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Summary. Open-tip and liquid ion-exchanger micro-
electrodes were used to study the effects of cAMP
(6 mm, added to the serosal medium) on apical mem-
brane potential (E,,) and intracellular sodium, potassi-
um, and chloride activities (ak,, ak, ab) in Necturus
gallbladder under open-circuit conditions. Trans-
epithelial potential difference (Ey,) was also mea-
sured. In the presence of cAMP, ab, fell from about
1.5 times its equilibrium value to a level that corre-
sponded to electrochemical equilibrium across the
apical and basolateral cell membranes. Under these
conditions ak, decreased and @k increased, E, was
unchanged and Er, increased from virtually zero to
a small but significant serosal positive value. The
cAMP-induced increase in ak was abolished when
Cl™ -free incubation media were used. Addition of
the Ca™ *-ionophore A 23187 (0.5 ug/ml) to the sero-
sal medium had no effect on E,, Er,, or ak. When
A23187 was added to the mucosal medium, E,, and
the basolateral membrane potential hyperpotarized
by about 20 mV and an increase in the outwardly
directed electrochemical driving force for Cl~ was
observed. These results indicate that cAMP inhibits
coupled transapical Na— Cl entry into epithelial cells
of Necturus gallbladder and suggest that this inhibi-
tion may not be mediated by an increase in intracellu-
lar Ca®™* concentration.

Key words: Necturus gallbladder, cyclic AMP, calci-
um ionophore, intracellular ionic activities, mem-
brane potentials, liquid ion-exchanger microelec-
trodes

It is well known that cAMP, or agents that increase
intracellular cAMP levels (e.g. theophylline, vasoac-
tive intestinal peptide, cholera and heat-labile £, coli
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enterotoxins) induce fluid and electrolyte secretion
by intestinal tissue (Nellans, Frizzell & Schultz, 1974;
Field, 1978). The action of cAMP on the intestine
appears to involve two different effects. These are
(i) inhibition of coupled electroneutral Na —Cl trans-
port across the apical membranes of the absorptive
cells (an anti-absorptive effect), and (i) direct stimula-
tion of anion secretion (Field, 1979). It has been sug-
gested that these two effects occur in different cell
types of the intestinal epithelium, the anti-absorptive
effect in the villous cells and the secretory process
in the crypt cells (Field, 1979).

Addition of the Ca™ *-ionophore, A 23187, to the
serosal side of stripped, isolated rabbit ileum (Bolton
& Field, 1977) or to the mucosal side of the rabbit
colon (Frizzell, 1977) produced changes in ionic fluxes
that were qualitatively similar to those elicited in the
same tissues by cAMP. However, unlike the action
of cAMP, the effects induced by A23187 were ob-
tained only when Ca™* was present in the external
medium. These results suggest that the action of
c¢AMP on ionic fluxes in intestinal epithelia is mediat-
ed by an increase in cytoplasmic Ca* ' levels (Bolton
& Field, 1977; Frizzell, 1977). However, the question
whether the anti-absorptive effect of cAMP, its secre-
tory effect, or both of these are mediated by an in-
crease in cytoplasmic Ca** remains open. The pres-
ent experiments were designed to obtain further infor-
mation on this point. Since only the anti-absorptive
effect of CAMP is observed in the epithelial cells of
the gallbladder (Frizzell, Dugas & Schultz, 1975;
Heintze, Petersen, Olles, Saverymuttu & Wood, 1979)
we compared the effects of cAMP and A23187 on
the transepithelial potential difference (Er,), apical
cell membrane potential (E,), and intracellular K™,
Na* and C1™ activities (ak, ak,, a;) in this tissue.

Materials and Methods

Necurus maculosus were obtained from Graska Biological Supplies
(Oshkosh, Wis.). They were kept in a large aquarium at 4°C and
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Table 1. Intracellular chloride, potassium and sodium activities in Necturus gallbladder: effect of

6 mm cAMP

E,, (mV) Eg, (mV) ey (mm) ak (mm) aka (mm)
Control —524+2(13) —0.14+£0.2(13) 14+2 (4) 84+5 (5) 9+1 (4
+6 mM cAMP —50+2(13) +0.84+0.2 (13) 9+1(4) 11346 (5) 6+1(4)
P n.s. < 0.01 <0.05 <0.01 <0.05

The paired r-test was used. Mean values +SEM are given. Number in parentheses is the number of tissues

studied.

were fed live minnows. Animals were killed by a blow on the
head. The gallbladder was removed and mounted as a flat sheet
in a divided chamber (White & Armstrong, 1971) at 23 °C. The
mucosal and serosal sides of the tissue were perfused continuously
and independently. The perfusion system permitted the solutions
bathing the mucosal and serosal aspects of the tissue to be changed
rapidly. The reservoirs containing these solutions were bubbled
with 100% O, throughout the experiment. The control Ringer’s
solution contained, in mm, NaCl 100, KH,PO, 0.8, K,HPO, 2.3,
Ca gluconate 1.8, and mannitol 21. The pH was 7.2. In experiments
with Cl~ -free media, Na gluconate was substituted for NaCl. Aden-
osine 3’:5-cyclic-monophosphoric acid (cAMP; Sigma, St. Louis,
M.) was added, at a concentration of 6 mM, to the serosal bathing
medium. When this was done, the pH was adjusted to 7.2 with
Tris and, to maintain the same osmolality as that of the mucosal
medium, the mannitol content was reduced to 9 mm. Stock solu-
tions of A23187 (Calbiochem, La Jolla, Calif.) were prepared by
dissolving the ionophore in 95% ethanol. The final concentration
of ethanol in the bathing medium was 0.1%. It was established
by separate experiments that ethanol, at this concentration, did
not affect the electrophysiological characteristics of the tissue.

Ey, was measured by two calomel half-cells connected through
3 M KCl/agar bridges to the mucosal and serosal solutions, respec-
tively. The outputs of these half-cells were connected to a digital
voltmeter (model 1350, Data Precision, Wakefield, Mass.) and to
one channel of a dual-channel strip chart recorder (Sargent-Welch
Scientific Co., Skokie, Ill.). The mucosal half-cell was grounded
and used as a reference. The same reference was used for measuring
the potentials recorded with microelectrodes. These were connected
through an Ag/AgCl wire and a guarded cable to the input of
a high impedance preamplifier (model 311J, Analog Devices, Nor-
wood, Mass. ; input resistance > 101 Q) with unit gain. The poten-
tials recorded by the microelectrodes were recorded simultaneously
on a second model 1350 digital voltmeter, the second channel of
the strip chart recorder, and an audiomonitor.

Single-barreled micropipettes were drawn to a tip diameter
of about 1 pm in a Narishige model PD-5 horizontal puller from
“Kwik-Fil” borosilicate glass capillary tubes (o.d. 1.2 mm, i.d.
0.68 mm; W.P. Instruments, New Haven, Conn.) previously
cleaned by boiling in a concentrated detergent solution (Garcia-
Diaz & Armstrong, 1980). Micropipettes for fabricating open-tip
and liquid ion-exchanger microelectrodes were drawn under identi-
cal conditions. Open-tip micropipettes for measuring apical mem-
brane potentials (E,) were back-filled with 3 M KCI. Their tip resis-
tances ranged from 20-30 MQ in normal Ringer’s. Liquid ion ex-
changer microelectrodes were used to measure ak, ak., and ak;.
Corning 477317 and 477315 exchangers were used in K*- and
Cl™ -selective microelectrodes. Na™-selective microelectrodes were
as described elsewhere (O’Doherty, Garcia-Diaz & Armstrong,
1979). Ion-selective microelectrodes were prepared by the method
of Fujimoto and Kubota (1976) as modified by Garcia-Diaz and
Armstrong (1980).

Liquid ion-exchanger microelectrodes were calibrated in elec-
trolyte solutions with concentrations covering the physiological
range. Details of the calibration procedure, determination of selec-

tivities, and the measurement of intracellular ionic activities have
been given elsewhere (Garcia-Diaz & Armstrong, 1980). In the
present study, it was found by direct measurement that the addition
of 6 mM cAMP to the calibrating solutions did not affect the re-
sponse of K*-, Na*-, or Cl™-selective microelectrodes. To correct
for interference by intraceltular K*, Na* -selective microelectrodes
were calibrated in solutions containing different amounts of Na*
together with a fixed amount of K. The K* concentrations of
these solutions were chosen to approximate that of the cytoplasm.
Since an increase in ak, in the presence of cAMP, was found
in the present study, Na ™ -selective microelectrodes were calibrated
in two sets of solutions containing different K+ concentrations.
For control conditions, the calibrating solutions contained
110 mm K. For experiments with cAMP, 145 mm K+ was used.
These K* concentrations correspond closely to the mean ak values
found under these two sets of conditions (Table 1).

Individual experiments were performed as follows: after
mounting the tissue under open-circuit conditions in the chamber,
60 min were allowed for the establishment of a steady state under
control conditions. E,, and the intracellular activity of one ion
(K*, Na* or ClI7) were then measured. Following this, one of
the bathing solutions was changed for another that contained either
cAMP (serosal side only) or A23187 (either the mucosal or serosal
side), 45-60 min were allowed for the establishment of a new steady
state, and the above parameters were again measured. Ey, was
recorded continuously throughout the experiment. Microelectrodes
were mounted perpendicularly to the tissue on a micromanipulator
(MM 33, Narishige, Japan). This was used to bring the microelec-
trode close to the mucosal surface of the tissue. Final movement
of and cell impalement with the microelectrode were accomplished
under microscopic observation (Stereo-microscope III, Zeiss, New
York, N.Y.) with a hydraulic drive micromanipulator (MO-10,
Narishige, Japan). During experiments with open-tip microelec-
trodes a repetitive current pulse (0.5 nA, 1.2 sec) was applied at
3-sec intervals. In this way the input resistance of the microelec-
trodes used to measure E, was continuously monitored. Criteria
for accepting impalements with open-tip and ion-selective micro-
clectrodes were as reported elsewhere (Garcia-Diaz & Armstrong,
1980). For each intracellular measurement, a minimum of 4 or
5 acceptable impalements was recorded with individual tissue prep-
arations.

Results

Table 1 shows the effect of 6 mm cAMP, added to
the serosal medium, on E,, Er,, dya., ab, and ak in
Necrurus gallbladder. Tt is apparent from this Table
that E,, is not significantly affected by cAMP. Ey,
changed from virtually zero to a small but significant
serosal positive value. Similar effects of cAMP on
E, and Ey, in isolated bullfrog small intestine were
reported by Armstrong and Youmans (1980).
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Table 1 also shows that both ab, and ak, were
significantly decreased by cAMP. The intracellular
Cl™ activity (af) that is in electrochemical equilibri-
um with the mucosal bathing medium is given by
the equation:

E,=(RT/[F) In(ati/at)) (1)

where a¢; is the Cl™ activity in the bathing medium
and R, T and F have their usual meanings. For E, =
—50mV and a¢;=77 mM, as in the present experi-
ments, one obtains ¢&f =10 mm. Therefore, ak, in the
presence of cAMP (9+1 mm) did not differ from its
equilibrium value across the apical cell membrane.
Furthermore, since E, was small (<1 mV) under
these conditions, intracellular Cl1~ was also in electro-
chemical equilibrium with respect to the basolateral
cell membrane. This, together with the observed de-
crease in ak, (Table 1), strongly suggests that cAMP
inhibits coupled transapical Na—Cl entry into the
epithelial cells of Necturus gallbladder. In media con-
taining Cl™, cAMP significantly increased ak
(Table 1). However, when external C1~ was complete-
ly replaced by gluconate (Table 2), cAMP had no
effect on ak.

Table 3 summarizes the results obtained with the
Ca* " jonophore A23187. It is clear from this Table
that significant effects were obtained only when
A 23187 was present in the mucosal medium. Under

Table 2. Effect of cAMP on intracellular potassium activity in
Cl-free media

N E, (mV)  Ep (mV) ay (mm)
Control 3 —48+2 +1.0+0.1 80+S
+6 mM cAMP 3 —48 41 +1.0+0.1 80+5
P ns. n.s. n.s.

N is the number of tissues studied. The paired #-test was used.
Values are given as mean -+ SEM.
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these conditions, E, was hyperpolarized by about
20 mV. Since Er, did not change, it may be concluded
that the basolateral membrane potential was hyperpo-
larized to the same extent. Although the absolute
value of aly decreased, its ratio to the equilibrium
value (at/adq) increased significantly. In other words,
the outwardly directed driving force for C1™, defined
as (E¢,— E) where Ecy=(RT/F) In aky/ag,, and E is the
apical or basolateral cell membrane potential, in-
creased from about 11 to about 20 mV.

Discussion

The average value of E, found in the present study
under control conditions was about 50 mV (inside
negative). This agrees with the value (52.6 mV) pre-
viously reported for the same preparation under
identical conditions (Garcia-Diaz & Armstrong,
1980). Somewhat higher values for E,, in Necturus
gallbladder have been reported by others (Frémter
& Diamond, 1972; Reuss & Finn, 1975; Van Os &
Slegers, 1975), but when the high K* permeability
of the apical cell membrane (Reuss & Finn, 1975)
and the different external K™ concentrations used
are taken into account, these values are consistent
with that reported in the present study.

Under control conditions ab exceeded the level
corresponding to electrochemical equilibrium across
the apical cell membrane. This agrees with the results
of earlier studies with Necturus gallbladder (Reuss
& Grady, 1979; Garcia-Diaz & Armstrong, 1980) and
other leaky epithelia (Armstrong, Bixenman, Frey,
Garcia-Diaz, O’Regan & Owens, 1979; Duffey, Turn-
heim, Frizzell & Schultz, 1978; Spring & Kimura,
1978 ; Duffey, Thompson, Frizzell & Schultz, 1979).
Under these conditions, the ratio of aly to its equilibri-
um value, aiy/ag found in the present experiments
ranged from 1.4 to 1.6. This is close to the value

Table 3. Effect of A23187 (0.5 ug/ml) on intracellular chloride accumulation

N En (mV) Er, (mV) ag (mm) ad (mm) agfa
Group 1
Control 5 —46+2 +0.1+0.4 19+1 12+2 1.6+0.2
+A23187 5 —67+1 +0.1+04 1241 5+0.2 24402
(mucosal side)
P < 0.1 n.s. <0.05 <0.01 <0.05
Group 2
Control 5 —50+2 —0.1+0.1 18+2 11+1 1.6+0.1
+A23187 5 —~50+3 —0.1+0.1 2042 +2 1.84+0.1
(serosal side)
P n.s. n.s. n.s. n.s. n.s.

The paired z-test was used. Values are means +SEM N is the number of tissues studied.
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(1.8) reported earlier from this laboratory for Nectur-
us gallbladder under identical conditions (Garcia-
Diaz & Armstrong, 1980). Reuss and his associates
(Reuss & Grady, 1979; Reuss & Weinman, 1979)
reported a value of 4.3 for this ratio. It was suggested
(Garcia-Diaz & Armstrong, 1980) that this discrepan-
cy could be due to the absence of HCO3 from the
bathing media used in our laboratory. In addition,
it should be noted that the medium pH was higher
in the studies of Reuss and his co-workers than it
was in our experiments. It has been reported (Smith,
Orellana & Field, 1980) that Na—Cl absorption by
the isolated intestine of the winter flounder (Pseudo-
pleuronectes americanus) is enhanced when the pH
of the medium is increased.

The mean g and ok, values found in the present
experiments under control conditions (Table 1) agree
with previous estimates of these parameters in isolated
Necturus gallbladder (Graf & Giebisch, 1979; Reuss
& Weinman, 1979; Garcia-Diaz & Armstrong, 1980).

The results summarized in Table 1 strongly indi-
cate that cAMP inhibits coupled transapical Na—Cl
entry in Necturus gallbladder as it does in other leaky
epithelia (Nellans, Frizzell & Schultz, 1974; Frizzell,
Dugas & Schultz, 1975). Because of this coupled entry
process ab; is normally above its equilibrium value
and intracellular Cl1~ accumulation depends on the
presence of Na™ in the external medium. Thus, in
rabbit gallbladder (Duffey et al., 1978), flounder in-
testine (Duffey et al., 1979), renal proximal tubule
(Spring & Kimura, 1978) and Necturus gallbladder
(Garcia-Diaz & Armstrong, 1980), ag,, in the absence
of external Na™, declines to the level corresponding
to electrochemical equilibrium. In similar fashion
(Table 1), ak; in the presence of cAMP decreased to
a level that did not differ significantly from its equilib-
rium value. Furthermore, under these conditions
(Table 1), a, decreased to a value close to that ob-
served in Cl™-free media (Armstrong, Garcia-Diaz
& Diez de los Rios, 1980). The constancy of E,, under
these conditions (Table 1) confirms the fact that the
transport process affected by cAMP is electroneutral.
Finally, a mucosal-positive diffusion potential of
about 1.2 mV across the tight junctions of isolated,
actively transporting Necturus gallbladder has been
reported (Curci & Fromter, 1979). The origin of this
potential can be related to the cation-selective proper-
ties of the shunt pathway (Van Os & Slegers, 1975)
and the hypertonic NaCl solution present in the inter-
cellular spaces as predicted by the standing osmotic
gradient theory of isotonic fluid absorption (Diamond
& Bossert, 1967). Inhibition of coupled transapical
Na— Cl entry could cause the solution in the intercel-
lular spaces to become approximately isotonic. This,
in turn, could abolish the diffusion potential across
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the tight junctions. The change in Es, produced by
cAMP (0.9 mV serosal positive, Table 1) is consistent
with the abolition of such a diffusion potential result-
ing from inhibition, by this agent, of coupled Na—Cl
transport across the apical cell membrane. It may
also reflect a small but finite electrogenic Na* absorp-
tion under these conditions since, in addition to cou-
pled NaCl entry, some Na™ crosses the apical cell
membrane by a diffusive process (Reuss & Finn,
1975; Van Os & Slegers, 1975; Graf & Giebisch,
1979). Although A 23187, added to the mucosal medi-
um, reduced af; below its control value (Table 3),
a closer inspection of these results suggests that this
reduction, unlike that caused by cAMP, may not be
due to inhibition of coupled transapical Na —Cl entry.
In the presence of cAMP (Table 1) ak; had declined,
within 1 hr, to a value that corresponded to an equi-
librium distribution of this ion across the apical and
basolateral cell membranes (ati/ag{=1). By contrast,
after exposure of the apical surface of the tissue to
A23187 for 1-2hr the ratio aby/aff was 2.4. Since
Er, was essentially zero, this corresponds to an out-
wardly directed driving force for C1™, across the baso-
lateral cell membrane, of about 20 mV. Since the ba-
solateral cell membrane of Necturus gallbladder has
a finite Cl~ conductance (Reuss & Finn, 1975) it
is difficult to reconcile a sustained electrochemical
potential gradient of this magnitude with a situation
in which transapical C1~ entry is completely inhibited,
or virtually so. Therefore, the results of the present
experiments may be interpreted as indicating that
A 23187 does not mimic the anti-absorptive effect of
CAMP in Necturus gallbladder.

Since ak, is normally above its equilibrium value
(Table 1 and 3), diffuse C1™ exit across the basolateral
cell membrane is energetically downhill. Measure-
ment of the basolateral C1~ conductance in Necfurus
gallbladder indicates that only about 3 per cent of
the measured rate of net transepithelial C1™ transport
in this tissue can be accounted for by simple diffusion
across the basolateral cell membrane (Reuss, 1979).
Similarly, it has been estimated that the paracellular
route cannot account for more than about § per cent
of the total transepithelial Cl1~ flux (Reuss, 1979).
Different electroneutral processes such as neutral
transport of NaCl, neutral KCl transport, and elec-
troneutral CI7/HCOj exchange have been proposed
to account for the observed Cl~ fluxes (Henin &
Cremaschi, 1975; Van Os & Slegers, 1975; Reuss,
1979). The ai values reported in the present paper
(Tables 1 and 2) are consistent with the existence of
electroneutral KCl transport across the basolateral
cell membrane (Reuss, 1979; Reuss, Weinman &
Grady, 1980). In the presence of cAMP, there is a
significant increase in ak (Table 1). This could be due
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to the fact that cAMP reduces the outwardly directed
driving force (Aux+Ape) for coupled KCI transport
across the basolateral cell membrane. Under these
conditions coupled KCI exit across this membrane
could be reduced resulting in accumulation, to greater
than normal levels, of intracellular K. In support
of this conclusion it was found (Table 2) that, in the
absence of extracellular C17, cAMP did not affect
ak.

It might be argued that, if a reduction in coupled
basolateral KCl transport could, as suggested above,
result in enhanced accumulation of cellular K™, then
ak should be significantly greater under Cl™-free con-
ditions than in normal media. This was not the case
in the experiments reported herein (Table 2). Howev-
er, following a 60-min exposure to a Cl™-free medium
it may be assumed that ak, has fallen to a very low
level, not more than 3-4 mM at most (Garcia-Diaz
& Armstrong, 1980). If, as seems likely, gluconate
does not readily penetrate the cell membrane, elec-
troneutrality considerations suggest that, during a rel-
atively long incubation period in a Ci™-free medium,
some cellular K* is also lost.

If the apical membrane of the absorptive cells
in Necturus gallbladder behaved as a K™ electrode,
one would expect the cAMP-induced increase in ak
(Table 1) to be accompanied by a hyperpolarization
of about 8-9mV in E,. The fact that E,, in this
and in an earlier study under identical conditions
(Garcia-Diaz & Armstrong, 1980), was at all times
well below the corresponding value of Ex, suggests
a lower sensitivity of E,, to the transapical K* activity
ratio than would be predicted by the Nernst equation.
Nevertheless, the absence of any observable change
in E,, during the experiments summarized in Table 1
is puzzling. It is however consistent with earlier obser-
vations under similar conditions (Garcia-Diaz &
Armstrong, 1980). In that study it was found that
E,, was unaffected by complete removal of Na* from
the bathing medium even though af decreased by
about 15 mm following exposure of the tissue to Na™-
free media.

In media containing Ca**, cAMP and A23187
produce gualitatively similar changes in the net trans-
port of Na* and CI™ by rabbit ileum and in net
Cl™ transport by rabbit colon (Bolton & Field, 1977;
Frizzell, 1977). However, analysis of the effects of
these agents on the unidirectional fluxes of Na™ and
Cl™ shows that this similarity arises from the fact
that, in both tissues, cAMP and A 23187 increase the
movement of Cl™ in the secretory (s —m) direction.
These results and those reported in the present paper
raise the interesting speculation that the anti-absorp-
tive effects of cAMP in Necrurus gallbladder are not
Ca" *-mediated and that only secretory responses to
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this agent are related to cytosolic Ca*™ ™ levels. Fur-
ther work, in particular a comparison, by direct mea-
surement, of the effects of cAMP and A23187 on
intracellular Ca™* activity, is required to test this
hypothesis.

The mucosal hyperpolarization produced by
A 23187 (Table 3) has also been reported by Reuss,
Bello-Reuss and Grady (1980) who attribute it to
an increase in the K* conductance of both the apical
and basolateral cell membranes produced by this
agent. These increases in K conductance will increase
the conductive K fluxes across both cell membranes.
This could result in a decreased exit of K* and Cl1~
across the basolateral cell membrane via a KCI cou-
pled transport pathway. Because of this, and the rela-
tively low CI~ conductance of the basolateral cell
membrane (Reuss, 1979) it is possible that, under
these conditions, coupled transapical Na—Cl entry
could sustain a higher than normal steady-state ak/agd
ratio. This agrees with the findings reported in
Table 3. Another possibility is that intracellular Ca™*
directly stimulates electroneutral Na—Cl coupled
entry across the apical cell membrane. However, in
the light of present evidence that Ca* " is a secreta-
gogue and is implicated in a variety of secretory pro-
cesses in many different tissues (Berridge, 1979), this
possibility seems remote. Direct measurement of in-
tracellular Ca™™* activities in Necturus gallbladder
and of the effect of cAMP on this parameter should
provide further information on the relationship be-
tween cytosolic Ca* ™ levels and the effect of cAMP
in this tissue.

This work was supported by USPHS grants AM 12715 and
HL 23332. A.D.R. was the recipient of a Fellowship from the
Ministerio Universidades y Investigacion, Spain. We thank Dr.
J.F. Garcia-Diaz for helpful discussions.

References

Armstrong, W. McD., Bixenman, W.R., Frey, K.F., Garcia-Diaz,
I.F., O’Regan, M.G., Owens, J.L. 1979. Energetics of coupled
Na® and CI~ entry into epithelial celis of bullfrog small intes-
tine. Biochim. Biophys. Acta 551:207-219

Armstrong, W. McD., Garcia-Diaz, J.F., Diez de los Rios, A.
1980. Energetics of coupled Na— Cl entry in absorptive cells
of leaky epithelia. J. Gen. Physiol 76:4 A (Abstr.)

Armstrong, W.McD., Youmans, S.J. 1980. The role of bicarbonate
ions and of adenosine 3’, 5’-mono-phosphate (cAMP) in chlo-
ride transport by epithelial cells of bullfrog small intestine.
Ann. N. Y. Acad. Sci. USA 341:139-155

Berridge, M.J. 1979. Relationship between calcium and the cyclic
nucleotides in ion secretion. In - Mechanisms of Intestinal Secre-
tion. H.J. Binder, editor. pp. 65-81. Alan R, Liss, New York

Bolton, J.E., Field, M. 1977. Ca ionophore-stimulated ion secretion
in rabbit ileal mucosa: Relation to actions of cyclic 3, 5-AMP
and carbamylcholine. J. Membrane Biol. 35:159-174



30

Curci, S., Fromter, E. 1979. Micropuncture of lateral interceliular
spaces of Necturus gallbladder to determine space fluid K™
concentration. Nature (London) 278:355-357

Diamond, J.M., Bossert, W.H. 1967. Standing-gradient osmotic
flow. A mechanism for coupling of water and solute transport
in epithelia. J. Gen. Physiol. 50:2061-2083

Duffey, M.E., Thompson, S.M., Frizzell, R.A., Schultz, S.G. 1979.
Intracellular chloride activities and active chloride absorption
in the intestinal epithelium of the winter flounder. J. Membrane
Biol. 50:331-341

Duffey, M.E., Turnheim, K., Frizzell, R.A., Schultz, S.G. 1978.
Intracellular chloride activities in rabbit gallbladder: Direct evi-
dence for the role of the sodium-gradient in energizing *“uphill”
chloride transport. J. Membrane Biol. 42:229-245

Field, M. 1978. Cholera toxin, adenylate cyclase and the process
of active secretion in the small intestine: The pathogenesis of
diarrhea in cholera. In: The Physiological Basis for Disorders
of Biomembranes. T.E. Andreoli, J.F. Hoffman, and D.D. Fan-
estil, editors. Vol. 5, pp. 877-899. Plenum Press, New York

Field, M. 1979. Intracellular mediators of secretion in the small
intestine. In: Mechanisms of Intestinal Secretion. H.J. Binder,
editor. pp. 83-91. Alan R. Liss, New York

Frizzell, R.A. 1977. Active chloride secretion by rabbit colon:
Calcium-dependent stimulation by ionophore A23187. J. Mem-
brane Biol. 35:175-187

Frizzell, R.A., Dugas, M.C., Schultz, S.G. 1975. Sodium chloride
transport by rabbit gallbladder. Direct evidence for a coupled
NaCl influx process. J. Gen. Physiol. 65:769-795

Frémter, E., Diamond, J. 1972. Route of passive ion permeation
in epithelia. Nature New Biol. 235:9-13

Fujimoto, M., Kubota, T. 1976. Physicochemical properties of
a liquid ion-exchanger microelectrode and its application to
biological fluids. Jpn. J. Physiol. 26:631-650

Garcia-Diaz, J.F., Armstrong, W.Mc¢D. 1980. The steady-state re-
lationship between sodium and chloride transmembrane electro-
chemical potential differences in Necturus gallbladder. J. Mem-
brane Biol. 55:213-222

Graf, J., Giebisch, G. 1979. Intracellular sodium activity and sodi-
um transport in Necturus gallbladder epthelium. J. Membrane
Biol. 47:327-355

Heintze, K., Petersen, K.U., Olles, P., Saverymuttu, S.H., Wood,
J.R. 1979. Effects of bicarbonate on fluid and electrolyte trans-
port by the guinea pig gallbladder: A bicarbonate-chloride ex-
change. J. Membrane Biol. 45:43-59

A. Diez de los Rios et al.: cAMP and Ionic Activities in Gallbladder

Henin, S., Cremaschi, D. 1975. Transcellular ion route in rabbit
galibladder. Electrical properties of the epithelial cells. Pfluegers
Arch. 355:125-139

Nellans, H.N., Frizzell, R.A., Schultz, S.G. 1974. Brush-border
processes and transepithelial Na and Cl transport by rabbit
ileum. Am. J. Physiol. 226:1131-1141

O’Doherty, J., Garcia-Diaz, J.F., Armstrong, W.McD. 1979. Sodi-
um-selective liquid ion-exchanger microelectrodes for intracel-
lular measurements. Science 203:1349-1351

Reuss, L. 1979. Electrical properties of the cellular transepithelial
pathway in Necturus gallbladder. II1. Tonic permeability of the
basolateral cell membrane. J. Membrane Biol. 47:239-259

Reuss, L., Bello-Reuss, E., Grady, T.P. 1980. Cyanide increases
K* conductance in gallbladder epithelial cell membranes. Fed.
Proc. 39:1710 (Abstr.)

Reuss, L., Finn, A.L. 1975. Electrical properties of the cellular
transepithelial pathway in Necturus gallbladder: 1. Circuit anal-
ysis and steady-state effects of mucosal solution ionic substitu-
tions. J. Membrane Biol. 25:115-139

Reuss, L., Grady, T.P. 1979. Effects of external sodium and cell
membrane potential on intracellular chloride activity in gall-
bladder epithelium. J. Membrane Biol. 51:15-32

Reuss, L., Weinman, S.A. 1979. Intracellular ionic activities and
transmembrane electrochemical potential differences in gall-
bladder epithelium. J. Membrane Biol. 49:356-362

Reuss, L., Weinman, S.A., Grady, T.P. 1980. Intracellular K~
activity and its relation to basolateral membrane ion transport
in Necturus gallbladder epithelium. J. Gen. Physiol. 76:33-52

Smith, P.L., Orellana, S., Field, M. 1980. Role of medium pH
in the regulation of chloride transport in the intestine of the
winter flounder, Pseudopleuronectes americanus. Bull. Mt
Desert Isl. Biol. Lab. 19:24-27

Spring, K.R., Kimura, G. 1978. Chloride reabsorption by renal
proximal tubules of Necturus. J. Membrane Biol. 38:233-254

Van Os, C.H., Slegers, J.F.G. 1975. The electrical potential profile
of gallbladder epithelium. J. Membrane Biol. 24:341-363

White, J.F., Armstrong, W.McD. 1971. Effect of transported so-
lutes on membrane potentials in bullfrog small intestine. 4m.
J. Physiol. 221:194-201

Received 5 September 1980; revised 19 December 1980; revised
again 30 March 1981



