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Abstract

1

Project Code : PDF/60/2543
Project Title : The role of calcium-dependent signaling pathways on ion transport in
endometrial epithelial cells )
Investigator : Assistant Professor Chatsri Deachapunya, Department of Physiology,
Faculty of Medicine, Srinakharinwirot University

E-mail Address : chatsri@swu.ac.th
Project Period : 1 July 1999 — 30 June 2002

The main objective of this project was to study the role of calcium-dependent signaiing
pathways on ion transport in endometrial epithelial cells. UTP has been shown to elicit a
variety of physiological processes mediated by increases in intracellular calcium. Therefore
the effects and mechanisms of UTP on the chioride transport and the sodium transport
properties were investigated in primary endometrial epithelial cells. Glandular endometrial
epithelial cells were isolated from immature pig uterus and grown on permeable support for
7-10 days. The high resistance monoclayers were mounted in Ussing chambers and the
voltage-clamp amplifier was used to measure short circuit current (Isc) and transepithelial
potential difference. UTP (1 uM) produced a rapid increase in Isc that was inhibited by
NPPB and DIDS (ClI channel blockers). Current-voitage relationship demonstrated the
activation of UTP on apical membrane Cl conductance and basolateral membrane K
conductance, In addition, UTP produced an inhibition of benzamil-sensitive Na absorption
and a reduction in benzamil-sensitive Na conductance in the apical membrane. The UTP-
dependent inhibition of Na absorption was mimicked by the calcium ionophore ionomycin
and phorbol 12-myristate 13-acetate (PMA, PKC activator). Calcium-imaging experiments
showed that PMA failed to increase in [CaZ+]i whereas increases in [Cab]i were observed
following UTP stimulation. These results indicate that UTP stimulates CI secretion by
activation of apical membrane Cl permeability and basolateral membrane K" permeability.
The UTP-stimulated Cl secretion appears to involve increases in [Ca2+]i and activation of
Caz*-activated Cl channel. The UTP-dependent inhibition of transepithelial Na absorption
and apical Na channels may directly involve activation of PKC, and not increases in
intracellular [Ca2+] alone. However, different PKC inhibitors and intracellular Caz+ chelator
might be useful for confirming the mechanism of UTP-dependent stimulation of CI secretion
and inhibition of Na~ absorption in endometrial epithelium.

Keywords : UTP, sodium absorption, chloride secretion, PKC, endometrial epithelial cells
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Introduction

Endometrial epithelium lining the uterine cavity plays an important role to maintain
the composition of fluid and electrolytes, providing a suitable environment for fertilization
and embryo implantation and development. Several signaling molecules such as
prostaglandins, growth factors, regulatory peptide and cytokines have been shown to
regulate ion transport processes across the endometrial epithetial cells. In’ porcine
endometrium, surface epithelial cells exhibited a basal sodium absorption that was inhibited
by amiloride and regulated by PGF,, and cAMP (Vetter and O'Grady. 1996). Recent
stugies wusing gfandular endcmetrial epithelial cells grown o©n permeable supports
demonstrated a distinct basal transport phenotype depending on the growth factors used to
maintain the ceils (Deachapunya and O'Grady, 2001; Deachapunya et a/, 1988). The cell
monolayers grown under serum-containing condition exhibited a basal chloride secretion
that was stimulated by PGE, and cAMP whereas basal sodium absorption was
characteristic of cell monoclayers grown under serum-free condition or in the presence of
insulin or insulin-like growth factor (IGF-1). Acute stimuiation with insulin or IGF-1 enhanced
scdium absorption by increasing Na -K ATPase transport activity and a basolateral
membrane K conductance, without increasing the apical membrane benzamil-sensitive Na
conductance. The enhanced Na -K ATPase activity was due to activation of
phosphatidylinositol 3-kinase and subsequent stimulation of a protein phosphatase. Long
term treatment with insulin additionally enhanced sodium absorption with a further increase
in Na -K_ ATPase activity and benzamil-sensitive Na conductance.

Uridine nucleotides are important signaling molecules that regulate a variety of
cellular responses, including ion transports and secretory activities, via activation of P2Y,,
P2Y, and P2Yg (Anderson and Parkinson, 1997; Lazarowski and Boucher, 2001). P2Y
receptors have been identified in many epithelia including airway, lacrimal glands, salivary
glands and the apical membrane of mouse and porcine endometrium. (Chan ef a/ 1997;
Palmer-Densmore ef a/ 2000). Most P2Y receptors are G-protein receptors that couple to
G, and activate phospholipase C (PLC) upon agonist stimulation., PLC activation
subsequently increases both diacylglycerol (DAG) and inositol 14,5 triphosphate (IP;)
production, resulting in activation of protein kinase C (PKC) and increases in intracellular
calcium concentrations ([Ca2+]i). Previous studies using mouse endometrial epithelial cells
have shown that ATP or UTP-dependent increases in [Ca'?*]i stimulate anion secretion that
was inhibited by DIDS (Chan et &/, 2000). In primary culture of airway epithelial cells and

Caco-2 human intestinal epithelial cells, UTP stimulates calcium-dependent chloride



secretion through an activation of P2Y, receptor (Lazarowski et a/, 1997, Ilnoue et a/,
1997). Our preliminary studies using porcine endometrial epithetfial cells have shown the
UTP-dependent stimulation of chioride secretion; however the mechanism and regulation of
chloride secretion by P2Y stimulation in porcine endometrial epithelial cells are not well
characterized.

P2Y receptor activation has been found to decrease sodium absorption in mouse
endometrial epithelial cells (Wang and Chan, 2000). In addition, UTP was found to inhibit
sodium absorption in wild type and mutant CFTR-expressing human bronchial epithelia, as
well as nasal epithelia from normat and cystic fibrosis patients (Devor and Pilewski, 1999;
Mall et a/ 2000). However, the mechanism for UTP-dependent inhibition of sodium
absorption is not well understood.

In the present study, we investigated the effects of UTP on the CI transport and the

Na transport properties of primary endometrial epithelial cells grown in the absence or
presence of serum. UTP was found to stimulate ClI secretion through an activation of Ca" -
activated Cl channel in the apical membrane. The UTP-dependent stimulation of ol}
secretion involved an increase in apical Ci conductance and basolateral K~ conductance.
UTP also produced a dramatic inhibition of Na transport that invelved a decrease in apical
membrane Na conductance. We demonstrated that inhibition of benzamil-sensitive Na’

channels was dependent on PKC activation and was not directly dependent on increases in

((Ca" ].

Material and Methods
Materials -

UTP, UDP, adenosine, hexokinase, 4 4'-diisothiocyanostilbene-2,2’'-disulfonic acid
(DIDS), EGF, insulin, ionomycin, phorbol 12-myristate 13-acetate (PMA), indomethacin,
non-essential amino acid and high purity grade salts were purchased from Sigma Chemical
{St. Louis, MO). Amiloride, 5-nitro-2-(3-phenylpropylarnino) benzoic acid (NPPB) and
U73122 were purchased from Research Biochemical International (Natick, MA) and
benzamil from Molecular Probes (Eugene, OR). GF109203X were obtained from Biomol
(Plymouth Meeting, PA). Dulbecco's modified Eagle's medium (DMEM), Duibecco's
phosphate buffer saline (DPBS), fetal bovine serum (FBS), coilagenase (type 1),
kanamycin, penicillin-streptomycin and fungizone were purchased from GIBCO BRL (Grand

Island, NY).



Cell isolatton and culture :

The epitheliai glands were isolated from immature pig uterus as described
previously (Deachapunya and O'Grady, 1998). The isolated glands were subsequently
suspended in DMEM supplemented with 3.7 g/LL sodium bicarbonate, 10 % FBS, 850 nM (5
ug/mi) insulin, 1 % non-essential amino acid, 5 ug/mi fungizone, 100 U/ml penicillin, 100
ug/mi streptomycin and 100 pg/ml kanamycin (standard media). They were plated onto cell
culture dishes and incubated at 37°C in a humidified atmosphere of 5 % CQO; in air. Culture
medium was changed after 24 hours and then every 2-3 days. After 80 % confluency
{within 2-3 days). the stromal cells were easily removed by trypsinization for 5 min and the
epithelial cells were further trypsinized and subcuitured onto 24 rmm (4.5 sz) transparent
permeabie membrane filters (Costar, Cambridge. MA). The purnty of epithefial celis was
greater than 90% as assessed by staining isolated celis with cytokeratin (Deachapunya and
O'Grady. 1998).

After plating on permeable support, monolayvers were fed every two days and
maintained in standard media for 7 days. In some experiments, the standard media were

subseguently replaced with Phenol Red-free DMEM (serum-free media) for 4 days.

Measurement or electrical parameters =
Transepithelial resistance of the cell monolayers was measured using the EVOM

epithelial voltohmmeter coupled to Ag/AgCl ‘chopstick’ electrodes (World Precision

instruments, New Haven, CT). High resistance monaclayers (= 3000 Qcm:) were mounted
in Ussing Chambers, bathed on both sides with standard porcine Ringer solution which was
maintained at 37 °C and bubbled with 95% O, - 5% CO,. Transepithelial potential
difference. tissue conductance and short circuit current (Isc) were measured with the use of
voltage-clamp circuitry from JWT Engineering (Overland Park, KS). The data from the
voitage clamp expenments was digitized, stored and analyzed using Workbench data
acquisition software (Kent Scientific Corporation, Litchfield, CT) and recorded with a
Compaq pentium microcomputer. All cells were pretreated with indomethacin (10 uM)
added to both apical and basolateral soiutions at ieast 10 min before the beginning of the
experiment,

For experiments involving measurement of membrane permeability, amphotericin B
(10 uM) was used to permeabilize the apical or basolateral membranes of the cell
monolayers mounted in Ussing chambers. The permeabilized membranes were bathed with

KMeSO, Ringer solution containing (in mM): 120 KMeSQ,, 30 mannitol, 5 NaCl, 3 caicium



gluconate, 1 MgS0;, 20 KHCQO,;, 0.3 KH,PO, 1.3 K,HPO,, pH 7.4. while the intact
membranes were bathed with standard porcine Ringer solution. A World Precision
Instrument epithelial voltage clamp (Serasota, FL) was used to voltage clamp the
monclayers. The data was recorded using a compaqg pentium microcomputer with a Dagan
LM-12 A-D interface. Voltage step commands and the resultant currents were generated
using pCLAMP software (Axon Instruments). Current-voltage relationships were obtained by
a series of voltage step commands described in the figure legends. The compound-
sensitive current components were obtained by subtracting currents before and after

addition of the compound.

Measurement of intracellular calcium

The ceills were seeded at low density on glass coverslips for 48 hours. After
adhesion 1o the coversiips, the cells were washed with Hanks balanced salt solution
{HBSS) containing 10 mM glucese. 10 mM HEPES. pH 7.4. The cells were then loaded
with 10 uM fura-2-AM (Molecular Probes, Eugene, OR) for 45 min at 37°C. washed in
HMBSS. mounted onto a Plexiglas chamber. (150 ul volume. Warner Instruments, Hamden,
CT) and transferred to the stage of a Nikon Diaphot inverted microscope with an
epifluorescence attachment. The chamber was perfused with HBSS at 2-3 mi/min at room
temperature. Fluorescence in single cell was visualized using a Nikon UV-fluor 40X oil-
immersion objective. The fluorescence excitaticn, image acqguisition and real-time data
analyses were controlled by the Image-1 Metamorph software (Universal Imaging,
Westchester. PA) running on a Pentium P5-30 personal computer. The [Caz'], are
measured as the ratic of the flucrescence emitted at 510 nm when the cells are alternately

excited at 340 nm and 380 nm light to the intensity when it was illuminated with 380-nm

light (Fase/Faae ]

Statistics -

All values are presented as means X S.E M., n is the number of monolayers and N
is the number of animals in each experiment. The differences between control and
treatment means were analyzed using a t-test for paired or unpaired means where
appropriate. A value of P<0.05 was considered statistically significant. The concentration of
each compound at 50% maximal effect was determined from the equation using a four
parameter logistic function to fit the data (PrismTM 2.0, GraphPad Software, Inc., San
Diego, CA).



RESULTS
Effects of UTP and UDP on basal Isc

Addition of 1 uM UTP in the apical solution produced a rapid increase in Isc by
55.9 £ 2.7 pA followed by an oscillation of the current and reached a plateau of 30.3 £ 2.4
LA (n=9, N=6). The Isc increased by UTP was mostly inhibited by an apical addition cf 100
uM NPPB. CI channel blocker, as shown in Fig 1A. Addition of 100 pM UDP also
produced the comparable peak response as observed with 1 uM UTP (data not shown).
The concentration-response relationship demonstrated that the EC,y values were 79.4 nM
(n=6. N=4) for UTP, 3.9 uM (n=6, N=4) for UDP and 714 uM (n=6, N=4) for UDP +
hexokinase (10 U/ml) + 25 mM glucose (Fig 1B8).
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Figure 1. Effect of UTP on basal Isc and concentration-response relationships for
UTP, UDP and adenosine. A, a representative tracing showing that addition of 1 uM
UTP to the apical solution produced an immediate increase in Isc followed by an
oscillation of the current and reached a plateau within 10-15 min. The Isc produced by
UTP was inhibited by 100 uM NPPBE added to the apical solution. B, concentration-
response relationshitps showing the increase in Isc following treatment with various

concentrations of UTP, UDF and UDP + hexokinase + 25 mM glucose.
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Effects of UTP on membrane permeabilities

To assess the effects of UTP on apical and basolateral membrane permeabilities,
we used amphotericin B (10 uM) to permeabilize one membrane of mongclayers tn order to
exclusively study the permeability of another membrane. When the basolateral membrane
was permeabilized. an apical addition of UTP caused a relatively slow increase in Isc and
sustained without oscillation of the current. The mean peak Isc stimulated by UTP was 63.5
= 120 uA (n=8, N=4) (Fig 2A). A large reduction in peak UTP-activated current was
detected n chloride-free solution (Fig 2B). When a voltage step ranging from —-90 to +90
mY was applied, the current-voltage relationship of the UTP-activated current was
outwardly rectifying with a mean reversal potential of =284 £ 1.3 mV (n=6, N=4) as
expected for Cl channels (Fig 2C).

When the apical membrane was permeabilized, an apical addition of 1 uM UTP
produced an immediate increase in Isc followed by an oscillation of the current as observed
with that of the intact monolayers (Fig 3A). The current response to UTP reached a
maximum plateau of 959 = 21.5 uA (n=8. N=4) I-V relationship as illustrated .n Fig 3B
showed that the reversal potential of the UTP-sensitive current across the basolateral
memprane was —-50.8 = 1.6 mV (n=5. N=4). The increase in extracellular K concentration
from & to 130 mM shifted the reversal potental to —2.9 = 3.2 mV (n=6. N=4), suggesting

ion selectvity to K channels.

11
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Figure 2. Effect of UTP on apical membrane CI conductance. A, Representative
tracing showing the Isc response stimulated by 1 uM UTP added to the apical solution
of monolayers where the basolateral membrane was permeabilized with amphotericin
B. The basolaterai membrane was bathed with KMeSQ, Ringer solution while the apical
membrane was bathed with porcine Ringer solution. B, The UTP-increased Isc was
markedly reduced in Cl-free Ringer solution. C, Current-voltage relationship showing
the UTP-activated current obtained in response to a voitage step protocol from -90 to

+30 mV in 15 mV step increments at a holding potential of 0 mV.
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Figure 3. Effect of UTP on basoiateral membrane K" conductance. A, Representative
tracing showing the [sc response stimulated by 1 uM UTP added to the apical solution
of monolayers where the apical membrane was permeabilized with amphotericin B. The
apical membrane was bathed with KMeSO, Ringer solution while the basoclateral
membrane was bathed with porcine Ringer solution. B, Current-voltage relationship
showing the UTP-activated current obtained in response to a voltage step protocol from

-80 to +90 mV in 15 mV step increments at a holding potential of 0 mV.
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Effects of DIDS on UTP-, adenosine- and cAMP-stimulated Isc

To investigate whether the increase in Isc produced by UTP shows the difference in
pharmacoiogical properties. DIDS was used to inhibit Caz+-activated ClI current but not
cAMP-activated Cl current (Anderson and Welsh, 1991 ; Ecke et a/, 1996). Addition of 1
uM UTP, 1 uM adenosine and 100 pM cAMP produced an increase in Isc as shown in Fig
4A. After tracing stabilized, a subsequent addition of 100 uM DIDS to the apical solution
inhibited 91.5 £ 2.0 % of the UTP-stimulated Isc (from 22.4 £ 3.6 pA to 2.2 £ 0.7 pA, n=5,
N=4) whereas DIDS inhibited 20.0 * 2.3 % of the adenosine-stimulated Isc (from 33.3 +
1.7 uA to 233 £t 3.8 puA, n=5, N=4) and 20.0 £ 3.4 % of the cAMP-stimulated Isc (from
27.5 = 3.6 LA to 21.4 £ 3.6 pA, n=4, N=4) (Fig 4B). The remaining currents were inhibited
by 100 1M NPPB. In addition, when the basolateral membrane was permeabilized with
amphotericin B, pretreatment with 100 1M DIDS abolished the increase in Isc stimulated by
UTP whereas a subsequent addition of cAMP at the concentration of 5, 50 and 100 uM
procduced an increase in Isc which was completely inhibited by an apical addition of 100 puM

NPPB (Fig 5).

14
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Figure 4. Effect of DIDS on stimulated Isc. A, Representative tracing showing the
increase in lIsc following an addition of 1 uM UTP to the apicai solution of intact
monolayer. After tracing stabilized, the subsequent addition of 100 pM DIDS to the
apical solution completely inhibited the UTP-stimulated Isc. The remaining Isc was
inhibited by an apical addition of 100 uM NPPE8. B, Bar graph showing the percentage
of DIDS-inhibited Isc after stimulation with 1 uM UTP, 1 uM adenosine and 100 uM
cAMP.
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Figure 5. Effect of UTP and cAMP on permeabilized monolayers. Experiments was
performed under condition where the basolateral membrane was permeabilized with
amphotericin B. The monolayer was pretreated with 100 uM DIDS added to the apical
solution. After the tracing stabilized, an apical addition of 1T uM UTP had small
response whereas a subsequent addition of cAMP at concentrations of 5, 50, 100 uM

produced an increase in Isc which was inhibited by NPPB.

Effects of blockers on UTP response

The peak Isc responses stimulated by UTP in response to various biockers were
shown in Fig 6. Pretreatment with 5 pM U73122 (a phosphoiipase C inhibitor) inhibited the
peak UTP-activated Isc from 559 £ 2.7 uA (n=9, N=6) to 12.0 £ 1.4 uA (n=4. N=3).
Pretreatment with 1 uM GF109203X (a PKC inhibitor) had no effect on the peak lIsc
activated by UTP (48.0 £ 19.1 pA, n=2, N=2).

16
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Figure 6. Effects of phospholipase C and protein kinase C inhibitor on UTP-
stimulated lsc. Histogram illustrating an increase in a peak Isc response produced by 1
uM UTP when cell monolayers were pretreated for 15-20 min with 5 uM U73122 (a
phospholipase C inhibitor) and 1 utM GF109203X (a PKC inhibitor).

Effects of UTP on inhibition of Na_ absorption

The basal electrical properties of cultured porcine endometrial cells have been
previously described (Deachapunya ef &g/, 1999). In order to maximize basal sodium
absorption, cells were cultured under serum-free conditions for 4 days. In Fig 7A, most of
the basal isc was inhibited by the Na channel blocker benzamil (5 uMj, and the remaining
current was blocked by the Cl channel blocker NPPB (100 uM). After an apical addition of
1t uM UTP, the new steady-state Isc was predominately blocked by NPPB whereas the
benzamil-sensitive Isc was nearly abolished (Fig 7B).

In arder to illustrate further the inhibition of sodium absorption by UTP, cells were
maintained under serum-free conditions and acutely stimulated with insulin (850 nM). Acute
stimulation with insulin increased benzamil-sensitive sodium absorption resulting from
enhanced Na -K -ATPase activity and an increase in basolateral membrane K
conductance (Deachapunya ef a/, 1999). As shown in Fig 8, addition of 1 uM UTP
inhibited both basal and insulin-stimulated Isc. The effect of UTP on Na absorption was
mimicked by 1.5 uM ionomycin, calcium ionophore, and 1 pM phorbol 12-myristate 13-
acetate (PMA), an activator of protein kinase C (PKC).

To further characterize the effect of UTP on apical membrane Na conductance,
benzamil-sensitive difference currents were determined from basolateral membrane-

permeabilized monolayers. Benzamil (5 pM) was added to the apical solution in the

17



absence (control) or presence of 500 nM UTP. The current-voitage relationship for the
benzamil-sensitive current in the control group revealed the reversal potential of 66.1 a2
mV (n=5, N=3) as expected for Na ion {(Fig 9). Treatment with 500 nM UTP for 10 min
before addition of 5 pM benzamil decreased the conductance of the benzamil-sensitive
current from 0.25 + 0.03 to 0.10 £ 0.02 mS with no significant change in ion selectivity.
Mean reversal potential of the benzamil-sensitive currents after UTP was 57.9 ¥ 6.3 mVv

(n=6, N=3) and was not significant difference from the control group.

18
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Figure 7. Effect of UTP on sodium absorption. A, Representative tracing showing that
addition of 5§ pM benzamil, Na’ channel blocker, to the apical solution of monolayers
prcduced a decrease in basal Isc, The experiment is performed using confluent
monolayers cultured in serum-free media for 4 days. B, An apical addition of 1 pM UTP
caused a rapid increase in Isc followed by a slow decrease back to the basal Isc. The
subsequent addition of benzamil had no inhibitory response whereas the remaining Isc

was completely inhibited by 100 pM NPPB.
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Figure 8. Effects of UTP, PMA and ionomycin on insulin-stimulated Isc. A, a
representative tracing showing the siow increase in Isc stimulated by 850 nM insulin
added to the basolateral solution. After stabilization, a subsequent addition of 1 pM
UTP to the apical soiution of monolayers inhibited both the kasal and insulin-stimulated
Isc. B, Addition of 1 uM phorbol 12-myristate 13-acetate (PMA) and, C, Addition of 1.5
puM ionomycin to both apical and basolateral solution of monoclayers also produced a

similar decrease in insulin-stimulated Isc as observed with UTP.
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Figure 9. Current-voltage {I-V) relationships for the benzamil-sensitive permeability
in the apical membrane. Benzamil-sensitive current obtained from amphotericin B-
permeabilized monolayers in response to a voltage step protocol from -90 to +90 mV in
15 mV step increments from a holding potential of 0 mV. Experiments were performed
under conditions where the basolateral surface was bathed in KMeSO, Ringer solution
with 5 mM NaC! and permeabilized with amphotericin B. Benzamil (5 pM) was added to
the apical solution of the permeabilized monolayers in the absence or presence of 1

HM UTP.

Effect of UTP on intracellular calcium

To determine whether increases in intracellular calcium were responsible for PMA-
mediated inhibition of Na absorption, caicium-imaging experiments with the fluorescence
fura 2 loaded primary endothelial cells were performed. Addition of PMA (1 pM) failed to
show a detectable increase in intracelluiar calcium, whereas a concentration-dependent
increase in intracellular calcium was observed after stimulation with 1 and 5 uM UTP (Fig
10). Preincubation with 5 uM U73122, an inhibitor of phospholipase C, also abolished an
increase in intracellular calcium in response to UTP. The UTP-stimulated increase in
intracellular calcium was also observed when the cells were incubated in Ca2+-free HBSS,
suggesting that the UTP response can be mediated by an increase in intracellular ca®

from intracellular stores.
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Figure 10. Effect of PMA and UTP on intracellular calcium concentration. Temporal
changes in [(_‘,az*]i in response to PMA and UTP were determined using fura 2 as
described in methods. A, No elevation in [Cay]i was detected foillowing 1 pM PMA
whereas transient elevations in [Ca2+]i was observed following 1 and 5 uM UTP in Cazﬁ-
containing HBSS. B, A prior exposure to 5 nM U73122 blocked the UTP-induced Caz+
response. A subsequent exposure to 1.5 UM ionomycin elevated [Caz‘],-. C, The
elevation of [Ca2+]i in response to UTP was still observed in Ca”-free HBSS. (mean

ca”’ signal from 20 cells)
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Discussion

CFTR has been previously shown to regulate cAMP-dependent gating of epithelial
sodium channels, resulting in increased Na' absorption observed in cystic fibrosis (CF)
patients. More recently, UTP has been identified as a potentially useful therapeutic agent
for patients with cystic fibrosis as a result of several studies demonstrating that UTP
stimulates C! secretion and inhibits amiloride-sensitive Na~ absorption in normal and CF
airway epithelia. Therapeutic procedures for CF currently use amiloride to inhibit the apical
membrane sodium conductance in CF patients. An advantage for using UTP in place of
amiloride is that UTP can simultaneously stimulate ClI secretion and inhibit Na absorption
across the airway epithelium, and thus provide a means for compensating for the defect in
CFTR expression in CF airways.

UTP has been shown to stimulate Cl secretion in a variety of epithelial cells. In
primary culture of airway epithelial cells and Caco-2 human intestinal epithelial ceil line,
UTP was shown to stimulate CaZ+-dependent chloride secretion through activation of P2Y,
receptors (Lazarowski ef af, 1997; Inoue ef a/, 1997). Studies using epithelial cells from
P2Y-/- mice by Cressman ef &/, (1999) proposed that the UTP-stimulated chloride
secretion in gastrointestinal epithelia is mainly mediated through activation of P2Y, and
P2Ys receptors. Most P2Y receptors respond to UTP by activation of PLC and
subsequently increase in IP; and DAG, resulting in mobilization of intracellular caicium and
activation of PKC. Previous studies using mouse endometrial epithetial cells demonstrated
that ATP or UTP-dependent increases in anion secretion and chloride current were
inhibited by DIDS (Chan et a/, 1997, Chan et a/, 2000), indicating the activation of ca’"-
activated Cl conductance. In these cells, BAPTA-AM abolished the UDP-stimulated
increase in Isc, suggesting the dependence of the Isc on intracellular ca’". In normal and
cystic fibrosis airway epithelia, UTP was shown to increase [Caz*]i and anion secretion but
both responses were greater in magnitude in CF airway epithelium (Paradiso ef a/, 2001).
In these studies, the UTP stimulation of Cab-dependent anion secretion in CF airway
epithelia was mediated exclusively through Caz+-activated Cl channel. In the present
study, an increase in DIDS-sensitive Isc and elevation in [Caz*]i were observed foliowing
UTP stimulation. Additionally, DIDS abolished the UTP-induced increase in Isc but not the
cAMP-dependent increased Isc. These findings suggested that an increase in [Ca2+], may
involve in UTP-dependent increase in anion secretion through an activation of ca’ -
activated anion channei. In basolateral membrane permeabilized porcine epithelial cells, ion

substitution experiment showed that the UTP-activated current is chloride-dependent. In
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addition, increases in apical membrane Cl| conductance and basolateral membrane K’
conductance were demonstrated following treatment with UTP. In porcine endometrial
epitheiial cells, two type of K" channels have been identified and are activated by increases
in either [Ca2+]i or PKC. Thus, it is possible that UTP-dependent increase in intracellular
calcium and subsequent stimulation of Ca2+-activated K~ channel in the basolateral
membrane may provide the driving force for sustained ClI efflux across the apical
membrane through Caz+-activated Cl channel.

Previous studies have been demonstrated that activation of PKC inhibits epithelial
anion secretion. In Tay human colonic epithelial cell line, PMA was shown to inhibit
cAMP-activated Cl secretion through activation of PKCg, not PKCa or PKCS (Song et af,
2001). In normal airway epithelium, a component of anion secretion was stimulated by ATP
or UTP through a chelerythrine-sensitive, Ca2+-independent PKC activation of CFTR CI
channel (Paradiso et a/, 2001). In these studies, PKC was shown to regulate cAMP-
activated Cl secretion; however, little has been evidenced about the PKC regulation of
Caz+-activated C! channel. In the present study, PKC inhibitor GF109203X did not abolish
the UTP-induced increase in Isc and PMA failed to increase in [Caz*],, indicating that
activation of PKC may not be essential for UTP stimulation of [Caz"]i dependent CI
secretion. Further studies will be required to characterize the role of PKC on UTP-
dependent stimulation of Cl secretion.

Since Mason ef af (1991) first demonstrated regulation of ion transport by
purinergic receptors in normai and cystic fibrosis airway epithelium, the effects of ATP and
UTP on sodium absorption have been studied in a variety of epithelial cell systems. Two
examples include mouse inner medullary collecting duct (mIMCD) by McCoy ef a/ (1999)
and mouse endometrial epithelium by Wang and Chan (2000). In these studies, most of
the basal isc was amiloride-sensitive (~90%), consistent with Na’ absorption. However,
only modest reductions (~10%) in amiloride-sensitive current were cobserved after treatment
with ATP (10-100 uM) or UTP (100 pM). These relatively smail decreases in amiloride-
sensitive Isc may reflect changes in driving force for Na' influx and may not be due to
direct effects on apical membrane Na conductance. Greater effects of ATP (100 uM) on
amiloride-sensitive Isc were shown in mouse cortical collecting duct by Thomas ef af
{2001). The ATP-dependent reduction in basa! Isc was approximately one-third of the total
amiloride-sensitive current, indicating that ATP-dependent inhibition of sodium absorption
was also incomplete. In contrast to the effects of UTP on Na transport in mouse collecting

duct and endometrium, more complete inhibition (40 to 75%) of amiloride-sensitive Na
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absorption after UTP was shown in porcine thyroid epithelial cells and airway epithelia
(Bourke et éfl.r 1999, Mall et a/, 2000). In these studies, different hypotheses were
proposed to account for inhibition of sodium absorption based on experiments where the
actions of ATP or UTP on intraceilular calcium or PKC activity were investigated. Direct
inhibition of sodium absorption mediated by calcium following stimutation with ATP or UTP
was proposed in CFTR-expressing human bronchiai epithelia, nasal airway epithelium and
distal bronchi (Devor and Pilewski, 1999; Benali ef a/, 1994; Inglis ef a/, 1999). In
contrast, inhibition of Na absorption in mouse CCD cells by UTP were not mediated by
either [Caz’]i or PKC activation (Thomas et a/, 2001). PKC regulation of sodium absorption
was demonstrated by Koster ef af, {(1996) where ATP and UTP were shown to inhibit
sodium absorption in rabbit connecting tubule and cortical collecting duct cells. It is worth
noting that in all of the studies cited above, conclusions regarding the effects of UTP on
Na absorption were based on measurements of Isc. The specific effects of ATP or UTP
on Na channel function were not directly measured. Thus, it is possible that decreases in
Isc produced by P2Y receptor activation may be a conseguence of inhibiting pathways
other than apical Na channels. In the present study, the significant reduction (80%) in
benzamil-sensitive Isc and decrease in apical membrane Na conductance was observed
following UTP stimulation, suggesting that the target of UTP action on transepitheiial Na
transport was apical membrane Na channei. In addition, effect of PKC activator, PMA,
was identical to the inhibitory effects of UTP on sodium absorption. PMA also faiied to
increase in intraceilular calcium, demonstrating that increase in [Caz‘]i was not responsible
for inhibiting sodium absorption in this system.

Several previous studies have demonstrated that activation of PKC inhibits apical
Na channels. PKC-mediated inhibition of Na channels was shown in rabbit cortical
collecting tubules and in an amphibian renal cell line (A6) after acute PGE, stimulation
(Ling et a/, 1992; Kokko ef a/, 1994). In these studies, PGE; was shown to inhibit highly
selective apicai membrane Na channels by increasing Ca2+-dependent PKC activity,
resulting in a decrease in channel open probability. In the present study, inhibition of
sodium absorption appeared to depend on activation of both Caz+-dependent and Caz*-
independent isoforms of PKC. PKC regulation of epithelial Na+ channe! function has also
been demonstrated by Awayda et a/ (1996, 2000) using purified Na channel proteins
reconstituted in planar lipid bilayers and cloned ENaC subunits expressed in Xenopus
oocytes. Activation of PKC by PMA and direct injection of purified PKC inhibited whole-cell

currents in ENaC-expressing oocytes. In planar lipid bilayers, addition of PKC, diacyl-
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glycerol and Mg-ATP decreased ENaC open probability. More recent studies by Awayda
further described the activation of PKC by PMA and subsequent inhibition of ENaC activity
tn oocytes, which included nonspecific effects on membrane capacitance.

Studies in airway epithelia suggest that increases in [Caz*]I are responsible for
inhibition of Na~ absorption. Previous studies have shown Cazt biock of ENaC activity in
planar lipid bilayers (Ismailov et al.,, 1997; Berdiev et a/, 2001). It is worth noting that open
probability and single-channel conductance of aENaC remained stable when [Caz*] was
varied within a physiologically relevant range, (between 10 nM and 1 uM.) However,
raising the [Caz‘] beyond 2 UM produced a dose-dependent decrease in single-channel
open probability (K, ~ 20 uM), or single-channel conductance (Kp ~ 6 uM) if monomeric
actin was present. Studies by Devor and Pilewski, and Mall et a/ (1999 and 2000,
respectively) suggest a role for Caz‘ tn inhibiting Na absorption, but the effects of UTP on
[Caz*], was not reported. Thus. it remains unclear whether UTP-dependent increases in
[Caz‘], were sufficient in magnitude to produce inhibition of ENaC activity. Calcium imaging
experiments n the present study show [Caz‘], increases following UTP stimulation were weil
below the [Ca:°] required to nfluence «ENaC activity in planar lipid bilayers. This result is
consistent with our conclusion that calcium is not directly responsible for Na channel
inhibition in porctne endometrial epithehal cells.

The inhibitory effects of UTP on transepithelat Na absorption have been shown to
differ significantly in magmtude and mechamsm of reguiation in a variety of epithelial cell
types. In the present study. UTP was shown to inhibit benzamil-sensitive Na absorntion by
80% in porcine endometnal epithelial ceils. This effect was due 1o direct inhibition of apical
membrane Na channels and was dependent on activation of PKC, not increases in
intracellular [Caz‘] alone. These results are consistent with previous studies of PKC
inhibition of ENaC activity and completely account for the decrease in Na absorption
observed in porcine endometrial cells. In addition to inhibition of Na absorption, UTP was
shown to stimulate Caz*-dependent ClI secretion. This effect was due to activation of apical
membrane Cl channels and basolateral membrane K~ channels.

Finally, the results of the present study demonstrate the rcle of calcium signaling
pathway on Na and CI transports using the endometrial epithelium as a mammalian model
cell system. In agreement with previous studies in other epitheiial system, increases in
intraceliular Cazt by UTP are shown to inhibit Na* absorption and stimuiate Cl secretion. In
this study, the mechanisms of Caz*-dependent inhibition of Na absorption and stimulation

of Cl secretion are aiso identified and can serve as a common pathway in endometrial

26



epithelial cells and other epithelia. In addition to the role of Ca2+ signaling pathway on ion

transport, the regulatory mechanisms of UTP interacting with P2Y receptors on ion

transport properties of epithelium are elucidated. Although the physiological significances of

UTP in uterus are not to be determined, UTP appears to have effects on electroiyte

transport in several epithelial cells especially in airway epithelial cells. The present findings

that UTP regulates ion transport properties in endometrial epithelium, like airway epithelium,

may be applied as a potential therapeutic agent for treatment of sterility in CF patient.

Future Directions

1.

To further study the P2Y-receptor mediated CaZ+-dependent and PKC regulation of
epithetial Cl' channel function

To further study the P2Y-receptor mediated regulation and PKC-dependent
reguiation of epithelial Na channel function.

To determine the physiological significance role of UTP and its release mechanism
by measuring the nucleotide concentration in endometrium under a variety of
conditions including mechanical stresg stimulation

To use primary endometrial epithelial cell cuiture system to study the effects of

hormones and signaling molecules on ion transport properties
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Transition from Basal Sodium Absorption
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The objective of this study was to investigate acute and long-term effects of
epidermal growth factor (EGF) and transforming growth factor « (TGFa) on basal
ion transport activity of glandular endometrial epithelial cells in primary culture.
The effects of EGF on insulin-dependent regulation of Na ™ transport across this
epithelium was also investigated. Addition of 1.6 nmM EGF or 2 nM TCFx to the
basolateral, but not the apical, solution inhibited both basal and insulin-stimulated
Na ™ transport with a maximum response within 45-60 min. This effect was
mimicked by the calcium ionophore ionomycin. incubation with EGF for 4 days
inhibited insulin-stimulated Na absorption in a concentration-dependent fashion
with an 1C;, value of 0.3 nM. Experiments using arnphotericin B-permeabilized
monolavers demonstrated that EGF inhibited Na transport bv decreasing apical
membrane Na conductance without affecting insulin-dependent stimulation of
the Na = —-K~ ATPase. Addition of EGF ar TGF«x for 24 h resulted in increased
basal C1~ secretion in addition to inhibiton of Na absorption. The EGF-induced
increase in C1~ secretion was inhibited in part by indomethacin. suggesting that
long-term regulation by EGF involves sumulation of arachidonic acid svnthesis
and prostaglandin release. The EGF-induced increase in indomethacin-insensitive
Cl~ secretion was prevented by the protern synthesis inhibitor cyclohexamide.
and by the DNA transcription inhtbitor actinomycin D indicating that EGF-
stimulated anion secretion required DNA transcription and protein synthesis. The
results of these studies demeonstrated that the basal transport properties of endo-
metrial epithelial cells are differentially regulated by EGF, TGFx, and insulin.
J. Cell. Physiol. 186:243-250, 2001. © 200t wiley-Liss. Inc.

-

Epidermal growth factor has been previously shown
to regulate ion transport in a variety of cells and has
been shown to have variable effects on Na * transport in
epithelial cells depending on the organ system and
species where they are found. In fibroblasts for example,
EGF increases Na™-H ™ exchange and Na*-K~-
ATPase activity (Rozengurt and Heppel, 1975). In Tsq
cells, EGF inhibits Ca®*-dependent Cl~ transport
(Uribe et al., 1996) and stimulates anion secretion in
Col-29 cells (Chinery and Cox, 1995). In alveolar type II
cells, EGF stimulates transepithelial Na™ transport
over a time course requiring 12-24h{(Boroketal., 1296).
The EGF-stimulated Na ¥ absorption in these cells
results from direct stimulation of Na*-K "-ATPase
mRNA expression and protein synthesis (Danto et al,,
1998). In intestinal epithelial cells, EGF stimulates Na-
glucose cotransport and Na* ~H ™ exchange (Horvath
et al., 1994; Khurana et al., 1996). In contrast, EGF
inhibits Na ~ absorption across the cortical collecting

© 2001 WILEY-LISS, INC.

duct (Vehaskari et al., 1991; Warden and Stokes, 1993),
Thus, in the context of regulation of Na™ absorption in
epithelia, it appears that EGF may produce either sti-
mulation or inhibition of Na ™ transport, depending on
the tissue or cell type.

Endometrial epithelial cells have been shown to syn-
thesize and secrete a variety of growth factors including
EGF, TGFx, and IGF-I (LeRoith et al., 1991). Receptors
for EGF are expressed in rat, pig and human endo-
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metrium {Lingham et al., 1988; Berchuk et al., 1989,
Kennedy et al., 1994). Immunohistochemical studies of
human endometrium have shown that EGF receptors
are localized within the glandular and surface regions of
the tissue during the proliferative and secretory phases
of the cycle {(Haining et al., 1991). EGF has been shown
tostimulate production and secretion of prostaglandins,
especially PGE; and PGF,, (Davis and Blair, 1993).
These prostaglandins have been previously shown to
regulate transport activity of endometrial epithelial
cells (Vetter and O'Grady, 1996; Deachapunya and
Q'Grady, 1998). The issue of whether EGF or the related
growth factor TGFx plays a direct role in regulation of
ion tranaport function of the endometrial epithelium has
not been previously investigated. In our previous study
we showed that cells grown in serum-enriched media
supPlemented with insulin exhibited very little basal
Na' transport (Deachapunya and O'Grady, 1998). In
contrast, endometrial cells grown under serum-free con-
ditions exhibit basal, amiloride-sensitive Na absorption.
Both IGF-1 and insulin receptors have heen previously
identified in porcine endometrial epithelial cells and
treatment with either IGF-1 or insulin produces a con-
centration-dependent increase in Na ' absorption as a
result of direct stimulationof Na " —K * ATPase activity
(Deachapunya et al., 1999). [n this study, we investi-
gated hoth acute and long-term effects of EGF and TGF~
onthe basal 10n transport properties of endometrial epi-
thelial cells cultured under defined media conditions
and examined the mechanism of EGF action on insulin-
dependent stimulation of Na  transport across this
epithelium.

MATERIALS AND METHODS
Materials

'EGF.insulin, IGF-1, innomycin, nuabain, immdometha-
an. non-essential amino acids and high-punity grade
salts were purchased from Sigma Chemical, M()
Amiloride and 5-nitro-2-(3-phenylpropylaminos benzoic
acid (NPPB) were purchased from Research Biochem-
ical International, MA, and benzamil from Molecular
PTUIJIESfEugene, OR). TGF~«, Dulbecco's modified Eagle's
medium (DMEM), Dulbecco's phosphate bhuffer saline
(DPBS}), fetal bovine serum (FBS), collagenase (type 1),

hamycin, penicillin-streptomycin, and fungizone
were purchased from Gibeo Grand I[sland, NY.

Cell isolation and culture

Porcine uterine tissues were collected from 4- to 5-
month-old Yorkshire-Pietrain cross pigs purchased
om stock herds maintained by the University of
innesota College of Agriculture. Uteri were ohtained
om pigs that were euthanized at the University of
Innesota Meat Sciences Laboratory by the captive holt
@thanasia procedure approved hy the University
Amrpal Care Committee and supervised hy a USDA
Certified veterinarian. The tissue was placed in ice cold
Porcine galine solution containing (in mM): 130 NaCl, 6
'§Cl. 3 CaCl,, 0.7 MgCl,, 20 NaHCO4, 0.3 NaH,POy, 1.3
IaﬁaHPO,h pH 7.4. After removal of the sernsal muscle
yer, the endometrial tissue was minced into small
ece8 (=1 mm?) and washed twice with Ca®" - and
g~ -free DPBS. The tissue fragments were then
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subjected to collagenase digestion and the epithelial
glands were isolated as described previously (Deacha-
punya and O'Grady, 1998). The epithelial glands were
suspended in DMEM supplemented with 3.7 giliter
godium bicarbonate, 10% FBS, 850 nM (5 pyg/m]) insulin,
1% nonessential amino acids, 5 ug/ml fungizone, 100 U/
ml penicillin, 100 pg/ml streptomycin and 100 ug/ml
kanamycin {(standard media). They were then plated
onto cell culture dishes and incubated at 37°C in a
humidified atmosphere of 5% CO), in air. Culture
medium was changed after 24 h and then every 2-3
days. After confluency (within 3—4 daya), the epithelial
cells were then subcultured onto 24 mm (4.5 ¢cm?) tra-
nsparcnt permeable membrane filters (Costor, Cam-
bridge, MA). To study the long-term effect of growth
factors, epithelial cells were grown on membrane filters
in DMEM supplemented with 10% FBS for 7 days and
then repiaced with Phenol Red-free DMEM (serum-lree
media) supplemented with cither insulin, EGF or TGF
for 4 days.

Meusurement of electrical parameters

Transepithelial resistance of cell monolayers was

measured using the EVOM epithelial voltohmmeter
coupled to Ag/AgCl ‘chopstick’ clectrodes (World
Precigion lnstruments). High resistance monolayers
=2 3000 em?) were mounted in Ussing chambers,
bathed on hoth sides with standard porcine Ringer
solution which was maintaineed at 370 and bubbled
with 95% 0, =5% (20}, Transepithelial potential differ-
Gree, tissure conductance and short-circurt, current (£ )
weres measured with the ase of voltage-clamp circuitry
from JWT Engineering (Overland Park, KS). The data
from the voltage clump experiments was digitized,
stored and analyzed using Workbench data acoquisition
software (Kent Scientifie Corporation, Litchfield, €T)
and recorded with o Compadg pentium microcomputer.
All colls were pretreated with indomethacin 010 pM)
added to hoth apical and basolateral seiutions at least 10
min before the beginning of the experiment.

For experiments involving moensurement of mem-
brane permeability, a World Precision Instrument epi-
thelial voltage clamp (Sarasota, FLY was used to voltage
clamp the monolayers. The data were recorded using a
compar pentium microcomputer with a Dagan LM-12
A-D interface. Voltage-step commands and the resul-
tant currents were gencrated using pCLAMP software
{Axon Instruments). Current—voltage relationships
were determined using amphotericin B~pcrml;abi]ized
monolayers mounted in Ussing chambers. 'I:hf: intracel-
lular compartment was bathed with KMe50), xnlutlr{n
eontaining (in mM): 120 KMeS504, 30 mapnitol, 5 NaCl,
3 calcium glueonate, 1 MgS0,, 20 KHCOy, 0.3 KH,PO,,
1.3 K,HPO,, pH 7.4. Amphntericin B (10 uM) was added
to perforate the membrane. The extracellular compart-
ment was hathed with standard porcine yaline snlu-
tion or NaMeS0, saline solution. The composition of
NaMeS0Q, solution was similar to KMeS0, saline
solution except Na ' was used to replace K°. The [-V
relationships were obtained by a series of voltage step
commands described in the figure legends. The com-
pound-sensitive current components were r_)h_r,mned by
subtracting currents before and after addition of the
compound. The Na "K' selectivity ratio {Pno/Pr) for
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'the benzamil-sensitive conductance was calculated
Ifrom reversal potential (E,.,) measurements using the
Goldman—Hodgkin—-Katz equation [E...=RT/zF In
| {Pna INaD/( Pk [(KD)].

Statistics

All values are presented as means + SEM, n is the
number of monolayers, and N the number of animals in
each experiment. The differences between control and
treatment means were analyzed using a ¢t-test for paired
or unpaired means where appropriate. A value of
P < 0.05 was considered statistically significant. ICs,
values were determined using a four-parameter logistic
function to fit the data (Prism™! 2.0, GraphPad Soft-
ware, Inc.. San Diego, CA). The concentration of each
compound at 50% maximal effect was determined from
the equation.

RESULTS
Short-term effect of EGF on I

Addition of 1.6 nM (10 ng/ml) EGF to the basolateral
selution of cell monolayers produced a decrease in basal
I from37 =3 A to3 = 1 uAn =13, N = 5 asillustrated
in Figure 1A. Subsequent addition of 850 nM insulin to
the basolateral solution produced no additional change
in I... In Figure 1B. addition of 850 nM insulin sti-
mulated the /. by 37 =3 nA 1n =6, N =4). Subsequent
addition of EGF inhibited both insulin-stimulated 7.,
and basal /.. from 67 = 53uAto 3.5 =03 uA{n =6, N=4).
Similar toe EGF. the insulin-stimulated /.. and the basal
I were inhibited by addition of 1.5 uM lonompyein to
both apical and basolateral solutions as presented in

Figure 1C.

Long-term effect of EGF on basal and
benzamil-sensitive I,

The effects of growth factors on basal /.. and benzamil-
sensitive /. are shown in Figure 2. Cells were allowed to
grow in standard media for 1 week and replaced with
serum-free media alone or serum-free media supple-
mented with growth factors (either insulin, IGF-1, EGF
or TGFx) for 4 days. In standard media, 20% of the basal
I was inhibited by the Na channel blocker, benzamil (5
uM). The average basal I,. and benzamil-sensitive Io
were 34 + 3 A and 8 =2 nA (n =12, N = 5) respectively.
The basal /., was markedly decreased in serum-free
Media (13 & 2 pA) with no change in benzamil-sensitive
I,(9+2uA, n =9, N =4). Addition of 850 nM insulin or
13 nM IGF-I to the basolateral bathing media signifi-
cantly increased I, (48 & 3 pA for insulin and 27 £5 pA
for IGF-1) and also stimulated the benzamil-sensitive fg.
(41+3uA,n =23, N =10forinsulinand23 +5uA,n =71,
N=5 for IGF-I). Under insulin or IGF-I treatment
¢onditions, the benzamil-sensitive I, accounted for 82—
85% of the basal I.. (Fig. 2A). Addition of 1.6 nM EGF to
the bathing media for 4 days also significantly increased
the basal /., (45 +4 uA), however, the benzamil-sen-
Sitive [, was reduced (1.7 £0.4 pA, n =6, N=4) when
Compared to serum-free media conditions. The same
results were obtained when the cells were treated with 2
oM TGFx with a basal I, of 53 + 3 pA and a benzamil-
sensitive I, of 7+ 1 uA (n =5, N=3). Under EGF and

Fx treatment, the benzamil-sensitive I, accounted
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Fig. 1. Effect of EGF on basal and insulin-stimulated /.. Represen-
tative tracings showing the decrease in /. following addition of 1.6 nM
EGF to the basolateral solution of monolayers grown in serum-free
media for 4 days. A: EGF produced a slow decrease in basal /,. within
15 min and reached a minimum plateau in 1 h. B: EGF also decreased
the I.. stimulated by 850 nM insulin added to the basolateral solution.
C: Addition of 1.5 uM ionomycin to both apical and basolateral sclu-
tions produced a similar decrease in insulin-stimulated /...

for 4-14% of the basal I, and the remaining current was
inhibited by the C1~ channel blocker NPPB, as illu-

strated in Figure 2A.

Effect of EGF on ouabain-sensitive current
across the basolateral membrane

In the following experiment we addressed the ques-
tion of whether inhibition of insulin-stimulated Na
absorption by EGF involved a direct inhibitory effect
on Na—K-ATPase activity. Experiments were perfor-
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Fig. 2. Long-term effects of insulin, IGF-I, EGF and TGFx on basal
and benzamil-sensitive I,.. A: Representative tracings showing the
decrease in [,; after addition of 5 .M benzamil to the apical solution of
the cells grown in the presence of insulin (left panel) and EGF (right
Paflen for 4 days. The subsequent additions of 100 uM NPPB to the
apical solution produced a large decrease in the remaining I,; of EGF-
treated cells. B: Bar graph illustrating the basal I, and the absolute
decrease in I, after addition of 5 WM benzamil to the apical solution.
Cells were treated with 850 nM insulin or 1.3 nM IGF-I, 1.6 nM EGF
and 2 nM TGFx for 4 days (SM, serum-containing media; SFM, serum

media; INS, insulin; IGF, IGF1). Insulin, IGF-1, EGF and TGFx
were added to cells maintained in serum free media.

med using amphotericin B-permeabilized (apical mem-
br{mE) monolayers mounted in Ussing chambers. The
apical surface of the epithelium was bathed with
KMeSO, saline solution while standard saline solution
Was used to bathe the basolateral surface. The basolat-
eral membrane voltage was held at 0 mV. Pump current
Was determined by subtracting the initial current before
and 10 min after basolateral addition of 100 M ouabain
(Fig. 3). The ouabain-sensitive current after pretreat-
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Fig. 3. Effects of EGF on ouabain-sensitive current in the basclateral

membrane. Monolayers were bathed on the basclateral surface with
standard Ringer solution and the apical surface with KMeSQ, Ringer
solution with 5§ mM NaCl. Amphotericin B (10 M) was used to
permeabilize the apical membrane. Quabain (100 uM) was added to
the basolateral solution of the monolayers grown in serum-free media
for 2 days. The ouabain-sensitive current is shown beforein =5, N =4)
and after treatment with 850 nM insulin tn =6, N =4) added to the
basolateral membrane. The following addition of 1.6 nM EGF after
insulin treatment had no stgnificant change in the ouabain-sensitive
current (n =6, N=3)

ment with insulin for 15 min was approximately two-
fold greater in magnitude compared with the current
measured under basal conditions. Addition of 1.6 nM
EGF after insulin treatment had no significant effect on
the ouabain-sensitive current, suggesting that EGF had
no effect on insulin-dependent stimulation of the pump.

Effect of EGF on benzamil-sensitive, apical
membrane Na conductance

Experiments were performed with amphotericin B-
permeabilized monolayers under conditions where the
basclateral surface of the epithelium was permeabilized
and bathed with KMeS0Q, saline solution and NaMeSQO,
saline solution was used to bathe the apical surface.
Apical membrane voltage was held at 0 mV and then
stepped from —100 to + 160 mV in 10-mV increments.
The current—voltage relationship for the benzamil-sen-
sitive current cbtained from cells treated with insulin
{850 nM) for 4 days is shown in Figure 4. The benzamil-
sensitive current exhibited slight inward rectification
with a mean reversal potential of 65 £+ 4 mV (n = 7) and
the Na:K selectivity ratio was calculated to be 11.6:1.
Cells grown in the presence of insulin and EGF (1.6 nM)
showed a significantly decreased Na = conductance from
0.37 +£ 0.05 mS for insulin treatment (4 days) alone to
0.04 £0.02 mS and 0.07 £ 0.01 mS for 1 h and 4 days of
treatment with EGF, respectively. No significant
change in reversal potential was observed following
treatment with EGF at either 1 h or 4 days.
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Fig. 4. Effects of EGF on apical benzamil-sensitive Na permeability.
The benzamil-sensitive component of the apical membrane current is
plotted as a function of voltage. Experiments were performed under
conditions where the basolateral surface was bathed in KMeSO,
saline solution with 5 mM NaCl and permeabilized with amphotericin
B. NaMe3O0, saline solution with 5 mM KCl was used to bathe the
ap!ca] surface of the epithelium. Benzamil (5 tM) was added to the
apical solution of the cell monolayers treated with 850 nM insulin for 4
days in =7, W = 4) or with 850 nM insulin in the presence of 1.6 nM
EGF for 4 days ‘n =5, N =3, long-term) or 1 h th =35, ¥ =3, short-
erm;. Mean reversal potentials for benzamil-sensitive currents were
63+4mV. 68 = 1 mV and 55 = 3 mV for insulin alone, insulin + EGF
fer 1 h and insulin — EGF for 4 days. respectively.

Long-term effect of EGF on
insulin-stimulated I,

The absolute decrease in I, in response to 5 uM ben-
zamil after 4 days of treatment with 850 nM insulin and
EGF concentrations ranging from 0.016 to 16 nM is
shown in Figure 5. EGF inhibited the insulin-stimu-
lated, benzamil-sensitive [, with an estimated ICsp
value of 0.32 nM.

Effect of EGF on basal anion secretion

. Cells treated with EGF for 4 days showed an increase
In basal /,., which was inhibited by NPPB, suggesting
that EGF increased basal anion secretion (Fig. 6A). An
ititialincrease in basal I,. by EGF was observed onday 1
which averaged from 13 + 2 pA (n =9, N=4) in serum-
free media to 32 £ 5 uA (n = 7, N =4) in EGF containing
Media. The increase in basal I,. by EGF was abolished
When cells were treated with 50 ng/ml actinomyecin D
(12+2 uy, n=5, N=3) or 100 ng/ml cyclohexamide
68+07 uA, n=11, N=5) for 1 day (Fig. 6A). The
amil-sensitive I, decreased from 3.4 = 0.8 pA for
EGF alone t0 1.6 + 0.6 jiA and 0.8 + 0.5 pA for EGF with
actinomycin D and cyclohexamide, respectively. Figure
‘?QmOnstrates that the absolute increase in [, after
addition of 3 M PGE- to the basolateral solution of
EGF, EGF + actinomycin D or EGF + cyclohexamide
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Fig.5 Effect of EGF on insulin-stimulated /.. Bar graph illustrating

the absolute decrease in [, after addition of 3 uM benzamil to the
apical solution of monolayers treated with 350 nM insulin in the
presence of various concentrations of EGF for 4 days «n = at least 5 and
¥ = at least 3 in each experument}. Single concentrations of EGF were
applied to groups of at least five monolayers at each concentration
shown in the graph. The ICsy value for EGF-inhibited. insulin-
stimulated Na ~ absorption was 0.3 nMl.

treated monolayers were not significantly different with
an average increase of 29 =4 nA for EGF alone and
29 + 7 uA and 29 = 3 pA for EGF with actinomycin D and
cyclohexamide, respectively. In addition, we also obser-
ved that treatment of monolayers maintained under
serum-free conditions also responded in a similar man-
ner to stimulation with 3 uM PGE. indicating that
transport proteins required for anion secretion are
present but not active in the absence of serum or EGF

treatment.

Effects of EGF and TGFx on autocrine
regulation of ion transport by
prostaglandins

EGF has been shown to stimulate prostaglandin pro-
duction in primary cultures of endometrial cells (Bany
and Kennedy, 1995). Since PGE. stimulates Cl~ secre-
tion in endometrial epithelial cells (Deachapunya and
O'Grady, 1998), we investigated whether a portion ofthe
increase in anion secretion produced by EGF results
from an increase in prostaglandin production and re-
lease from the epithelium. The absolute decrease in [
following addition of the cyclooxygenase inhibitor
indomethacin (10 pM) to both apical and basclateral
solutions at the beginning of the experiment is shown in
Figure 7. The indomethacin-sensitive [, significantly
increased following EGF or TGFx-treatment.

DISCUSSION

Specific binding sites for EGF have been previcusly
identified in glandular epithelial cells and stromal cells
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Fig. 6. Effects of actinomycin D and cyclocheximide on EGF-stimu-

lated anion secretion. (A} Bar graph illustrating the basal I, and the
absolute decrease in /.. after addition of 5 uM benzamiil to the apical
solution of monolayers. (B) The absolute increase in I, after
subsequent addition of 3 uM PGE, to the basolateral solution of the
same monclayers. The cells were treated with 1.6 nM EGF alone
ir=17, N =4) or EGF with 50 ng/ml actinomycin D (AcD), (n =5, N =3}
-0r 100 ng/mi cycloheximide (CyX) trn =11, N =5) for 24 h.

isolated from pig endometrium {Zhang et al., 1992). In
the present study, EGF and TGFa inhibited Na™
absorption when added to the basolateral solution, but
not the apical solution, suggesting that receptors for
these growth factors were localized to the basolater:a.l
membrane. The ionic basis of the transient increase m
I, shortly after EGF addition to the basolateral solution
1s not understoed but could involve a transient stimula-
tien of anion secretion as basal Na* transport decre-
ases. The EGF-dependent decrease in I, results from
reducing Na™* entry through benzamil-sensitive Na
channels located in the apical membrane. This conclu-
‘Slon is supported by the observation that the decrease in
I was temporally associated with a decrease in slope of
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Fig. 7. Effects of EGF and TGFx on indomethacin-sensitive basal
current. Bar graph illustrating the absolute decrease in [, after
addition of 10 pM indomethacin to both the apical and basolateral

solution of monolayers treated with serum-free media (n =9, N =35),
1.6 oM EGF (n =17, N=6) or 2 nM TGFx (n = 12, N = 5} for 4 days.

the benzamil-sensitive current—voltage relationship.
EGF was also found to inhibit insulin-stimulated Na
absorption by reducing apical membrane Na ~ conduc-
tance, but had no effect on insulin-dependent stimula-
tion of Na—K-ATPase activity. Moreover, pretreatment
of monolayers with EGF was shown to block insulin-
stimulated increases in benzamil-sensitive Na absorp-
tion in a concentration-dependent manner with half
maximum inhibition at 0.32 nM. This IC54 value isin a
range that was previously reported for the effects of EGF
on prostaglandin production (Bany and Kennedy, 1995;
Mitchell, 1991). In addition, the inhibitory actions of
EGF on Na™ transport reported in this study are in
agreement with those observed in cortical collecting
duct where acute exposure to peritubular EGF inhibited
the transepithelial Na~ flux and produced significant
hyperpolarization of the apical membrane, consistent
with a reduction in Na™ conductance (Vehaskari et al.,
1991; Warden and Stokes, 1993).

Several growth hormones, including EGF, require an
increase in cytosolic Ca®*, derived from intracellular
stores to stimulate mitogenesis (Moolenaar et al., 1986;
Chen et al., 1987). Mobilization of intracellular Ca®™*
following stimulation of the EGF receptor has been
shown in some cell types to be the result of EGF-receptor
coupling to phospholipase C-y (PLC). At the present
time, there is some evidence to indicate that the
inhibitory effect of EGF on Na transport involves an
increase in intracellular Ca®* (Frindt and Windhager,
1990; Hebert et al., 1991; Vehaskari et al., 1991). In the
present study, we found that increasing intracellular
[Ca® ] with ionomycin could mimic the effect of EGF on
I.., suggesting some role for Ca®* or PKC in EGF sig-
naling. Another possible mediator of EGF action on Na
transport could be arachidonic acid since EGF is known
to stimulate arachidonic acid synthesis (Nakano et al.,
1995) and experiments with A6 epithelial cells have
shown that apical release of arachidonic acid inhibits
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epithelial Na channels (Worrell et al., 1999). Indirect
evidence for EGF stimulation of arachidonic acid syn-
thesis and metabolisin was observed in the present
study as indicated by a two- to three- fold increase in
indomethacin sensitive /. reported in Figure 7 following
EGF or TGFx stimulation.

Incontrast to the acute inhibitory effects of EGF on Na
transport in cortical collecting duct and in endometrial
epithelial cells, long-term (12 h) exposure of alveolar
epithelial cells to EGF produced an increase in amilor-
ide-sensitive Na = absorption (Borok et al., 1896). In the
present study, we observed that exposure to EGF for a

iod of 24 h produced an increase in [, that was
blocked by inhibitors of C1~ channel activity in the apical
membrane. OQur results indicated that long-term treat-
ment with EGF stimulated basal Cl~ secretion, similar
in magnitude to that which was previously observed
when endometrial epithelial cells were cultured in the

sence of serum. Moreover, increases in Cl™ secretion
produced by EGF or TGF« were blocked by inhibitors of
DNA transcription and protein synthesis. PGE,-stimu-
lated C1~ secretion was not affected by actinomycin D or
cyclohexamide. Thus it appears that endometrial epi-
thelial cells express the necessary Cl~ transport pro-
teins required to produce and sustain Cl~ secretion
following PGE; stimulation under serum free conditions
and in the absence of EGF. We suggest that up-
regulation of basal Cl~ secretion after several hours of
exposure to EGF or TGF+ may involve transcription and
expression of a new populartion of Cl~ channels or the
expression of regulatory proteins that control the basal
activities of Cl™ transport proteins already present in
the epithelium. Increased expression of specific protein
kinases or inhibition of phosphatases could be a result of
long-term EGF stimulation that would alter phosphor-
ylation states of anion transport proteins and perhaps
enhance the basal Cl~ secretory activity of the mono-

er.

In endometrium, EGF was previcusly shown to play
an important role in uterine cell growth and differentia-
tion, blastocyst implantation and prostaglandin produc-
tion. EGF and TGF'% were shown to stimulate PGE; and
PGF,, secretion by glandular epithelial and stromal
cells isolated from pig and human uterus (Mitchell,
1991; Zhang et al.,, 1992). Studies in rat endometrium
demonstrated that EGF increased prostaglandin pro-
duction through a mechanism that involved an increase
in cyclooxygenase activity (Bany and Kennedy, 1995).

ese observations suggest the possibility that EGF
might act to increase prostaglandin release and in turn
stimulate Cl secretion. By using indomethacin to inhibit
cyclooxygenase activity, we demonstrated that treat-
ment with EGF and TGF« for 4 days significantly incre-
ased the indomethacin-sensitive I, that accounted for
35-40% of the basal /,.. This result suggested that, in
addition to its direct effect on basal C1™ secretion, long-
term treatment with EGF appears to stimulate Cl”
secretion presumably by increasing arachidonic acid
Metabolism, resulting in an increase in prostaglandin-

€ dent stimulation of Cl~ secretion. A similar fin-
ding was reported in col-29 cells where EGF-stimulated
ahion secretion was predominantly inhibited by the
¢yclooxygenase inhibitor, piroxicam (Chinery and Cox,
1995). It is worth noting however that prostaglandin
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synthesis and release was not directly measured in the
present study, thus additional experiments document-
ing the effects of EGF on prostaglandin synthesis will be
needed to confirm the our results with indomethacin.
In conclusion, EGF and TGFx are capable of produ-
cing significant changes in the basal transport proper-
ties of primary endometrial epithelial cells, Both growth
factors acutely abolished Na~ transport by inhibiting
benzamil-sensitive Na~ channels under basal and
insulin-stimulated conditions. This effect may be due
to release of arachidonic acid and subsequent inhibition
of Na™ channel activity, or could involve changes in
intracellular (Ca®*] or PKC activity that, in turn,
inhibit basal and insulin-stimulated Na™ transport
across the epithelium. Long-term treatment with EGF
increased basal Cl~ secretion and this effect was pre-
vented by actinomycin D and cyclohexamide. This result
suggested that long-term regulation of Cl~ secretion by
EGF required DNA transcription and protein synthesis.
EGF was also found to stimulate prostaglandin syn-
thesis and release, which in turn produced autocrine
stimulation of Cl™ secretion across the monolayer. These
observations indicate that EGF and TGF« may play an
important role in regulating the basal transport pheno-
type of the endometrial epithelium during phases of the
reproductive cycle where local EGF or TGF« production
is enhanced by circulating hormones such as estrogen.
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ABSTRACT

The objective of this study was to investigate the mechanism of UTP-dependent
inhibition of Na” absorption in porcine endometrial epithelial cells. Acute stimulation with UTP
(5 uM) produced inhibition of sodium absorption and stimulation of chloride secretion.
Experiments using basolateral membrane permeabilized cell monolayers demonstrated a
reduction in benzamil-sensitive Na“ conductance in the apical membrane following UTP
stimulation. The UTP-dependent inhibition of sodium transport could be mimicked by PMA (1
uM). Three different PKC inhibitors, G&6983 (a nonselective inhibitor). rottlerin (a PKCS
selective inhibitor), and G66976 (a PKCa selective inhibitor), were shown to prevent UTP-
dependent inhibition of the benzamil-sensitive Isc. In addition, treatment with a second
nonselective PKC inhibitor, GF109203X, completely blocked the reduction in benzamil-
sensitive Na® conductance following UTP stimulation. Finally. inhibition of the benzamil-
sensitive [sc by UTP was observed in the presence of BAPTA-AM (50 puM), confirming that
activation of PKC, and not increases in [Ca’"], alone, were directly responsiblc for the inhibition

of apical Na™ channels and transepithelial Na™ absorption.

Kevwords: P2Y receptor. ENaC, benzamil, chloride secretion, calcium-activated chloride

channel

INTRODUCTION
In porcine endometrium, surface epithelial cells exhibited a basal Na™ absorption that was

inhibited by amiloride and regulated by PGF2a' and cAMP (Vetter and O’Grady. 1996). More
recent studies using glandular endometrial epithelial cells in cuiture showed distinct basal
transport phenotypes depending on the growth factor used to maintain the cells (Deachapunya
and O’Grady, 2001; Deachapunya et al., 1999). Basal benzamil-sensitive sodium absorption was
characteristic of glandular endometrial cell monolayers grown under serum-free conditions. or in
the presence of insulin or insulin-like growth factor (IGF-1). Acute stimulation with insulin or
IGF-1 enhanced sodium absorption by increasing Na'-K" ATPase transport activity and

basolateral membrane K* conductance, without increasing the apical membrane benzamil-

sensitive Na® conductance. The enhanced Na’-K” ATPase activity was due to activation of

phosphatidylinositol 3-kinase and subsequent stimulation of a protein phosphatase. Long-term



treatment with ‘insulin additionally enhanced sodium absorption with a further increase in Na*-K*
ATPase activity and benzamil-sensitive Na* conductance.

P2Y receptors have been identified on the apical membrane of both mouse and porcine
endometnal cells (Chan et al, 1997; Palmer-Densmore et al, 2000). Most P2Y receptor subtypes
are G-protein receptors that couple to Gy and activate phospholipase C (PLC) upon agonist
stimulation. PLC activation subsequently initiates both diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP;) production, resulting in activation of protein kinase C (PKC) and increases in
intracellular calcium concentrations ([Ca’*];). Previous studies have shown that ATP or UTP-
dependent increases in [Ca™™); stimulate chloride secretion in both porcine and mouse
endometrial epithelial cells (Palmer-Densmore et al, “chapter in book submitted”; Chan et al,
2000). In these celis, a DIDS-sensitive, Ca’"-activated anion channel has been identified in the
apical membrane and is an essential component of Ca’’-dependent anion secretion. In
basolateral membrane permeabilized porcine endometrium, ion replacement experiments show
that the UTP-acuvated current is both chloride and bicarbonate-dependent.  [n addition to
activating apical C1" channels, UTP opens basolateral K~ channels. Two of these K™ channels
have been identified in porcine endometrial epithelial cells and are activated by increases in
either [Ca™"], or PKC. thus providing the driving force for sustained chloride efflux across the
apical membrane.

P2Y receptor activation has been found to decrease sodium absorption in mouse

endometrial epithelial cells (Wang and Chan. 2000). [n addition, UTP was found to inhibit

sodium absorption in wild type and mutant CFTR-expressing human bronchial epithelia, as well
as nasal epithelia from normal and cystic fibrosis patients (Devor and Pilewski, 1999; Mall et al,
2000). However, the mechanism for UTP-dependent inhibition of sodium absorption is not well
understood. In the present study, we investigated the effects of UTP on the Na” transport
properties of primary endometrial epithelial cells grown in the absence of serum or presence of
insulin. UTP was found to produce a dramatic inhibition of Na® transport that involved a
decrease in apical membrane Na” conductance. We demonstrated that inhibition of benzamil-

sensitive Na™ channels was dependent on PKC activation and was not directly dependent on

increases in [Ca®"T;.



MATERIALS AND METHODS
Materials

UTP, 1,2-bis (2-aminophenoxy) ethane-N, N, N’, N’-tetraacetic acid tetrakis
(acetoxymethyl| ester) (BAPTA-AM), insulin, indomethacin, non-essential amino acid and high
purity grade salts were purchased from Sigma Chemical (St. Louis, MO). S—n’itro-Z-(3—
phenylpropylamino) benzoic acid (NPPB) was purchased from Research Biochemical
International (Natick, MA) and benzamil from Molecular Probes (Eugene, OR). G66983,
Go66976 and rottlenn were obtained from Biomol (Plymouth Meeting, PA). Dulbecco’s
modified Eagle’s medium (DMEM), Dulbecco’s phosphate buffer saline (DPBS), fetal bovine
serum (FBS). collagenase type 1, kanamycin, penicillin-streptomycin and fungizone were

purchased from Gibco BRL (Grand Island, NY).

Cell isolation and culture

The epithelial glands were isolated from pig uterus as described previously
(Deachapunva and O’'Grady, 1998). The isolated glands were suspended in DMEM
supplemented with 3.7 gL sodium bicarbonate, 10% FBS, 5 ug/ml insulin, 1%, non-essential
amino acid. 5 pug ml fungizone, 100 U/ml penicillin, 100 pg/ml streptomycin and 100 ugrmi
kanamycin (standard media). They were plated onto cell culture dishes and incubated at 37°C in
a humidified atmosphere of 5% CO-. in air. Culture medium was changed after 24 hours and
then every 2-3 days. After 80% confluency (within 2-3 days), the stromal cells were easily
removed by trypsinization for 5 minutes and the epithelial cells were further trypsinized and
subcultured onto 24 mm (4.5 cm”) transparent permeable membrane filters (CoStar. Cambridge,
MA). After plating on filters, monolayers were fed every two days and maintained in standard
media for 7 days. The standard media was subsequently replaced with DMEM (serum-free

media) or DMEM supplemented with 850 nM insulin for 3 days.

Measurement of monolayer electrical properties

Transepithelial resistance of the cell monolayers was measured using the EVOM
epithelial voltohmmeter coupled to Ag/AgCl “chopstick” electrodes (World Precision
Instruments, New Haven, CT). High resistance monolayers (~3000 Qcm’) were mounted in

Ussing Chambers, bathed on both sides with standard porcine saline solution containing (in



mM): 130 NaCl, 6 KCI, 1.5 CaCly, 1 MgCly, 20 NaHCO;, 0.3 Na H,PO,, 1.3 Na,HPO,, pH 7.4,
which was maintained at 37°C and bubbled with 95% O, / 5% COs,. Transepithelial potential
difference, monolayer conductance and short circuit current (Isc) were measured with the use of
voltage-clamp circuitry from JWT Engineering (Overland Park, KS). The data from the voltage
clamp experiments was digitized, stored and analyzed using Workbench data acquisition
software (Kent Scientific Corporation, Litchfield, CT) and recorded with a Pentium
microcomputer. All cells were pretreated with indomethacin (10 pM) added to both apical and
basolateral solutions at least 10 minutes before the beginning of the experiment to eliminate
endogenous prostaglandin production. PGE, is endogenously produced by porcine endometrial
epithelial cells and has been shown to regulate Cl” secretion (Deachapunya and O’ Grady, 1998).
For experiments involving measurement of membrane conductance, amphotericin B (10
nM) was used to permeabilize the apical or basolateral membranes of the monolayers mounted
in Ussing chambers. The permeabilized membranes were bathed with KMeSOQ, saline solution
containing (in mM): 120 KMeSO4, 5 NaCl, 3 calcium gluconate, 1 MgSO,. 20 KHCO., 0.3
KH-PO,, 1.3 K:HPO,. 30 mannitol, pH 7.4, while the intact membranes were bathed with
standard porcine saline solution. A World Precision [nstrument epithelial voltage clamp
(Sarasota, FL) was used to voltage clamp the monolayers. The data was recorded using a
Pentium microcomputer with an Axon Instruments TL-1 interface. Voltage step commands and
the resultant currents were generated and recorded using pCLAMP software ( Axon Instruments).
Current-voitage relationships were obtained by a series of voltage step commands described in
the figure legends. The compound-sensitive current components were obtained by subtracting

currents before and after addition of UTP or blocker compounds.

Measurement of intracellular calcium

Cells were seeded at low density on glass coverslips for 48 hours. After adhesion to the
coverslips, the cells were washed with Hanks balanced salt solution (HBSS) containing 10 mM
glucose, 10 mM HEPES, pH 7.4. The cells were then loaded with 10 uM fura-2-AM (Molecular
Probes, Eugene, OR) for 45 minutes at 37°C, washed in HBSS, mounted onto a Plexiglas
chamber (150 pl volume, Warner Instruments, Hamden, CT), and transferred to the stage of a
Nikon Diaphot inverted microscope with an epifluorescence attachment. The chamber was

perfused with HBSS at 2-3 ml / minute at room temperature. Fluorescence in single cells was



visualized using \a Nikon UV-fluor 40X oil-immersion objective. The fluorescence excitation,
image acquisition and real-time data analyses were controlled by the Image-I Metamorph
software (Universal Imaging, Westchester, PA) running on a Pentium microcomputer. [Ca™"],
was measured as the ratio of fluorescence emitted at 510 nm when the cells are alternately
excited at 340 nm and 380 nm [F340/F1s0].

Western Blot Analysis

Cell monolayers were solubilized with lysis buffer (50mM Tris-HCI, 1% NP-40, 0.25%
sodium deoxycholate, 150mM NaCl, ImM EGTA, ImM PMSF, 1 ug/ml aprotinin, and 1mM
NaF, pH 7.4) at 37°C for 30 minutes. A protein assay was performed using a BCA Protein
Assay Kit by Pierce. Proteins were separated by PAGE (8%). Electroblotting was done using
Immobilon-P  (Millipore Corp.). The electroblot assembly was placed into the electroblotting
apparatus (Trans-Blot Cell; Bio-Rad Laboratories) and blotting was performed at 16V overnight
on ice. After the blots were removed, they were washed twice, and then blocked in freshly
prepared 1X TBS-tween containing 3% nonfat dry milk (MLK) for 1 hour at 20-23°C with
constant agitation. After washing, blots were reacted overnight in primary antibody. 13 mi
freshly prepared 1X TBS-tween containing 3% MLK with appropriate dilution of the primary
antibody (human anti-rabbit PKCa«, B1,, 32.8. J, €, 6 . i, n polyclonal antibody from Santa Cruz
Biotechnology). The next day, blots were washed and reacted with secondary antibody, alkaline
phosphatase-labeled goat anti-rabbit. Secondary antibody was diluted 1:3000 1n 1X TBS-tween
containing 3% MLK and was reacted for 1-2 hour. After washing, alkaline phophatase color
reagent was added to 100 mi 1X alkaline phosphatase color development buffer at room

temperature. Blots were incubated in development buffer until bands were clearly developed.

Statistics
All values are presented as means + S.E.M., n is the number of monolayers and N is the

number of animals in each experiment. The differences between control and treatment means

were analyzed using a t-test for paired and unpaired means where appropriate. A value of

P<0.05 was considered statistically significant.



RESULTS

Acute effects of UTP on sodium absorption and chloride secretion. The basal electrical
properties of cultured porcine endometrial epithelial cells have been previously described
(Deachapunya and O’Grady 2001, Deachapunya et. al. 1999 and Deachapunya and O'Grady
1998). In order to maximize basal sodium absorption, cells were cultured under se;'um-free
conditions in the presence of insulin for three days. To determine the acute effects of UTP on
basal sodium absorption and chloride secretion, cell monolayers were mounted in Ussing
chambers and bathed on both sides with standard porcine saline solution. In Figure 1A, the basal
short circuit current (Isc) was predominantly benzamil-sensitive, and the Cl- channel inhibitor,
NPPB, blocked the-remaining Isc. After the addition of UTP (5 uM), the new steady-state Isc
was predominantly NPPB-sensitive (Fig. 1B), whereas the benzamil-sensitive Isc was nearly

abolished after stimulation with UTP.

PMA mimics the effects of UTP on inhibition of sodium absorption. In order to illustrate further
the inhibition of sodium absorption by UTP, cells were maintained under serum-free conditions
and acutely stimulated with insulin (850 nM). Previous studies have characterized the acute
insulin response as an increase in benzamil-sensitive sodium absorption resulting from enhanced
Na -K -ATPase activity and an increase in basolateral membrane K~ conductance (Deachapunva
and O'Grady, 1999). As shown in Figure 2A, addition of UTP (1 puM) inhibited the insulin-
stimulated [sc and part of the basal Isc. This effect was mimicked by 1 uM phorbol 12-myristate
13-acetate (PMA), an activator of protein kinase C (PKC), (Fig. 2B). To determine whether
increases in intracellular calcium were responsible for PMA-mediated inhibition of sodium
absorption, calcium-imaging experiments with fura 2 loaded primary endometrial cells were
conducted. Addition of PMA (1 uM) failed to show a detectable increase in intracellular

. . 2 . )
calcium, whereas a concentration-dependent increase in [Ca "], was observed after stimulation

with 1 and 5 uM UTP, (Fig. 2C).

Effects of UTP on sodium transport across the apical membrane. To investigate the effects of
UTP on apical membrane Na® conductance, benzamil-sensitive difference currents were
determined from basolateral membrane permeabilized monolayers. Apical membrane currents

were elicited using a voltage step protocol from -100 to +95 mV in 15 mV increments at a



holding potential ‘of 0 mV. Benzamil (5 uM) was added to the apical solution in the absence
(control) or presence of 5 uM UTP. The representative traces in Figure 3A show the benzamil-
sensitive difference current without UTP (upper trace) and in the presence of apical UTP (lower
trace). Figure 3B represents the benzamil-sensitive current-voltage relationship before .and after
UTP (1 uM), where a decrease in apical membrane conductance was apparent after comparing
the UTP-stimulated [-V relationship to unstimulated controls. Mean reversal potentials for
benzamil-sensitive curtents were 66.1 £ 4.2 mV (n=5, N=3) for control and 57.9 + 6.3 mV (n=6,

N=3) after UTP, and were not significantly different.

Chloride-dependent effects of UTP. Cell monolayers were placed in Ussing chambers and
bathed on both sides with either chloride-containing or chloride-free saline solutions. A
reduction in peak UTP-activated current was evident when comparing monolavers bathed in
chloride-free solution to control cell monolayers, (Fig. 4A). In addition. a large reduction in
NPPB-sensitive current also occurred. whereas no change in the benzamil-sensitive current was
detected. (Fig. 4B}, The effect of UTP on apical chloride conductance is shown in Fig. 5. UTP
(1 uM) produced a rapid rise and gradual fall in apical membrane current. (Fig. 5A). The peak
UTP-activated current was outwardly rectifying and chloride-dependent. (Fig. 3B). The voltage
protocol used to obtain the UTP-activated current-voltage relationship ranged trom -90 to +90

mV in 13 mV increments from a holding potential of 0 mV. The mean reversal potential was

-28.4 £ 1.3 mV (n=6, N=4).

PKC regulation of sodium absorption. To study the possible role of PKC in UTP regulation of
sodium absorption, a variety of PKC inhibitors were used in an attempt to block UTP-dependent
inhibition of the benzamil-sensitive current. Figure 6A and B illustrate preservation of the

benzamil-sensitive current after pretreatment with three different PKC inhibitors. G66983, a non
selective PKC inhibitor, and rottlerin, a selective inhibitor of PKC3, abolished the effects of UTP
on benzamil-sensitive Isc, (n=9 and 5, respectively, N=2). In contrast, 100 nM and 10 pM
G66976, a selective PKCa inhibitor, partially blocked the effects of UTP on the benzamil-
sensitive current, (n=6 and 4, respectively, N=2). PMA (0.5 pM) mimicked UTP inhibition of

the benzamil-sensitive current as shown previously in Fig. 2, (n=4 and 14, respectively, N=3).



The effects of the PKC inhibitor, GF109203X (5 uM) on UTP-dependent regulation of the apical
Na” conductance is shown in Fig. 6C. These conductance values were calculated according to
Ohm’s law using benzamil-sensitive apical membrane currents at 0 mV in the absence or
presence of UTP (3 uM), or following pretreatment with both GF109203X and UTP. The
benzamil-sensitive conductance following UTP was diminished compared to the unstimulated
controls. Pretreatment with GF109203X abolished the effects of UTP on the benzamil-sensitive
conductance. In Figure 7, identification of PKC isoforms in whole cell lysates of endometrial
epithelial cells was accomplished by western bilot analysis of monolayers maintained under
serum free conditions for 3 days. A total of nine PKC isoform-specific antibodies were tested
representing classical, novel and atypical PKC isoforms. The results show that the calcium-

dependent alpha isoform and two calcium-independent isoforms {delta and zeta) are expressed in

these cells (the 8 1soform was not detected, data not shown).

BAPTA-AM does not effect UTP-dependent inhibition of sodium absorption. Calcium imaging
experiments show that mobilization of intracellular calcium by UTP (3 uM) was dramatically
reduced after pretreatment with BAPTA-AM (30 uM,), (Fig. 8). Imiually. BAPTA-AM reduced
the basal level of intracellular calcium by 80 nM. and upon stimulation with UTP. [Ca 7],
increased by only 20 nM. In contrast, [Ca’"], increased three-fold from 75 nM to 230 nM after
UTP treatment in control monolavers that were not pretreated with BAPTA-AM. Isc results
correspond with calcium imaging data showing that peak UTP-activated currents were reduced
in the presence of BAPTA-AM. However, UTP-dependent inhibition of the benzamil-sensitive
current was unaffected by treatment with BAPTA-AM, (Fig. 9).

DISCUSSION
CFTR has been previously shown to regulate cAMP-dependent gating of epithelial

sodium channels, resulting in increased Na™ absorption observed in CF patients. More recently,
UTP has been identified as a potentially useful therapeutic agent for patients with cystic fibrosis
as a result of several studies demonstrating that UTP stimulates CI' secretion and inhibits
amiloride-sensitive Na” absorption in normal and CF airway epithelia. Therapeutic procedures
for CF currently use amiloride to inhibit the apical membrane sodium conductance in CF

patients. An advantage for using UTP in place of amiloride is that UTP can simultaneously



stimulate Cl secretion and inhibit Na absorption across the airway epithelium, and thus provide a
means for compensating for the defect in CFTR expression in CF airways.

Since Mason er al. first demonstrated regulation of ion transport by purinergic receptors
in normal and cystic fibrosis airway epithelium, the effects of ATP and UTP on sodium
absorption have been studied in a variety of epithelial cell systems. Two examples include
mouse inner medullary collecting duct (mIMCD) by McCoy er al. (1999) and mouse endometrial
epithelium by Wang and Chan (2000). In these studies, most of the basal Isc was amiloride-
sensitive (~90%), consistent with Na™ absorption. However, only modest reductions (~10%) in
armiloride-sensitive current were observed after treatment with ATP (10-100 uM) or UTP (100
KuM). These relatively small decreases in amiloride-sensitive Isc may reflect changes in driving
force for Na™ influx and may not be due to direct effects on apical Na™ conductance. Greater
effects of ATP (100 uM) on amiloride-sensitive Isc were shown in mouse cortical collecting duct
by Thomas er al. (2001). The ATP-dependent reduction in basal Isc was approximately one-
third of the total amiloride-sensitive current. indicating that ATP-dependent inhibition of sodium
absorption was also incomplete. In contrast to the effects of UTP on Na~ transport in mouse
collecting duct and endometrium. more complete inhibition (40 to 75%) of amiloride-sensitive
Na  absorption atter UTP was shown in porcine thyvroid epithelial cells and airwayv epithelia. In
these studies. different hyvpotheses were proposed to account for inhibition of sodium absorption
based on experiments where the actions of ATP or UTP on intracellular calcium or PKC activity
were Investigated. Direct inhibition of sodium absorption mediated by calcium following
stimulation with ATP or UTP was proposed in CFTR-expressing human bronchial epithelia,
nasal airway epithelium and distal bronchi. In contrast, inhibition of Na™ absorption in mouse
CCD cells by UTP were not mediated by either [Ca™]; or PKC activation. PKC regulation of
sodium absorption was demonstrated by Koster e a/., where ATP and UTP were shown to
inhibit sodium absorption in rabbit connecting tubule and cortical collecting duct cells. It is
worth noting that in all of the studies cited above, conclusions regarding the effects of UTP on
Na™ absorption were based on measurements of Isc. The specific effects of ATP or UTP on Na~
channel function were not directly measured. Thus, it is possible that decreases in [sc produced
by P2Y receptor activation may be a consequence of inhibiting pathways other than apical Na~
channels. In the present study, the significant reduction (80%) in benzamil-sensitive Isc

following UTP stimulation was blocked by PKC inhibitors. Additionally, effects of the PKC
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activator, PMA, were identical to the inhibitory effects of UTP on sodium absorption. UTP-
dependent inhibition of sodium absorption was also observed in the presence of BAPTA-AM (50
puM). demonstrating that increases in [Ca’']; were not responsible for inhibiting sodium
absorption in this system. The fact that decreases in apical membrane Na” conductance produced
by UTP could be blocked following pretreatment with the PKC inhibitor, GF109203X,
confirmed that the target of UTP action on transepithelial Na transport was apical membrane Na
channels.

Several previous studies have demonstrated that activation of PKC inhibits apical Na"
channels. PKC-mediated inhibition of Na™ channels was shown in rabbit cortical collecting
tubules and in an amphibian renal cell line (A6) after acute PGE, stimulation. In these studies,
PGE: was shown to inhibit highly selective apical membrane Na” channels by increasing Ca™"-
dependent PKC activity, resulting in a decrease in channel open probability. In the present
study, inhibition of sodium absorption appeared to depend on activation of both Ca™"-dependent
and Ca’"-independent isoforms of PKC. PKC regulation of epithelial Na~ channel function has
also been demonstrated by Awavda er al. (1996, 2000) using purified Na channel proteins
reconstituted in planar lipid bilayers and cloned ENaC subunits expressed in .Xenopus oocytes.
Activation of PKC by PMA and direct injection of purified PKC tnhibited whole-cell currents in
ENaC-expressing oocytes. In planar lipid bilayers. addition of PKC. diacyl-glycerol and Mg-
ATP decreased ENaC open probability. More recent studies by Awayda further describe the
activation of PKC by PMA and subsequent inhibition of ENaC activity in oocytes, which
included nonspecific effects on membrane capacitance.

Previous studies by Ishikawa er a/. showed a biphasic inhibition of whole-cell Na”
currents in ENaC-expressing MDCK cells when [C212+]1 was increased to | uM. This biphasic
effect was due to an initial inhibition of Na" current within the first 5 minutes, followed by a
secondary decrease in ENaC activity that occurred between 100 and 160 minutes after raising
[Ca®"];. Stockand er al. (2000) subsequently demonstrated that treatment of A6 cells with PMA
decreased the expression levels of B and v, but not aENaC. The time constant for the decline in
v and BENaC expression was approximately 4 and 14 hours, respectively, consistent with long-
term inhibition of ENaC. Furthermore, direct evidence for PMA-dependent phosphorylation of

the carboxyl termini of  and YENaC subunits, but not the o ENaC subunit, was shown in a stably
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transfected MDCK cell line. Thus, PKC activation following UTP stimulation may produce
long-term inhibition of Na” absorption by decreasing the expression of 3 and y subunits.

Studies in airway epithelia suggest that increases in [Ca®"]; are responsible for inhibition
of Na™ absorption. Previous studies have shown Ca®* block of ENaC activity in planar lipid
bilayers. It is worth noting that open probability and single-channel conductance of «ENaC
remained stable when [Ca’"] was varied within a physiologically relevant range, (between 10 nM
and 1 uM.) However, raising the [Ca®"] beyond 2 uM produced a dose-dependent decrease in
single-channel open probability (Kp ~ 20 uM), or single-channel conductance (Kp ~ 6 uM) if
monomeric actin was present. Studies by Devor and Pilewski, and Mall et al. (1999 and 2000,
respectively) suggest a role for Ca’” in inhibiting Na” absorption, but the effects of UTP on
[Ca®"], was not reported. Thus, it remains unclear whether UTP-dependent increases in [Ca™ "],
were sufficient in magnitude to produce inhibition of ENaC activity. Calcium imaging
experiments in the present study show {Ca"], increases following UTP stimulation were well
below the [Ca "] required to influence «ENaC activity in planar lipid bilayers. This result is
consistent with our conclusion that calcium is not directly responsible tor Na™ channel inhibition
in porcine endometrial epithelial cells.

The inhibitory effects of UTP on transepithelial Na absorption have been shown to differ
significantly in magnitude and mechanism of regulation in a variety of epithelial cells types.
One explanation for these differences is that PKC isoforms expressed in a given epithehial cell
type are variable. and that inhibition of sodium absorption by PKC is i1soform specific.
Alternatively, variability in «, B and YENaC subunit expression in different epithelial cell types
may also account for the varying levels of UTP effects on sodium absorption. In the present
study, UTP was shown to inhibit benzamil-sensitive sodium absorption by 80% in porcine
endometrial epithelial cells. This effect was due to direct inhibition of apical membrane sodium
channels and was dependent on activation of PKC. These results are consistent with previous
studies of PKC inhibition of ENaC activity and completely account for the decrease in Na
absorption observed in porcine endometrial cells. The endometrial epithelium therefore

represents a useful mammalian model cell system for further studies of P2Y-receptor mediated

regulation and PK.C-dependent regulation of epithelial Na channel function.
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FOOTNOTES -

| dbbreviations used in this paper: ATP, adenosine 5’-triphosphate; cAMP. adenosine 3°.5'-
cyclic monophosphate; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane regulator:
DIDS, 4,4° — diisothiocyanato-stilbene-2,2’-disulfonic acid; ENaC, epithelial Na” channel; IGF-
1, insulin-like growth factor; Isc, short circuit current, -V, currem-voltage:f PGF 2a.
prostaglandin F2a; PKC, protein kinase C; PMA, phorbol 12myristate 13-acetate; UTP, uridine
5'-triphosphate
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FIGURE LEGENDS

Figure 1. Effect of UTP on basal sodium transport. A: Representative trace showing that
addition of 5 pM benzamil to the apical solution blocked most of the basal Isc in monolayers
maintained under serum free conditions, (n=9, N=4). B: Apical addition of UTP (1 uM) caused
a rapid increase in [sc followed by a slow decrease back to the basal Isc. Subsequent addition of

benzamil had little inhibitory effect, but addition of NPPB (100 uM at each arrow) blocked all of

the rematning Isc, (n=15, N=4).

Figure 2. Effects of UTP and PMA on insulin-stimulated Na transport. A: Representative
trace showing the time-dependent increase in Isc stimulated by 850 nM insulin added to the
basolateral solution. Addition of 1 uM UTP to the apical solution inhibited both the insulin-
stimulated and basal Isc. B: Addition of 1 uM phorbol 12-myristate 13-acetate (PNLA) produced
a similar decrease in insulin-stimulated and basal current as observed with UTP. C: Temporal
changes in [Ca™"], in response to PMA and UTP were determined using fura 2-AM as described
in the methods. Transient. elevations in [Ca”"], was observed following 1 and 3 uM UTP in Ca"-
containing HBSS. No elevation in [Ca ], was detected following I uM PMA. (mean Ca~

signal trom 20 cells).

Figure 3. Current-voltage (I-V) relationships for the benzamil-sensitive pathway in the
apical membrane. A: Experiments were performed using monolayers cultured in serum-free
media with insulin for 3 days. Benzamil-sensitive difference currents were obtained using a
voltage step protocol that ranged from -100 to +95 mV using 15 mV increments from a holding
potential of 0 mV. Benzamil (5 pnM) was added apically to either permeabilized control cell
monolayers (upper trace) or to permeabilized monolayers activated with 5 pM UTP (lower
trace). B: Benzamil-sensitive current-voltage relationships were obtained from amphoternicin B-
permeabilized monolayers in response to a voltage protocol that stepped from -90 to =90 mV 1n
15 mV increments from a holding potential of 0 mV. Benzamil (3 pM) was added to the apical

solution of permeabilized monolayers in the absence or presence of UTP (1 uM).
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Figure 4. Effect of UTP on Isc in the presence or absence of chloride. A: Representative
trace showing chloride dependence of the UTP (5 pM) response. Monolayers were bathed in
standard porcine saline solution or chioride-free solution, replacing chloride with methane
sulfonate. The peak UTP-activated current was reduced under chloride-free conditions (n=6). B:
Bar graph showing the benzamil (5 uM) and NPPB (100 uM) -sensitive currents in the absence
or presence of chloride. The NPPB-sensitive current was reduced under chloride-free conditions,

whereas the benzamil-sensitive current remained the same, (n=6 for each).

Figure 5. Effect of UTP on apical membrane CI' conductance. A: Representative trace

showing the transient change in apical membrane current after stimulation with 1 uM UTP using

monolayers where the basolateral membrane was permeabilized with amphotericin B (10 uM).
The basolateral membrane was bathed with KMeSO, saline solution. while the apical membrane
was bathed with standard porcine saline solution. B: Current-voltage relationship showing the
UTP-activated current obtained in response to voltage steps from -90 to +90 mV in 15 mV

increments trom a holding potential of O mV.

Figure 6. PKC inhibitors prevent the inhibition of benzamil-sensitive Isc after UTP. A:
Representative trace showing the benzamil-sensitive current in the absence or presence UTP (3
uM). and after pretreatment with both G66983 (10 uM) and UTP, (n=8. 14 and 9, respectively.
N=3). B: Bar graph illustrating the benzamil-sensitive current after only benzamil (5 uM, n=8),
after UTP (5 uM, n=14). after PMA (0.5 uM, n=4), after UTP in the presence of G&6983 (10
M. n=9), after UTP in the presence of rottlerin (2.5 uM, n=5), or after UTP in the presence of
G66976 (100 nM. n=6 and 10 uM, n=4, respectively). C: The calculated benzamil-sensitive,

apical membrane conductance at 0 mV, before and after the addition of UTP (5 uM) and after

pretreatment with both GF109203X (5 uM) and UTP, (n=3).

Figure 7. Western blot analysis of PKC isoforms in monolayers maintained under serum
free conditions. Antibodies used for these western blots were generated using human PKC
isoforms in rabbit as indicated in the methods. Antibody labeling observed in whole cell lysates

were from epithelial cells maintained under serum-free conditions for 76 hours.
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Figure 8. Effect of BAPTA-AM on changes in [Ca’]; in response to UTP. A: Temporal
changes in [Ca:+]i in response to UTP were determined using fura 2-AM as described in the
methods. Upon stimulation with 5 pM UTP in Ca™"-containing HBSS, control cells initially
produced a transient elevation in [Ca’*],. followed by a gradual decline to a new sustained
elevated [Ca’™),. Removing UTP from the bathing solution returned the intracellular calcium
concentrations back to baseline levels. B: BAPTA-AM reduced the basal level of intracellular
calcium by 80 nM, and upon stimulation with UTP, [Ca’"}, increased by only 20 nM. For this

figure. measurements were obtained from 20 cells in each of three separate experiments.

Figure 9. BAPTA-AM does not effect the UTP-mediated inhibition of sodium absorption.
A: Representative trace showing that the peak UTP-activated Isc response is diminished after
pretreatment with 50 uM BAPTA-AM. B: Representative trace showing that UTP (5 uM)
reduced the benzamil-sensitive current, even in the presence of BAPTA-AM. C: Bar graph
illustrating that pretreatment with BAPTA-AM diminished the UTP-activated current. but fatled

to affect inhibition ot the benzamil-sensitive current by UTP, (n=6 ftor each).
Figure 10. Model. Transepithelial Na absorption is inhibited tollowing stimulation with UTP.

UTP activates multiple PKC isotorms that in tum inhibit epithelial Na channels present in the

apical membrane. (See text for further details.)
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