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A B S T R A C T Ethacrynic acid (EA) has been re-
ported to reduce cholera toxin-induced intestinal fluid
secretion in the intact animal. We explored the nature
of this inhibition in vitro by measuring unidirectional,
transmural fluxes of 'Na and 'Cl across isolated rabbit
ileal mucosa. Under control conditions (short-circuited
mucosa bathed in bicarbonate-Ringer), there was net
absorption of Na and Cl. Theophylline (10 mM), cyclic
AMP (5 mM), and cholera toxin (added in vivo)
abolished net Na flux and produced net Cl secretion. In
the presence of either theophylline or cAMP, addition
of 0.1 mMEA to the serosal bathing solution abolished
net Cl secretion and restored net Na absorption. Cholera
toxin-treated mucosa was exposed to 0.05 and 1.0 mM
EA. The lower concentration restored net Na absorption
but did not significantly reduce Cl secretion. The higher
concentration abolished net transport of both Na and Cl.
Short-circuit current and Na flux measurements in the
presence and absence of glucose indicated that 0.1 mM
EA does not inhibit glucose-coupled Na transport. Short-
circuit current measurements in the presence of 1.0 mM
EA suggested that even this concentration of EA does
not inhibit glucose-coupled Na transport. Thus EA
appears to specifically inhibit Cl (or NaCl) secretion
without inhibiting the absorptive Na "pump." The anti-
secretory effect of 0.1 mMEA does not appear to re-
sult from inhibition of adenylate cyclase since secretion
stimulated by addition of 5 mMcAMP was abolished.
Furthermore, 0.1 mMEA did not significantly reduce
theophylline-augmented and cholera toxin-augmented
cAMP levels in ileal mucosa. We conclude that EA
interacts specifically with the active Cl (or NaCl) se-
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cretory mechanism of the small intestine at a step be-
yond generation of cAMP.

INTRODUCTION

Addition of adenosine 3',5'-cyclic monophosphate
(cAMP), theophylline, or cholera enterotoxin to iso-
lated rabbit ileal mucosa results in an active secretory
process characterized (in the short-circuited state) by
net Cl secretion and by inhibition of net Na absorption
(1, 2). Both theophylline and cholera toxin increase the
concentration of cAMP in the mucosa, the former by
inhibiting cyclic nucleotide phosphodiesterase and the
latter by stimulating adenylate cyclase (3-5). Further-
more, changes in adenylate cyclase activity and cAMP
concentration correlate closely with changes in ion trans-
port (5, 6). cAMP appears, therefore, to be the medi-
ator of these effects. Studies of ion influx across the
luminal border indicate that these effects are due, at
least in part, to inhibition of a coupled component of Na
and Cl influx (7, 8). At present it is unclear whether
cAMP also stimulated active secretion of ions or only
unmasks a pre-existing secretion by inhibiting their ab-
sorption. It also remains to be resolved conclusively
whether the active secretory process is for anion alone
(Cl and possibly also HCO3) or for anion coupled di-
rectly to Na (2, 9).

Ethacrynic acid (EA)' has been shown to inhibit
cholera toxin-induced intestinal fluid secretion in the
dog (10). This does not promise to be of therapeutic
value since the diuretic effect of EA outweighs its anti-
diarrheal effect. Nonetheless, the inhibition by EA of
cholera toxin-induced secretion is of theoretical in-

'Abbreviations used in this paper: EA, ethacrynic acid;
J,.t, net flux; J.., mucosal to serosal flux; J,m, serosal to
mucosal flux; SCC, short-circuit current.
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TABLE I
Effects of EA on SCCand Electrical Resistance

SCC Resistance

Additions EA n -EA +EA -EA +EA

in.11 -u1eq/h cm'2 1 cm2

Noiie (.05 7 2.4±t0.2 1.6+0.2* 36±1 36±-1
None 0.10 6 2.5±t0.3 1.2±0.3* 35+2 32±2
None 1.00 7 2.5±0.3 1.2±0.2* 47±3 34±3*
Theophylliine, 10 m1 ().10 6 4.4±0.4 2.4±0.2* 46±3 35±2*
cAMP, 5 mM 0.10 6 3.7+0.3 3.0±0.2* 54+4 35±2*
Cholera toxin 0.05 5 4.3+0.3 3.2±0.3* 45±2 41±2*
Cholera toxin 0.10 4 4.6±0.2 3.1±0.2* 45±2 41±2*
Cholera toxin 1.00 6 2.8±0.2 1.24±0.1* 68±2 49±2*

Values are means ±1 SE. n refers to the number of animals. Theophylline and cAMP added to serosal
bathing solution 20-30 min after tissues mounted. Cholera toxini added to isolated ileal loops in vivo
(purified toxin 10 ,ug/loop for 0.05 and 0.10 mMEA additions and crude toxin, 100 mg/loop for 1.0 mM
EA addition) and tissues theni mounted in vitro 4 h later. EA added to serosal bathing solutioni 15 min
after theophylline or cAMP or 30 min after mounting cholera toxin-treated tissues in vitro. SCC and
resistance values are average values for the period 20-30 min after addition of EA or the comparable period
for control tissues. These are average values, therefore, for the same period over which Na and Cl fluxes
were determined (see Table II). All results for the presence and absence of EA represent paired data oni
tissues from the same animals. Resistances were measured by pulsing in 100 ALA of current and measuring
the voltage deflection. It had previously been determined that the I-V relationship is linear in these ranges.
* P < 0.05 for paired difference from control (-EA).

terest with respect to the mechanism for cAMP-induced
secretion in the intestine and, also more generally,
with respect to the mechanism by which EA alters ion
transport in other tissues, especially the kidney. We
have therefore examined the antisecretory effect of EA
in vitro, utilizing isolated rabbit ileal mucosa.

METHODS
Segments of distal ileum were obtained from New Zealand
white, male rabbits that weighed between 2 and 3.5 kg
and were fed a standard rabbit chow ad lib. The methods
for isolating mucosa, short-circuiting and determining ion
fluxes in vitro with '2Na, 'Na, and MCl have been pre-
viously described (11).

Briefly, ileum was stripped of muscularis and serosa and
clamped between two Lucite half-chambers attached to two
reservoirs maintained at 37° C. The medium bathing the
membrane contained, in millimoles/liter Na, 141; Ca, 1.25;
K, 10; Mg, 1.1; Cl, 127; HCO3, 25; HPO4, 1.65; H,PO4,
0.3; and pH, 7.4. The medium was continuously gassed
by 95o Or-5% CO2. All experiments were done in the
short-circuited state. Unidirectional Na and Cl fluxes were
determined in most instances by adding '2Na and 'Cl to
one side of the tissue and measuring their steady-state
rates of transfer to the other side. 20 min were allowed
for steady state to be reached (11). In one set of experi-
ments bidirectional Na fluxes were measured on each tissue
with 'Na and "Na. The net flux (J..t) was calculated as
the mucosal to serosal flux (Jms) minus the serosal to
mucosal flux (J.m). Unless otherwise stated no glucose
was present in the mucosal medium. Glucose (7.5-10 mM)
was always added to the serosal medium and an equimolar

amount of mannitol was added to the mucosal medium. In
some experiments, four pieces of ileum were mounted
from the same animal and fluxes were measured simultane-
ously under experimental and control conditions.

In cholera toxin experiments, toxin was introduced into
isolated ileal loops of anesthetized animals and tissues
f rom these or control loops were mounted in vitro 4 h
later as,previously described (2).

For determining the effects of cholera toxin, theophyl-
line, and EA on tissue cAMP levels, sheets of mucosa
were stripped f rom rabbit ileum (4), cut into sections of
approximately 50 mg wet weight, and incubated with shak-
ing at 37'C in suitable media. At the end of incubations,
tissues were quickly transferred to conical centrifuge tubes
containing 5 ml of ice-cold 5%o trichloroacetic acid (TCA)
with 0.8 mCi of [3H]-cAMP (24 Ci/mmol) as a recovery
marker. The tissues were homogenized with a Teflon pestle
in a glass homogenizer and the TCA precipitates were
then centrifuged at 4,000 g for 20 min at 4°C. The super-
nates were decanted into 40-ml conical centrif uge tubes
and 0.5 ml of 1 N HCI was then added. The TCA was
extracted five times with 10 ml of diethyl ether, after
which the samples were evaporated to dryness at 50'C
using an Evapo-Mix evaporator (Buchler Instruments, Div.,
Nuclear-Chicago, Corp., Fort Lee, N. J.). The residues
were then dissolved in 2.0 ml of 50 mMsodium acetate
buffer, pH 4.0. Recoveries of cAMP extracted from the
tissues were determined by counting 0.5-ml aliquots in 10
ml of Bray's solution (12) and comparing the results with
those obtained by counting aliquots of the original recovery
marker diluted in 0.5 ml of the acetate buffer. Each sample
was assayed in duplicate for cAMP levels by the protein-
kinase-binding method described by Gilman (13). The
TCA precipitates were dissolved overnight in 5 ml of 1 N
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TABLE I I
Effects of EA on Na and Cl Fluxes

Fluxes

Na Cl

EA n Jms Jan Jnet Jma Jun Jnet

mM peq/h.cm2 ueq/h.cm2
None 0 23 13.940.4 12.340.5 1.640.3 9.440.5 8.6±0.4 1.3±-0.5

0.05 7 13.9±0.3 12.2±0.4 1.6±0.3 7.2±0.9 6.240.6 1.0±0.3
1.00 6 10.4±0.7 11.241.0 -0.8±1.2 7.2±t0.5 7.3±0.8 -0.1±1.0

Theophylline, 10 mM 0 6 10.8±0.7 11.2±0.6 -0.4±0.6 6.8±0.9 9.8±0.8 -3.040.7
0.10 5 13.3±1.1 11.1±1.2 2.240.4* 6.6±0.7 6.0±0.6* 0.6±0.9*

cAMP, 5 mM 0 6 7.6±4:0.7 8.4±0.8 -0.8±0.7 5.7±0.6 8.6±0.4 -2.9±0.5
0.10 6 12.0±0.9t 10.4±0.7 1.9±0.81 7.4±0.71: 7.940.5 -0.5±0.3:

Cholera toxin§ 0 16 9.440.6 9.8±0.7 -0.440.4 5.8±0.4 8.3±0.5 -2.540.3
1.00 6 12.5±:1.3* 12.4±0.7* 0.1±1.0 10.1 ± 1.0* 10.5±0.7* -0.4±0.9*

Cholera toxinll O 5 10.8±-0.4 12.140.6 -1.3±0.4 6.0±0.6 7.9±0.5 -1.9±0.2
0.05 5 12.7+0.9 11.7±0.8 1.0±4-0.2: 6.4±1.1 7.7+0.5 -1.3±1.0

Values are means ±1 SE. n refers to the number of animals. Fluxes measured under short-circuit condition. See legend to
Table I for timing of additions and flux measurements.
* P < 0.05 for unpaired difference from control (no EA).
1 P < 0.05 for paired difference from control (no EA). In these experiments, four tissues were prepared from one animal, one
pair was used for the EA study and the other for the "control".
i Crude toxin, 100 mg/loop.
It Purified toxin, 10 ,g/loop.

NaOHand the protein content was measured by the method
of Lowry, Rosebrough, Farr, and Randall (14), using
bovine serum albumin as a standard.

Crude cholera toxin (Wyeth Laboratories, Philadelphia,
Pa., lot no. 001) was supplied by Dr. John Seal, National
Institutes of Allergy and Infectious Diseases, Bethesda,
Md. Purified cholera toxin was a gift of Dr. Richard A.
Finkelstein, University of Texas Southwestern Medical
School, Dallas, Tex. and was prepared by him as described
in footnote 2. cAMP was obtained as the acid from
Schwarz Bio Research Inc. (Orangeburg, N. Y.), and
neutralized with NaOH just before use. EA (Edecrin,
Merck Shar,p & Dohme, West Point, Pa.) was dissolved
in bicarbonate-Ringer immediately before use.

All statistical analyses were performed using Students' t
test for paired and unpaired variates.

RESULTS

Effects of EA on electrical resistance and short-circuit
cwrrent (SCC). Addition of EA to the serosal side of
the ileum had no effect on SCC or resistance at con-
centrations below 0.01 mM. At EA concentrations of
0.05 mMand higher, the SCCdeclined quickly to reach
a steady level which was 0.8-1.3 ,eq/h cm2 less than the
control level (Table I). After prior additions of cholera
toxin, theophylline, and cAMP, EA also decreased SCC,
the decreases ranging from 0.7 to 2.0 /Aeq/h cm'. EA
decreased the resistance of control tissues only at the
highest concentration tested (1.0 mM) but decreased

21970. J. Infect. Dis. 121 (suppl.) : 536.

the resistance of tissues treated with cholera toxin,
theophylline, or cAMP at a 10-fold lower concentration
(0.1 mM).

Effects of EA on Na and Cl fluxes. These results
are summarized in Table II and Fig. 1. EA, at 0.1 mM
concentration, inhibited net Cl secretion in the presence
of either cAMP (5 mM) or theophylline (10 mM). At
1.0 mMconcentration, EA also inhibited cholera toxin-
induced Cl secretion. At a 0.05 mMconcentration, how-
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FIGURE 1 Reversal by EA of cAMP and theophylline
(theo)-induced changes in net fluxes of Na and Cl. Net
fluxes in microequivalents per hour per square centimeter
were measured across short-circuited mucosa bathed in bi-
carbonate-Ringer. Concentrations of agents employed: EA,
0.1 mMcAMP, 5 mM; theo, 10 mM. See legend to Table
II for further details. Results for theo and cAMP have
been pooled.

Ethacrynate Inhibits cAMP-Mediated Intestinal Secretion

i .1II--~~~~~~~~~~~
Xzz I

689



TABLE III
Na Flux and SCCResponses to Glucose in the Presence

and Absence of EA

Additions Na

EA Glucose JmJ SCc

O 0 12.4±0.6 11.3±(0.7 1.1 ±i0.3 1.4±0.2
+ 14.841.0 9.6±t)0.9 5.14±0.8 5.840.9

Differenice 4.0 40.8 4.3 4±0.8
P < 0.01 0.01

+ 0 10.2 ±0.8 9.0 ±t0.7 1.2 ±1.0 0.9 ±(-0.3
+ + 16.2 ±0.6 11.1 ±0.6 5.1 ±-0.3 6.6±0.9

Differetnce 3.9 ±1.0 5.7 ±)0.8
P < 0.05 (.0(5

Values are means :t1 SE for five animals. Four tissues were mounted from
each animal. EA, 0.1 mMwas added to the serosal bath of two and 10 mM
glucose was added to the luminal side of two. Glucose was added 20 min
after EA and flux measurements begun 15 mill thereafter. 22Na and 24Na
bidirectional fluxes were determined simultanieously on all four tissues.

ever, this inhibition of toxin-induced Cl secretion was
not observed. It is not clear whether 0.05 mMis too
low a concentration or whether a significant effect was
obscured by the large statistical variability.

EA, at 0.1 mMconcentration, also shifted net Na
transport in the absorptive direction in the presence of
both theophylline and cAMP. The increase in net Na
flux was due to an increase in the unidirectional Jms.
Similar changes in Na transport were also produced by
0.05 mMEA in the presence of cholera toxin. How-
ever, at a 1.0 mMI concentration, EA failed to increase
significantly net Na flux in the presence of cholera
toxin. This concentration of EA also abolished the net
Na flux of control tissues.

Effect of EA on glucose-coupled Na transport. The
results shown in Table II indicate that 0.1 mMEA,
added on the serosal side, reverses cAMP-mediated ac-
tive ion secretion. Since net Na absorption was observed
in the presence of 0.1 mMEA, the antisecretory effect
of the diuretic does not appear to result from a general
inhibition of all active ion transport. To examine the
specificity of the secretory inhibition, the ability of glu-
cose to augment Na transport in the presence of 0.1 mM
EA was tested. Results are shown in Table III. Glucose
(10 mM), added to the luminal bathing solution, pro-
duced equal increments of net Na flux in EA-treated and
control tissues. These results suggest that 0.1 mMEA
does not reduce the capacity of the Na pumping process.

Additional experiments, involving SCCmeasurements
alone, were performed to determine if 1 mMEA would
inhibit glucose-coupled Na transport. Mucosae were re-
moved from cholera toxin-treated ileal loops and mounted
in vitro. EA (1 mM) was added to the serosal side of
half of the tissues. 20 min later, glucose (7.5 mM) was
added to the luminal side of all tissues and the ensuing

changes in SCC were recorded. In 10 experiments, the
mean peak increment in SCC (±1 SE) produced by
glucose was 1.9±0.30 Aeq/h cm2 in EA-treated tissues
and 1.6±0.15 in control tissues. Since the increase in
SCC which quickly develops after glucose is added to
the luminal solution is largely or entirely due to an
increase in active Na absorption (see Table III 'and
references 11, 15, and 16), these data suggest that even
1 mMEA does not inhibit the sodium-pumping capacity
of the ileum.

Effect of EA on cAMP concentrations. The reported
inhibitory effect of EA on intestinal mucosal adenyl
cyclase activity (17) stuggests one mechanism by which
EA may inhibit cholera toxin-induced intestinal fluid
secretion. To explore further the interaction of EA withl
cAMPmetabolism in the ileal mucosa, sheets of mucosa
preincubated with theophylline, purified cholera toxin,
or Ringer's solution alone were exposed to 0.1 mM\ EA
for periods ranging from 5 to 30 min and then processed
for cAMPmeasurement. As shown in Table IV, 0.1 mMA
EA did not significantly alter cAMTP concentration.

DISCUSSION

The data presented in this report show that EA inhibits
Cl secretion induced by prior addition of cAMP, the-

TFABLE IV
Effect of E.i on cA4AlIP Levels in Cholera Toxin- Trcatcd an(d

Theophylline-Treated Rabbit Ileal 3Mucosa

cAMPLevels

Theo- Theo-
Part A Control EA phylline phylline

pmol/mg protein
1 7.9 6.2 16.6 23.7
2 12.1 19.0 29.6 30.9
3 7.4 6.0 14.6 16.2
4 9.2 - 15.5 15.7
5 10.5 - 25.6 31.1

Meaii ±1 SE 9.4±-i0.85 10.4±4.3 20.4±3.0 23.543.4*

Part B Control EA Toxin Toxin + EA
1 5.8 5.0 31.4 38.4
2 4.9 4.4 16.3 21.5
3 11.5 20.2 126.7 38.0
4 23.0 10.5 123.0 39.9
5 4.8 8.9 15.2 19.7
6 13.6 9.7 15.3 29.0
7 8.9 10.7 29.5 31.0

Mean 1l SE 10.4±fi2.5 9.9±2.0 51.1i19.2 31.1±3.1*

In experiments 1-3, tissues were preincubated for 30 min, then theophylline
(5 mM) was added to two flasks. 5 min thereafter, EA (0.1 mM) was added
to two flasks. Incubations were ended 5 min after EA addition. In experi-
ments 4 and 5, EA was added 30 min after theophylline and incubations
were ended 30 min after that. In part B, EA (0.1 mM) was added 3 h after
puirified cholera* toxin (1 sg/ml). Incubations were ended 30 min thereafter.
* Significantly greater than control levels (P < .01) but not significantlyr
different from theophylline alone (part A) or cholera toxin alone (part B).
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ophylline, or cholera toxin. NaCi extrusion by rabbit
kidney cortex slices has been shown to be inhibited by
EA and it has been argued that this inhibition results
from a generalized depression of cellular energy me-
tabolism (18). Our data, especially at concentrations
of EA less than 1 mM, suggest a more selective effect
of the diuretic. cAMP-mediated active Cl secretion was
inhibited by EA and active Na absorption was re-
established. Furthermore, the ability of glucose to fur-
ther increase active Na absorption was not impaired.
Thus the selective antisecretory effect of 0.1 mMEA
indicated a clear separation between the active absorp-
tive and secretory processes for ions in the ileum.
Whether both processes occur in the same cell or each
in different cells (i.e., secretion by crypt cells) remains
unsettled.

Inhibition of active Na transport has been noted in
everted hamster gut sacs after the addition of 5 mMEA
to the serosal side (19) and in rabbit ileum after ad-
dition of 1 mMEA to the mucosal side (20). When
added to the mucosal side, EA may accumulate inside the
cell. This has been shown to occur in rat kidney cortex
slices (21). Proverbio, Robinson, and Whittenbury (22)
have found that Na (accompanied by Cl) extrusion
from kidney cortex slices is completely inhibited by 2
mMEA, a dose that has a minimal inhibitory effect
on the Na-K-ATPase activity. It is noteworthy that
the EA-sensitive ion transport process in kidney cortex
slices appears to extrude both Na and Cl (23). It is
clear then that the effect of EA on ion transport activity
of various epithelia are of a more generalized nature at
high concentrations whereas at lower concentrations
(below 1 mM) processes possibly involving anions are
more selectively affected.

EA, in concentrations comparable with those used
in the present study, has been shown to inhibit adenylate
cyclase in both control and cholera toxin-treated in-
testinal mucosal homogenates (17). The present re-
sults indicate, however, that the mechanism by which
0.1 mMEA inhibits secretion is clearly not through
inhibition of adenylate cyclase since EA inhibited se-
cretion produced by the direct addition of cAMP. Fur-
thermore, the increase in intracellular cAMP level pro-
duced by cholera toxin and theophylline was not sig-
nificantly altered. Whether 1 mMEA would have af-
fected cAMP levels was not determined. However, the
change in net Na flux of cholera toxin-treated tissues
produced by 0.05 mMEA could not have resulted from
an effect of EA on adenylate cyclase activity.

The nature of the antisecretory effect of EA remains
to be elucidated. Since EA modified the effect of ex-
ogenously added cAMP, EA must interact more di-
rectly with the secretory process than does cAMP itself.
In principle, its effect could be exerted on the Cl trans-
location process, on the supply of energy for the trans-

port, or on the mechanism of coupling between the
translocation process and metabolism. EA has been
found to inhibit Na-K-ATPase in several tissues (24-
27). What role, if any, Na-K-ATPase plays in the
intestinal secretory response is not known. Our data
show that 0.1 mMEA does not inhibit base-line Na
absorption and, furthermore, that glucose-coupled Na
transport is unimpaired. The latter strongly suggests
that EA blocks Cl secretion without inhibiting the Na
transport mechanism. Thus, with respect to Na-K-ATP-
ase and EA inhibition of Cl secretion, there are three
possibilities: (a) the antisecretory effect of EA is un-
related to ATPase inhibition; (b) the coupling of
energy to secretion involves a different and more
EA-sensitive Na-K-ATPase than that which is linked
to glucose-coupled Na transport; or (c) the same Na-
K-ATPase is required for both Cl secretion and glucose-
coupled Na transport, but the former required a higher
rate of enzyme activity than the latter. Recent investi-
gations on ion transport in the thick ascending limb of
the loop of Henle have shown that Cl is actively trans-
ported (28). This active transport is inhibited by
furosemide (28) and also by EA and ouabain (29).
Ouabain is thought to be a specific inhibitor of Na-K-
ATPase. Clearly, more work needs to be done regarding
the specific nature of active Cl transport, the factors that
control it, and its relation, if any, to Na-K-ATPase.

Recent investigations on the effect of EA on energy-
yielding reactions show that in several systems, e.g.,
renal cortex (30), renal medulla (30), Ehrlich asictes
tumior cells (31), and turtle bladder epithelium (30),
EA was shown to affect a step in the glycolytic chain
beyond formation of fructose diphosphate. In the turtle
bladder, it was further demonstrated that EA inhibits
glyceraldehyde-3-plhosphate dehydrogenase activity (30).
Whether cAMP stimulated Cl secretion by increasing
the rate of glycolysis and, if so, whether glycolysis in
the intestinal mucosa is inhibited by EA, are relevant
questions that need to be answered.
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