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Summary 

In the study of active transport it is important to distinguish between 
oxygen consumption sustaining transepithelial transport and that responsible 
for other tissue functions (basal metabolism). Since amiloride blocks transepi- 
thelial active sodium transport and the associated oxygen consumption in the 
frog skin and toad bladder, we and others have employed this agent to evaluate 
the rate of basal metabolism. This technique has recently been criticized in a 
report that amiloride (and ouabain) increased oxygen consumption when no 
sodium was available for transport. We have been unable to corroborate these 
observations. 

With magnesium-Ringer as external bathing solutions, amiloride and ouabain 
failed to stimulate oxygen consumption. With sodium-Ringer.as external bath- 
ing solution amiloride reduced oxygen consumption about 3076, to a level 
indistinguishable from that found on external substitution of magnesium- 
Ringer for sodium-Ringer. We conclude that the use of amiloride permits 
evaluation of the rate of basal metabolism with acceptable accuracy; a possible 
slight depressant effect of ouabain on basal metabolism remains to be investi- 
gated. 

Introduction 

In the analysis of the relationship between active sodium transport and oxi- 
dative metabolism it is necessary to distinguish between oxygen consumption 
specifically associated with transepithelial active transport and that associated 
with other tissue functions. In previous studies of the frog skin (Bona pipiens) 
[l] and toad urinary bladder (Bufo marinus, Dominican Republic) [2-51 we 
and others have found it convenient to employ the diuretic amiloride for this 
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purpose, since its addition to the outer bathing solution in appropriate concen- 
trations results in rapid near-complete suppression of active sodium transport 
and the simultaneous partial suppression of oxidative metabolism. 

Noe et al. [6] have recently assessed the metabolic cost of transcellular 
sodium transport in the frog skin and its isolated epithelial layers (Rana 
es&en&) by measuring the drop in oxygen consumption upon transient with- 
drawal of sodium from the outer bathing solution. They concluded that the 
metabolic cost of sodium transport could not be estimated properly when 
transport was blocked by amiloride or ouabain, as these drugs were found to 
bring about an increase in oxygen consumption even when no sodium was 
available for transport. Since these observations raise questions concerning 
earlier interpretations of ourselves and others, we felt it important to reinvesti- 
gate the issue in the species customarily employed in our laboratories. 

Materials and Methods 

Frogs (R. pipiens) were obtained from Carolina Biological Supply Co., 
Burlington, North Carolina (‘X-jumbo’ variety, lo-12 cm in length). Large 
female toads (Bufo marinus, originating in the Dominican Republic) were 
obtained from National Reagents, Bridgeport, Conn. Animals were maintained 
and tissues were prepared as described previously [ 1,4,5,7]. Paired tissues (frog 
abdominal skin or toad urinary bladder) were mounted in carefully cleansed 
Ussing-Zerahn Lucite chambers of 7.1 cm’ cross-sectional area and exposed 
initially at both surfaces to sodium-Ringer’s solutions. After initial equilibra- 
tion at open-circuit for between 1 and 2 h, the tissues were ‘short-circuited’ 
with a voltage clamp and maintained in this state throughout the remainder of 
the experiment. The short-circuit current IO and the total rate of oxygen con- 
sumption Jro, evaluated as described previously with Clark oxygen electrodes, 
were monitored continuously. At all times the 0, tension was between 87.5 
and 100% that of air, and solution temperature was maintained at 25 f 0.03”C. 
Since apparent tissue O2 consumption attributable to electrode O2 consumption 
and other factors was less than 3% of basal metabolism, no correction was 
made for this effect. (This value corresponds to <1.2 pM - cm-’ * s-1, as com- 
pared with No6 et al.‘s 11.4 pM * cm-’ - s- 1, for which they corrected [ 61). 

Following equilibration for an hour or more at short-circuit the tissues were 
treated according to one of two protocols, involving the substitution of 
magnesium-Ringer for sodium-Ringer bathing solutions, exposure to lo-’ M 
amiloride (Merck, Sharp and Dohme) in the external bath, and/or lo-’ M 
ouabain (Calbiochem) in the internal bath. The Na-Ringer solution contained 
NaCl (113.5 mM), KC1 (1.6 mM), KHC03 (2.4 mM), and CaClz (0.9 mM). For 
the Mg-Ringer solution the NaCl was replaced by MgCl* (57.5 mM) plus sucrose 
(57.5 mM), as in the solution of No& et al. [ 61. Prior to use the solutions were 
filtered through a 0.45 m bacteriological filter and the antibiotic gentamicin 
(Schering) was added in a concentration of 40 mg/l. The Na-Ringer and Mg- 
Ringer solutions were similar in pH and osmolality (8.0 and 220 mosM/kg HzO, 
and 7.9 and 215 mosM/kg Hz0 respectively). 

The composition of the bathing solutions was changed at 30-min intervals. 
Measurements were made during the final 15 min of each period. The values 
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reported represent the mean of 3 successive 5-min measurements during this 
interval. Where Mg-Ringer was substituted for Na-Ringer, the change was made 
by gently flushing the appropriate hemi-chamber with 300 ml Mg-Ringer. In 
two instances in which I, failed to fall adequately after this treatment a second 
300 ml of Mg-Ringer was employed. 

Studies in frog skin were performed in paired tissues, hemi-skin A being 
treated according to protocol A, hemi-skin B according to protocol B, as 
described in Table I. Studies in toad bladders utilized only protocol A. 

Standard statistical procedures were used throughout [8]. 

Results 

I. Effects on IO and J,, 
When the tissues were clamped at short-circuit, both I, and J,, showed 

transient variability, reaching quasi-steady state values after some 30-40 min. 
Accordingly, all tissues were equilibrated at short-circuit for 1 h prior to the 
experimental perturbations. Perturbations of bathing solutions resulted in 
transient changes in IO and J,, for some 5-10 min, but steady states were 
achieved prior to the 15 min interval during which the reported measurements 
were carried out. 

(I. Frog shins. The results for 6 pairs of hemi-skins A and B are summarized in 
Table I. Initially, rates of both active sodium transport (short-circuit current IO) 
and oxygen consumption (Jro) differed insignificantly between paired tissues. 
Nevertheless, in order to facilitate comparisons between simultaneous observa- 
tions in paired hemi-skins, J,, is expressed as a percentage of the initial control 
value, as well as in absolute terms. It is seen that in the presence of lo-’ M 
amiloride J, o is more than 30% below control level, with either Na-Ringer 
(B2) or Mg-Ringer (A3) as the external bathing solution. 

Examination of Table I(A) shows that, unlike Nod et al. [6], we were unable to 
demonstrate a stimulator-y effect of amiloride on O2 consumption with Mg- 
Ringer as the external medium. Indeed, on comparing the mean values of 
periods 2 and 4 (%$) (in the absence of arniloride) with that of period 3 (in the 
presence of amiloride) it might appear that Jr0 is slightly, but significantly, less 
in the presence of amiloride than in its absence. However, the comparison of 
simultaneous values in paired hemi-skins A and B (period 3) showed no signifi- 
cant differences. The addition of ouabain to the internal bathing solution was 
associated with a further slight decline in Jro. In this case it was not possible to 
control for temporal factors, since the influence of ouabain was effectively 
irreversible. Under all conditions examined in Table I(A) in the absence of 
external sodium (periods 2-5) the short-circuit current differed insignificantly 
from zero. 

Examination of Table I(B) shows that the depression of J,, which resulted 
from the addition of amiloride to external Na-Ringer solution (column 2) was 
indistinguishable from that later associated with the substitution of external 
Na by Mg (column 3); similarly, there was no significant difference between 
J,, in paired hemi-skins A and B exposed simultaneously to external Mg-Ringer 
or Na-Ringer-amiloride respectively (columns 2). Thus temporal factors appear 
here to be insignificant. 



TA
BL

E 
I 

EF
FE

CT
 

OF
 

BA
TH

IN
G 

M
ED

IA
, 

AM
IL

O
RI

DE
, 

AN
D 

O
UA

BA
IN

 
ON

 
TH

E 
RA

TE
 

OF
 

O2
 

CO
NS

UM
PT

IO
N 

Jr0
 

AN
D 

CU
RR

EN
T 

10
 

IN
 

PA
IR

ED
 

SH
OR

T-
CI

RC
UI

TE
D 

FR
OG

 
SK

IN
S 

(R
. 

PI
HE

NS
) 

Fo
IIo

wi
ng

 
eq

ui
lib

ra
tio

n 
fo

r 
60

 
m

in
 

in
 

sta
nd

ar
d 

Na
-R

in
ge

r 
ba

th
in

g 
so

lu
tio

ns
, 

pa
ire

d 
he

n&
&i

ns
 

we
re

 
ex

po
se

d 
se

qu
en

tia
lly

 
to

 
va

rio
us

 
iso

os
m

ot
ic 

te
st 

so
lu

tio
ns

 
an

d 
ag

en
ts

 
fo

r 
30

 
m

in
 

pe
rio

ds
, 

as
 

in
di

ca
te

d.
 

Am
ilo

rid
e 

(A
) 

an
d 

ou
ab

ai
n 

(0
) 

we
re

 
ea

ch
 

em
pl

oy
ed

 
at

 
a 

co
nc

en
tra

tio
n 

of
 

10
m

5 
M

. 
Va

lu
es

 
re

pr
es

en
t 

th
e 

ar
ith

m
et

ic 
m

ea
n 

2 
S.

E.
 

Ef
fe

cts
 

of
 

va
rio

us
 

tre
at

m
en

ts
 

we
re

 
co

m
pa

re
d 

by
 

pa
ire

d 
di

ffe
re

nc
e 

an
al

ys
is

. 
AI

I 
P 

va
lue

s 
in

di
ca

te
 

th
e 

st
at

ist
ica

l 
sig

ni
fic

an
ce

 
of

 
th

e 
di

ffe
re

nc
e 

of
 

a 
va

lu
e 

fro
m

 
ze

ro
; 

n.
s. 

re
pr

es
en

ts 
no

n-
sig

ni
fic

an
ce

. 
Si

nc
e 

pr
ev

iou
s 

ob
se

rv
at

ion
s 

su
gg

es
t 

ne
ar

-c
on

sta
nc

y 
of

 
ba

sa
l 

m
et

ab
ol

ism
 

ov
er

 
th

e 
co

ur
se

 
of

 
a 

30
 

m
in

 
pe

rio
d.

 
no

 
co

rre
cti

on
 

wa
s 

m
ad

e 
fo

r 
po

ss
ib

le
 

de
cli

ne
 

of
 

fu
nc

tio
n 

wi
th

 
tim

e 
(l-

5.
 

91
. 

(2
.4

) 
in

di
ca

te
s 

th
e 

av
er

ag
e 

va
lu

e 
of

 
pe

rio
ds

 
2 

an
d 

4.
 

M
gR

. 
m

ag
ne

siu
m

-R
in

ge
r; 

Na
R.

 
so

di
um

-R
in

ge
r. 

Pe
rio

d 

1 
2 

3 
4 

5 
6 

Pa
ire

d 
di

ffe
re

nc
e 

(x%
0)

 
(3

)-(
5)

 

He
m

&s
kin

 
A 

(n
 

= 
6)

 
Ex

te
rn

al
 

ba
th

 
Na

R 
M

gR
 

M
gR

-A
 

M
gR

 
M

gR
 

In
te

rn
al

 
ba

th
 

Na
R 

Na
R 

Na
R 

Na
R 

Na
R-

0 
Jr0

 
@

m
ol

. 
cm

 -
2 

-s-
l 

) 
55

.8
 

f 
4.

4 
39

.8
 

2 
2.

9 
36

.5
 

+ 
2.

6 
37

.9
 

f 
1.

7 
32

.7
 

+ 
2.

8 
Jr

0 
(%

) 
10

0.
0 

71
.3

 
2 

3.
1 

65
.4

 
2 

5.
8 

67
.9

 
+ 

2.
6 

58
.6

 
+ 

3.
3 

IO
 

(9
A 

* c
m

m
2 

) 
28

.3
 

f 
3.

8 
-0

.7
 

f 
0.

6 
-1

.2
 

f 
0.

5 
-1

.1
 

+ 
0.

4 
-1

.1
 

+ 
0.

5 

2.
4 

f 
0.

9 
P 

< 
0.

02
5 

3.
8 

t 
1.

4 
P 

< 
0.0

5 
4.

2 
f 

1.
7 

P 
< 

0.0
5 

6.
8 

f 
2.

8 
P 

< 
0.0

5 
0.

4 
t 

0.
2 

ns
. 

-0
.2

 
? 

0.
1 

n.
s. 

Pa
ire

d 
di

ffe
re

nc
e 

He
m

i-s
kin

 
B 

(n
 

= 
6)

 
(2

)-(
3)

 
(3

H4
) 

(5
)~

(6
) 

Ex
te

rn
al

 
ba

th
 

Na
R 

Na
R-

A 
M

gR
 

M
gR

 
M

gR
-A

 
M

gR
 

In
te

rn
al

 
ba

th
 

Na
R 

Na
R 

Na
R 

M
gR

 
M

tS
 

M
gR

-0
 

Jr0
 

(p
m

ol
 

* c
m

m
2 

. S
-I)

 
63

.4
 

f 
5.

7 
44

.1
 

f 
4.

6 
45

.4
 

f 
4.

5 
57

.4
 

f 
5.

1 
49

.0
 

+ 
4.

0 
41

.9
 

f 
4.

7 
-1

.4
 

f 
2.

1 
n.

s. 
-1

2.
0 

k 
4.

6 
P 

< 
0.

02
5 

7.
2 

t 
0.

7 
P<

 
0.

00
1 

J,
o 

(%
) 

10
0.

0 
69

.6
 

f 
4.

7 
71

.6
 

t 
5.

4 
90

.5
 

f 
6.

3 
77

.3
 

+ 
4.

7 
66

.1
 

?:
 5

.0
 

-2
.0

 
t 

1.
8 

n.
s. 

-1
8.

9 
f 

6.
3 

P 
<: 

0.
02

5 
11

.2
 

?r 
3.

9P
< 

0.
02

5 
IO

 
(P

A 
. 

cm
-l 

) 
25

.4
 

f 
3.

9 
0.

3 
f 

0.
4 

0.
7 

f. 
0.

5 
4.

4 
? 

0.
3 

0.
2 

2 
0.

6 
-0

.9
 

t 
0.

5 
1.

0 
? 

0.
9 

n.
s. 

5.
1 

? 
1.

0 
P 

< 
0.

00
1 

1.
0 

* 
0.

7 
n.

s. 



TA
BL

E 
II 

EF
FE

CT
 

OF
 

BA
TH

IN
G 

M
ED

IA
. 

AM
IL

O
RI

DE
. 

AN
D 

O
UA

BA
IN

 
ON

 
TH

E 
RA

TE
 

OF
 

02
 

CO
NS

UM
PT

IO
N 

Jr0
 

AN
D 

CU
RR

EN
T 

IO
 

IN
 

SH
OR

T-
CI

RC
UI

TE
D 

TO
AD

 
BL

AD
DE

RS
 

(B
. 

M
AR

IN
US

) 
(n

 
= 

8)
 

Pr
ot

oc
ols

 
we

re
 

ex
ac

tly
 

as
 i

n 
Ta

bl
e 

I, 
he

m
i-s

kin
s 

A.
 

Pe
rio

d 
Pa

ire
d 

di
ffe

re
nc

e 

- 
1 

2 
3 

4 
5 

(2
.4

H
3)

 
(3

)i5
) 

Ex
te

rn
al

 
ba

th
 

Na
R 

M
gR

 
M

gR
-A

 
M

gR
 

M
gR

 
In

te
rn

al
 

ba
th

 
Na

R 
Na

R 
Na

R 
Na

R 
Na

R-
0 

Jr0
 

@
m

ol
 

* 
cm

 -
2.

 
s-1

) 
46

.6
 

f 
4.

3 
32

.3
 

f 
3.

1 
26

.7
 

f 
3.

3 
29

.3
 

f 
3.

5 
26

.6
 

f 
3.

4 
2.

8 
f 

0.
6 

P 
< 

0.
01

 
2.

0 
+ 

0.
5 

P 
< 

0.
01

 
J,o

 
(%

) 
10

0.
0 

69
.3

 
f 

2.
0 

61
.5

 
f 

3.
0 

62
.6

 
f 

4.
1 

56
.9

 
f 

3.
4 

4.
9 

?:
 2

.0
 

P 
< 

0.
05

 
4.

1 
t 

1.
1 

P 
< 

0.
05

 
IO

 
(P

A 
* c

m
-2

 
) 

31
.2

 
f 

3.
6 

1.
7 

? 
0.

3 
1.

0 
f 

0.
4 

0.
9 

+ 
0.

4 
0.

1 
+ 

0.
3 

0.
3 

f 
0.

2 
n.

s. 
0.

3 
+ 

0.
2 

n.
s. 



220 

A different pattern was observed when Mg-Ringer was substituted for inter- 
nal Na-Ringer in both bathing solutions. This substitution resulted in significant 
enhancement of both Jr0 (P < 0.01) and I, (P < 0.001) (Table I(B), column 
4). The subsequent addition of amiloride to the external Mg-Ringer solution 
depressed both Jr0 and IO to levels indistinguishable from those measured in 
the presence of internal Na-Ringer (cf. columns 3 and 5). The addition of 
ouabain then resulted in a significant further deline in Jr0 without significant 
effect on IO, but here there is no control for temporal factors (column 6). 

b. Toad bladders. The results of studies in 8 hemi-bladders, employing 
Protocol A, are summarized in Table II. The effects on Jr0 were very similar to 
those described for frog skins in Table I. Again, the substitution of external Mg- 
Ringer for Na-Ringer resulted in a decline of Jr0 by some 30% and again we 
were unable to confirm a stimulatory effect of amiloride with Mg-Ringer as the 
external medium; as previously, serial changes suggested a slight depressant 
effect (columns 2-4), but in this case no paired tissues untreated with 
amiloride were available for simultaneous controls. As with frog skins, the addi- 
tion of ouabain to tissues bathed externally with Mg-Ringer resulted in slight 
further depression of J rO, again without significant effect on I,. Unlike the case 
with frog skin, none of the maneuvers employed to depress the short-circuit 
current resulted in its complete inhibition. However, in each experimental 
period 1, was less than 6% of control level, and there was no significant varia- 
tion from one period to another. 

Discussion 

In the analysis of the relationship between transepithelial active sodium 
transport and oxidative metabolism it is necessary to distinguish between 
metabolism specifically associated with the transport process, and that pro- 
viding energy utilized in other tissue functions (basal metabolism). Accepting 
the view that under circumstances these processes are discrete [ 4,5,7,9,10], we 
and others have evaluated suprabasal metabolism by measuring the rate of 
oxygen consumption first in the absence and then in the presence of amiloride. 
Several considerations suggested the convenience and validity of this approach. 
First of all, the avoidance of replacement of Na-Ringer by Na-free media sim- 
plifies technique and avoids mechanical trauma to tissues. When amiloride is 
introduced in adequate concentrations into Na-Ringer’s solution bathing the 
external surface of the frog skin or toad bladder, it results promptly in near- 
abolition of transepithelial active Na transport and the associated oxidative 
metabolism [ 31. Despite its prolonged effect, the action of amiloride is 
promptly reversible, permitting its intermittent use where desired; in contrast, 
recovery from the effect of ouabain is slow and often incomplete. Of major 
importance is the belief that the action of amiloride is specific, resulting in the 
inhibition of movement of sodium across the external plasma membrane into 
the ‘active transport’ pool, without affecting the flux of other ions via either 
cellular or paracellular pathways [ 11,121. The apparent specificity and 
effectiveness of the inhibition of sodium entry permitted the use of amiloride 
in Na-Ringer solutions, thus avoiding the alteration of the transepithelial 
electrochemical potential difference of sodium, with possible non-specific side 
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effects. In contrast, the use of external solutions free of sodium might possibly 
promote the leakage of Na into unstirred layers adjacent to the tissue. The 
subsequent active transepithelial transport of this sodium might contribute to 
the residual short-circuit current often associated with the use of external Mg- 
or choline-Ringer’s solutions. 

Finally, the apparent specificity of the amiloride effect for the sodium 
channels in the external plasma membrane suggests its superiority to ouabain 
for the evaluation of basal metabolism, for although the glycoside is considered 
to act specifically to inhibit the (Na’ + K’)-ATPase associated with the sodium 
pump, it might be expected to interfere thereby not only with transepithelial 
active Na transport but also with the pumping of Na out of muscle, connective 
tissue and/or other cells in the contiguous serosal adventitial layer. If so, the 
rate of metabolism measured in the presence of concentrations of ouabain 
adequate to depress the short-circuit current to near-zero might well under- 
evaluate the rate of basal metabolism as defined for our purposes, namely that 
metabolism unassociated with transepithelial active sodium transport. 

In their recent study of the ventral skin and isolated epithelial layer of 
R. esculenta, NoC et al. [6] conluded that the metabolic cost of sodium trans- 
port could not be estimated properly when transport was blocked either by 
amiloride or by ouabain, since both agents were found to result in an increase 
in oxygen consumption when no sodium was available for transport. They sug- 
gested that a more appropriate means for evaluating the metabolic cost of 
sodium transport was temporary removal of sodium from the external bathing 
solution. Using very similar protocols, we were unable to confirm their findings 
in either preparation tested by us. Both the substitution of external Mg for Na 
and the addition of amiloride to external Na-Ringer solution resulted in a 
decrease of Jr of some 30%. It was not possible to demonstrate stimulation of 
Jr by amiloride in the absence of external Na; if anything, there may have been 
slight further depression of Jr, but this effect was of border-line significance. 
Similarly, the subsequent addition of ouabain to the internal solution (in the 
absence of external Na) appeared to result in a slight further decrease in Jr, 
but although this effect was statistically significant, precise interpretation is 
precluded by lack of control for possible spontaneous decline of basal 
metabolism with the passage of time. 

In 6 hemi-skins we examined the effects of amiloride and ouabain in the 
complete absence of Na from both bathing solutions, but these observations are 
difficult to interpret, since the substitution of internal Mg for Na resulted in an 
increase in both Jr0 and IO. Possibly these effects may have been the conse- 
quence of leakage of intracellular Na into the Na-free bathing media; in the 
absence of an adverse electrochemical potential difference of Na across the tissue 
the pump may have been stimulated by low concentrations of Na in the 
external medium. On the other hand, it is likely that removal of Na from the 
internal medium causes important and poorly defined effects on epithelial cell 
composition and transport characteristics, and so we cannot rule out the pos- 
sibility that leakage of intracellular electrolyte (e.g. K’ at the internal surface, 
Cl- at the external surface) may contribute to the enhanced short-circuit 
current. Be these facts as they may, sequential exposure to Mg-Ringer + 
amiloride/Mg-Ringer and then to Mg-Ringer/Mg-Ringer + ouabain was asso- 
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ciated in each case with a significant decrement in Jr. Since there was no suit- 
able control study of the time course of function in the presence of bilateral 
Mg-Ringer solutions it is not possible to conclude whether this decline in 
metabolism was attributable to either agent. It seems, however, that neither 
substance stimulated metabolism. 

We are not able to account for the significant differences between our results 
and those of No6 et al. [6], since our experiments were similar, employing the 
same bathing solutions and the same concentrations of both amiloride and 
ouabain. We continue to feel, however, that under the conditions of our experi- 
ments the use of amiloride permits the evaluation of the rate of basal 
metabolism with an accuracy adequate for our purposes. 
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