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Abstract. Previous work from this laboratory has shown acid — cAMP — Cell volume — Epithelia — Phospho-
that apical membrane sodium channel activity is stimu-ipase A
lated by serosal hyposmotic solutions (Wills, Millinoff &
Crowe, 1991). In the present study, we determined )
whether this stimulation of sodium transport is additive Introduction
with the actions of prostaglandin,EPGE,) or cyclic
AMP (CAMP). Many ion transport proteins show altered activity in cells
Addition of exogenous PGH100 nv; serosal bath) €xposed to hypotonic or hypertonic solutions.f(
to isosmotic solutions led to large increases in the amiloStrange, 1994). Previous work from this laboratory has
ride-sensitive short-circuit current,() and transepithe- shown that solution osmolality has a potent effect on
lial conductance @,), whereas no significant effects of sodium absorption across cultured amphibian renal A6
PGE, were observed in hyposmotic serosal solutions€pithelia cells (Wills et al., 1991; Crowe et al., 1995).
Subsequent addition of mucosal amiloride reduk;guy Specifically, small (15%) reductions in serosal solution
[95% andG, by [(50%. Inhibition of endogenous PGE ©osmolality produced a nearly twofold increase in the
production by blockers of phospholipase, Activity =~ number of conducting sodium channels, whereas hyper-
(quinacrine or 3[4-octadecyl]-benzoylacrylic acid; 0smotic solutions decreased sodium channel activity.
OBBA), or inhibition of cyclooxygenase activity by in- The effects of hyposmotic solutions were similar to the
domethacin reduced the stimulationlgf andG, by hy-  effects of hyposmotic solutions on transepithelial sodium
posmotic solutions. Addition of forskolin (FSK) or 3- currents previously reported for frog skin (MacRobbie &
Isobutyl-1-methylxanthine (IBMX) also resulted in ap- Ussing, 1961) and toad urinary bladder (Lipton, 1972).
proximately twofold increases in the amiloride-sensitive At present, little is known about the intracellular signal-
l.. and G, and abolished the effects of subsequent hyjng_e_vents that lead to these changes in sodium channe
posmotic challenge. The effects of forskolin, PG&nd  activity.
hyposmotic challenge were diminished by pretreatment Hyposmotic solutions are known to increase intra-
with H89, a protein kinase A (PKA) inhibitor. We con- cellular cAMP in some cell types (e.g., lymphoma cells;
clude that osmotic regulation of sodium channel activity Watson, 1990) and cAMP is known to stimulate amilo-
interacts with multiple intracellular signaling pathways, ride-sensitive sodium transport in amphibian tight epi-
specifically the arachidonic acid metabolic pathway andthelia and A6 cellsd.f. Frazier & Yorio, 1992; Perkins &
the CAMP/PKA intracellular messenger cascade. Handler, 1981; Marunaka & Eaton 1990). Prostaglan-
dins are also potent stimulators of sodium transport in
amphibian tight epithelia (Els & Helman, 1981, 1997;
Hall et al., 1976). Although less is known about the role
of prostaglandins in cellular responses to hyposmotic
challenge, prostaglandins Bnd E, are known to elevate
intracellular cAMP levels in amphibian tight epithelia
(Hall et al., 1976; Pohlman et al., 1983) and A6 cells
* Present addressChildren’s Hospital Oakland Research Institute, 747 (Yanase & Handler, 1986; Nisato & Marunaka, 1997).
52nd St., Oakland, CA 94609 In the present study, we tested the hypothesis that
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hyposmotic stimulation of amiloride-sensitive sodium CHEMICALS

currents in A6 cells involves the actions of cCAMP and/or

PGE,. Specifically, we compared the effects of addition 3[4-0gtadecyl]-benzoacrylic ac_id (OBAA), H89, 3-isqbutyl-1-methyl-
of exogenous PGEor forskolin in isosmotic and hy- xanthine (IBMX), were from Biomol (Plymouth Meeting, PA). Pros-

. . . taglandins and forskolin were from Calbiochem (San Diego, CA) and
posmotic solutions and determined the effects of prosta- g ( 9 )

) S . _~quinacrine 2HCI was from ICN (Costa Mesa, CA). Indomethacin was
glandin synthesis inhibitors and a blocker of protein Ki- from sigma (St. Louis, MO). Quinacrine was dissolved in water and
nase A (PKA). The results suggest that arachidonic acidpGE, was dissolved in ethanol. All other drugs were dissolved in
prostaglandin E cAMP, and PKA play a role in the DMSO.
stimulation of amiloride-sensitive sodium channels by
hyposmotic solutions. In addition, PGEand cAMP

STATISTICS

stimulate an amiloride-insensitive conductance not acti-

vated by hyposmotlc chaIIenge. A portion of this W?”‘ The data presented are means + SEM. Data were analyzed using eithe

has appeared in abstract form (Matsumoto & WIills, 5 one-way analysis of variance (ANOVA) and conservative post-tests,

1994). or pairedt-tests as appropriate. Statistical significance was defined as
P < 0.05.

Materials and Methods
Results

CeLL CULTURE

STIMULATION OF TRANSEPITHELIAL Na" TRANSPORT BY
The methods used in this paper are similar to those of Wills et al.HyposmMOTIC SEROSAL SOLUTIONS
(1991). Briefly, A6 cells (American Type Culture Collection; Rock-

ville, MD) between passages 70-80 were grown on permeable Ano. . . .
cell™ filters (Whatman; Clifton, NJ) for 2—4 weeks. The cells were fed Figure 1 illustrates the effects of reducing the osmolality

three times per week with Dulbecco’s Modified Eagle’s Medium of the serosal bathing solution from 200 mosmol/kg]—l

(Gibco Laboratories; cat. #84-5022; Grand Island, NY) supplementedO 17.0 mosmol/kg |§D (HYPO). In agregment with our

with penicillin/streptomycin (Gibco) and 10% fetal bovine serum (Hy- previous results which demonstrated increased sodium

clone Laboratories; Logan, UT). The osmolality of the medium was transport and sodium channel activity (Wills et al., 1991;

200 mosmol/kg water. The cells were kept in an incubator at 27°C andCrowe et al., 1995), increases lip and G, were detect-

1% CQ; in air. able within 2-5 min and reached a new plateau level
within 30 min. I, and G, were both significantly in-

SOLUTIONS creased from 16 + 5LA/cm§ and 368 + 58uS/cnft,
respectively, to 37 + 3uA/cm? and 546 + 47uS/cnt (P

A6 monolayers were bathed in culture medium that did not contain< 0.02 andP < 0.05, respectivelyn = 5). Addition of

serum or phenol red. In some experiments, a modified Ringers solutiommiloride (50m) to the apical bath of HYPO tissues,

was used, which contained (inMjt 74.4 NaCl, 5.4 KCI, 8 NaHCQ essentially abolished thgc (1 +1 MA/cmZ) and signifi—

1.4 CaCl, 1.7 MgSQ, 0.9 NaHPOQ,, 5.5 glucose, 1 Na pyruvate, and cantly reduceds, to 202 + 24MS/CrT? (P < 0.05). Pre-

1 HEPES. Isosmotic solutions were defined as 200 mosmol/g; H treat t with ilorid ted the stimulatior] .of
solution osmolality was adjusted by the addition of mannitol. The reatment with amiloriae prevente € stimulalionl @

Ringer's solution and the culture medium produced similar results,2NdG; (data not shownby serosal hyposmotic solutions.

therefore data for these solutions were combined. In the following experiments, we assessed the interac-
tions of this hyposmotic stimulation of transepithelial
Na" transport with the effects of prostaglandin, &r

ELECTRICAL MEASUREMENTS elevated intracellular cAMP. Data for hyposmotic solu-

tions are reported for the 30 min time period, i.e., for
A6 monolayers were put into a water-jacketed (28°C) Ussing chamber. P P ’ ’

and bubbled with 1% CQOand stirred with magnetic stir bars. The steady-state levels df; and G,.
tissue was initially bathed in symmetric isosmotic solution (200
mosmol/kg HO). The serosal osmolality was then reduced by replac-
ing the serosal bath with a hyposmotic (mannitol-free) solution (170
mosmol/kg HO). The solution change was complete within two min-
utes. As discussed above, exogenous prostaglandins are
Transepithelial electrical measurements were made under operknown to increase [\Taransport across amphibian native

circuit conditions with Ag/AgCl electrodes connected to an automatictight epithelia such as the toad urinary bladder and frog
voltage clamp under computer control. The trans_epithelial potentialskirl (c.f., Frazier & Yorio, 1992; Els & Helman 1981,
(V) was continuously monitored, except to determine the transeplthe-]_gg?). This capacity for Natransport stimulation is re-

lial conductance®,) and short circuit current {). G, was calculated . . . . L.
as the ratio of the change in current to volta@e € AlI/AV). I, was tained in A6 cells as shown in Fig. 2. Addition of PQE

calculated ag, x V,. Bothl,.andG, were normalized to epithelial area (100 rv) to the serosal solution significantly increased
(4.2 cnf). I (from 25 + 5 to 43 + 5pA/cm?, P < 0.05) andG,

EFFeCTs OFPROSTAGLANDIN E, (PGE)
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Fig. 2. The effects of PGEon I, and G, under isosmotic conditions.
Fig. 1. Time course of the effects of a hyposmotic serosal bath,on At time = 0, 100 m PGE, was added to the serosal bath. After 20 min,
andG,. At time = 0, the bath osmolality was changed from an isos- 50 ;, apical amiloride was added. = 5.
motic to hyposmotic solution (HYPO). The change in osmolality was
done after the baseling, and G, became stable[30-60 min) after
mounting the epithelium in the Ussing chamber). After 30 minps0

amiloride was added into the apical bath £ 5). formed following chloride replacement in both bathing

solutions by cyclamate or gluconate. These results indi-
cate that the effects of hyposmotic solutions and P&E
(from 381 + 59 to 731 + 53.S/cnf, P < 0.001) within ~ Na" transport are not additive.
10 min (0 = 5). Figure 3 shows the early time points for In another set of experiments, PG&as added un-
the same data as Fig. 2, now shown as individual experider HYPO conditions (i.e., hyposmotic serosal solution)
ments. Note that in all cases, a gradual stimulationof following stabilization of the transepithelial electrical pa-
and G, were observed. Addition of mucosal amiloride rameters. Under these conditions, there was a signifi-
(50 wm) to PGE-treated tissues significantly decreasedcantly smaller increase iy, (Al = 12.1 + 0.8uA/cm?
G, andl . (seeFig. 2). for HYPO compared ta\l . = 18.5 + 1.6uAlcm? for
Because the actions of PG&nd serosal hyposmotic isosmotic solutions? < 0.05). Similarly, the stimulation
solutions were similar, we next investigated the interac-of G, by PGE, was also significantly smaller in hypos-
tion between PGEand hyposmotic serosal solutions. motic solutions AG, = 250 + 12 uS/cnf for HYPO
Figure 4 presents a typical experiment in which the epi-compared toAG, = 374 + 21 uS/cnf for isosmotic
thelium was subjected to serosal hyposmotic challengsolutions;P < 0.05). Consequently, osmotic and prosta-
following PGE, treatment. In contrast to the usual ef- glandin regulatory mechanisms do not act independently.
fects of HYPO §ee abovg exposure of PGEtreated Some differences between the actions of R@ad
tissues to hyposmotic serosal solutions led to an unexhyposmotic solution were also observed. First, a small
pected, small transient decreasdn(—8 + 4%;n = 4),  amiloride-insensitive current was observed in BGE
and a slow decline i, (-22 + 5% over 30 minp = 4).  treated tissued{. = 2.5 + 0.5uA/cm? n = 5,P < 0.05
The transient effects may reflect chloride currents as thegompared to zero), but not in cells exposed to serosal
were not observed when the same experiments were peltyposmotic solutions (compare Figs. 1 and 2). Consis-
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Fig. 4. Typical experiment showing the effects of serosal hyposmotic

Fig. 3. Short latency effects of PGETransepithelial voltage\t) and  challenge on an epithelium that was previously treated with GED
IscandG, data are from Fig. 2 and show results for individual experi- ny serosa).

ments.

tent with these findings, in preliminary experiments, we WO classes Of_ pharmacological inhib_itors_, specifically:
observed that addition of 100MnPGE, to amiloride- () indomethacin, a cyclooxygenase inhibitor (Mizuno,
treated tissues led to a small increasd n(Cb micro- Yamamoto & Lands, .1982).’ anq (i) two t_)lockers of
amps) and increaseG; ([250 pS/cn?). Amiloride- phospholipase Aactivity, quinacrine _(Lapetma, 1982)
treated tissues did not respond to hyposmotic solutionéd 3[4-octadecyl]-benzoylacrylic acid (OBAA; Kohler
Finally, in contrast to the effects of hyposmotic solutions &t @l 1992). . o
(Wills et al., 1991), PGEdecreased/; (Fig. 3). These | Treatm(-;-nt of the Qplthella_for 15_,39 min V,V'th. W
results suggest that PGEBctivates other conductance(s) |dndomethacn;1 underlsos?/otlcz cond|+t|gnsA/S|gr;|f|c%ntly
in addition to the apical membrane sodium conductanc:eGecre"’lse‘HSc ron; 18 + 3““+ cm-to 6 e ‘r:r:’-n an
The actions of PGEwere apparently unique since other Ot Was reduced from 387 + 27 t0 263 + &/cnt (n =
prostaglandins, specifically PGFor carbacyclin, a PGI 5; segFlg. 6). Indomethacin also ;lgmflcantly reduced
agonist, did not significantly affedt, or G, (data not the §t|mulatory effects of hyposmaotic solutionslgrand

© Gy, i.e., I was [M0% andG, was [60% of values for

show). untreated cellsseeFig. 6). Consequently, blockage of
cyclooxygenase activity reduced the basal rate of Na

EFFECTS OFPHARMACOLOGICAL BLOCKERS OF transport and its enhancement by hyposmolality.

PGE, PRODUCTION Similar inhibitory effects on basdl. and G, were

found for PLA, inhibitors. As summarized in Table 1,
As noted in Fig. 5, the enzyme phospholipasg(RLA,)  exposure of the cells to OBAA (1Qm; n = 4) for one
and cyclooxygenase are responsible for the generation dfour or quinacrine (5qQum, n = 3; QUIN) for 45 min
prostaglandin Eproduction €.f. Frazier & Yorio, 1992).  significantly reduced. and G;. |, decreased by 71 +
In the following experiments, we examined the effects 0f43% for OBAA and by 85 + 10% for QUINK < 0.05 for
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both drugs). Basdab, values were decreased by 42 + 6% Phospholipids
for OBAA and by 45 + 5% for QUIN P < 0.05 for both OBAA
drugs). The effects of hyposmotic challenge Ignand \( )

G, were also greatly reduced in the presence of OBAA or
QUIN (seeTable 1). These findings are consistent with quinacrine ——=>(-) PLA2
a role for PLA, and prostaglandin in the maintenance of
basal sodium transport rates and in facilitating stimula-

tion of this process by hyposmotic solutions. \
AA

EFrFeCTs OFADENYL CYCLASE/CAMP indomethacin ————= (-) cyclooxygenase
In the next series of experiments, we assessed the inte v
actions of hyposmotic stimulation of the amiloride- PGE,
sensitive transport with cAMP mediated stimulatior of
andG; by serosal addition of forskolin (FSK) an activa-
tor of adenyl cyclase (Uneyama, Uneyama & Akaike, Y
1993) or 3-isobutyl-1-methlxanthine (IBMX), a nonspe- Na® transport

cific inhibitor of phosphodiesterases (Beavo et al., 1971).
Fig. 5. Overview of phospholipase A(PLA,) generation of arachi-

donic acid (AA) and subsequent prostaglandin synthesis in renal cells.
ForskoLIN The products of cyclooxygenase activity are further processed by

peoxidases and synthases to produce prostagland{fP&E,). Phar-
As shown in Fig. 8, following addition of 1Am FSK, I, macological blockgrs ir_ndicated for this pgthway ipclude 3(4-pcta-
and G, significantly increased within 5 min from 15.1 + decyl)-benzoylacrylic acid (OBAA), quinacrine, and indomethacin.
1.4 pAlcm? and 316 + 9uS/cnt to 31.5 + 3.2pAlcm?
and 741 + 34uS/cnt. Preliminary dose-response ex-
periments indicated that this dosage of FSK was maxi
mally effective. As in the case of HYPO and PGE
subsequent addition of mucosal amiloride decredged
andG, (I, = 1 = 1 pAlcm?, G, = 344 + 22uS/cnt; P

lial electrical parameters using three different experi-
mental protocols: (I) IBMX (10Qum) treatment in sym-
metrical isosmotic solutions, (II) IBMX addition to a
hyposmotic serosal solution, and (Ill) IBMX (1Q0m)

< 0.05 for bothin = 4) addition to symmetrical isosmotic solutions followed by
Similar to tr’le effects of PGE prior treatment of the r_eplacement of the serosal bath with hyposmotic solu-
tion

epithelia with 10pm FSK abolished the effects of hy-
posmotic challenge ofs, andl, i.e., I . was not sig-
nificantly altered by changing from an isosmotic to a hy-
posmotic serosal solution (46.2 + 1.4 to 47.8 + LA/

Addition of IBMX to isosmotic solutions resulted in
large increases i, and G, (54 + 14% and 84 + 18%,
respectivelyn = 6) whereas smaller increases were ob-

SPect . ; ° :
cn?, n = 5). The correspondinG, values were also not t2in€d in hyposmotic solutiond(y; = 14 + 4% andAG,

significantly changed, averaging 883 + 68 and 783 + 51 41 * 14%; Protocol Il.n = 3). As indicated in Table

; : ; ; 2, the increases i, and G, induced by IBMX were
5\/84@”?' for isosmotic and hyposmotic solutions, respec reduced following the addition of amiloride (50v) to

In additional experiments, forskolin was added tothe mucosal solution. More importantly, exposure to

isosmotic or hyposmotic serosal solutions. As shown inIBMX abolished the Iargg st|muI§1t|on df; andG, usu-
Fig. 9, the maximal_, or G, stimulated by forskolin did 2 €voked by hyposmotic solutions (Protocol IlA]s

not significantly differ between cells bathed in hypos- — 1/ * 3% andAG, = 5 £ 4%; Ns). These findings
motic or isosmotic solutiond (. = 46.5 + 1.5 and 41.8 provide further evidence that hyposmotic stimulation of

+ 3.7 pAlcm? andG, = 895 + 68 and 770 + 9Q.S/cn, sodium transport interacts with the cCAMP pathway.

respectively). Therefore, forskolin and hyposmotic
stimulation of sodium transport were not additive, simi- Inhibition of PKA Action
lar to the lack of additive effects observed for PGE
Elevations of cyclic AMP lead to activation of protein
IBMX kinase A (PKA) which may activate sodium transport.
To further test the hypothesis of CAMP involvement in
Intracellular levels of cAMP in A6 cells can be increasedthe hyposmotic activation df, we examined the effects
by blocking degradation by phosphodiesterase (Nisato &&f H89, a PKA inhibitor (Chijiwa et al., 1990). Table 3
Marunaka, 1997seeFig. 7). We compared the effects compares transepithelial electrical parameters for tissues
of the phosphodiesterase inhibitor IBMX on transepithe-with or without exposure to 1@m H89 (added to the
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< 1 Fig. 6. The effect of indomethacin (1Qm serosa)
8 20F & 00 on the short-circuit curreni{) and transepithelial
- w0l B conductance@,) in isosmotic (ISO) and
I hyposmotic (HYPO) serosal bathing solutioms (
0 = 5).
° 1ISO HYPO _Difference ISO HYPO Difference )
Table 1. Effects of PLA inhibitors serosal bathing solution +)
Forskolin —> Adenylate cyclase
Isc Gt
(wA/cm?) (u.Slcn?)
1 A ———
Control 5' AMP phosphodisterases cAMP
Isosmotic 20+4 403 +49 ) l
Hyposmotic 39 £ 2** 562 + 47** 1
DifferenceN = 5 19+2 159 +33 1BMX PKA
OBAA?
Isosmotic 6+ 3* 233 £13*
Hyposmotic 15+ 4* 321 + 20** H89 —> ()
DifferenceN = 4 9+ 2% 89 + 12*
Quinacriné
Isosmotic ‘ 3+0.3* 220+ 11* Nat transport
Hyposmotic 6 £ 0.4%* 268 + 12***
DifferenceN = 3 3+0.2* 48+ 4*

Fig. 7. Stimulators and pharmacological blockers of intracellular
cAMP generation. PKA is cAMP-dependent protein kinase and H89 is
n[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide.

210 uM, 60 min, serosal batm = 4; 50 um, 45 minutes, serosal
solution;n = 3
* P < 0.05 compared to control; # < 0.05 compared to isosmotic

channel activation (Kokko et al., 1994). In contrast, FSK
serosal solution for 40-60 min). In isosmotic solutions,@nd HYPO stimulation resulted in comparable increases

H89 treated epithelia had baselingvalues that were 87 N lso @lthough the effects of HYPO were slower.

+ 18% lower and baseling, values that were 33 + 13% With respect toG,, the relative effects of PGE

lower than untreated paired control® € 0.05). The FSK, and HYPO showed a different pattern. Specifi-

increases in these parameters evoked by hyposmotic séally, HYPO showed the least change @, PGE,; re-

rosal solutions were approximately 15 and 35% of theSulted in moderate increases and FSK was the most ef-

Al,. andAG, values in untreated cells, respectively. fective in increasing  Given the results fot, these
Pretreatment with H89 also inhibited the effects of findings suggest that FSK and PGEctivate an addi-

PGE,. Following addition of 100 m PGE, to the serosal tional conductance not activated by HYPO.

bathl . was 6 + 2uA/cm? for H89-treated tissues and 55

+ 2 pAlem? for untreated controlsGy values were 326  Effects in Hyperosmotic Solutions

+ 38 uS/ent and 733 + 56uS/cnt, respectively.

Previous studies from this laboratory (Wills et al., 1991)
Comparison of the effects of PGH-orskolin, and have reported that sodium channel activity is inhibited
Hyposmotic solutions during exposure to hyperosmotic serosal solutions. We

assessed whether this inhibition could be reversed by
Figure 10 summarizes the effects of PGESK, and forskolin.
hyposmotic challenge as a percentage of the control cur- As shown in Table 4, replacement of the serosal
rent and conductance values in isosmotic bathing solubathing solution with a hyperosmotic solution (contain-
tions. Comparison of these data reveals that PGEing 120 nm mannitol; osmolality = 290 mosmol/kg
stimulation was less effective than FSK or Hypo in H,O) essentially abolished,. and significantly de-
stimulating I, in agreement with studies of sodium creasedG;. Under these conditions, mucosal amiloride
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was ineffective [, = 1 + 0.1 pA/cm? andG, = 359 + AML
57 pS/cnt, n = 4; Ns) in agreement with our previous 40 ‘1’
reports (Wills et al., 1991). As also indicated in Table 4

in tissues treated with forskolin, hyperosmotic serose
solutions had a similar effect. Under these condition
mucosal amiloride significantly decreaskdby 4 + 1.4
pA/cm? and G, by 60 + 2 uS/cnf (n = 4). Conse-
quently the effects of FSK on the amiloride-sensitive
current and conductance pathway were decreased in t 10
perosmotic solutions compared to isosmotic solution

(Alg, (B0 wA/cm? and AG, [400 pS/cnt, seeFig. 8

above). In two experiments, FSK was added to tissue 10 0 10 20 30 40
bathed in serosal hypersosmotic solutiohg.increased
from 0.8 + 0.5uA/cm? to 3 = 0.5 pA/cm? and G, in-
creased from 209 + 2@.S/cnf to 414 + 140u.S/cnt. 800 |-
Consequently, forskolin was not able to overcome th
inhibitory effects of hyperosmotic solutions (compare
data in Fig. 8 and Table 4). Preliminary measurement
with PGE, yielded similar results.

30 |

Forskolin

Isc (HA/cm?2)

(2]
o
o
T

400

Gt (HS/cm?2)

Discussion

The present results confirm the stimulatory action o
prostaglandin Eand forskolin on transepithelial sodium 0 . ' L L '
. . . . -10 0 10 20 30 40
transport across renal A6 epithelia. These findings e»
tend the results of previous patch clamp studies of Ac
Na" channel regulatlon.(Kokko e_t al., 1994, Ma_'run‘_aka & Fig. 8. The effect of forskolin orl,. and G, in an isosmotic bath. At
Eaton, 1991) and previous studies of transepithelidl Naime = 0, 10,m serosal forskolin was added. AML indicates addition
transport in native tight epithelia including frog skin (EIS of 50 wv amiloride to the mucosal solutiom (= 4).
& Helman 1981, 1997) and toad urinary bladder (Frazier
& Yorio, 1992). A new finding was the strong depen-
dence of prostaglandin and cAMP effects on solutionsodium transport across cultured renal A6 epithelia as
osmolarity. Specifically, PGEand cAMP evoked large evidenced by the nearly twofold increase in amiloride-
increases img.andG, in isosmotic solutions but had little ~ sensitive conductance and current. However, these ef-
effect in hyposmotic solutions. Therefore, the stimula-fects were attenuated when serosal hyposmotic solutions
tion of sodium transport by hyposmotic solutions, RGE were employed. Moreover, pretreatment with B@Ee-
and cAMP apparently involves interacting mechanismsyented subsequent stimulation Igf and G, in response
These findings contrast with mineralocorticoid stimula-to serosal hyposmotic challenge. The inhibitory effects
tion of renal A6 epithelial sodium transport which re- of indomethacin provide further support for a role for
sulted in a twofold increase ih. in A6 epithelium in  PGE, in regulating renal basal and hyposmotic-induced
both isosmotic and hyposmotic solutions (Wills et al., sodium transport.
1993 andunpublished observationsWe note that re- Keeler & Wong (1986) reported that PGEddition
cent evidence for an independent action of mineralocorto A6 cells produced an increase in the amiloride-
ticoids and PGEwas also reported by Paunescu & Hel- insensitivel ;. that was due to chloride secretion. We did
man 1997). When hyperosmotic solutions were used, ntot determine the ions responsible for the amiloride-
stimulation of transport was evoked by PG forskolin ~ insensitive current, but it was similar in magnitude to that
(present resulis or by aldosterone (N.K. Willsunpub-  observed by Keeler and Wong (1986; 2B/cm?). In
lished observations contrast to their findings, we observed a large increase in
the amiloride-sensitive current following PGEddition
that was present also when the chloride in the bathing
RoLE oF PGE; IN SobiuM TRANSPORTREGULATION solutions was replaced by gluconate (Mo & Wills, 1995
and unpublished resuljs Another difference between
In agreement with previous studies of PGiB native  the two studies was that the basglvalues were lower
amphibian tight epithelia,c(f. Els & Helman, 1997; for Keeler and Wong (1986), approximatelyu#\/cm?,
Nielsen, 1990; Frazier & Yorio, 1992), PGEtimulated  compared td115 pwA/cm? in the present study. One fac-

time (minutes)
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Table 2. Effects of IBMX on transepithelial electrical parameters and

interactions with hyposmotic solutions

lsc (P-Alcmz) G (HS/CH‘?)

Control (Isosmotich = 7 15+1 322+ 20
IBMX (100 um) n = 7 24 + 2% 640 + 45+
""" + Amiloride (50 um) n = 4 1 £ Jrex 287 + 18***
Control (Isosmotic) 11+1 268+ 12
HYPO 39 +6* 506 + 32*
HYPO + IBMX 44 + 8* 701 + 30*
" " + Amiloride (50 pm) 14 1% 245 + 21**
N = 3 (paired measurements

Control (Isosmotic) 14+0.2 324 +29
IBMX (100 M) 27 +1* 705+ 8*
IBMX + HYPO 22 + 1*** 738 £ 11*
" + Amiloride (50 wm) 14 *a* 254 + 14%+

N = 3 (paired measurements

* P < 0.05 compared to control
** P < 0.05 compared to Hypo and IBMX combined condition
*** P < 0.05 compared to IBMX condition
fP < 0.05 compared to HYPO condition

Table 3. Effects of a PKA inhibitor on the hyposmotic response

Isc Gt
(wA/cm?) (u.Slcn)
Control
Isosmotic 22+4 359 +46
Hyposmoti¢ 41 + 2% 525 + 41**
DifferenceN = 4 20+2 165+ 26
H89 treatment (1Qum serosal)
Isosmotic 3+1 241+ 32
Hyposmotié 6+2 296 + 43
DifferenceN = 4 3+1* 56 + 13*

#|sosmotic solution mucosal, hyposmotic solution serosal
* P < 0.05 compared to control; # < 0.05 compared to isosmotic
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Fig. 10. Comparison of the time course of the effects of BGiar-
skolin (FSK), and serosal hyposmotic challenge (HYPO). Data are
from Figs. 1, 2, and 8 and were normalized to control valugs=at0,

the time of the onset of the experimental manipulations. Amiloride was
added to the mucosal bathtat= 20 min for PGE, and att = 30 min

for HYPO and FSK.

induced stimulation of the amiloride-sensitive current,
but not the amiloride-insensitive current, was attenuated
in hyperosmotic solutions. The solutions used by Keeler

tor that might explain this discrepancy in the basal andand Wong (1986) had a higher osmolality (240 mosmol/
PGE-inducedl is the different osmolalities of the so- kg H,O) than our study (200 mosmol/kg,8).

lutions used in the studies. In the present studywas

PGE, normally has an inhibitory effect on amilo-

decreased in hyperosmotic solutions and the RGE ride-sensitive N&transport in rabbit cortical collecting
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duct unless NYC&* exchange across the basolateralTable 4. Effects of hyperosmotic serosal solution on the forskolin re-
membrane is blocked (Stokes & Kokko, 1977 lieet,  Sponse
Jacobson & Breyer, 199). When Nd/C&" exchange

is abolished, PGEstimulates Na transport (Heert et I(;CA,sz) (ciIS/cn?)
al., 199Db). Kokko et al. (1994) have suggested that A6

cells might possess a less active basolateral membrar@ntrol (Isosmotic) 234 469 + 42
Na’/Ca* exchange or that the activity of this exchanger Hyperosmotié 1+0.3* 309 + 31*
is not modulated by cAMP in A6 cells. In their patch " + Amiloride® n = 4 1201 359+ 57
clamp studies of isolated apical membrane sodium charcontrol (Isosmotic) 202 425+ 41
nels in A6 cells, a complex pattern of regulation Forskolirf 40 £ 4* 784 £ 90*
emerged. Channel activity was initially inhibited by Hyperosmotic + Forskolfn 71 384 + 34
PGE, for 1-6 min followed by stimulation of channel ""*+Amiloride® n = 4 2£0.5m 311+28
activity.

e #Hyperosmotic solution contained 120Mmmannitol; Osmolality =
In the present study, rapid inhibitory effects of PGE ,q, mosmikg HO

on the short-circuit current or the transepithelial conduc+sg ,u Amiloride added to mucosal solution

tance were not observed. One possible reason for this10 uv Forskolin added to serosal solution

difference is that the rate of basal sodium transport may * P < 0.05 compared to control condition

be an important factor in determining the time course of ™ P < 0.05 compared to forskolin condition . _

PGE, effects. Punescu and Helman (1997) reported thaz*,*_ P < 0.05 compared to hyperosmotic and forskolin combined con-

the onset of PGEstimulation ofl,. was more rapid in ftion

aldosterone-treated A6 epithelia with high sodium trans-

port rates. Consequently, it is possible that the highApenyL CycLase, CAMP AND THE ROLE OF PROTEIN

basal transport rates of the tissues in the present studginase A

may have resulted in a rapid stimulation Igf that ob-

scured detection of such inhibitory events. A number of prostaglandins produce their effects by in-
The stimulatory actions of PGEwere apparently creasing CAMP (Pohlman et al., 1983; Yanase & Han-

unique to this particular prostaglandin since other prosdler, 198®; Kokko et al., 1994) which leads to the ac-

taglandins found in the kidney, specifically PGFor tivation of protein kinase A (PKA) and protein phosphor-

PGl,, (Morrison, 1986; Frazier & Yorio, 1992) were in- ylation. Consequently it is likely that cCAMP/PKA may

effective. There are three major groups of BGécep- partially mediate the effects of PGBr hyposmotic so-

tors, each of which produces a different effectlflde et lutions. In this regard, it is notable that hypotonic solu-

al., 199b). The effects of PGEin our studies are prob- tions increase cAMP in lymphoma cells (Watson, 1990)

ably due to the receptor that stimulates adenyl cyclaseand A6 cells (P.S. Matsumoto, L. Mo & N.K. Wills,

Four observations support this hypothesis. First, PGEunpublished observatiopsin the present study, H89, a

increases cAMP in A6 cells (Kokko et al., 1994). Sec-PKA inhibitor, reduced the stimulation @, andl . by a

ond, H89 significantly attenuated the actions of BGE hyposmotic solution. Furthermore, forskolin, an activa-

In addition, forskolin, an adenyl cyclase activitor, had tor of adenyl cyclase stimulatég. andG, and attenuated

qualitatively similar effects as PGEn G, andl.. Fi- the effects of a hyposmotic solution @) andly.

nally, the interactions between hyposmotic solutions and  Two aspects of these results suggest a role for CAMP

PGE, or forskolin, were similar. and PKA in regulating basal sodium transport as well.
First, addition of IBMX (100 nw serosal bath) produced

Factors Governing the Generation of PGE an increase i andG; (Al = 11 + 2 pAlcm? andAG,

= 355 + 28uS/cnt; n = 4) that was blocked by amilo-
As discussed previously, PGES generated by the me- ride (seeTable 2). Second, the PKA inhibitor H89 re-
tabolism of arachidonic acid (AA). A major route for duced the basal rate of sodium transport for epithelia
AA synthesis depends on PLAFeinstein & Sha’afi, bathed in symmetric isosmotic solutions. The stimula-
1983; Frazier & Yorio, 1992). In our studies, inhibition tion of I .. by IBMX may reflect an elevation of intracel-
of PLA, significantly attenuated the hyposmotic stimu- lular cAMP due to inhibition of phosphodiesterase as
lation of I, and G,. Preliminary results show that inhi- reported by Nisato and Marunaka (1997), although
bition of phospholipase C (PLC) and diacylglycerol li- Kokko et al. (1994) did not observe an increase in intra-
pase, an alternative pathway to produce AA (Feinstein &cellular cAMP levels in IBMX-treated tissues. The rea-
Sha’afi, 1983; Frazier & Yorio, 1992), did not signifi- sons for this discrepancy are unknown. Nonetheless, we
cantly affect the hyposmotic stimulation of sodium trans-note that the effects of forskolin, an agent known to
port (data not showh These results suggest that PLA increase cAMP, were attenuated in hyperosmotic solu-
but not PLC/diacylglycerol lipase, has a role in the hy-tions (Table 4) consistent with an interaction of solution
posmotic stimulation of sodium transport in A6 cells. osmolarity and intracellular cAMP levels.
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Membrane Localization of the Effects Hyposmotic suggest that these agents might, in fact, participate in the
Solutions, PGE and Forskolin hyposmotic response.
In contemplating a possible role for cAMP and

Increased transepithelial sodium transport could potenPGE; in the osmotic regulation of sodium channels, it is
tially result from changes in basolateral membrane proptempting to speculate that cell swelling induced by hy-
erties, specifically, the basolateral membrane potassiurg0smotic solutions could result in an increase in intra-
conductance. However, in previous studies (Wills et al. cellular calcium, possibly leading to activation P4A
1991), we found that changes in basolateral membranwhich would in turn increase the production of AA.
properties were too small to account for the approxi-Metabolism of AA partially into PGE could lead to
mately twofold increase in sodium transport (measuredncreases in intracellular cAMP. Alternatively, activa-
asl,) evoked by hyposmotic challenge. In the presenttion of adenyl cyclase activity could also directly in-
study | increased by 1100% after forskolin (FKS) ad- crease intracellular cAMP. Cyclic AMP would then ac-
dition, [1120% in the presence of PGEand[1140% fol-  tivate PKA, resulting in an increase in sodium transport.
lowing exposure to hyposmotic solutions. Singe = Consistent with this model, Ehrenfeld and coworkers
G E; a 100% increase iy, would require either a (Ehrenfeld, Raschi & Brochiero, 1994; Brochiero, Ras-
twofold increaseE,, i.e., from [1L00 to [(R0O0 mV or a  chi & Ehrenfeld, 1995) have shown that intracellular
comparable increase iB.. For changes in the basolat- calcium is increased following hyposmotic shock. In ad-
eral membrane driving force to sufficiently incredSe  dition, preliminary measurements of cCAMP indicate that
intracellular potassium activity levels would have to this parameter is also increased following hyposmotic
reach unphysiologically high levels. Similarly, changeschallenge (P.S. Matsumoto, L. Mo, & N.K. Willsin-
in the basolateral membrane resistan@g) €Cannot ad-  published observatiojs
equately support a twofold increase@y, sinceR; (api- Unlike the effects of hyposmotic solutions, P&t
cal membrane resistance) R, (Wills et al., 1992) and  cAMP also increase amiloride-insensitive currents and
G; = 1R, + R,). Consequently, the effects of the conductances in A6 cells. Although, we cannot pres-
above agents are likely to reflect changes in the apicabntly explain this difference, it is conceivable that hy-
membrane sodium conductance. posmotic challenge could cause the release or generatior

of factors that are antagonistic to the effects of BGE
Implications for Osmotic Regulation of cAMP on the amiloride-insensitive pathway. For ex-
Sodium Transport ample, the production of arachidonic acid (AA) by PLA

has been shown to inhibit epithelial chloride conduc-

As discussed above, previous studies from this laboratances (Mochizuki, Chao & Widdicombe, 1992). Con-
tory have shown that sodium channel activity is stimu-Seduently, simultaneous generation of AA and BGE
lated by serosal hyposmotic solutions and inhibited bycAMP might have no net effect on the amiloride-
hyperosmotic solutions. The hyposmotic stimulation ofinsensitive pathway while stimulating transepithelial so-
sodium transport is not due to a “direct’ mechanical dium transport.
effect, such as stretch activation of a (nonadapting) Regardless of the precise role of prostaglandins and
mechanosensitive sodium channel since the largest ceBAMP in sodium channel regulation, the above findings
volume and maximum value for sodium transport do notsuggest a hierarchical role for osmotic activation (or de-
occur at the same time (Crowe et al., 1995). More speactivation) of sodium channel activity. Hyposmotic so-
cifically, cell volume reached a maximum value within lutions, prostaglandins and cAMP all lead to elevations
[ min and then decreased over the next 20 min to an sodium channel activity, perhaps by a similar mecha-
value slightly higher [(8%) than the initial control level. nism of channel recruitment, e.g., by conformational
In contrast,G; andl.. showed a gradual increase within changes or insertion of additional channels into the mem-
1-2 min of the onset of the hyposmotic challenge, andorane. Once fully “recruited” or available, the channels
continued to increase even during the regulatory volumere apparently able to undergo further activation by other
decrease, reaching a new steady-state within 25—-30 mimegulators such as aldosterone. Conversely, in the pres:
The time lag between the maximum cell volume ence of hyperosmotic solutions, the channels or perhaps
change and the maximum increasd ipevoked by hy- the population of conducting channels become unavail-
posmotic solutions suggests mediation of these effects bgble and efforts to stimulate the channels are ineffective.
a cascade of intracellular signaling events. Forskolinand Clearly, further experiments including knowledge of
PGE, are both known to activate intracellular signaling channel structure and rates of channel turnover in the
pathways, yet the responses to these agents are muapical membrane are needed to test the above hypoth.
faster than the response to a hyposmotic solution (Figeses. Nonetheless, the present results indicate the impor
10). Indeed, the results of pharmacological inhibitors oftance of solution osmolality as a potential variable in
the production of cAMP and AA metabolites, and PGE studies of hormones and intracellular messenger regula-



P.S. Matsumoto et al.: Regulation of A6 Naransport 37

tion of sodium channel acti\/ity_ Previous studies haveFrazier, LW., Yorio, T. 1992. Eicosanoids: their function in renal
demonstrated interactions between cell swelling and _epithelia ion transporiroc. Soc. Expt. Bio. Me®01229-243
cAMP in the regulation of chloride channels in a numberHal: W-J., O'Donoghue, D.P., O'Regan, M.G., Penny, W.J. 1976.

. . . Endogenous prostaglandins, adenosifes’3monophosphate
of cell types, mCIUdmg hepatocytes (Meng & Weinmann, and sodium transport across isolated frog skifPhysiol.258:731—

1996) and atrial cells (Sorato, 1992). Therefore, such 753
interactions may be a general feature of some types Gfievert, R.L., Jacobson, H.R., Breyer, M.D. 189Prostaglandin E
CAMP regulated channels. inhibits sodium transport in rabbit cortical collecting duct by in-

In conclusion, the present results indicate that creasing intracellular calciund. Clin. Invest.87:1992—-1998
plasma osmolality can be a potent variable in determin_Hebert, R.L., Jacobson, H.R., Breyer, M.D. 189Triple signal trans-

. . duction model for the mechanism of P&G&ctions in rabbit cortical
ing the effects of other sodium transport regulators. Re collecting ductProst, Leuk. Ess, Fatty Acid2:143- 148

gional variations in plasma or interstitial osmolality nor- yoier r. Wong, N.L.M. 1986. Evidence that prostaglandistinu-
mally occur n the |Ur"g a}nd k|dney,. and altgrgtlons IN Jates chloride secretion in cultured A6 renal epithelial cdlisi. J.
osmolality can also arise in pathological conditions such  Pphysiol. 250:F511-F515

as water intoxication, hemorrhagic shock, or pulmonaryKohler, T., Heinisch, M., Kirchner, M., Peinhardt, G., Hirschelmann,
edema. Consequenﬂy’ it may be important C"nica”y to R., Nuhn, P. 1992. Phospholipase A2 inhibition by alkylbenzo-

understand the interactive roles of these signaling pathkolzl’('zcrlz"l'_zc al\;gtzfrfg;erg'Sphlj:g"‘g?_osggtloi 5.C. 1004 Effects of
ways as determinants of sodium and volume homeosta- prostaglandin Eon amiloride-blockable Nachannels in a distal
SIS. nephron cell line (A6)Am. J. Physiol267:C1414-C1425
Lapetina, E.G. 1982. Regulation of arachidonic acid production: role of
We thank Dr. David Good for helpful discussions and for reading a  phospholipases C and,ATrends in Pharm. ScB8:115-118
preliminary version of this manuscript. We also thank Chana Santschlipton, P. 1972. Effect of changes in osmolarity on sodium transport
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