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Effects of SITS on Sodium Transport, Oxygen Consumption
and Na-K-ATPase of the Frog Skin
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Department of Physiology, Yonsei University College of Medicine, Seoul, Korea
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INTRODUCTION

Disulfonic stilbenes, such as SITS(4-acetamido-
A’-isothiocyano-2, 2/~disulfonic stilbene), have been
shown to inhibit various anion transport systems,
In the red blood cell, SITS inhibits the exchange
flows of Cl- and SO,~-, without affecting cation
transport(Cabantchik and Rothstein, 1972). Simi-
larly, in the turtle urinary bladder, SITS suppre-
sses the anion-dependent(HCO;~, Cl-)moiety of the
short-circuit current, but has no effect on Nat
1976). In
Ehrlich ascites tumor cells, SO,~~ movement is

transport(Ehrenspeck and Brodsky,
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inhibited by SITS while Cl- transport is SITS-
insensitive(Villereal and Levinson, 1976), In the
rabbit kidney slice, SITS induces substantial reduc-
tion of organic anion uptake(p-aminohippurate and
2, 4, 5~trichloro-phenoxyacetate), but has no effect
on the transport of organic cation(tetraethylammo-
nium) (Hong et al., 1978).

These effects of SITS have been attributed to
its interaction with some component of the cell
membrane, Cabantchik and Rothstein(1972) obser-
ved that SITS molecules do not penetrate into the
red cell membrane, but bind to amino groups at
the outer surface that interact electrostatically
with sulfonic groups. Ehrenspeck and Brodsky
(1976) observed that SITS induces substantial inhi-
bition of microsomal Na-K-ATPase isolated from
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the turtle urinary bladder, although it has no
effect on Nat transport across the bladder. These
authors, therefore, proposed that SITS molecules
can not gain access to the Na-K-ATPase in the
intact bladder cell.

If indeed SITS alters anion transport in cell
membranes, one- would expect that cation-anion
coupled transport or anion-dependent transport
systems may also be affected by SITS. Although
the mechanism is not yet precisely elucidated
active Nat transport in the frog skin has been
known to be dependent on Cl- in the outside
bathing medium(Ferreira, 1968; Cuthbert et al.,
1969: Ferreira et al., 1973; Ferreira and Bruria,
1978).

We therefore investigated in the present study
the effect of SITS on the active Na* transport in
the frog skin. The results indicate that SITS
induces significant inhibition of the short-circuit
current across the skin when it is applied to the
mucosal surface of the skin.

METHODS

Experimental animal

Frogs, Rana temporeria, acquired in Kyungki-do
near Seoul, were kept in laboratory at about 25°C

for at least 3 days before the experiment.

Measurement of short-circuit current(SCC)
across the frog skin

As a measure of active sodium transport across
the skin the short-circuit current technique of
Ussing and Zerahn(1951) was used. The abdominal
skin was removed from an animal and mounted as
a flat sheet between the two Lucite chambers
having a cross-sectional area of 3.14 cm? The
potential difference(PD) across the skin was mea-
sured with a pair of calomel electrodes connected
to the chambers by a pair of salt bridges. Current
was driven through the skin via Ag-AaCl electro-
des connected to the chambers by another pair of
salt bridges. The solution bathing both sides of

the skin was continuousely stirred and aerated

with a stream of air. In most experiments the
skin was bathed on both sides with a Ringer solu-
tion containing 115 mM NaCl, 2.5 mM KHCO, and
1mM CaCl,, and pH7.6 at 25°C(Chloride Ringer).
In some experiments 115 mM NaCl was replaced
by 77 mM Na,SO,(Sulphate Ringer). When both
PD and SCC were stabilized, SITS(Polysciences,
Warrington, Pa) was added to the médium(see
below).

Measurement ef Nat, K+-activated adenosine
triphosphatase(Na-K-ATPase) activity in the

frog skin epithelium

Epidermis of the skin was prepared by the
method of Rawlins et al.(1970): a piece of ventral
skin was mounted between two Lucite chambers
containing Ringer solution, and a hydrostatic pre-
ssure of 100 ¢mH,0 was applied to the serosal
side for one hour. The skin was then gently blo-
tted on filter paper and separated into dermal and
epidermal sheets by scraping with a surgical knife.
The epidermal sheet was homogenized in an ice-
cold solution of 0.25 M sucrose, 5 mM EDTA and
20 mM Tris-HCl (pH7.4 at 20°C). Homogenates
were then centrifuged at 24,000Xg for 30 min in
a Sorvall refrigerated centrifuge (RC 2-B), and
aliquots of the supernatant were taken for ATPase
assay(Park and Hong, 1976) and protein determina—
tion(Lowry et al., 1951). )

The ATPase activity was estimated by measu-
ring inorganic phosphate(Pi) liberated by ATP
hydrolysis during incubation of (.1 ml supernatant
with 0.4ml of an appropriate medium at 37°C,

-The reaction was initiated by the addition of ATP

and terminated by the addition of 0.2 ml perchloric
acid(11.67%). The preincubation and incubation
period were 15 min each. Concentrations of cations
and substrate in the incubation mixture were: Na+t
100 mM, K+ 10 mM, Mgt+ 3 mM and ATP(Na-
salt) 3 mM for the total ATPase(i.e., Na-K-+
Mg-ATPase) activity measurement; both Nat+ and
K+ were omitted for the measurement of Mg-
ATPase activity. The pH of the medium was
adjusted with 40 mM imidazole-HCl to 7.4 at 37°C.
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Upon completion of incubation the mixture was
centrifuged at 3,000 r.p.m. for 15 min. Inorganic
phosphate in the supernatant was measured by the
method of Fiske and SubbaRow(1925). The Na-K-
ATPase activity was calculated by subtracting the
Mg-ATPase activity from the total ATPase acti-
vity, and expresses as a specific activity (z molesPi
/mg protein per hr).

Preliminary experiments indicated that the Na+,
K+*-dependent fraction of the ATPase activity was
much higher at 37°C than at 25°C, thus the reac-
tion temperature of 37°C was used in order to

reduce experimental errors.

Measurements of oxygen consumption in intact

skin and separated epidermis

A piece of ventral skin(or epidermis prepared as
described above) was cut into several small pieces,
which were then divided into two groups: the
control and SITS group. In each group approxima-
tely 0.15 g tissues were placed in 3ml of air-satu-
rated normal(or 10 mM SITS containing) Chloride
Ringer solution at 25°C in temperature controlled,
magnetically stirred receptacle, and Po, changes
in the solution was monitored for 30~60 min with
a Clark oxygen electrode and YSI oxygen monitor
(model 53). From the value of Po, change the
rate of oxygen consumption(Qo,) was calculated
and expressed as pl O,/g wet wt. per hr.

RESULTS

Effect of SITS on SCC across the skin

In order to establish the dose-response relation-
ship, we first examined the SCC response to
various concentrations of SITS. Fig. 1 illustrates
changes in SCC after the addition of SITS to both
mucosal and serosal bathing media(Chloride Rin-
ger) at a concentration of 1,5, and 10 mM. The
SCC was expressed as a percentage of the basal level
(before adding the drug). When the concentration
of SITS was 1 or 5 mM, the SCC was not apparen-
tly different from that of the control preparation
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Fig. 1. Changes in SCC of the frog skin after
addition of SITS to both mucosal and sero-
sal bathing media(Chloride Ringer) at
various concentrations. At time 0, the
mean SCC value was 183--10xA/3.14 cm?
(N=12). Each value represents the mean
of 3 skins.

{ ¢I- RINGER)

{ SCCo/ SCCtIx100

CONTROL
A

eo0r I
€0 M+S
40[
1 sitstiomm) 1 washout
0 L L n 1 A ] i —
o 20 40 €0 80 100 120
TIME ( min)
mFig. 2. Changes in SCC of the frog skin after

addition of 10mM SITS to mucosal(M),
serosal(S) and both mucesal and serosal
(M+8) bathing media(Chloride Ringer).
The average SCC at time 0 was 179+15
#A/3.14cm?(N=20). Each value represents
the mean of 5 skins.

(0 mM SITS). 10 mM SITS, however, evoked a
significant inhibition of SCC; the level of SCC at
60 min after the drug addition was corresponded to
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approximately 25% of the basal level. We there-
fore used 10 mM SITS in all subsequent experi-
ments.

Fig. 2 compares the effects of 10mM SITS added
‘to the medium bathing the mucosal, serosal and
both sides of the skin on SCC. The addition of
SITS to the mucosal surface(M) resulted in imme-
diate reduction of SCC which reached to 40% of
the basal level after 6pmin. In contrast, SITS
added to the serosal surface(S) did not alter the
‘SCC during the initial 20 min period after which
it gradually inhibited the SCC to a value corres-
ponding to 60% of the basal level at 60min. When
SITS was added to both mucosal and serosal media
(M+S) the effect was not additive but was iden-
tical to that observed with mucosal addition of
the drug. These results suggest that the primary
site of action of SITS is located on the outer
surface of the skin.

In order to study if the SITS-induced reduction
of SCC was due to inhibition of Ci‘ transport, we
examined SITS effect in the skin bathed Cl--free
medium (Sulphate Ringer). The result, however,
indicated that 10 mM SITS was equally effective
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Fig. 8. Changes in SCC of the frog skin after addi-
tion of 10 mM SITS to both mucosal and
serosal bathing sulphate media. The ave-
rage SCC at time 0 was 218138 #A/3.14
cm?(N=10). Each value represents the
mean of 4 sking in the control and 5 skins
in the SITS group.

in inhibition of SCC as observed with Cl- contain-

ing medium(Fig. 3). This suggests that SITS
inhibits Nat transport independent of Cl- transport.

Effect of SITS on oxygen consumption of the
skin

In order to determine whether SITS had an effect
on the metabolism of the skin, we next measured
oxygen consumption(Qo,, ¢l/g wet wt.per hr.) of the
skin in the absence and presence of 10 mM SITS.
Two series on experiments were conducted: in one
series the measurement was made in intact skin
and in another series in separated epidermis. As
summarized in table 1, the Qo, of the epidermis
was much higher than that of whole skin, proba-
bly because the mechanisms for transepithelial Na+
transport reside in epidermis(Vofite and Ussing,
1958; Voite and Hinni, 1973). In either case,
however, the Qo, was not reduced by 10 mM SITS,
indicating that the SITS-induced inhibition of SCC
was not brought about by alterations in tissue
metabolism,

Effect of SITS on Na-K-ATPase activity of
the skin

In the next series on experiments we have mea-
sured the Na-K-ATPase activity of the skin epi-
thelial membrane in the absence and presence of
varying concentrations of SITS. Table 2 shows that
SITS inhibited the enzyme activity by approxima-
tely 50% at 2 and 10 mM and 60% at 10 mM.
These indicate that direct application of SITS to
the isolated cell membrane resulted in a significant
inhibition of the Na-K-ATPase activity.

Table 1. Effect of SITS(10 mM) on Qo, (ul/g wet
wt. per hr) of frog skin

Control SITS
Intact skin 140 160
Epidermis 270 285

Each value represents the mean of 2 measure-
ments. The incubation temperature was 25°C.
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Table 2. Effect of SITS on Na-K-ATPase activity
of frog skin epidermal preparation

SITS Specif‘ic Activity 9
(mM) (z moles Pi/mg prot. per hr)

1.21 100

0.70 58

10 0.69 58

100 0.61 51

Each value represents the mean of 2 determina-
tions. The assay temperature was 37°C.

DISCUSSION

Transepithelial Na* transport in frog skin invol-
ves two distinct steps: Na* entry across the outer
(mucosal) barrier and active extrusion across the
inner(serosal) barrier of the epithelial cell. The
first step involves a mechanism of carrier media-
ted transport(facilitated diffusion) (Biber and
Curran, 1970; Biber and Cruz, 1973; Cruz and
Biber, 1976), and the second step involves the Na*
pump mechanism(Koefoed-Johnsen and Ussing,
1958). Under normal conditions the overall trans-
port of Nat is rate-limited by the mucosal step
(Cereijido et al., 1964; Biber and Cruz, 1973; Cruz
and Biber, 1976), thus the Nat pump mechanism
in the serosal membrane is normally operating at
submaximal rate. These suggest that agents that
inhibit Na* entrance across the mucosal barrier
can always alter transepithelial Na* transport,
whereas those affecting active transport mecha-
nism can not induce inhibition of Nat transport
until the pump activity is suppressed in such an
extent that the serosal extrusion becomes the rate-
limiting step.

The present investigation reveals that SITS
induces definite changes in the Nat transport
system of the frog skin. Although the exact mode
of action of SITS is difficult to assess, the data
sheds light on the possible mode of action. It is
important to note that SITS is consistently more
effective when it is applied to the mucosal surface
than to the serosal surface of the skin(Fig. 2).
In the presence of 10 mM SITS in the mucosal

bathing medium, the SCC decreased rapidly. When
SITS was added to the medium bathing the serosal
surface, there was about 20 min delay for the
inhibition of SCC. Furthermore, the magnitude of
SCC inhibition during 60 min exposure to SITS
was significantly greater in the case of mucosal
application than that of serosal application of the
drug. These observation together with the fact that
inhibitory effect of SITS on SCC was not additive
when the drug was applied to both mucosal and
serosal bathing media(Fig. 2) led us to speculate
that the primary site of SITS action is on the
mucosal facing membrane of the cell.

Another important aspect to note is that SITS
induces SCC inhibition even in the absense of Cl-
in the medium bathing the skin(Fig. 3). In fact,
the magnitude of inhibition was practically iden-
tical to that observed with Cl- containing medium.
This strongly suggests that the inhibition of SCC
by SITS was not secondary to the alteration of
Cl~ movement.

Oxygen consumption of skin tissues was not
affected by SITS (Table 1). This results is some-
what surprising, since ion transport is a major
energy-requiring process of cells, it’s inhibition by
SITS would be accompanied by a reduction in tissue
metabolism. In fact, ouabain, which inhibits the
serosal Nat pump, and amiloride, which retards
the mucosal entry of Na*, interfere tissue respira-
tion in various epithelia(Coplan and Maffly, 1972;
Willis, 1968; Parisi and Bently, 1970). In any
event, the results strongly suggest that SITS inhi-
bition of SCC was not due to reduction of energy
supply to the Nat pump mechanism. _

The present work does not rule out a possibility
that SITS may also have an inhibitory effect on
the Nat pump itself. In the presence of 10 mM
SITS in the medium bathing the serosal surface
of the skin, the SCC was somewhat inhibited,
although the effect appeared slowly and in a rela-
tively small magnitude (Fig. 2). Furthermore, the
Na-K-ATPase in a subcellular fraction of the skin
was approximately 50% suppressed in the presence
of 1-100 mM SITS(Table 2). If SITS molecules do
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penetrate into binding sites at the enzyme in the
intact skin cell membrane, the later result would
indicate that SITS can alter the activity of the
Nat pamp. On the contrary, if the skin cell mem-
brane is not permeable to SITS, as in other mem-
branes (Cabantchik and Rothstein, 1972; Ehrens-
peck and Brodsky, 1976), the result may not have
any relevance to the SITS effect on i sify Na+
transport. In such case, the observed inhibition of
SCC by SITS at the serosal side would indicats
that SITS molecules diffuse into mucosal membrane
(perhaps through lateral intercellular spaces) before
they affect Na* transport. Certainly, a better
understanding of the membrane permeability of
SITS is required to elucidate it’s mode of action in
the frog skin.

In conclusion, the presént study clearly demon-
strated that SITS interferes cation transport system
in the frog skin epithelium, independent of anion
transport. The precise mechanism for this inhibi-

tion is yet to be elucidated.

Summary

Effects of SITS (4-acetamido-4’-isothiocyano-2,
o’-disulfonic stilbene) on a Nat transport, tissue
oxygen consumption and Na-K-ATPase activity
were studied in isolated frog skin preparations.
Nat transport was estimated by measuring the
short-circuit current{SCC) across the skin; oxygen
consumption was measured in separated epidermis
as well as in intact skin; and Na-K-ATPase was
assayed in 24,000Xg fraction of epidermal homo-
genates.

The SCC across the skin was rapidly ahd substan-
tially reduced in the presence of 10 mM SITS in
the medium bathing the outside(mucosal) surface
of the skin. When the drug was added to the
inside(serosal) bathing medium, there was about
20 min delay for inhibition of SCC and the effect
was less pronounced. The above effect of SITS
was independent of the presence of Cl- in the
bathing medium. The oxygen consumption of the
skin tissue was not affected by SITS, but the Na-
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K-ATPase activity of a subcellular fraction of the
skin was significantly inhibited.

These results suggest that SITS retards Na¥
transport across the frog skin primarily by inter-
fering Na* entry across the mucosal membrane of
the epithelial cell, although an effect on Na* pump
can not be ruled out completely.
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