
peroxide perfusion did not alter neuro- 
muscular transmission or the processes 
involved in excitation-contraction cou- 
pling for brief time intervals. Second, 
autoregulation of blood flow, manifested 
by the presence of flow transients after 
brief periods of arterial occlusion, was 
present in each experiment both before 
and after hydrogen peroxide administra- 
tion (10). This showed that hydrogen 
peroxide did not interfere with integrated 
physiological regulation of blood flow. 
Third, recovery of muscle function after 
hydrogen peroxide perfusion was tested 
after a rest period of 100 minutes in two 
experiments. Muscle oxygen consump- 
tion was 96 and 88 percent of control 
values while twitch tension amplitude 
returned to 83 and 75 percent of preinfu- 
sion values. The cut sections of the mus- 
cle were red and appeared similar to the 
contralateral control muscle, suggesting 
that return of myoglobin to its functional 
ferrous state was associated with return 
to normal muscle function. This may be 
attributable to metmyoglobin reductase 
activity, which is generally correlated 
with muscle myoglobin content (11). Fi- 
nally, the effect of hydrogen peroxide on 
respiration of isolated muscle mitochon- 
dria was tested. Rat hindlimb muscle 
mitochondria were prepared by the 
method of Makinen and Lee (12). Respi- 
ratory control indices and P : 0 ratios 
were determined with glutamate and ma- 
late substrates at hydrogen peroxide 
concentrations ranging from 0 to 0.7 
mM. Hydrogen peroxide did not ad- 
versely affect these indices of mitochon- 
drial oxidative phosphorylation at a con- 
centration twice that present in the per- 
fusate used in the studies in vivo. Hence, 
I conclude that the effect of hydrogen 
peroxide was specific for muscle myo- 
globin rather than for the mitochondrial 
cytochrome system. This interpretation 
is supported by studies of pigeon breast 
muscle fiber bundles, where maximal 
oxygen consumption was unaffected by a 
variety of chemical interventions that 
rendered myoglobin nonfunctional (4). 

Myoglobin in vivo may act as an oxy- 
gen store, as an agent involved in en- 
hancing oxygen flux through tissue, or 
possibly as an oxygen buffer, maintain- 
ing cell PO2 constant when there are 
changes in oxygen supply and demand. 
Myoglobin may have been carrying out 
any of these functions in the present 
study. At the same time, these experi- 
ments do not establish that the exercis- 
ing muscle was hypoxic in the absence of 
functional myoglobin. This question re- 
quires additional study with probes of 
intracellular mitochondrial oxidation 
state or measurement of an appropriate 
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biochemical correlate of cellular hypox- 
ia. Nonetheless, I conclude that func- 
tional myoglobin plays an important role 
in maintenance of oxygen consumption 
and tension generation in exercising 
skeletal muscle. 

RANDOLPH P. COLE 
Department of Medicine, 
College of Physicians and Surgeons, 
Columbia University, New York 10032 
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Sodium Transport Inhibition by Amiloride Reduces Basolateral 
Membrane Potassium Conductance in Tight Epithelia 

Abstract. In toad and frog urinary bladder, electrophysiological data suggest that 
inhibition of transepithelial sodium transport by mucosal amiloride results in a 
decrease in basolateral membrane conductance. These results were confirmed by 
showing that amiloride addition caused a decrease in basolateral membrane 
potassium permeability. 

The transport properties of tight epi- 
thelia ( I )  arise largely because the apical 
membrane is primarily sodium-selective, 
whereas the basolateral membrane is pri- 
marily potassium-selective (2). Investi- 
gators usually assume that inhibition of 
sodium transport-either by removal of 
sodium from, or by addition of the di- 
uretic amiloride to, the mucosal medi- 
um-has no effect on the conductive 
properties of the basolateral membrane 
(3, 4). It has been shown in toad uri- 
nary bladder, however, that inhibition of 
transepithelial sodium transport by either 
means causes a decrease in steady-state 
basolateral membrane conductance (5, 

Fig. 1. Effects of mucosal amiloride on open- 
circuit cell membrane potentials and resis- 
tances in toad urinary bladder. The record 
begins with the microelectrode in a cell re- 
cording base-line apical (V,,) and basolateral 
(V,,) membrane potentials and potential de- 
flections caused by intermittent transepithe- 
lial constant-current pulses. At the arrow, the 
mucosal superfusate was switched from Ring- 
er solution to Ringer plus amiloride ( w ~ M ) .  
In the tabular portion, transepithelial (R,),  
apical membrane (R,), and basolateral mem- 
brane (Rb) resistances and the ratio of cell 
membrane resistances are listed for each pe- 
riod in which a constant-current pulse was 
applied. R, and Rb were calculated by using 
the assumption that paracellular resistance 

6). Furthermore, there is evidence in 
other tight epithelia that basolateral 
membrane conductance is correlated 
with the rate of sodium transport (7, 8). 
To test the hypothesis that basolateral 
membrane conductance is sensitive to 
changes in transepithelial sodium trans- 
port, we used two methods to evaluate 
the permeability of the cell membranes: 
(invasive) electrophysiological measure- 
ments were corroborated by (nonin- 
vasive) cell volume measurements. We 
present new evidence that in toad and 
frog urinary bladder, basolateral mem- 
brane conductance decreases through a 
decrease in potassium permeability when 

(R,) is given by R, (18) in the steady state after amiloride addition. From the values of R, 
[= (R, + Rb)R,/(R, + Rb + R,); see (3, 5 ,  6 ) ] ,  R,/Rb, and R,, we may calculate R, and Rb 

R, = [(R,/Rb)R,Rt]/a and Rb = (R,Rt)la where a = [(RJR,) + 11 [R, -R ,I 
[see ( lo ) ] .  Potentials are in millivolts and resistances are in kilohms times square centimeters. 
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Table 1 .  Effect of increased serosal potassium 
and mucosal amiloride on cell volume regula- 
tion and effect of amiloride on isosmotic po- 
tassium-induced cell swelling. Change in cell 
volume is expressed as percentage of original 
volume; values are means i. S.E. N, number 
of observations (see legends to Figs. 2 and 3). 

Rate of change 
Condition N of cell volume 

(percentimin) 

Volume-regulatory shrinking 
Control 4 18.6 i 4.3 
Serosal potassium 3 1.5 i 0.4 

(25 mM) 
Amiloride 3 < 0.5 

Isosmotic potassium swelling 
Control 3 10.2 4 1.7 
Amiloride 3 2.1 -t 0.4 

sodium transport is inhibited with amilor- 
ide. 

Cell membrane potential differences 
and membrane potential deflections that 
result from the passage of transepithelial 
current were monitored before and after 
the rapid addition of amiloride (10-~iV) 
to the mucosal bathing solution. Conven- 
tional intracellular microelectrode tech- 
niques were used in these studies (9, 10). 
As observed previously (5, 6, 9, lo), 
amiloride causes a sudden decrease in 
both cell membrane potentials (Fig. 1). A 
new observation, however, is that as 
the current-induced potential deflection 
across the apical membrane increases, 
so does that across the basolateral mem- 
brane; the net effect is that their ratio 
does not change, or even decreases. 
Since this ratio is equal to the ratio of 
membrane resistances (11), the resist- 
ance of the basolateral membrane must 
rise with approximately the same time 
course as that of the apical membrane 
during transport inhibition. In nine tis- 
sues, at a time when the total trans- 
epithelial resistance had increased by 
44 r 15 (standard error) percent, the ra- 
tio of resistances did not change signifi- 
cantly from a mean value of 1.5 2 0.2 
(S.E.) (change, 0.04 k 0.17). In con- 
trast, steady-state values for the ratio of 
resistances have been reported as 1.4 to 
1.7 under control conditions and 4.5 to 
5.5 after amiloride inhibition (3, 5, 6). 
When impalements in four tissues were 
maintained for longer times, the ratio of 
resistances remained unchanged for 1 to 
2 minutes after transport inhibition by 
amiloride, and only then changed to high 
values. In other tissues, a rapid increase 
in this ratio has been reported (7, 12), but 
such an increase does not vreclude an 
increase in the resistance of the basolat- 
era1 membrane. 

Since the basolateral membrane in am- 
phibian urinary bladder is mainly potas- 

sium-conductive (2, 13), and since inhibi- 
tion of sodium transport by amiloride 
does not affect cell potassium content 
(14), it is probable that the increase in 
membrane resistance is due to a de- 
crease in potassium conductance. We 
have tested this hypothesis by using 
changes in epithelial cell volume as an 
index of membrane permeability. 

Cell volume was measured in excised 
frog urinary bladders (15) with a light 
microscopic-optical sectioning tech- 
nique (16). We first studied the effect of 
alterations in serosal potassium concen- 
tration on cell volume regulation by the 
epithelial cells. When the solution bath- 
ing the basolateral surface is made hyp- 
osmotic, the cells rapidly swell, but then 
spontaneously regulate their volume de- 
spite the continued exposure to the hy- 
posmotic bathing medium (17). Control 
volumes were regained within 2 to 3 
minutes after osmotic swelling (Fig. 2). 
Mean rates of volume regulation are 
shown in Table 1. Diminishing the baso- 
lateral membrane potassium gradient by 
raising serosal potassium concentration 
from 2.5 to 25 mM decreased the rate of 

I I 

10 20 
Time (minutes) 

Fig. 2. Examples of the effects of a diminished 
basolateral potassium gradient or mucosal 
amiloride on the rate of cell volume regulation 
by frog urinary bladder epithelial cells. The 
data are plotted as percentages of the peak 
volume reached following osmotic swelling 
caused by the exposure of the tissue to a 
hyposmotic serosal Ringer (solution osmolali- 
ty was reduced from 220 to 149 mosmolelkg 
through the removal of NaCI). The period 
required to reach the peak volume, equally 
rapid for all experiments, was 2 to 3 minutes. 
The cells reached a peak of 133 r 1.5 percent 
of their original volume. Individual results 
from three cells representing different tissues 
are shown. Control, no additional treatment; 
High K, 25 mM potassium replacing an equal 
amount of sodium on the serosal side; Amilor- 
ide, mucosal Ringer containing IO-~M amilor- 
ide to inhibit sodium transport. Rates of vol- 
ume regulation (Table 1) for control and high- 
potassium experiments were calculated as the 
least-squares fit to the data lying between 
peak and control volumes. In the amiloride 
experiments there were no significant changes 
in volume. 

I 
1 

0 2 0 40 
Time (minutes) 

Fig. 3. The effect of replacing serosal sodium 
with potassium on the volume of a frog uri- 
nary bladder cell. At the first arrow, the 
serosal perfusate was switched from Ringer to 
one in which KC1 replaced all NaCI. At the 
second arrow, the serosal perfusate was 
switched back to Ringer. The mean rates of 
swelling in Table 1 were calculated from a 
least-squares fit of the data to the swelling 
phase that follows the initial volume loss and 
recovery. 

cell volume regulation (Fig. 2 and Table 
1); this action had no effect on cell vol- 
ume in the absence of an osmotic gradi- 
ent. Therefore, volume regulation proba- 
bly results from an increase in basolater- 
a1 membrane potassium permeability and 
a net flux of potassium and water from 
the cell. Presumably, chloride is the ma- 
jor accompanying anion. The effect of 
amiloride on volume regulation was test- 
ed by adding the drug to the muco- 
sal medium (final concentration, 10-~iV) 
and measuring the volume response of 
the cells to a serosal hyposmotic gradi- 
ent. Amiloride abolished volume regula- 
tion under these conditions, a result con- 
sistent with a marked inhibition of baso- 
lateral potassium permeability (Fig. 2). 

In another approach, we examined the 
effects of amiloride on cell swelling in- 
duced by the isomolar replacement of 
sodium by potassium (Fig. 3). After the 
replacement of sodium, the cells initially 
shrink, recover their volume, and then 
swell at a constant rate. Table 1 gives the 
mean swelling rate under these condi- 
tions. Since an anion must accompany 
potassium during swelling, these results 
also indicate a significant anion (prob- 
ably chloride) permeability. When the 
cells are exposed to amiloride on the 
mucosal side before replacement of sero- 
sal sodium with votassium. the rate of 
swelling is reduced to about one-fifth of 
its control value (Table 1). These results 
are again compatible with a reduction in 
basolateral membrane permeability to 
potassium during inhibition of sodium 
transport by amiloride. 

A simple hypothesis explaining these 
data is that a single potassium pathway is 
responsible for both base-line potassium 
conductance and volume regulation and 
that the conductance of this pathway is 
modulated in some manner by sodium 
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transport. The electrophysiological re- 
sults provide evidence that both apical 
and basolateral membrane conductance 
are coupled to sodium transport. Since 
replacement of serosal sodium with po- 
tassium causes membrane depolarization 
(13), potassium movement during isos- 
motic potassium-induced cell swelling is 
probably conductive. Thus, it is likely 
that the effects of amiloride on this pro- 
cess and on the electrophysiological 
properties of the basolateral membrane 
reflect a single pathway for potassium. 
Since amiloride also inhibits cell volume 
regulation, it is likely that the volume- 
regulatory potassium movements also 
occur through this pathway. 

C. WILLIAM DAVIS 
ARTHUR L. FINN 

Departments of Medicine and 
Physiology, University of North 
Carolina School of Medicine, 
Chapel Hill 27514 
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A New Tumor-Promoting Agent, Dihydroteleocidin B, Markedly 
Enhances Chemically Induced Malignant Cell Transformation 

Abstract. Teleocidin, which was isolated from mycelia of Streptomyces, is a potent 
tumor promoter in mouse skin. The catalytically hydrogenated compound dihydro- 
teleocidin B markedly enhanced malignant cell transformation induced by 3-methyl- 
cholanthrene or ultraviolet radiation. Dihydroteleocidin B was at least 100 times 
more effective in enhancing transformation than 12-0-tetradecano;yl phorbol-13- 
acetate, the strongest promoter known until now, whereas both promoters showed 
equal capacities to induce early membrane effects and DNA synthesis. 

The induction of cancer in humans is 
thought to follow complex interactions 
between initiators and factors that influ- 
ence tumor development (1,  2). Among 
such factors are tumor promoters, com- 
pounds that are weakly carcinogenic but 
which markedly enhance the yield of 
tumors when applied after a low dose of 
an initiating carcinogen (2, 3) .  In recent 
years the biological and biochemical ef- 
fects of promoting agents have been 
examined extensively with various cell 
systems. However, the mechanism by 
which promoting agents convert initiated 
cells into visible tumors and their etio- 
logical significance are still not known. 

We report here that dihydroteleocidin 
B (DHTB), a catalytically hydrogenated 
compound of teleocidin, which was iso- 
lated from mycelia of Streptomyces (4, 
5) ,  is unusually potent in enhancing 
3-methylcholanthrene (MCA)-induced 
malignant transformation and in inducing 
morphological alterations in BALB 3T3 
cells. DHTB is at least 100 times stron- 
ger in enhancing transformation than 
12-0-tetradecanoyl phorbol-13-acetate 
(TPA), the strongest promoting agent 
known until now. On the other hand, 
DHTB and TPA inhibited the binding of 
epidermal growth factor and E3HIphor- 
boldibutyrate to cell surface receptors, 
increased 2-deoxyglucose uptake, and 
stimulated DNA synthesis in Go-arrested 
cells to the same extent, suggesting that 
the early induction of biochemical re- 
sponses is not directly related to the 
enhancement of cell transformation. 

Malignant transformation of A3 1- 1- 1 
cells was assayed by scoring transforma- 
tion foci as reported previously with 
BALB 3T3-A31 subclonas (6, 7). Cells 
treated with a low dose of MCA (1 ~ g l  
ml) alone had very low transformation 
frequencies (5 x Subsequent 
treatment with as little as 0.1 ng of 
DHTB per milliliter for 2 weeks (begin- 
ning the fourth day after the removal of 
MCA) markedly increased the transfor- 
mation frequency, which was propor- 
tional to the concentration of DHTB 
(Fig. 1). This treatment was found to be 
optimal for maximizing the transforma- 
tion frequencies. At the concentrations 
used (0.1 to 10 nglml), DHTB had no 
cytotoxic effects on the MCA-treated or 
untreated cells, whether DHTB was add- 
ed to the culture immediately after cell 
seeding, immediately after MCA treat- 
ment, or 4 days after MCA treatment. 
TPA increased transformation frequen- 
cies only at high concentrations (10 to 
1000 nglml), as reported for the enhance- 
ment of MCA-induced transformation of 
10T112 cells (8, 9). Thus, DHTB is at 
least 100 times as effective as TPA in 
enhancing MCA-induced transforma- 
tion, as shown by comparing concentra- 
tions of promoting agents giving the 
same transformation in A31-1-1 cells. 
Dose-response tests with various doses 
of MCA and 10 ng of DIITB or TPA per 
milliliter indicated that DHTB permits 
the use of 100-fold lower initiating doses 
of MCA to achieve the same transforma- 
tion frequency. Similar rnarked enhance- 
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