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Summary. The effects of serosal substitution of isosmotic
Na,SO4Ringer solution for NaCl-Ringer solution were studied in
the short-circuited frog skin (Rana pipiens, Northern variety).
Despite prompt changes of transepithelial measurements, initial
cellular effects were slight. After 30 to 45 min, however, the
transcellular current had decreased and the cell electrical poten-
tial had depolarized. in association with decrease of the apical
membrane fractional resistance and basolateral membrane con-
ductance. Apical membrane slope conductance was unaffected.
Similar effects were obtained with isolated epithelia. With the
use of gluconate or NOs in place of Cl, the effects on cellular
current and conductance were minimal or insignificant, despite
changes of the cell potential, fractional resistance, and basola-
teral conductance similar to those seen with sulfate. Following
prolonged exposure to serosal SO,-Ringer, the extent of depolar-
ization induced by raising the serosal K concentration de-
creased, indicating diminution of basolateral K conductance and
the existence of other basolateral conductances. Equilibration in
serosal gluconate-Ringer enhanced polarization on serosal resto-
ration of Cl or removal of Na, again indicating a time-dependent
change in the basolateral conductance pattern. Depolarization on
removal of serosal Cl was not attributable to inhibition of the
pump. Nor was it the result of decrease of the K equilibrium
potential Ey: exposure to serosal SO,-Ringer decreased cell K
activity ag from 104 = 6 to 58 = 4 mM (n = 5), but Ex was
reduced only slightly; exposure to serosal gluconate increased
ax and Eg . Serosal sulfate lowered the cell Na activity ay,, but
the electrochemical potential difference for Na across the apical
surface was unaffected. The concurrent decrease of both a} and
ay, following serosal substitution of SO, for CI raises questions
concerning mechanisms of osmoregulation.

Key Words frog skin - microelectrodes - K activity - Na ac-
tivity - membrane conductance - chloride

Introduction

We have reported that bilateral replacement of
chloride by sulfate caused marked inhibition of
transepithelial Na transport and depolarization of
the cell potential in the short-circuited frog skin

* Current address: Derech Hayam 143, 1C, Haifa, Israel
31021.

(Klemperer et al., 198654). Similar effects have been
observed in split frog skins when serosal Cl was
replaced by either SO, or gluconate (DelLong &
Civan, 1984; Giraldez & Ferreira, 1984). Changes in
cell ion and water content following serosal CI re-
placement by gluconate have been studied with iso-
topic and chemical techniques by Ferreira and Fer-
reira (1981), with ion-selective electrodes by
Giraldez and Ferreira (1984) and by Duffey et al.
(1986), and with electron microprobe analysis by
Dorge et al. (1985).

To extend and clarify previous observations,
microelectrodes were used to monitor the intracel-
lular electrical potential and K and Na activities,
and their responses to serosal Cl substitution. We
found that the depolarization induced by replace-
ment of serosal Cl by SOy, gluconate, or NO; was
associated with diminution of basolateral conduc-
tance. These effects were seen irrespective of
whether cell K activity decreased (in SO4-Ringer) or
increased (in gluconate-Ringer). The altered basola-
teral conductance pattern was not mediated by ef-
fects on the pump.

Part of this work has been presented in an ab-
stract (Klemperer, Garcia-Diaz & Essig, 1986a).

Materials and Methods

Sections of abdominal skins of Rana pipiens pipiens, Northern
variety, (Connecticut Valley Biological or Kons, Germantown,
WI) were mounted horizontally (mucosa up) in an Ussing-type
chamber (0.36 cm?), as previously described (Klemperer et al.,
19864). Isolated epithelia were obtained according to the method
of Cox and Helman (1983).

The serosal surface of the tissues was perfused with NaCl-
Ringer solution (NaCl-R) containing (in mm): 110 NaCl, 1 CaCl,,
and 2.5 KOH, and titrated to pH 7.8 with HEPES. In ionic
substitution experiments, NaCl was replaced by (in mm) 55
Na,S0O,, 55 K,SO4, 110 NaNO,, 110 Na gluconate, 110 N-
methyl-p-glucamine (NMDG) Cl, 110 NMDG gluconate, or 55
(NMDG),S0O,. The osmolality of the solutions (measured by a
Precision System osmometer) was 220 mOsm/Kg H,0, adjusted
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when required by addition of mannitol. Unless otherwise indi-
cated, NaNO; replaced NaCl in the mucosal Ringer solution, in
order to minimize paracellular conductance (Garcia-Diaz et al.,
1985). Amiloride (Merck, Sharp and Dohme, West Point, PA)
was added to the mucosal bath to a final concentration of 2 X
10-% M and ouabain (Sigma) was added to the serosal bath to a
final concentration of 107* m.

Microelectrodes were drawn from self-filling borosilicate
tubing (Kwikfil IB 120F, WP lastruments). using a horizontal
puller (Industrial Science Assoc.. Model 1). Open-tip microelec-
trodes were filled with 1.5 M KCI, giving resistances exceeding
30 MQ. For preparing ion-selective electrodes, the pulled capil-
laries were exposed to bis-(dimethylamine)-dimethylsilane
(Fluka) vapors under vacuum for 4 min and then heated on a hot
plate (400°C) for an hour. Potassium ion exchanger (Corning
477317) or sodium ion exchanger (ETH 227, Sodium-lonophore
I, Fluka) was introduced into the back of the pipette, filling the
tips in most cases within one-half hr. Filling was then completed
with 0.5 M KC} or 0.2 M NaCl, respectively.

The transepithelial electrical potential V, and the apical
membrane potential V, were measured as described previously
(Klemperer et al., 19864). The use of flowing KCI bridges be-
tween the calomel electrodes and the bathing solutions mini-
mized junction potentials. Tissues were short circuited except
for intermittent voltage clamping to +10 mV for 300 msec to
measure the transepithelial conductance g, and the apical mem-
brane voltage-divider ratio (F, = AV,/AV,). Occasional exposure
to amiloride for one min permitted estimates of the amiloride-
sensitive current /. and conductance g.." Intracellular ionic ac-
tivities were measured by the simultaneous use of open-tip and
ion-selective microelectrodes, the voltages of each having ini-
tially been set to zero in the mucosal solution (Garcfa-Diaz et al.,
1985). The intracellular voltage difference between the two elec-
trodes then allowed calculation of the cellular K activity ak or
Na activity ay, by interpolation from the appropriate calibration
curve {Garcia-Diaz et al., 1986). Because of nonlinearity of the
response at low activities, the use of this technique was particu-
larly important with the Na electrode. The responsivity of the K-
selective microelectrodes was 57.9 = 0.4 mV/decade and the K/
Na selectivity ratio was 38.7 £ 3.3 (n = 16). Activity coefficients
of Na and K were 0.77 in 110 mM chloride solutions and varied
little with the substitution of NO, or gluconate for CI; in the
corresponding SO, solutions values for Na and K were 0.47 and
0.43, respectively.

Impalements were across the mucosal surface, with the
electrodes mounted on stepping motor manipulators (E. Nagel,
Biomedizinische Instruments, Munich, FRG, Model MF-500) al-
most perpendicular to the skin. Our technique of impalement and
criteria for validating intracellular measurements are described
elsewhere (Garcia-Diaz et al., 1985; Klemperer et al., 19865;
Garcia-Diaz et al., 1986). Briefly, following impalement, open-tip
electrodes were withdrawn in 0.5 pm steps in order to reduce R®

' Mixing in our chamber was not sufficiently good to assure
complete effects on 7 and g within the 1 min of exposure to
amiloride. Longer exposure was avoided in order to speed recov-
ery following removal of amiloride, so as to minimize the likeli-
hood of dislodgement of the microelectrode and permit observa-
tions on the same cell before and after the change of media.
Change of paracellular conductance following the application of
amiforide contributes inaccuracy to the evaluation of /. and g...
This effect is minimized by the substitution of NO; for mucosal
Cl and the avoidance of sustained perturbations of V, (Nagel,
Garcia-Diaz & Essig, 1983, 1988).
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towards the level measured prior to cell puncture. Impalements
were accepted only if readings were stable following application
of mucosal amiloride or removal of mucosal sodium. with V,
more negative than —100 mV and F, > 0.95 (in serosal NaCI-R).
Changes in tip potential of up to 3 mV were permitted. Impale-
ments with ion-selective electrodes were accepted only if values
of F, measured simultaneously with open-tip and ion-selective
electrodes agreed within 3%, and if the electrode difference sig-
nal was constant (3 mV) 30-60 sec after application of ami-
loride. Solutions were changed without loss of impalement by
use of a magnetic valve (mucosal) or a noninterrupting valve
(serosal). Unless stated otherwise. results are given as the mean
+seM. Significance was tested using a paired Student’s £ test
with a level of significance of 0.05.

TABLE oF MAIN SyMBoLS USED

dgine  potassium (sodium) activity (mm)
Ex potassium equilibrium potential (mV) across the inner
(basolateral) membrane

N sodium equilibrium potential (mV) across the outer (ap-
ical) membrane

F, voltage-divider ratio across the outer (apical) mem-
brane

g slope conductance (mS/cm?)

& inner (basolateral) membrane slope conductance (mS/
cm?), calculated according to Fromter and Gebler
(1977):

g = (é’ - ('/))/(Fﬁ_Fu)

G chord conductance (mS/cm?)

G; inner (basolateral) membrane chord conductance (mS/
cm?), calculated at short circuit from changes induced
by amiloride:

G, = AILIAV,

e, outer (apical) membrane slope conductance (mS/cm?):

go = UMg, — lig)

I current (A/cm?) from outer to inner solution

Ry microelectrode resistance (M{})

Ve  voOltage between the K{Na) sensitive electrode and mu-

cosal bath (mV)
1% potential (mV)

V., and V, are expressed with reference to the mucosal bath-
ing solution.

Subscripts: ¢, ¢, and p refer to transepithelial, cellular (ami-
loride-sensitive), and paracellular (amiloride-insensitive) path-
ways, respectively; o and i refer to the outer (apical) and inner
(basolateral) cell boundaries. The superscript A denotes a mea-
surement in the presence of 2 X 107" M mucosal amiloride.

Results

SUBSTITUTION OF SEROSAL CI-R By SO,4-R

We have reported that the apical membrane poten-
tial of the short-circuited frog skin is depolarized by
the bilateral substitution of Na,SO,-R for NaCI-R
(Klemperer et al., 19865). Similar effects were now
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l was administered in order to verify the
amiloride was again administered
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found following serosal replacement of NaCI-R by
Na,SO4-R (Fig. 1). Although there was prompt de-
crease of the transepithelial current /;, and conduc-
tance g,, initial effects on the cell potential V,, and
voltage-divider ratio F,, were slight. During the sub-
sequent 30 min there were biphasic changes in /,
and g,, followed by progressive decrease of I, and
g:, depolarization of V,, and decline of F,. Brief
exposure to amiforide demonstrated that following
30 min of exposure to serosal SO,-R the amiloride-
sensitive current /. (presumably representing trans-
cellular Na transport) had decreased.

Because the initial decrease of I, might possibly
have resulted from a transient diffusion potential
across the serosal connective tissue, the experiment
of Fig. 1 was repeated in five studies using isolated
epithelia. As is shown in Fig. 2, the response of /,
was similar to that in the intact skin. Another possi-
ble explanation for the prompt decrease of [, is net
anionic current from mucosa to serosa. This is con-
sistent with the resuits of the experiment of Fig. 3,
showing that, unlike the case in the steady state
(Fig. 1), the amiloride-sensitive current /. was un-
changed 1 min after substitution of SO, for CI. The

30

t

Serosal

20 i Na,SO,

4

L
@] 20 40
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Fig. 2. Effect on short-circuit current of replacement of serosal
NaCl-R with Na,SO,-R (isolated epithelium)

decrement in /, observed at this time was entirely
attributable to negative current in the amiloride-in-
sensitive (paraceliular) pathway, which must have
been carried by nitrate.

Figure 4 shows steady-state control and experi-
mental values of electrophysiological variables in
seven experiments similar to that of Fig. 1. After
40-50 min in Na,SO4R the inhibition of I, accounts
for the decrease of I, (Fig. 4A). Concomitant de-
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Fig. 3. Early effect on {, of replacement of serosal NaCl-R with
Na,SO,-R. After equilibration of the short-circuited skin in
NaCl-R, amiloride was applied to allow measurement of /.. Fol-
lowing removal of the drug and recovery, the serosal solution
was replaced by Na,SO,-R for | min and amiloride was again
administered. (One of four similar experiments)
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crease of g, is attributable to lower g. (Fig. 4B). V,
depolarized following substitution of serosal Ct with
SOy, by 43 = 8 mV with mucosal NaCl-R and by 26
+ 16 mV with mucosal NaNO;-R (Fig. 4C). F,
dropped in 6 out of 7 experiments (Fig. 4D), reflect-
ing the decrease of the inner membrane conduc-
tance g; to a mean of ~30% of its original level
(Fig. 4F). In contrast to the pronounced effect on
gi, there was no significant change of the apical
slope conductance.

Because of depression of the activity coefficient
of K, the substitution of SO, for Cl lowered serosal
ag from 1.95 to 1.3 mM. In order to examine the
influence of serosal K activity, three experiments
were performed in which the Na.SO4R contained
4.3 mM instead of 2.5 mMm K, giving a serosal ax of
~2.6 mM. The effects of 40—50 min of exposure to
serosal Na,SO, were simitar to those observed pre-

c

g (mS/cm?)

A 8
I, I 9, 9
40t 1.6
~ NE 7
E 30} o 1.2¢ .
N P
g 20+ \ E o8- % .
- 10} \ ® 0.4 H0.2
0 1 A 1 1 L
NaCl Na,SO, NaCl Na,SO, NaCl Na,so. NaCI NazSO.
C D A
v, v oo . Fo F
0
( 0.8 s LI
“
0.7+ Eﬂ:; 0.9
)
£ -50F < o0.6F
o
> 0.5
0.4}
-100}
0.3F
i i 1 :E L 1 1 i
NaCl Na,SO, NaCl Na,SO, NaCl Na,SO, NaCl Na,SO,
E g, 9,

9; (mS/cm?)

o5

T

Jos E

@

=" Jdoa E
o

doz ©

N 1
NaCl Na,SO.

_ 1
NaCl Na:SO.

Fig. 4. Steady-state values of
electrophysiological variables during
serosal exposure to NaCl-R and after
40-50 min of serosal exposure to
Na,SO,-R (n = 7). Open and filled symbols
denote mucosal NaCl-R and NaNO;-R,
respectively. Points from the same
experiment are joined by a line.
Overlapping lines were omitted for clarity.
A: I, and I, (see Footnote 1); B; g, and g, ;
C: V,and V3; D: F, and F?; E: g, and 2o



G. Klemperer and A. Essig: Influence of Serosal Cl in Frog Skin

viously (Fig. 1), except that depolarization by
SO4-R in the presence of amiloride was more pro-
nounced.

SUBSTITUTION OF SEROSAL Cl
BY GLUCONATE OR NO;

Because the above results do not distinguish be-
tween effects of removal of Cl and those of expo-
sure to SOy, we next studied the effects of replace-
ment of Cl by either gluconate or NO; (Fig. 5).
Effects on /,, I., g,, and g. were insignificant or
minimal. As previously, however, V, and V2 were
depolarized, and F, and g; were lowered, whereas
g, was unaffected.

SUBSTITUTION OF SEROSAL CI-R BY SO4+R IN THE
PRESENCE OF AMILORIDE AND OUABAIN

In order to test whether depolarization was attribut-
able to inhibition of the pump, the response of V,, to
the removal of serosal Cl was examined in the ab-
sence of net sodium transport. The results of a rep-
resentative study are shown in Fig. 6. After equili-
bration in serosal NaClI-R, the short-circuited split
skin was exposed to mucosal amiloride. [, was com-
pletely inhibited within 2-3 min and V, showed typ-
ical prompt hyperpolarization followed by progres-
sive depolarization (Garcia-Diaz et al., 1985). The
serosal application of ouabain after 10 min of expo-
sure to amiloride did not affect I,, but caused addi-
tional depolarization of V,. On achievement of a
steady state, the serosal NaCl-R was replaced by
Na,SO,-R. I, now became negative, most likely be-
cause of the large transepithelial NO, gradient. V,,
promptly depolarized slightly, repolarized, and then
depolarized further towards a steady-state value of
~—50 mV. The extent and time course of these
effects were similar to those observed previously in
the absence of ouabain, indicating that pump inhibi-
tion is not the cause of depolarization.

DEPOLARIZATION BY SEROSAL K

In order to characterize the basolateral K conduc-
tance in Cl-free media, the serosal K concentration
[K]; was elevated in the absence of significant trans-
cellular transport. If selectivity for K were com-
plete, K should rapidly come to thermodynamic
equilibrium across the basolateral membrane. This
would require that V, rapidly increase to the same
extent as the potassium equilibrium potential Ey,
namely, for the increase of [K], from 2.5 to 112.5
mkEq/liter employed here, by ~98-99 mV. This was
not found. In the study of Fig. 7A, after the short-

111

A B
90L I, [ 9 9¢
80

50#

aof-

—

S o
T T
[ I/ )
A 1 1 i i iy
g (mS/cm?)
) -
[} o
—T T T
3 1

1.5

} (uA/cm?)
R

20

101

N
=

|

~20E
L

| A J { S | 1
NaCl Na NaCl Na Gluconate NaCl Na  NaCl Na Gluconate
Gluconate or Na NO, Gluconate or Na NO»
or Na NOs or Na NO,
C A 09 D A
0 Vo Vo q Fo Fo
0.8}
'>E~ 0.7 -1.0
< -501- - o8} —40.9%.°
> uw’®
0.5 0.8

-100

0.4
o3
1 - 1

NaCl Na Gluconate
Gluconate or Na NO,
or Na NO»

| 1
NaCl Na Gluconate
or Na NO;

i 1
NaCl Na
Gluconate
or Na NO»

[
NaCl

9; 9o

g.,

O

"
NaCl Na
or Na NO,

g, (mS/cm?)
° o© =
> ®» o
a, (mS/cm?}

o
a

—L
NaCl Na
or Na NO;

Fig. 5. Steady-state values of electrophysiological variables dur-
ing serosal exposure to NaCl-R and after 45 min of serosal expo-
sure to Na gluconate-R (open symbols, n = 6) or NaNO:-R (filled
symbols, # = 3). Points from the same experiment are joined by a
line. Overlapping lines were omitted. A: I, (O-0), I. (O-0), and
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circuited skin was equilibrated with serosal NaCl-
R, followed briefly by serosal Na,SO4-R, the cellu-
lar current was inhibited by amiloride. Replacement
of the serosal solution by K,;SO4R then caused a
depolarization of 85 mV. After reequilibration with
NaCI-R the procedure was repeated, but with
longer exposure to Na,SO4-R (Fig. 7B). The depo-
larization was now only 71 mV. In three such exper-
iments, the mean depolarization induced by high
[K], following Cl replacement was 85 = 1 after 7-9
min and 66 = 3 mV after 50 min. These findings
indicate basolateral conductance in addition to that
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Fig. 7. Effect of prolonged exposure to serosal Na,SO,-R on response of V,, to high [K];. The short-circuited skin was first equilibrated
with serosal NaCI-R. (A) The serosal solution was replaced by Na,SO,R. About 2 min later amiloride was administered. After an
additional 5 min the serosal solution was changed to K;SO4-R. V, depolarized by 87 mV. (B) After reestablishing control conditions in
the same skin, serosal NaCl-R was replaced with Na,SO,-R. Amiloride was added after 45 min. Seven min later the skin was again
exposed to serosal K,SO,R. V, then depolarized by only 71 mV
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of K, of increasing importance on prolonged re-
placement of serosal Cl by SOy,.

BASOLATERAL CONDUCTANCE PATTERN

The slight initial change of V,, with serosal CI re-
placement (Fig. [) suggests that basolateral CI con-
ductance i1s small. The issue is confused, however,
by the effect of divalent SO, on ionic activity coeffi-
cients. Furthermore, the major role of Cl in volume
regulation suggests possibly important modification
of Cl conductance on change of the medium. Ussing
(1982) has proposed that Cl channels open when
principal (Na transporting) cells lose Cl after os-
motic swelling or depolarization. Figure 8 shows
that this is not the case with exposure to serosal
Na,SO,4-R. Prior to the beginning of the trace, short-
circuited skins in control solutions were treated
with amiloride to inhibit Na transport, and exposed
to serosal Na,SO4-R for 70 min. At steady state, V,,
was ~—65 mV. On then restoring serosal NaCl-R
(Fig. 84), V, hyperpolarized gradually, reaching a
value of —100 mV after 5 min. However, the admin-
istration of serosal ouabain depolarized V, to —60
mV. In the experiment of Fig. 8B, with preincuba-
tion in ouabain, the polarization induced by restora-
tion of NaCl-R was transient and slight; in three
tissues the maximal changes were 6, 5, and 6 mV.
These observations indicate that the increased neg-
ativity of V, after restoring serosal Cl was largely
due to activation of the rheogenic pump. Accord-
ingly, further ionic substitution experiments were
carried out in the presence of both amiloride and
ouabain. Also, because of the confusing influence of

12 Na.SO,4-R for 70 min. (The trace starts
towards the end of this period.) At steady
state, the serosal solution was changed back
to NaCl-R, and after V, reached a stable value
serosal ouabain was administered in order to
inhibit the Na pump (B). The short-circuited
skin was equilibrated as in (A). At steady
state, ouabain was added to the serosal
Na,SO4-R. The serosal solution was then
replaced by NaCl-R containing ouabain

changing activity coefficients, we examined the ef-
fects of exchanging CI and the monovalent ion glu-
conate.

Figure 94 shows the results of a study in which
the serosal substitution of glhuconate for Cl depolar-
ized V, by ~11 mV. In two similar experiments,
however, depolarization was slight or absent. Fol-
lowing equilibration in serosal gluconate, the situa-
tion was different (Fig. 9B); in 3 studies the substi-
tution of Cl for gluconate increased polarization by
20, 14, and 30 mV, suggesting that under these con-
ditions Cl conductance is significant.

Similar studies examined basolateral Na con-
ductance. Following equilibration in serosal NaCl-
R, lowering [Na], to 7.5 mM by replacement of Na
with NMDG slightly increased membrane polariza-
tion (Fig. 10A); in four studies the peak change of
V, was 6 = 1 (sp) mV. Following equilibration in
serosal Na gluconate-R, the effects of the same ma-
neuver were more pronounced (Fig. 10B); in five
studies the peak change was 17 = 7 (sp) mV. In
three tissues equilibrated in SO,-R, there was also
evidence of Na conductance; lowering [Na], to 2.2
mM by NMDG replacement increased membrane
polarization by 12 = 8 (sp) mV.

EFFECTS ON CELL ACTIVITIES

Anionic substitution might have depolarized the cell
not only by affecting basolateral conductances, but
also by decreasing af , and thus the potassium equi-
librium potential Ex . This possibility was tested by
the use of K-selective electrodes. Figure 11 shows
the effects of serosal Na,SO4-R on V,, and the elec-
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Fig. 9. Influence of serosal incubation medium on response to anionic substitution. Short-circuited skins were incubated with serosal
NaCl-R (A) or Na gluconate-R (B) for over an hour in the presence of amiloride. Ouabain was then administered, followed in an hour
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Fig. 10. Influence of serosal medium anion composition on response to Na substitution. Short-circuited skins were equilibrated with
serosal NaCl-R (A) or Na gluconate-R (B) and treated with amiloride and ouabain as in Fig. 9. This was followed by (4) replacement of
serosal NaCl-R with NMDG CI-R containing 7.5 mmM Na, or (B) replacement of serosal Na gluconate-R with NMDG gluconate-R

containing 7.5 mM Na

trode voltage difference (V¢ — V,) corresponding to
a% . Under control conditions ak was 95 mM. Expo-
sure to serosal Na,SO,-R caused partial progressive
depolarization of V,, for about 40 min, in association
with a decline of ak to a steady-state value of 55
mM. The response to amiloride validated the im-
palements, with marked hyperpolarization of V,
and, after a short transient, insignificant change of

Vk — V, (Garcia-Diaz et al., 1985). Attempts to ob-
serve recovery of ai were abandoned, since we
were unable to maintain two impalements simulta-
neously for more than 90 min. The resuits of five
experiments similar to that of Fig. 11 are summa-
rized in Table 1. Although af% decreased in every
tissue, Ex fell on the average only 7 mV, due to the
concomitant decrease of serosal K activity from 2.0
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Table 1. Effects of serosal SO, and gluconate on ak
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Skin v, ak Ex v, ak Ex
# (mV) (mm) (mV) (mV) (mMm) (mV)
A NaCl-R Na,SO,-R

i —58 115 107 =30 57 97

2 —82 86 99 —54 63 99

3 —78 117 107 =23 43 90

4 -65 94 101 —41 60 98

5 —83 109 105 —48 67 [0t
Mean = SEM ~-73 =5 104 £ 6 104 =2 -39 +6 584 97 =2
B NaCl-R Na gluconate-R

6 -18 70 93 -19 102 103

7 -30 108 104 -19 136 110

8 —51 87 99 -29 102 103
Mean *= SEM -33 = 10 88 = 11 98 = 3 -22+3 113 + 11 105=2

Measurements were made before replacement of serosal NaCl-R, (A) after 40-30 min in serosal
Na,SO,R, and (B) after 22, 77, and 28 min in Na gluconate-R. The activity coefficient of K in Na

gluconate-R was taken as 0.78.°

T T T T T LS L T T E
_20 -
-40 .
> 1
E 60 i Fig. 11. Dec‘rease of ai due to re.placement. of
- serosal Cl with SO,. The short-circuited skin
‘ 1 T was first equilibrated with serosal NaCl-R.
-80 l . After recording baseline values the serosal
g‘gig;, Amiloride - perfusate was changed to Na.SO,-R. The
90 upper trace shows the response of V,. The
R l 1 I 100 lower trace shows the difference between Vi
> ~~ and V,, which corresponds to ag. (The scale
€ 80 80 on the right was derived by calibration of the
- 3 K electrode used in this experiment.) After a
T" 60 ES 40—rqin_ period in NgZSOA—R, amiloride was
x 70 administered to verify the validity of the
| ST o 1 \ " . . z S0 measurements
20 40 60 80
TIME (min)

to 1.3 mMm. So slight a change in the K equilibrium
potential cannot account for the degree of depolar-
ization observed.

It was also of interest to examine the effect on
ak of substitution of gluconate for Cl, particularly in
view of a report of electron microprobe analysis
showing an increase of cell K concentration under
these conditions (Dorge et al., 1985). Our findings

2 The activity coefficient of Na in 0.05 M Na,SO, solution
was found to be 0.58 and 0.61, as measured with two different
calibrated Na-selective electrodes. The values of Eg calculated
when g is considered to be 0.60 rather than 0.52 differ by 3.7
mV from the values of Table 1.

agreed. Results of a representative experiment are
shown in Fig. 12. In three cases, following an initial
slight decrease, ak rose to a steady-state value well
above the control level (Table 1B); Ex rose
slightly .

3 Qur results are on the other hand apparently inconsistent
with the finding by electron microprobe analysis that the intracel-
lular K concentration was virtually unchanged in 5 skins of Rana
temporaria after 40—-60 min of replacement of medium Cl by SOy
(R. Rick, personal communication). In that study. however, the
SO4-R was adjusted to an osmolality of 200 mOsm/Kg H-O n
order to minimize changes in cell volume and short-circuit cur-
rent. Also to be considered are possible effects of SO,-R on
intracellular activity coefficients.
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Fig. 12, Increase of ai due to replacement of serosal Cl with gluconate. After equilibration of the short-circuited skin with NaCI-R., the
serosal solution was replaced with Na gluconate-R. Traces of V, and V¢ — V, are presented as in Fig. 11

Table 2. Effects of Serosal SO, on a$,

Skin NaCl-R Na,SO~R
#
I(‘ Vu aﬁla ENa‘u It' Vu aﬁla ENa.u
(nA) (mV) (mMm) (mV) (pA) (mV) (mm) (mV)
i 8.1 —78 11.5 524 611 +13 1.2 1.3
2 458 —58 135 482 8.1 -20 09 118.8
3 63.9 —40 8.7 596 431 -—12 1.2 111.3
Mean 65 =59 11 53 41 -6 1.1 114
SEM 12 11 i 3 13 10 0.1 3

Measurements were made before and 30—40 min after replace-
ment of serosal NaCl-R by Na,SO4-R. Ey, . the Nernst potential
across the outer membrane, was calculated from the measured
an, and ay, of the mucosal bathing solution. In three additional
skins, data were obtained which do not fully satisfy our standard
criteria in that impalements with both electrodes were not main-
tained continuously throughout the interval between reported
observations; these data were similar to those shown.

Because of the marked decrease of ak following
exposure to serosal SO,, we also examined the ef-
fect on cell Na activity. As is shown in Table 2,
there was a marked decrease. This supports our
conclusion that the effects of serosal SO, are not
attributable to inhibition of the basolateral Na
pump.

Discussion

Several groups have examined diverse aspects of Cl
transport in the frog skin by removing CI from one

or both baths. Biber and his colleagues (1985) have
made comprehensive studies of skins of Southern
Rana pipiens and have concluded from unimpres-
sive initial electrical effects following bilateral Cl
removal that Cl transport is primarily electroneu-
tral. Cell Cl activity measurements demonstrated
apical and basolateral CI transport via Na-trans-
porting principal cells and implicated an apical Cl-
HCO; exchange mechanism (Biber et al., 1985:
Drewnowska & Biber, 1988). Several studies have
emphasized basolateral cotransport, varying with
different preparations and conditions. Duffey et al.
(1986) found that serosal Cl substitution induced
cell alkalinization, consistent with basolateral Cl-
HCO; antiport. Other substitution experiments
have pointed to basolateral NaCl cotransport (Fer-
reira & Ferreira, 1981; Giraldez & Ferreira, 1984;
Dorge et al., 1985), whereas studies of volume regu-
lation have suggested basolateral NaKCl, cotrans-
port (Ussing, 1985). On the other hand, isotope
kinetic studies of Stoddard, Jakobsson and Helman
(1985) have indicated electroneutral basolateral Cl
transport, for the most part uncoupled to transport
of either Na or K. Cellular electrical effects of sero-
sal Cl removal have been described by Biber et al.
(1985), by Duffy et al. (1986), and by Leibowich,
Del.ong and Civan (1988). Our findings provide ad-
ditional information concerning membrane electro-
physiology and cell cation activities.

Because of effects on activity coefficients, the
substitution of SO, for Cl reduces cation activities
in the serosal bath. On the other hand, activity coef-
ficients are not affected by monovalent anions, ex-
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cept for Ca in gluconate solution (Christoffersen &
Skibsted, 1975). The qualitative similarity of the ef-
fects of serosal SOy, gluconate, and NO; on V, and
£; suggests that these effects may be due to the re-
moval of Cl ions per se.

As depolarization of V, on CI replacement is
not attributable either to inhibition of the Na pump
or to lowering of Eyx, we presume that it is due to
diminution of basolateral conductance. In all the
experiments of Figs. 4 and 5, g; decreased. [t is
appreciated that values of the slope conductance g;
are only estimates of the electrical conductance of
the inner membrane, since as shown elsewhere (Na-
gel, 1985; Klemperer et al., 19865) different formu-
lations yield different values. We have chosen the
method of Fromter and Gebler (1977), because it
takes account of incomplete inhibition of Na trans-
port, hence permitting exposure to amiloride to be
brief, which facilitates reversibility. However, the
basolateral chord conductance G; of an alternative
method (Nagel, 1985) (see Table of Main Symbols
Used) showed a qualitatively similar response to
that of g;, following Cl replacement by SO,, g; fell
from 2.3 = 0.5 to 0.6 = 0.2 mS/cm* while G,
dropped from 0.94 = 0.11 t0 0.32 = 0.04 mS/cm? (n
= 7). A similar result was found for Cl substitution
by gluconate or NO;.

Because basolateral conductance is mainly at-
tributable to K, large changes of g; and G; suggest
change of gx . With imperfect selectivity, however,
it is necessary to consider also other conductances.
We examined those of Cl and Na. With serosal SOy,
these were not important. Enhancement of basolat-
eral ClI conductance in association with depolariza-
tion, as described by Ussing (1982), did not occur
after replacement of serosal Cl with SO, (Fig. 8B).
Prolonged serosal exposure to sulfate appeared to
increase an initially small Na conductance, but the
effect was slight. Although diminished depolariza-
tion by high [K], (Fig. 7) might in principle be due to
enhanced conductance of other species, the concur-
rent fall in g; indicates a decline of g as well. The
same consideration applies with serosal gluconate,
despite modest effects on both Cl conductance (Fig.
9B) and Na conductance (Fig. 10). (Here it is of
interest that Lewis et al. (1985) observed that re-
placement of serosal Cl with gluconate reduced the
sensitivity of Na transport to serosal Ba in the toad
urinary bladder, suggesting a decrease of basolat-
eral K conductance.)

Our findings raise questions concerning mecha-
nisms, which we are presently unable to resolve.
For one, although loss of cell K in cotransport with
Cl would account for the fall of a% found with sero-
sal SO4-R, it cannot account for the lowering of g;,
because this was seen also with gluconate-R, which
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has been found to raise af (Table 1B) and the mean
cell K concentration (Dorge et al., 1985).

Another significant question is how serosal CI
replacement influences cell current. With serosal
gluconate, studied by us in whole skins, effects
were insignificant or minimal, despite marked cell
depolarization. Leibowich et al. (1988) have re-
ported similar findings in whole skins; in isolated
epithelia, on the other hand, serosal gluconate regu-
larly inhibited the short-circuit current. On the basis
of analysis of the apical amiloride-sensitive current-
voltage relationship, it was concluded that serosal
gluconate does not inhibit either apical Na perme-
ability or the basolateral Na pump, but likely re-
duces cell volume, triggering inhibition of basolat-
eral K channels. This conclusion is consistent with
the findings of Lewis et al. (1985) and with those of
the present study.

With serosal SO,, we found I, to be depressed
consistently. At the apical membrane, although
Ena., and V, were altered greatly, the electrochemi-
cal potential difference for Na was unaffected;
(Ena.o — V,) was 112 = 9 mV before Cl substitution
and 120 = 12 mV after Cl substitution (Table 2).
These findings underscore the fact that thermo-
dynamically equivalent values of Ey,, and V, can-
not be assumed to have equivalent effects on trans-
port except in the immediate vicinity of equilibrium.
In keeping with this consideration, the chord con-
ductance (G, = I./(Ena, — V,,)) decreased, although
the slope conductance g, was unchanged (Figs. 4
and 5). Lowering of a, will of course reduce baso-
lateral Na transport, but it is noteworthy that, with
serosal SO4-R, I, averaged about two-thirds of con-
trol value, despite af, levels lower than found on
abolition of net transport by the administration of
amiloride or removal of mucosal Na (Garcia-Diaz et
al., 1986). Possibly this difference is attributable to
the magnitude of the positive electrical potential
step at the basolateral surface. In the study of Table
2, the serosal substitution of SO, for Cl lowered V;
to 6 = 10 mV, whereas in the study of Garcia-Diaz
et al. (1986); the value of V; was 88 * 5 (sp) mV
following the administration of amiloride and 109 =
9 (sp) mV following the removal of mucosal Na.

Finally, the large decrease of both ak and ay,
induced by serosal SO4-R raises the question of how
cell osmolality is maintained (Macknight & Leaf,
1977; Kregenow, 1981). Pertinent studies in epithe-
lia are lacking.
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