5 mM, sodium bicarbonate 2.8 mM, and calcium
chloride 0.89 mM. The pH was 7.8 and the osmolality
220 mOsmper kg water. In the experiments measuring
net flow of water, the solutions used were ordinary so-
dium Ringer's solution on the serosal side and sodium
Ringer's solution diluted to produce the desired transepi-
thelial osmotic gradient on the mucosal side.

Amphotericin B 1 was used as the water soluble prepa-
ration. Each vial contains 50 mg lyophilized amphoteri-
cin B powder, 41 mg sodium deoxycholate, 10 mg di-
sodium phosphate, 0.89 mg monosodium phosphate, and
6.2 mg sodium chloride. The solution was stored at
40 C in a dark container to prevent inactivation. The so-
dium deoxycholate is present in order to solubilize the
amphotericin B. When the sodium deoxycholate was
used alone, in the same concentrations as would ordinarily

1 E. R. Squibb & Sons, New Brunswick, N. J.

FIG. 1. CHAMBERUSED TO MEASURESHORT CIRCUIT
CURRENTAND NET WATERMOVEMENTSIMULTANEOUSLY.
A refers to the toad bladder held firmly in place between
the two halves of the Lucite chamber, each of which is
covered by B, a nylon mesh support. C is the calibrated
pipette to measure net movement of water. D represents
a steel ball in the chamber, which is acted upon by an ex-
ternal rotating magnet, not shown in the diagram, to
stir the solution in the closed half chamber. E is the out-
let for the mucosal bathing medium. F is connected by
rubber tubing to an air outlet, which serves both to
aerate and to stir the serosal bathing medium. The elec-
trical short circuit diagram is also illustrated.

be present in the amphotericin B solution, no effects on
the permeability of the tissue were observed. Further-
more, nystatin, a polyene antibiotic that produces changes
in the permeability of the toad bladder similar to those
seen with amphotericin B, contains no deoxycholate in the
preparation used. The changes reported, therefore, may
be ascribed to the action of amphotericin B alone on the
tissue.

Isotopes used were tritiated water (THO), urea-C1,
thiourea-C", methylurea-C", and butyramide-C"; 2 Na"
and K"; 8 and Nae and Cl".4 Na" and K" were counted
with an auto-gamma spectrometer 6 and the urea-C",
thiourea-C", Cl, and THOwith a Tri-Carb liquid scin-
tillation spectrometer 5 using a naphthalene-dioxane solu-
tion (18). The permeability coefficients were calculated
by adding the isotope to the medium bathing one side and
measuring its rate of appearance on the other side (5).

2 New England Nuclear Corp., Boston, Mass.
3 Iso/Serve Co., Boston, Mass.
4 Nuclear Science and Engineering Corp., Pittsburgh,

Pa.
5 Packard Instruments Co., La Grange, Ill.
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FIG. 2. EFFECT OF AMPHOTERICIN B AND VASOPRESSIN

ONTHE SHORTCIRCUIT CURRENTACROSSTHE TOADBLADDER.

With amphotericin B added to the mucosal bathing me-

dium, a large stimulation of short circuit current occurred
that was not further augmented by vasopressin. Initial
addition of vasopressin caused a smaller rise in short
circuit current followed by a large increase upon addi-
tion of amphotericin B. These changes were accompanied
by a decrease in the electrical resistance, as can be seen

from the initial and final potential differences (P.D.)
across each quarter bladder.

Measurements of oxygen consumption were made using
conventional manometric techniques (19). All solutions
were bicarbonate-free and were buffered with phosphate
or Tris. In the sodium-free Ringer's solution the sodium
was replaced by either choline or magnesium. The final
concentrations of sodium were determined by flame pho-
tometry, using a Baird-Atomic flame photometer.6

Results

Effect on sodium transport. Figure 2 shows a

typical result of the addition of amphotericin B to
the medium bathing the mucosal surface of the toad
bladder. Within 30 seconds one observes the on-

set of a large rise in short circuit current, a rela-
tively smaller rise in potential, and a drop in re-

sistance. The magnitude and duration of the re-

sponse is dependent upon the concentration used.
A low concentration of 2 ,pg per ml produces only
a slight rise in short circuit current; a high concen-

tration of 13 ttg per ml produces a maximal rise,
usually two to five times greater than the control

6 Baird Associates, Cambridge, Mass.

value. After the maximal effect has been produced
there is a steady decline in short circuit current,
potential difference, and resistance, reaching low
levels after 2 hours. These effects cannot be re-
versed by removing the amphotericin B from the
bathing solution.

The response to amphotericin B occurs only if
it is added to the mucosal medium. Amounts even
three times the maximum can be added to the
serosal medium, and over the ensuing 3 hours no
detectable effect on the short circuit current is
observed.

After a maximal response of the short circuit
current to amphotericin B has been produced, ad-
dition of vasopressin results in no further stimula-
tion. This is again shown in Figure 2, which is
representative of approximately 40 similar ex-
periments in which the final amphotericin B con-
centration was 13 jug per ml. At no time was a
further increase in short circuit current observed
after the maximal amphotericin B response had
been produced. With concentrations of ampho-
tericin B less than 10 jLg per ml, however, a slight
further increase in short circuit current may occur
upon the addition of vasopressin.

Figure 2 also demonstrates the effect of re-
versing the order of addition of amphotericin B
and vasopressin. If vasopressin is given first,
there is the usual increase in short circuit current;-
subsequent addition of amphotericin B, however,
always yields a further increase over that induced
by vasopressin alone.

Since the effect of amphotericin B is to produce
marked changes in permeability, it was thought
essential to determine whether the measured short
circuit current was still equal to the net sodium
flux. In eight experiments using the double la-
beling technique of Ussing and Zerahn (6), the
net sodium flux and the short circuit current were
identical in the control periods, as shown in Table
I. In the first half hour after the addition of am-
photericin B (14 Ixg per ml) the net sodium flux
and the short circuit current both increased nearly
proportionately. In the second half hour, however,
although the net sodium flux increased threefold
over the control period, the short circuit current
only doubled. The lesser rise of the short circuit
current than of the mean sodium flux probably re-
flects leakage of ions from the cells, most likely
potassium.
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TABLE I

Comparison of the net sodium flux and the short circuit current across the toad bkldder
before and after amphotericin B*

A B
Mean sodium flux Mean net Mean short

Period sodium circuit
no. M to S S to M flux current B -A + SEMt p

10-11 Eq/sec
Control

1 132 26.1 106 104 + 1.5 4± 4.8 0.8
2 115 28.4 87.0 88.1 - 1.1 i 6.9 0.9

Amphotericin, 14 gg/ml
3 229 36.0 193 173 +21.0 ± 7.2 <0.05
4 336 70.5 265 178 +86.8 ±413.3 <0.001

* Sodium flux was measured from mucosal to serosal surfaces (M to S) by means of Na'1 and simultaneously in the
opposite direction (S to M) with Na". The short circuit current was determined simultaneously and recorded automati-
cally. The results from a total of eight experiments are presented; in each experiment each period was one-half hour in
length. The amphotericin B was added at the end of period 2. Note the good agreement between mean net sodium flux
and mean short circuit current in the two control periods. After the addition of amphotericin B, however, there is a lesser
rise in mean short circuit current than in the mean net sodium flux, indicative of some asymmetric leak of ions from the
cells.

t SEM=standard error of the mean.

Effect on permeability to potassium, chloride,
and thiourea. The effect of amphotericin B on the
permeability of the bladder to substances that are
not actively transported across the tissue, namely,
potassium, chloride, and thiourea, was tested. For
potassium and thiourea the permeability was meas-
ured from the mucosal to serosal surface; for chlo-
ride, measurements in separate bladders in both
directions were done, and the results were essen-
tially the same. Previous data have shown that
the permeability of the bladder to these substances
is unaffected by vasopressin (4). The addition of
amphotericin B, as shown in Table II, results in
a large increase in the permeability of the bladder
to these compounds.

Effect on net movement of water. Although
amphotericin B was able to increase the perme-

TABLE II

Effect of amphotericin B on the permeability of the toad
bladder to potassium, chloride, and thiourea*

No. of
experi- Ampho-
ments Control tericin B A + SEM p

Kgrane in 10-7 cm/sec
Potassium 6 3.8 57.2 53.3 +10.9 <0.01
Thiourea 5 10.6 92.7 82.1411.5 <0.01
Chloride 7 5.3 16.2 10.9+ 2.8 <0.01

* In each experiment following 15 minutes of equilibration for the
isotope the permeability across the tissue was determined for one or two
30-minute control periods. Amphotericin B (13 fg per ml) was then
added to the mucosal medium, and a further two or three 30-minute
periods were obtained. The mean values of control and experimental
periods, respectively, are recorded. Ktrns = permeability coefficient.

ability to a wide variety of substances such as so-
dium, potassium, chloride, and thiourea, it specifi-
cally failed to increase the net movement of water;
vasopressin still exerted its usual effect upon that
parameter.

Table III shows the results of amphotericin B
and vasopressin upon net movement of water. In
these experiments an osmotic gradient was estab-
lished across the bladder by using as the mucosal
bathing medium sodium Ringer's solution diluted
to one-fifth of its normal tonicity. A control pe-
riod of 20 to 40 minutes was followed by the addi-
tion of amphotericin B in concentrations ranging
between 4 and 22 ug per ml. Over the next 20 to
40 minutes, there was then a slight, but not statisti-
cally significant, increase in net movement of wa-
ter. Subsequently, the addition of vasopressin to
the serosal solution resulted in the expected large
net movement of water. In each of the experi-
ments the addition of amphotericin B caused a
marked increase in short circuit current, but no
further increase was observed upon addition of the
vasopressin.

Series 2 in Table III represents another group
of eight experiments similar to those already de-
scribed except that as a final step the serosal solu-
tion was replaced with fresh Ringer's solution in
order to remove the vasopressin. The purpose
here was to determine whether the usual reversal
of the vasopressin effect could still be observed af-
ter exposure of the tissue to amphotericin B. Col-
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TABLE III

Effect of amphotericin B and vasopressin on net transfer of water across the toad bladder*

A B C D
No. of Vasopressin

Series experiments Control Amphotericin B Vasopressin removed

1.d/cm2/10 min
1 13 1.3 2.6 15.8
2 8 0.9 1.2 19.5 7.4

Significance of mean differences
B-A C-B D-C

Series 1 AI SEM 1.3 i 1.6 13.2 : 1.6
p 0.5 <0.001

Series 2 A d SEM 0.4 i 0.3 18.2 d 2.8 -12.1 i 2.8
p 0.5 <0.001 <0.001

* The osmotic gradient was established with sodium Ringer's solution as the serosal bathing medium and sodium
Ringer's solution (diluted 1:4), as the mucosal bathing medium. Concentrations of amphotericin B were between 4 and
22 ,ug per ml. Periods A through D each varied from 20 to 40 minutes in length.

umn D of Table III indicates that the vasopressin
effect on net water movement was partially re-
versible.

Figure 3 shows one illustrative example of
these eight experiments. Amphotericin B pro-

duced a large rise in short circuit current, a small
rise in potential difference, but no effect upon net
water movement. Vasopressin caused essentially
no increase in the short circuit current or potential
difference but did induce a large net movement of

20
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tion of amphotericin B to the mucosal medium produced a large increase in short circuit cur-

rent without affecting net movement of water. Subsequent addition of vasopressin failed to
augment the short circuit current, but produced its usual large effect on transport of water.
When vasopressin was removed, the net transport of water was reduced. In this experiment
sodium Ringer's solution was used as the serosal bathing medium and sodium Ringer's solution
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water. The decline in short circuit current and
potential difference is the usual pattern seen after
30 to 60 minutes of amphotericin B. Finally, re-

moving vasopressin from the serosal solution re-

turned the bladder to a state of relative imperme-
ability to water once again.

Effect on the diffusion of water. The effect of
amphotericin B on the diffusion of water in the
absence of an osmotic gradient was also studied.
The unidirectional flux of water was measured
with tritiated water. The permeability coefficient,
Ktrans, for labeled water was determined as de-
scribed previously (20). The total duration of
each experiment was 1 hour and consisted of a 20-
minute control period, an amphotericin B period of
20 minutes, and a final 20-minute period with
vasopressin.

Table IV shows that in fourteen experiments
amphotericin B produced a highly significant in-
crease in the rate of penetration of the tissue by la-
beled water. Subsequent exposure to vasopressin
yielded an additional increment in permeability to
water in the third period. Series 1 of Table IV
also indicates that in eight control experiments in
which no vasopressin was added after the ampho-
tericin B, no significant further increase in perme-

ability to water was observed in period C.
Effect on permeability to urea. The results of

amphotericin B upon the permeability of the toad

bladder to urea are shown in Table V. In each
of the seven experiments in series 1 there were

two 20-minute control periods, three 20-minute
periods following the addition of amphotericin B,
and three further 20-minute periods after the ad-
dition of vasopressin. In series 2 the order of ad-
dition of amphotericin B and vasopressin was re-

versed. The results show that vasopressin caused
a sevenfold increase in the permeability to urea,

and subsequent addition of amphotericin B had no

further effect. Amphotericin B given first pro-

duced a fivefold increase in permeability, and vaso-

pressin caused no additional increase.
The absolute magnitude of the increase varied

slightly depending upon whether amphotericin B
or vasopressin was added first, but the pertinent
finding is that the subsequent addition of the other
agent was without further effect. The implication
from these experiments is that both vasopressin
and amphotericin B affect the same barrier for
urea. To determine whether the other urea ana-

logs (4) were similarly affected N-methyl urea-

C14 and butyramide-C14 were tested. In one pair
of experiments with each, addition of either am-

photericin B or vasopressin enhanced permeability,
but there was no further increase after the subse-
quent addition of the other agent; the results,
therefore, were similar to those with urea.

Effect on permeability to urea and net move-

TABLE IV

Effect of amphotericin B and vasopressin on the diffusion of water across the toad bladder*

A B C
No. of

Series experiments Control Experimental

Koran. in 10-7 cm/sec
Amphotericin B

1 8 984 1,560 1,796

Amphotericin B Vasopressin
2 14 1,085 1,636 2,464

Significance of mean differences
B-A C-B

Series 1 A :1 SEM 576 i: 166 236 i 126
p 0.01 0.2

Series 2 A :i: SEM 550 ± 7.3 829 ± 139
P <0.001 <0.001

* In each experiment the isotopically labeled water (THO) was added to the mucosal bathing medium. After 20
minutes of equilibration the flux of isotope through the tissue was determined for one 20-minute control period. In
series 1 amphotericin B (13 jug per ml) was then added to the mucosal medium, and observations were made for two addi-
tional 20-minute periods. In series 2 after one 20-minute period with amphotericin B, vasopressin (50 mUper ml) was
added to the serosal bathing medium and a final 20-minute period obtained. The mean values of control, amphotericin
B, and vasopressin periods, respectively, are recorded.
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TABLE V

Effect of amphotericin B and vasopressin on the permeability of the toad bladder to urea*

A B C
No. of

Series experiments Control Experimental

Ktrans in 10-7 cm/sec
Amphotericin B Vasopressin

1 7 30.1 139 158
Vasopressin Amphotericin B

2 6 29.7 214 226

Significance of mean differences
B-A C-B

Series 1 A :1 SEM 109 ± 22.6 18.7 i 14.6
p <0.001 0.3

Series 2 A i SEM 185 i 38.8 11.3 i 11.3
p <0.01 0.5

* In each experiment the isotope was added to the mucosal bathing medium. After 20 minutes of equilibration the
flux of isotope through the tissue was determined for two 20-minute control periods. In series 1 amphotericin B (13 pg
per ml) was then added to the mucosal medium, and three 20-minute periods were measured; vasopressin (50 mUper ml)
was subsequently added to the serosal bathing medium, and three additional 20-minute periods were obtained. hinseries
2 the order of amphotericin B and vasopressin was reversed. The mean values of control, amphotericin B, and vasopressin
periods, respectively, are recorded.
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ABILITY TO UREA. Amphotericin B added to the mucosal bathing medium produced a large
increase in the permeability of the bladder to urea and a slight increase in net water movement.
Subsequently vasopressin had no further effect on the tissue permeability to urea but did cause
the usual large increase in net water transfer. Removal of vasopressin reduced net water trans-
fer to lower levels. In this experiment the initial short circuit current was 56 pua, the potential
difference was 6 mv; the final values were 58 ,ua and 6 mv, respectively. Sodium Ringer's solu-
tion (diluted 1:1) on the mucosal side provided the osmotic gradient. Ktran =permeability
coefficient.
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ment of water measured simultaneously. The re-

sults in Tables III and V indicate that after am-

photericin B vasopressin exerts no further effect
on urea but still has its usual effect on net move-

ment of water. This was tested directly with
measurements made simultaneously on perme-

ability to urea and on net water flow in the same

half bladders. Figure 4 is a typical result, repre-

sentative of eight similar experiments. Ampho-
tericin B in a concentration of 5 ug per ml caused
a large increase in permeability to urea but only a

slight net movement of water. The addition of
vasopressin 1 hour later produced no further effect
on the permeability to urea but caused the expected
large net movement of water. Removal of vaso-

pressin from the serosal solution restored the rela-
tive impermeability to water.

Table VI shows the results of the eight experi-
ments in which the permeability coefficient for
urea, Ktrans, and the osmotic flow of water were

measured simultaneously in the same half bladders.
The results are in agreement with the urea and
osmotic water flow experiments done separately
(Tables III and V), namely, that amphotericin B
alone produces a large increase in the permeability
to urea, whereas vasopressin causes no further in-
crease but at the same time induces a large net
movement of water. Also it is apparent that af-

ter exposure for more than 2 hours to 5 ug per ml
amphotericin B the removal of vasopressin re-

stored the bladders to a state of relative imperme-
ability to water.

In these experiments the concentration of am-

photericin B used was 5 jig per ml. Although this
is less than the amount necessary to induce a max-

imal effect on sodium transport that is not further
increased by vasopressin, it is sufficient to produce
a maximal response on the permeability to urea

that is not further enhanced by vasopressin. Thus
there is a different dose-response relationship with
amphotericin B for a maximal effect on the per-

meability of the bladder to urea and to sodium.
Effect of mucosal acidification. In the toad

bladder lowering of the mucosal pH stimulates the
short circuit current (21). However, Figure 5,
representative of four similar experiments, dem-
onstrates that addition of acid to a bladder already
exposed to amphotericin B fails to produce an in-
crease but rather causes a depression in the short
circuit current.

Effect of absent serosal potassium. In the toad
bladder absence of potassium from the serosal
bathing medium effectively abolishes sodium trans-
port (8). It is thought that the major cause of
this effect is a reduction in the permeability of the
mucosal surface to sodium (22). Since ampho-

TABLE VI

Effect of amphotericin B and vasopressin in the toad bladder on the permeability to urea
and on net water movement measured simultaneously*

B D
A Ampho- C Vasopressin

Control tericin B Vasopressin removed

Kgra,,. in 10-7 cm/sec
Urea

40.8 205 224

ld/cm2/10 min
Net water movement

0.7 1.1 9.9 1.5

Significance of mean differences
B-A C-B D-C

Urea A 1 SEM 165 4t 32.6 18.4 i 13.0
p <0.01 0.2

Water A ± SEM 0.4 4 0.2 8.8 41 0.9 -8.4 :1 1.5
p 0.05 <0.001 <0.001

* The results are the means of measurements in eight experiments in which the permeability to urea and net water
transport were determined simultaneously. The osmotic gradient was established with sodium Ringer's solution as the
serosal bathing medium and sodium Ringer's solution (diluted 1:1) as the mucosal bathing medium. The final ampho-
tericin B concentration was 5 pg per ml. The duration and sequence of the periods were the same as in series 1 of
Table V.
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ACIDIFICATION ON SHORT CIRCUIIT CURRENT. Addition of
amphotericin B resulted in the customary large, but in
this instance transient, rise in short circuit current.
Acidification of the mucosal medium produced an abrupt
drop in short circuit current, whereas the control ex-

hibited the usual stipulatory effect. Phosphate Ringer's
solution was used as the bathing medium in this experi-
ment.

tericin B appears to increase the permeability of
this surface, its effect on sodium transport in the
absence of serosal potassium was examined. In
four experiments, of which Figure 6 is representa-
tive, a potassium-free sodium Ringer's solution
was used as the medium bathing both sides of the
bladder. After a rapid decline in short circuit cur-

rent, addition of amphotericin B caused a large
stimulation. Subsequent replacement of potassium
then resulted in a further increase in current.

Effect on oxygen consumption. In association
with the increased active sodium transport caused
by amphotericin B, a higher rate of oxygen con-

sumption would also be expected. The oxygen
consumption of paired bladder halves was meas-

ured using the conventional Warburg apparatus.
In these experiments each flask contained two
half bladders in 3 ml sodium Ringer's solution.

After two control periods of 1 hour each, ampho-
tericin B was tipped into one of the paired vessels
from its sidearm to give a final concentration of
17 ug per ml. As shown in Table VII, the result
was to increase the oxygen consumption (micro-
liters per milligram dry weight per hour) from
1.38 to 1.99.

To establish that the increase in oxygen con-
sumption following amphotericin B was in fact re-
lated to stimulation of sodium transport, an addi-
tional nine paired studies were performed in the
absence of sodium. Sodium was replaced by cho-
line in six and by magnesium in three paired ex-
periments. A lower base-line oxygen consumption
was observed compatible with the absence of so-
dium transport (7, 23). Upon addition of ampho-
tericin B there was no further increase in oxygen
consumption. The actual final concentrations of
sodium measured by flame photometry were be-
tween 2.5 and 4.0 mEq per L in eight pairs and
10 mEqper L in one pair of experiments.

To verify that the effects on the permeability of
the tissue could still be exerted by amphotericin B,
even in the absence of sodium, experiments with

rit
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FIG. 6. EFFECT OF AMPHOTERICIN B IN THE ABSENCE

OF SEROSALPOTASSIUM. With no potassium in the serosal
bathing medium the expected sharp decline in sodium
transport was observed. Addition of amphotericin B re-

sulted in a prompt, large stimulation of short circuit cur-

rent that was further enhanced by potassium. In the
control tissue potassium resulted in a slower rise in short
circuit current.
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TABLE VII

Effect of amphotericin B on the oxygen consumption of the toad bladder*

Hours Mean
difference

1 2 3 (hours 3-2) SEM p

Sodium Ringer's (9 paired experiments)
Control 1.43 1.33 1.25 -0.082 ±0.026 <0.02
Amphotericin B 1.47 1.38 1.99 +0.608 4:0.051 <0.001

Sodium-free Ringer's (9 paired experiments)
Control 0.97 0.90 0.93 +0.036 ±0.042 <0.50
Amphotericin B 0.99 0.91 0.99 +0.073 ±0.034 <0.1

* Measurements of oxygen consumption (QO2 = microliters per milligram dry weight per hour) were made using
conventional manometric techniques. All solutions were bicarbonate-free and were buffered with phosphate or Tris.
In the sodium-free Ringer's solution the sodium was replaced by choline in six, and by magnesium in three, of the paired
experiments. Amphotericin B in a final concentration of 17 ;&g per ml was added after the second hour.

tracer amounts of sodium and urea were per-
formed using choline Ringer's solution. The re-
sult was that amphotericin B induced large in-
creases in the permeability of the bladder to these
substances, similar to the effects seen in ordinary
sodium Ringer's solution.

Effect of nystatin. To determine whether these
effects on permeability were peculiar to amphoteri-
cin B or shared by other polyene antibiotics, ny-
statin, a compound similar in structure to ampho-
tericin B, was tested. The effects of nystatin on
the short circuit current in six experiments, and on
the permeability to urea in two experiments, were
essentially the same as with amphotericin B. The
effect upon the permeability to other substances
was not tested.

Effects of digitonin. Saponins are known to
form tight complexes with sterols. One such com-
pound, digitonin, was tested to see whether its ef-
fects might parallel those of the polyene antibiotics,
which are also thought to react chemically with
sterols (13, 14). However, the results were vari-
able and inconstant. In some sixteen experiments
using digitonin in concentrations between 2 and 20
,ug per ml there was, in five experiments, a stimu-
lation but, in eleven experiments, a depression of
the short circuit current.

Discussion
From kinetic studies of the permeability of the

toad bladder, the concept had developed of a
double series barrier located in or near the mucosal
surface of the epithelial layer of cells. An outer
dense diffusion barrier was considered to be the
major obstacle to the penetration of this tissue by

small solute molecules whereas water, which was
thought to cross the diffusion barrier readily, was
rate-limited by the porous barrier. Furthermore,
the porous barrier was considered to be regulated
by the neurohypophyseal hormones (4). Inde-
pendent evidence for such a hypothesis has now
been presented from these studies on the effects of
amphotericin B on the permeability of the bladder.

Amphotericin B, added to the mucosal bathing
medium, functionally removes the selective barrier
to the penetration of the bladder by most small
solute molecules. After addition of amphotericin
B, thiourea, potassium, and chloride, which nor-
mally diffuse across the tissue at low rates be-
cause of a permeability restriction at the mucosal
surface (4), show a prompt increase in their rates
of penetration by some three- to fifteenfold. This
evidence thus establishes a major site of action of
amphotericin B at the dense diffusion barrier in
the mucosal surface of the epithelial layer of cells.
But it is neither implied nor required for the pres-
ent study that this be the sole site of action of the
compound.

In accord with such a site of action is the fact
that amphotericin B produces its effects solely
when added to the mucosal bathing medium.
When amphotericin B is added to the serosal side
no detectable changes in the permeability to water,
urea, or sodium are observed. In spite of the
striking changes in permeability, no gross morpho-
logical changes were detected by either light or
electron microscopy in preliminary observations.

Having established that amphotericin B affects
the dense diffusion but not the porous barrier, one
can ascribe to each barrier its special role in deter-
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mining the permeability characteristics of this tis-
sue. In particular the effect of amphotericin B has
been examined on the permeability of the bladder
to those substances-urea, water, and sodium-
which are markedly affected by vasopressin.

In spite of functionally removing the dense dif-
fusion barrier, addition of amphotericin B leaves
the deeper porous barrier relatively intact. Bulk
flow of water was not induced by amphotericin B
but was still dependent upon the addition of vaso-
pressin and could be largely reversed upon the re-
moval of the hormone. Although the effects of
amphotericin B on the permeability of the bladder
to small solutes occurred immediately and were
easily dissociated from any effect on bulk water
movement, in experiments of long duration some
late and gradual increase in net water transport
was often encountered. This "leakiness" was
more common after large doses of amphotericin B
and in the presence of large osmotic gradients
across the tissue.

Amphotericin B produced a definite increase in
the permeability of the bladder to the diffusion of
labeled water. This evidence indicates that even
water is subject to some retardation by the dense
diffusion barrier. Subsequent addition of vaso-
pressin produced a further increase averaging some
50%, a value in fair agreement with the previously
reported figure of 70%o (20). The moderate in-
crease in diffusion permeability to water following
vasopressin is consistent with the large bulk trans-
fers of water that may be induced according to the
pore hypothesis of the action of the hormone (1).

It had been observed that the permeability of
the bladder to a group of small uncharged amides,
typified by urea, was strikingly increased by vaso-
pressin (4, 5). Studies of the labeling of the tis-
sue with urea-C14 added to the mucosal medium
indicated that the effect of vasopressin in aug-
menting the permeability of the bladder to urea
resulted from a change in some barrier located in
or near the mucosal surface of the bladder. The
demonstration of solvent drag on urea had led us
tentatively to assign a common site in the porous
barrier for the hormonal action with respect to
the penetration of the tissue by both urea and wa-
ter. The present studies, however, clearly indi-
cate that the action of vasopressin must be to in-
crease the permeability of the dense diffusion bar-
rier to urea. Thus either vasopressin or ampho-

tericin B increases the permeability of the tissue
to urea, and subsequent addition of the other com-
pound elicits no further increase in permeability.7
This indicates that the two agents affect the same
sites. Furthermore, the effect of amphotericin B
on the permeability to urea occurs without an in-
crease in net water transfer, indicating that the
total effect on urea can be dissociated from any ac-
tion of vasopressin on the porous barrier.

As demonstrated, amphotericin B produces a
striking stimulation of sodium transport. Sodium
transport in the toad bladder is an active process
that is considered to occur by passive movement of
sodium from the mucosal medium into the cells
down a favorable chemical gradient with the sub-
sequent active extrusion through the serosal sur-
face of the epithelial cells (9, 25, 26). It had been
shown that the action of vasopressin was to in-
crease the entry of sodium through the mucosal
surface of the epithelial cells (9) ; the resultant
increase in intracellular sodium secondarily stimu-
lated its active extrusion across the serosal surface.
After amphotericin B, vasopressin exerts no fur-
ther stimulation of sodium transport. This sug-
gests that the amphotericin B, like vasopressin, in-
creases the entry of sodium through the mucosal
surface. But, in contrast to vasopressin, ampho-
tericin B does not affect the porous barrier. This

7 Since a solvent drag effect has been observed on urea
transport after vasopressin (4) and presumably must in-
volve urea moving through the porous barrier, one might
have anticipated an effect of vasopressin on the transport
of urea after amphotericin B. An effect of solvent drag
on urea, however, would be small with the osmotic flows
observed at these small gradients (mucosal Ringer's solu-
tion diluted only 1 to 1) and would not be discernible
from a measure of a unidirectional flux. Furthermore,
only a small change in permeability, even to tritiated wa-
ter, is considered to occur within the porous barrier in
response to vasopressin. An increase in porosity rather
than an increase in effective area for diffusion is the hor-
monal response characteristic of this barrier (1, 20).
Finally, when diffusion is limited by two barriers it is
the relative permeability of each that determines quan-
titatively the response to a change in permeability in
either barrier (24). Thus it can be calculated that if the
dense diffusion barrier normally provides the major re-
sistance to the diffusion of urea in the absence of vaso-
pressin, and if even in the presence of the hormone it
still constitutes the major resistance to the diffusion of
urea, any action of the hormone on the second or porous
barrier would have little or no discernible effect on the
diffusion of urea across both barriers.
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establishes that the dense diffusion barrier is rate-
limiting for sodium and must, therefore, be the site
at which vasopressin exerts its effect. Because
net sodium transport is an active process, the in-
terpretation of these results is subject to certain
restrictions that were not imposed on the findings
with the substances previously discussed, which
move passively across the tissue. Thus the limit
to the increase of short circuit current after ampho-
tericin B and vasopressin may be dictated by the
capacity of the pump and, therefore, not indicate
the true extent to which these agents have affected
the mucosal permeability.

Also vasopressin and amphotericin B, although
both affecting the same dense diffusion barrier,
need not necesarily affect the same sites in this bar-
rier. If an increase in sodium entry through the
nmucosal surface in response to amphotericin B
saturates the active transport system, no further
response would be observed to an additional entry
of sodium that vasopressin might induce. Thus
with sodium, amphotericin B affects more sites
in the dense diffusion barrier than does vasopres-
sin and the sites need not be the same; but with
urea both compounds affect the same sites in this
-barrier.

To support the assumption that sodium is in
fact moving through the usual active transport
channels after amphotericin B rather than through
some passive leaks, the effect of amphotericin B on
the oxygen consumption of the tissue in the pres-
ence and absence of sodium was determined. Am-
photericin B caused a large increase in oxygen
consumption in the presence of sodium consistent
with stimulation of active sodium transport.
When all the sodium in the medium was replaced
by choline or magnesium, a definite decrease in
oxygen consumption was observed, consistent with
the absence of sodium transport, and addition of
amphotericin B in this situation failed to increase
oxygen consumption. Thus the metabolic effects
of amphotericin B, like vasopressin, are secondary
to its action on sodium transport rather than di-
rectly on the metabolism of the tissue.

The observation has been made that lowering of
the mucosal pH is associated with stimulation of
sodium transport (21). Since this effect occurs
without any detectable change in intracellular pH,
it has been interpreted as a consequence of an ef-
fect of pH upon the mucosal surface. In the pres-

ence of amphotericin B, with the selective diffusion
barrier functionally removed, acidification of the
mucosal medium failed to stimulate sodium trans-
port. This localizes the site of the hydrogen ion
effect on sodium transport to the dense diffusion
barrier. This interpretation is strengthened by
the fact that addition of hydrogen ions to the mu-
cosal medium actually inhibited sodium transport,
an effect to be expected if destruction of the diffu-
sion barrier allowed easy access of hydrogen ions
into the cell. A similar drop in sodium transport
has been found to occur when the pH of the sero-
sal medium is reduced.

The removal of potassium from the serosal bath-
ing medium has been observed to reduce or abolish
sodium transport. This finding has been used as
an argument to support a coupled sodium for po-
tassium exchange as the mechanism of active so-
dium transport. However, in the toad bladder it
was found that the major effect of removing potas-
sium from the serosal medium was to reduce mark-
edly the permeability of the mucosal surface to so-
dium (22). With little-or no sodium entering the
cells from the mucosal medium, none was avail-
able for active extrusion at the serosal side, and
thus active sodium transport stopped. When so-
dium in the serosal medium was replaced by cho-
line, the mucosal surface retained most of its per-
meability in the absence of serosal potassium, and
under these conditions active sodium transport has
been demonstrated (27). Since amphotericin B
functionally removes the selective barrier at the
mucosal surface, it should afford an independent
method of testing the means by which the removal
of potassium stops sodium transport. The prompt
large increase in sodium transport in the absence
of potassium upon addition of amphotericin B
supports the hypothesis that the major effect of
removing potassium had been on the permeability
of the mucosal surface. However, when potassium
was subsequently returned to the serosal medium,
there occurred a further increase in short circuit
current indicating that potassium played some
other role in sodium transport in addition to its ef-
fect on the permeability of the mucosal barrier.

The fact that amphotericin B affects the diffu-
sion barrier suggests that chemically this barrier is
lipid-like in structure. Previous studies, in micro-
biological systems, have shown that amphotericin
B reacts with lipids, particularly sterols. It is
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a porous barrier, in series. All substances including water are retarded at the diffusion
barrier. Vasopressin enhances the permeability of this tissue to urea and sodium by an

effect on the dense diffusion barrier and to water by an effect on the porous barrier.

thought that amphotericin B exerts its toxic effect
on susceptible organisms by combining with sterols
in the cell membranes and thereby causing damage
to the cell (13, 14). For this reason it is effective
against fungi and protozoa (14, 28, 29), which
contain sterols in their cell membranes, but is in-
effective against bacteria (14), which have little
or no sterols in their cells (30). With mammalian
erythrocytes in vitro amphotericin B may induce
large potassium losses and hemolysis (31, 32).
Clinically it frequently causes a marked nephro-
toxicity (33). One might speculate that a similar
drug-sterol interaction is responsible for these
effects.

In conclusion these studies with amphotericin B
allow a qualitative description of the contribution
of these two diffusion barriers to the over-all per-

meability of this tissue and furthermore permit us

to ascribe the major effects of vasopressin to the
individual barriers. This is illustrated schemati-
cally by Figure 7 in which the effects of vasopres-

sin are indicated. For water the porous barrier is

the major obstacle to diffusion, and vasopressin
increases the diffusion permeability by 60 to 70%o.
The change in the porous barrier furthermore per-

mits net movement of water by bulk flow, as previ-
ously discussed (1, 2). Urea is limited by the
dense diffusion barrier both in the presence and
absence of vasopressin, and the hormonal effect is
mediated at this barrier. Sodium, like urea, is
hindered at the dense diffusion barrier, and vaso-

pressin accelerates its movement across this bar-
rier. Most small solutes are markedly hindered
at the dense diffusion barrier, and vasopressin
has no discernible effect on their penetration.
According to this formulation vasopressin is seen

to have a dual site of action: on the porous barrier
with respect to water and on the dense diffusion
barrier for sodium and urea. These two barriers
in or near the mucosal surface of the epithelial
layer of cells determine the permeability for wa-

ter, urea, and small solutes, but in the special case

of sodium, the active transport process located at
the serosal surface of the epithelial layer of cells
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must also be taken into account with respect to its
transepithelial transport.

Summary

1) Amphotericin B, a polyene antibiotic, has
been shown to stimulate sodium transport in the
toad bladder. This effect, similar to that of vaso-
pressin, results from an increase in permeability of
the mucosal surface to sodium.

2) The permeability of the bladder to small sol-
utes, e.g., potassium, chloride, and thiourea, which
normally penetrate the tissue at low rates un-
affected by vasopressin, was greatly increased by
amphotericin B.

3) The rate of penetration of the bladder by
urea was enhanced by amphotericin B or by vaso-
pressin to a similar extent, but the subsequent ad-
dition of the second agent failed to increase the
response beyond that produced by the first.

4) In contrast to the effects on the permeability
of the bladder to solutes, amphotericin B had
little effect on the net transport of water across the
bladder, which was still dependent for its occur-
rence on the presence of vasopressin.

5) The findings provide independent evidence
to support the hypothesis that the major resistance
to penetration of this tissue resides in a double se-
ries barrier, a dense diffusion, and a porous bar-
rier, located in or near the mucosal surface. The
dense diffusion barrier is affected by either ampho-
tericin B or vasopressin to allow penetration by
sodium or urea; the porous barrier is acted upon
by vasopressin alone to induce bulk flow of water.

6) Although acidification of the mucosal medium
specifically stimulates sodium transport in this
tissue, in the presence of amphotericin B acidifica-
tion fails to enhance and, in fact, depresses sodium
transport. This localizes the site of the hydrogen
ion effect to the dense diffusion barrier.

7) The fall in sodium transport in the absence of
serosal potassium is promptly reversed by ampho-
tericin B. This confirms the hypothesis that the
major effect of potassium removal on sodium
transport results from obstruction to the entry of
sodium into the cells.

8) All the effects with amphotericin B were
elicited with the compound added to the mucosal
bathing medium; no effects were detectable from
the serosal side in the concentrations used.
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