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Abstract. Inhibition of the metabolism of arachi-
donic acid by the epoxygenase (cytochrome P-450)
pathway with the inhibitor ketoconazole results in
excessive cell swelling upon exposure to hypos-
molality instead of the rapid and complete regulatory
volume decrease (RVD) normally observed. NaCl
entry from bathing solutions to cell interior was
shown to cause this swelling, with Na influx oc-
curring across the basolateral membrane and electri-
cally silent Clinflux across the apical membrane. Ion
substitution experiments show that the KCI efflux
mediating RVD was unimpaired by ketoconazole,
but was overwhelmed by the NaCl influx. Measure-
ments of transepithelial fluid flux, CI concentration,
osmolality and pH showed that gallbladders treated
with ketoconazole transiently secreted fluid rather
than the normal absorption. We conclude that inhibi-
tion of arachidonic acid metabolism does not directly
affect RVD by Necturus galibladder, but that block-
ade of the epoxygenase pathway can have a pro-
found influence on NaCl entry into gallbladder epi-
thelial cells.
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Introduction

Metabolites of arachidonic acid are thought to be
involved in the regulation of many transport pro-
cesses in epithelia [1]. The three pathways by which
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arachidonic acid may be metabolized are: (i) cyclo-
oxygenase (forming prostaglandins, prostacyclins,
and thromboxanes), (ii) lipoxygenase (forming leu-
kotrienes and some HETE’s), (iii) epoxygenase or
cytochrome P-450 (forming EET, HETE, and
OHAAS metabolites). Arachidonic acid metabolites
have been shown to play a significant role in activa-
tion of regulatory volume decrease (RVD) by Ehr-
lich ascites tumor cells. In these cells RVD was
reported to involve the activation of KCl and taurine
efflux by lipoxygenase metabolites and simultaneous
inhibition of Na entry by cyclo-oxygenase metabo-
lites [7-10]. Blockage of leukotriene production by
the inhibitor norhydroguarietic acid (NDGA) pre-
vented RVD in Ehrlich cells [8, 10]. Addition of the
leukotriene D, or C; caused Ehrlich cell shrinkage
in the absence of an osmotic challenge leading to
the conclusion that these compounds directly acti-
vated the efflux pathways for K, Cl and taurine [8].
Inhibition of the production of epoxygenase metabo-
lites prevented activation of organic osmolyte re-
lease by cultured rabbit renal papillary epithelial
cells (PAP-HT?25) in response to a reduction in the
osmolality of the bathing medium [3]. The release
of sorbitol from these cells after osmotically induced
swelling was the primary solute efflux mechanism
responsible for RVD [4]. Inhibitors of the cyclo-
oxygenase and lipoxygenase pathways did not have
substantive effects on activation of the sorbitol ef-
flux. Thus, metabolites of arachidonic acid gener-
ated by all three pathways may be involved in the
regulation of solute permeabilities during RVD.
Transepithelial solute and fluid transport is also
affected by inhibition of the production of arachi-
donic acid metabolites. Prostaglandin E, inhibits the
Na,K ATPase of renal cortical collecting duct cells
[1], thereby inhibiting transepithelial Na absorption.
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Inhibitors of the production of epoxygenase metabo-
lites activate an apical Cl conductance in cultured
cystic fibrotic pancreatic cells with resultant inhibi-
tion of transepithelial fluid absorption [6]. It was
proposed that epoxygenase metabolites inhibit Cl
channels in the apical membrane of cystic fibrosis
cells and that prevention of their production relieves
the inhibition allowing activation of these quiescent
channels [6].

In the present study we tested the effects of
inhibitors of all three arachidonic acid metabolic
pathways on RVD by Necturus gallbladder epithe-
lium, a tissue in which volume regulation has been
extensively characterized [2, 12]. Inhibitors of the
cyclo-oxygenase and lipoxygenase pathways did not
alter RVD in response to an osmotic challenge. After
treatment with epoxygenase inhibitors, on the other
hand, gallbladder cells underwent rapid and massive
swelling which was due to Na entry across the baso-
lateral membrane and CI entry across the apical
membrane, Transepithelial fluid and solute transport
was temporarily reversed from absorption to secre-
tion by epoxygenase inhibitors.

Materials and Methods

Experiments were performed on adult Necturus maculosus that
had been kept in aquaria at 17°C and fed goldfish at least one
month before use. Animals were anesthetized by immersion in
0.1% tricaine methane-sulfonate (Finquel, Ayerst, NY). Galiblad-
ders were removed, drained of bile, and kept in gassed Necturus
Ringer solution.

SOLUTIONS

The composition of the control Ringer solution was as follows
(in mM): NaCl 85.5, NaHCO; 10, NaH,PO, 0.5, KCl 2.5, MgCl,
1.0, CaCl, 1.8. Solutions were gassed with 99% air and 1% CO,,
pH was 7.6, and osmolality 200 = 2.5 mOsmol/kg H,0. Hypotonic
Ringer had a NaCl concentration of 70 mM with an osmolality
of ~169 mOsmol/kg H,0O, or ~16% less than that of controi
Ringer. Na gluconate was used to replace NaCl in Cl-free or
low Cl (8 mMm) Ringer solutions and the Ca concentration was
increased to 8 mM to maintain normal calcium activity. Low Na
Ringer contained 10 mmM Na, the remaining NaCl was replaced
by N-methyl-p-glucamine-Cl (NMDG). To study relative K con-
ductance, 22.5 mM NaCl was first replaced by mannitol then the
mannitol was replaced by K gluconate. To study relative Na
conductance, all Na was replaced by NMDG.

CHEMICALS

Arachidonic acid, ETYA (5,8,11,14,-eicosatetraynoic acid), indo-
methacin, ketoconazole and NDGA (nordihydroguaiaretic acid)
were purchased from Biomol (Plymouth Meeting, PA).
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CeELL VOLUME MEASUREMENTS

Gallbladders were mounted in a miniature Ussing chamber in
which the epithelial cells were visualized and analyzed with a
microscope-video system as previously described [2]. Cell vol-
ume was determined by planimetry of stored video images of
“‘optical sections’’ obtained at 3 pm displacements of focus
through the cells. The area of each section was determined from
tracings of the cell outline. Cell volume was computed from the
areas and displacements of focus as previously described [2].

ELECTRICAL MEASUREMENTS

Gallbladders were mounted in a rapid perfusion chamber and
both surfaces were perfused with Necturus Ringer solution as
previously described [2]. Membrane potential was measured by
impaling cells from the apical side with glass microelectrodes
filled with either 1 or 3 M KCI; electrode resistances ranged from
40 to 80 M) and from 10 to 30 MQ, respectively. Recordings
were analyzed only if they showed a sudden negative voltage
deflection and an increase in overall electrode resistance after
cell impalement, a stable cell membrane potential during the
experiment as well as a rapid return of electrode resistance and
membrane potential to control values at withdrawal. The apical
solution was grounded by a 3 M KCl flowing bridge to a calomel
electrode. Microelectrodes were connected through a Ag: Ag
half cell to the input probe of an electrometer (Model 750, WP
Instruments, Sarasota, FL). Relative ion conductances were esti-
mated from the ratio of induced voltage deflections to the theoreti-
cal voltage deflections calculated by the Nernst equation.

SAC PREPARATIONS

Transepithelial fluid transport was calculated from the change in
weight of the gallbladder tied as a sac to the end of a polyethylene
tube. The sac was filled with Ringer solution (apical Ringer) and
suspended in a beaker containing 10 ml Ringer solution (basolat-
eral Ringer). After a control period of about 30 min, the sac was
weighed at hourly intervals for 6 hr. For weight measurement
the sac was removed from the beaker and carefully transferred
to a tared empty beaker on the stage of an analytical balance.
Measurements were repeated three times in rapid succession
and values were averaged to get each data point. Mechanical
disturbances, e.g., touching the beaker with the sacs or blotting
of the sacs, resulted in nonreproducible measurements as was
shown in control experiments. To rule out leaks due to damaged
areas of the epithelium, only sacs with reproducible weights in
repeated measurements were used. In some control experiments
ouabain was added to abolish fluid transport with the resulting
steady weight indicating that the sac epithelium was intact. At
the end of the experimental period, usually after six hours, the
volume of the apical Ringer solution was estimated from its
weight. The surface of the sac was calculated from the volume
of the apical fluid assuming a spherical shape. The rate of transepi-
thelial fluid transport was calculated from measurements obtained
in the first two hours of the experimental period when fluid trans-
port was a linear function of time.

Cl concentrations were determined by colorimetry (Chloride
Color Reagent from Sigma) on a UV/VIS spectrophotometer
(Perkin Elmer, Oak Brook, IL). Osmolality was measured using
the freezing point method (Micro Osmette, Precision Systems,
NY). pH was measured with pH microelectrodes (response time:
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Fig. 1. Cell volume measured at time zero (isotonic), 1 min after
switching to a 16% hypotonic apical perfusate, 20 and 30 min
later. All inhibitors were added at a concentration of 0.1 mm 30
min prior to time zero and were present in both perfusion solu-
tions. Mean values with standard errors are indicated; (*) signifi-
cant differences from control (P < 0.05).

5 sec, minimal sample volume 5 wpl; Micro-Combination pH
Probe, Microelectrodes, Londonderry, NH) in 1 ml vials, after
equilibration with 5% CO,.

DATA ANALYSIS

Data are expressed as a mean * SEM. Significances (P < 0.03)
were calculated with the two-sample independent-group ¢-test or
with the paired-group t-test, as indicated.

Results

INHIBITION OF ARACHIDONIC ACID METABOLISM
AND RVD

Necturus gallbladder cell volume was constant at
8,422 = 357 um® (n = 65) prior to any osmotic
perturbation or drug addition. When the epithelium
was exposed to a hypotonic apical perfusate the cells
swelled rapidly as nearly perfect osmometers. As
shown in Fig. 1 (control), an apical perfusate solu-
tion which was 16% hypotonic resulted in a swelling
of 19 = 5% within 1 min. Cell volume 20 min after
the osmotic challenge returned to values indistin-
guishable from initial volume (94 += 3% of control).
Treatment of the tissues with indomethacin (0.1
mm), the cyclo-oxygenase inhibitor, for 30 min prior
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to time zero had no effect on initial cell volume, the
magnitude of the swelling at 1 min after the osmotic
challenge or the rate of RVD (Fig. 1, indomethacin),
but the final volume achieved was significantly re-
duced (85 = 3% of initial) compared to untreated
tissues. The lipoxygenase inhibitor, NDGA (0.1 mm
for 30 min), had no significant effects on any of the
experimental results (Fig. 1, NDGA). Inhibition of
the production of all metabolites of arachidonic acid
by the inhibitor ETYA (0.1 mmM for 30 min) did not
alter initial cell volume but had significant effects
on both the initial osmotically induced cell swelling
and the subsequent RVD (Fig. 1, ETYA). The initial
swelling was 40 * 4%, more than twice as large
as the theoretically expected osmometric response,
and RVD was incomplete at 20 min. This initial
overswelling can only be explained by rapid solute
influx into the cells during the time of the osmotically
induced water entry with the resulting increase in
cell solute content causing additional swelling. The
epoxygenase inhibitor, ketoconazole (0.1 mm for 30
min) had even more dramatic effects than ETYA
(Fig. 1, ketoconazole) although initial cell volume
was not significantly different from untreated,
control tissues. The osmotically induced swelling
(38 = 7%) again was far larger than theoretically
expected and was followed by continual increase at
a rate of about 3%/min such that the cells reached
a volume of 195 = 16% of control 20 min after the
osmotic challenge. The results of the ketoconazole
experiments indicated that the effects of ETYA pri-
marily resulted from inhibition of the production
of epoxygenase metabolites of arachidonic acid. It
should be noted that ketoconazole treatment in the
absence of any change in the osmolality of the apical
bathing solution did not result in any detectable
change in cell volume or in cell membrane potential
(see below). In the experiments which followed we
analyzed the sites and mechanisms by which ketoco-
nazole caused the initial osmotically induced
overswelling as well as the subsequent massive vol-
ume increase.

IoNic DEPENDENCE OF KETOCONAZOLE EFFECTS
ON CELL VOLUME

Entry of NaCl into the celis of ketoconazole-treated
tissues seemed the most probable mechanism for
both the initial and subsequent swelling observed in
hypotonic media. As shown in Fig. 2 and Table 1,
substitution of 90% of the Na by NMDG in the apical
perfusate only slightly reduced the initial overswel-
ling and did not prevent subsequent further volume
increase. However, when 90% of the Na in the baso-
lateral perfusate was substituted by NMDG, both
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Fig. 2. Individual experimental records for four cells showing the time course of response to ion substitutions of tissues treated with
ketoconazole for 30 min prior to time zero. Na was reduced to 10 mMm and replaced by N-methyl-D-glucamine; Cl was reduced to 8

mM and replaced by gluconate. Mean data are in Table 1.

Table 1. Effect of Na and Cl substitutions on RVD in ketocona-
zole-treated tissues

Condition Relative volume (Exp/Cont)

~1 min ~20 min
Control 1.19 + 0.05(7) 0.94 = 0.03 (7)
Ketoconazole

Low Na, apical
Low Na, basolateral
Low Cl, apical

Low Cl, basolateral

1.28 = 0.03 (8)
1.20 = 0.01 (8)
1.11 = 0.01 (6)
1.29 = 0.03 (7)

1.53 = 0.07%(10)
0.99 + 0.01 (8)
1.21 = 0.02%(6)
1.50 = 0.04%(7)

The apical perfusate (control Ringer) was switched to hypotonic
Ringer at time zero and cell volumes were measured after ~1
and ~20 min. Ketoconazole-treated gallbladders were incubated
with the drug (10~* M) for 30 min prior to time zero and the same
concentration of the drug was added to the perfusion solutions.
Low Na (10 mM Na) and low Cl (8 mm) Ringer solutions were
switched to hypotonic at time zero. Number of experiments are
shown in parentheses. Significances were calculated using the
two-sample independent s-test; *P < 0.01 in comparison to corre-
sponding control value.

the initial swelling and the RVD which followed were
indistinguishable from results in the untreated con-
trols (Fig. 2 and Table 1). Thus, ketoconazole treat-
ment activated an influx of Na across the basolateral
membrane when the tissue was exposed to a hypo-
tonic solution but did not directly block RVD. Addi-
tional information about the nature of Na entry
across the basolateral membrane came from expo-
sure of the basolateral surface of the tissue to amilor-
ide (1 mm), known to inhibit the Na/H exchanger
in the apical membrane of Necturus gallbladder [12].
Cell volume of tissues treated for 30 min with ketoco-
nazole (10~* M) in both bathing solutions and amilor-
ide (1 mM) in the basolateral bath was 9,283 = 1,040
wm?, not significantly different from control. Perfu-
sion of a hypotonic solution in the apical bath re-
sulted in an initial swelling after 1 min of 17 = 5%
(n = 7), not significantly different from control.
After 20 min of hypotonic stress, volume regulation
was incomplete as cell volume was still 14 + 4%
(n = 7) larger than the initial value. Although the
cell volume after 20 min of exposure to hypotonicity
was significantly larger compared to control tissues,
amiloride prevented the initial overswelling and dra-
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matic subsequent volume increase seen when ketoc-
onazole-treated tissues were exposed to hypotonic-
ity (Fig. 1). When all but 8 mm of the Cl was removed
from the basolateral perfusate and substituted by
gluconate, the initial overswelling and subsequent
increase was unaffected (Fig. 2 and Table 1). On the
other hand, reduction of the Cl of the apical perfu-
sate to 8 mM prevented the initial overswelling as
well as RVD. Blockage of the initial and subsequent
excessive swelling by low Cl indicated that Cl en-
tered the cell across the apical membrane. Blockage
of RVD was expected because previous studies |2,
11] had shown that Cl removal from the apical bath-
ing solution lowered intracellular Cl activity thereby
preventing RVD. Additional support for this conclu-
sion came from the observation that the volume of
cells exposed to a low Cl apical perfusate was re-
duced to 81 = 3% (n = 7) of that in control Ringer,
consistent with the loss of virtually all intracellu-
lar CI.

Ketoconazole treatment, therefore, did not di-
rectly inhibit RVD but effectively overshadowed it
because of the simultaneous activation of Cl entry
across the apical membrane as well as amiloride-
sensitive Na entry across the basolateral membrane
triggered by a reduction in the perfusate osmolality.

KETOCONAZOLE-INDUCED EFFECTS ON APICAL
MEMBRANE CONDUCTANCES

Because the cell volume experiments showed that
Cl entry occurred across the apical membrane in
ketoconazole-treated tissues when the perfusate os-
molality was reduced, we estimated the apical mem-
brane Cl conductance from the voltage deflections
caused by brief pulses of a Cl-free apical perfusate
during exposure to a hypotonic apical bathing solu-
tion. Apical membrane potential did not differ sig-
nificantly between the control tissues (64.9 = 1.7
mV, n = 27) and those treated with ketoconazole
(64.9 = 3.7 mV, n = 14). As shown in Table 2,
ketoconazole significantly reduced the magnitude of
the Cl conductance of the apical membrane normally
activated during perfusion of a hypotonic solution.
Thus, activation of a Cl conductance in the apical
membrane cannot be the mechanism of the Cl influx
associated with cell swelling.

The effect of ketoconazole on the Na, K, and
Cl conductances of the apical membrane in the ab-
sence of a change in osmolality was also evaluated
by determination of the deflections of the apical
membrane potential in response to pulses of a Na-
free, high K, or Cl-free solution, respectively (Table
3). Voltage deflections in the presence of ketocona-
zole were unchanged during the conductance mea-
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Table 2. Apical membrane voltage deflections during Cl replace-
ment in the presence of a hypotonic apical perfusate

Condition Voltage deflections (mV)

1 min S min 10 min
Control 315 7.5 = 1(7) 7.8 = 1(45)
Ketoconazole 1.6 (1) 2.6 = 0.3%(5) 1.9 = 0.4*Q22)

Apical isotonic Ringer solution was switched to hypotonic Ringer
solution at time zero. Voltage deflections of the apical membrane
potential difference induced by apical, hypotonic, Cl-free Ringer
solution were measured after 1, 5 and 10 min. Ketoconazole-
treated gallbladders were preincubated for 30 min with ketocona-
zole (10~* m) and ketoconazole was added to superfusion solu-
tions. Number of experiments are shown in parentheses. Signifi-
cances were calculated using the two-sample independent t-test;
*P < 0.01 in comparison to controls.

surements, consistent with the conclusion that the
apical membrane conductance was not altered by
the drug.

TRANSEPITHELIAL FLUID TRANSPORT Is
TRANSIENTLY REVERSED By KETOCONAZOLE

Control transepithelial fluid absorption rate, mea-
sured from the rate of weight change of sacs in the
first two hours was 4.8 = 1.9 ul/hr cm? (Fig. 3).
Ketoconazole-treated tissues showed a dramatically
different pattern. Transepithelial fluid transport dur-
ing the first two hours was reversed to secretion
(Fig. 3) at a rate of —3.7 = 2.9 wl/hr cm?. Fluid
secretion did not occur at a constant rate and essen-
tially stopped in the 4—6 hr period.

The fluid collected from the sac lumen of control
tissues after six hours was slightly hypotonic to the
basolateral bath. Table 4 shows that the luminal fluid
osmolality was 11.8 mOsm less than that of the baso-
lateral bath. Such an osmolality difference corres-
ponds to a NaCl concentration difference of about
6 mM. Ketoconazole treatment reduced the transepi-
thelial osmolality gradient after 6 hr to 4 mOsm.
Ketoconazole-treated tissues did not exhibit signifi-
cant fluid transport at the time of collection. The
small osmolality differences under control condi-
tions are consistent with the conclusion that the fluid
absorbed must be slightly hypertonic to the bath-
ing solutions.

Transepithelial gradients for Cl were assessed
by measurements of the Cl concentration in the lumi-
nal fluid of the sac after a 6-hr experimental period.
As shown in Table 4, sac Cl concentration was lower
than that of the bathing solution by 17.8 mm. CI
absorption of this magnitude would reduce luminal
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Table 3. Effect of ketoconazole of apical membrane conductances

U. Kersting et al.; Effect of Inhibitors on RVD

Condition Voltage deflections caused by ion concentration change
K Na Cl
mV mV mV
Control 35.3 = 1.9 [60%)] —8.6 = 0.5 [15%] 0.8 £ 0.4 [1%]
1% &) (10
Ketoconazole 33.9 = 1.2 [S7%] —8.3 = 0.4 [15%)] 2.4 = 0.9 [2.5%)]

(11 (11)

@

Voltage defiections of the apical membrane potential difference were induced by ion substitutions in
the apical Ringer superfusate. Positive values indicate depolarization and negative values indicate
hyperpolarization of the membrane potential. Estimations of relative ion conductances are shown in
square brackets. Number of experiments are shown in parentheses (n). Galibladders were preincubated
30 min with ketoconazole (10~* M), and ketoconazole was added to superfusion solutions as indicated.
No significant differences in the magnitude of the voltage deflections were found between the ketocona-

zole-treated and control measurements.

10071 *
0.90 ”

080 f
control

0.70

1401
ketoconazole

Relative volume

1307t

1.20

o]
N
IN
ol

hours

Fig. 3. Fluid transport by gallbladder sac preparations under
control conditions (top) and during ketoconazole treatment (bot-
tom). Mean values with standard errors are shown. Number of
experiments equals eight for control and nine for ketoconazole.

osmolality more than was observed and indicates
that secretion of another solute may be occurring
with the most likely candidate being HCO,. Ketoco-
nazole reduced the basolateral-luminal CI concen-
tration difference to 7.9 mm. The luminal pH under
control conditions differed only very slightly from
that of the basolateral bath; ketoconazole treatment
resulted in a slight acidification (0.11 units) of the
sac lumen (Table 4).

Discussion

Previous observations, confirmed in the present
study, were that Necturus gallbladder epithelium
exhibited rapid and complete RVD [2, 11]. RVD in
response to osmotic swelling was previously shown
to be accomplished by the conductive efflux of KCI
across the basolateral membrane [2]. Prompted by
reports that arachidonic acid metabolites play prom-
inent roles in RVD by Ehrlich ascites tumor cells
[5, 7-10}, we investigated the effects of various in-
hibitors of arachidonic acid metabolism on Necturus
gallbladder epithelium. The present study shows
that RVD in this epithelium was not affected by
inhibitors of the production of arachidonic acid me-
tabolites but was obscured by NaCl influx in the
presence of epoxygenase inhibitors.

RESPONSE TO HYPOTONIC PERFUSATES

Dramatic effects on transmembrane Na and Cl fluxes
were observed when tissues, treated to inhibit pro-
duction of the epoxygenase metabolites, were ex-
posed to a hypotonic apical bath. The rates of Na
and Cl entry during exposure to hypotonicity were
of sufficient magnitude to completely overwhelm the
efflux of KCI which normally results in RVD. The
strongest evidence for this conclusion came from
the experiments in which the Na concentration of
the basolateral bathing solution was reduced (Fig.
2 and Table 1). Under this condition, RVD was indis-
tinguishable from control observations in the ab-
sence of ketoconazole. The ion substitution experi-
ments (Table 1) showed that NaCl influx occurred
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Table 4. Ketoconazole effects on transepithelial gradients for Cl, osmolality and pH

Condition AC] A Osmolality A pH
(mMm) (mOsmol/kg H,0)

Control 17.8 2 4.6 (9) 11.8 £ 2.7 (9) —0.09 = 0.02 (8)

Ketoconazole 7.9 £ 2.7*(11) 4 = 1.1%9) +0.11 * 0.04*(8)

Cl concentrations and osmolality were measured in apical and basolateral Ringer solutions of gallbladder sacs after six hours of
incubation. Data show basolateral bath values minus apical bath values. Sac preparations were preincubated for 30 min with ketocona-
zole (10~* M) and ketoconazole was added to Ringer solutions as indicated. Number of experiments is given in parentheses. Significances

were calculated using the paired-group t-test (*P < 0.01).

because Na entered from the basolateral bath and
Cl from the apical bathing solution. Na entry across
the basolateral membarne was almost completely
inhibited by amiloride, consistent with the conclu-
sion that Na/H exchange was the primary mecha-
nism of entry. On the basis of the electrical measure-
ments, Cl entry appeared to be an electrically silent
mechanism whose exact nature was not ascertained.
Previous studies [12] have demonstrated the exis-
tence of CI/HCO, exchange in the apical membrane
of Necturus gallbladder epithelium, making it a
likely candidate for the Cl entry step activated by
ketoconazole.

When tissues treated with the cyclo-oxygenase
inhibitor indomethacin were exposed to hypotonic-
ity there was no effect on the baseline cell volume
or magnitude of the initial swelling (Fig. 1). How-
ever, the final cell volume after RVD was only 85%
of the control value, significantly lower than that of
untreated tissues. The observed shrinkage is of the
magnitude expected from the loss of virtually all
intracellular Cl [11]. This is most likely due to the
action of cyclo-oxygenase inhibitors to increase in-
tracellular cAMP, which activates a Cl conductance
in the apical membrane of Necrurus gallbladder [12].
Alternatively, inhibition of cyclo-oxygenase metab-
olites could lead to excessive shrinkage during RVD
if these products were involved in the inactivation
of KCl exit during RVD. Little is known about the
influence of cyclo-oxygenase metabolites on RVD
by epithelia [5]. It has been shown that the stimula-
tion of prostaglandin production, which occurs dur-
ing exposure of Ehrlich cells to hypotonicity, inhib-
its Na entry thereby accelerating RVD by these cells
[5, 10].

Although lipoxygenase metabolites have been
shown to be important in RVD by Ehrlich cells [53,
7-10} and in some renal tubules [1], we found no
effects of the most widely used inhibitor, NDGA,
on RVD by Necturus gallbladder. Thus, we con-

clude that arachidonic acid metabolites play no obvi-
ousrole in RVD by Necturus gallbladder. However,
it is apparent that osmotically induced swelling of
gallbladder epithelium triggers major changes in
NaCl entry pathways when epoxygenase metabo-
lism is inhibited.

EPOXYGENASE METABOLITES AND THE
REGULATION OF TRANSPORT

Inhibition of the epoxygenase pathway results in a
transient reversal of the direction of fluid transport
from net absorption to secretion. What is unclear is
the role, if any, played by epoxygenase metabolites
in the regulation of transepithelial salt and water
transport by Necturus gallbladder and other epithe-
lia [1]. Identifying individual metabolites and defin-
ing their role in the regulation of the rate and direc-
tion of transport is made more difficult by their
unstable chemical nature. These compounds are of-
ten very short-lived, insoluble in water, and rapidly
altered by membrane bound enzymes [1]. Although
these characteristics make them ideal signaling com-
pounds, they also make them difficult to isolate,
characterize and quantify. The small number of cells
in a Necturus gallbladder epithelium further limits
our ability to extract and identify the metabolites
involved. The information obtained from Necturus
gallbladder epithelium may be applicable to a cul-
tured epithelial cell line from which more detailed
biochemical and physiological information could
then be obtained. Although inhibition of the produc-
tion of epoxygenase metabolites by ketoconazole
can have profound effects on cell volume, fluid trans-
port and the mechanisms of Na and Cl entry in Nect-
urus gallbladder epithelium, the role played by these
metabolites in the normal regulation of transmem-

brane or transepithelial transport remains to be de-
fined.

The authors wish to thank Mr. Goeffrey Habermacher for his
able assistance in the early phases of this work.
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