
 

561

 

J. Gen. Physiol.

 

 © The Rockefeller University Press 

 

•

 

 0022-1295/99/10/561/14 $5.00
Volume 114 October 1999 561–574
Available online 27 September 1999
http://www.jgp.org

 

Insulin Stimulates Transepithelial Sodium Transport by Activation of a 
Protein Phosphatase that Increases Na-K ATPase Activity in Endometrial 
Epithelial Cells

 

Chatsri Deachapunya, Melissa Palmer-Densmore, 

 

and

 

 Scott M. O’Grady

 

From the Departments of Physiology and Animal Science, University of Minnesota, St. Paul, Minnesota 55108

 

abstract

 

The objective of this study was to investigate the effects of insulin and insulin-like growth factor I on

 

transepithelial Na

 

1

 

 transport across porcine glandular endometrial epithelial cells grown in primary culture. Insu-
lin and insulin-like growth factor I acutely stimulated Na

 

1

 

 transport two- to threefold by increasing Na

 

1

 

-K

 

1

 

 ATPase
transport activity and basolateral membrane K

 

1

 

 conductance without increasing the apical membrane amiloride-
sensitive Na

 

1

 

 conductance. Long-term exposure to insulin for 4 d resulted in enhanced Na

 

1

 

 absorption with a fur-
ther increase in Na

 

1

 

-K

 

1

 

 ATPase transport activity and an increase in apical membrane amiloride-sensitive Na

 

1

 

conductance. The effect of insulin on the Na

 

1

 

-K

 

1

 

 ATPase was the result of an increase in V

 

max

 

 for extracellular K

 

1

 

and intracellular Na

 

1

 

, and an increase in affinity of the pump for Na

 

1

 

. Immunohistochemical localization along

 

with Western blot analysis of cultured porcine endometrial epithelial cells revealed the presence of 

 

a

 

-1 and 

 

a

 

-2
isoforms, but not the 

 

a

 

-3 isoform of Na

 

1

 

-K

 

1

 

 ATPase, which did not change in the presence of insulin. Insulin-stim-
ulated Na

 

1

 

 transport was inhibited by hydroxy-2-naphthalenylmethylphosphonic acid tris-acetoxymethyl ester
[HNMPA-(AM)

 

3

 

], a specific inhibitor of insulin receptor tyrosine kinase activity, suggesting that the regulation of
Na

 

1

 

 transport by insulin involves receptor autophosphorylation. Pretreatment with wortmannin, a specific inhibi-
tor of phosphatidylinositol 3–kinase as well as okadaic acid and calyculin A, inhibitors of protein phosphatase ac-
tivity, also blocked the insulin-stimulated increase in short circuit and pump currents, suggesting that activation of
phosphatidylinositol 3–kinase and subsequent stimulation of a protein phosphatase mediates the action of insulin
on Na

 

1

 

-K

 

1

 

 ATPase activation.
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I N T R O D U C T I O N

 

The transport-related activity of the surface and glandu-
lar endometrial epithelium plays an important role in
regulation of uterine lumen electrolyte composition,
pH, and fluid volume, providing a suitable environ-
ment for fertilization and implantation of the develop-
ing embryo (Clemetson et al., 1972; Iritani et al., 1974;
Fraser, 1992, 1995). Previous studies with native porcine
endometrial epithelium demonstrated that amiloride-

 

sensitive Na

 

1

 

 absorption and K

 

1

 

 secretion were modu-

 

lated by PGF

 

2

 

a

 

, cAMP, and gastrin-releasing peptide
(Vetter and O’Grady, 1996, 1997). Other studies using
primary cultures of rodent endometrial epithelial cells
grown on permeable membrane filters demonstrated
that anion secretion was stimulated by adrenergic ago-

 

nists through 

 

b

 

 adrenergic receptors and by ATP
through multiple subtypes of purinoceptors (Chan et
al., 1996, 1997). In cultures of porcine glandular en-
dometrial epithelial cells, it was reported that PGE

 

2 

 

also
stimulates anion secretion (Deachapunya and O’Grady,

1998). In human endometrial epithelial cells, bradyki-
nin, bombesin, and gastrin-releasing peptide have all
been shown to affect transepithelial electrolyte trans-
port (Matthews et al., 1993a,b). Thus, the results of
these studies indicate that the absorptive and secretory
activities of endometrial epithelial cells are modulated
in response to a variety of signaling molecules.

The first demonstration of an effect of insulin on
transepithelial Na transport was reported by Herrera
(1965) using isolated toad bladder epithelium. Since
that time, insulin and insulin-like growth factor I (IGF-
I)

 

1 

 

have been shown to stimulate electrogenic sodium
transport in a variety of cells (Siegel and Civan, 1976;
Walker et al., 1984; Civan et al., 1988; Blazer-Yost et al.,
1989; McGill and Guidotti, 1991; Erlij et al., 1994; Fe-
raille et al., 1994; Ewart and Klip, 1995). In many cases,
this increase in Na

 

1

 

 transport was a result of stimulation
of the Na

 

1

 

-K

 

1

 

 ATPase, either directly through changes
in pump concentration or kinetic properties (McGill
and Guidotti, 1991; Hundal et al., 1992; Marette et al.,
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1993; Ewart and Klip, 1995) or indirectly through in-
creases in intracellular [Na

 

1

 

], which in turn leads to
increased substrate availability and subsequent pump
stimulation (Walker et al., 1984; Marunaka et al., 1992;
Erlij et al., 1994; Sargeant et al., 1995). In amphibian
(Grinstein and Erlij, 1974) and rodent (Hundal et al.,
1992; Marette et al., 1993) skeletal muscle cells, for ex-
ample, stimulation by insulin increases Na

 

1

 

-K

 

1

 

 ATPase
transport activity by increasing pump translocation into
the plasma membrane. This effect occurs within 15–30
min and is not blocked by inhibitors of protein synthe-
sis. In rodent muscle, it appears that the 

 

a

 

-2 isoform is
selectively inserted into the plasma membrane (Marette
et al., 1993). In another study, however, Clausen and
Hansen (1977) demonstrated that the effect of insulin
on [

 

3

 

H] ouabain binding in intact skeletal muscle was an
artifact arising from stimulation of the rate of binding.
Steady state binding of [

 

3

 

H] ouabain was unaffected, in-
dicating that insulin does not induce translocation of
the Na

 

1

 

-K

 

1

 

 ATPase to the plasma membrane. These re-
sults were confirmed in a later study and demonstrated
that IGF-I also had a stimulating effect on the Na

 

1

 

-K

 

1

 

ATPase in skeletal muscle (Dorup and Clausen, 1995).
In rat adipocytes, insulin does not appear to alter pump
concentration in the plasma membrane or to involve el-
evations in intracellular [Na

 

1

 

] (Lytton et al., 1985;
McGill and Guidotti, 1991). In these cells, increased
transport activity of the pump is associated with an in-
crease in Na

 

1

 

 affinity for the 

 

a

 

-1 and 

 

a

 

-2 isoforms and
an increase in V

 

max

 

 associated with the 

 

a

 

-2 isoform of
the pump. In hepatocytes, skeletal muscle cells, and
3T3-L1 adipocytes, increases in Na

 

1

 

-K

 

1

 

 ATPase trans-
port activity appear to be due to elevations in intracellu-
lar [Na

 

1

 

] resulting from activation of either Na

 

1

 

-H

 

1

 

 ex-
change (Fehlmann and Freychet, 1981; Klip et al.,
1986) or Na

 

1

 

-K

 

1

 

-2Cl

 

2

 

 cotransport activity (Sargeant et
al., 1995). In epithelial cells, insulin and IGF-I have also
been demonstrated to stimulate Na

 

1

 

 transport either by
increasing the Na

 

1

 

 affinity of the Na

 

1

 

-K

 

1

 

 ATPase (Fe-
raille et al., 1994) or by increasing the number of
amiloride-sensitive Na

 

1

 

 channels present within the api-
cal membrane (Erlij et al., 1994; Record et al., 1998).

Specific binding sites for insulin and IGF-I have been
identified in normal endometrium and endometrial
cancer cells (Talavera et al., 1990; Nagamani et al.,
1991). Thus, it was of interest to determine whether in-
sulin and IGF-I play a role in regulation of Na

 

1

 

 trans-
port across the endometrial epithelium. In this study,
we report the effects of insulin and IGF-I on transepi-
thelial Na

 

1

 

 transport function of cultured porcine en-
dometrial epithelial cells under defined medium condi-
tions. We show that insulin and IGF-I produce an acute
increase in Na

 

1

 

 transport that involves direct regulation
of the Na

 

1

 

-K

 

1

 

 ATPase and a basolateral K

 

1

 

 channel. In
addition, we demonstrate that long-term exposure to

 

insulin (4 d) results in enhanced Na

 

1

 

 absorption with a
further increase in pump activity and an increase in api-
cal membrane amiloride-sensitive Na

 

1

 

 conductance.

 

M A T E R I A L S  A N D  M E T H O D S

 

Materials

 

Insulin, IGF-I, ouabain, indomethacin, nonessential amino acids,
and high purity grade salts were purchased from Sigma Chemi-
cal Co. Hydroxy-2-naphthalenylmethylphosphonic acid tris-ace-
toxymethyl ester [HNMPA-(AM)

 

3

 

], wortmannin, okadaic acid,
and PD-98059 (2

 

9

 

-amino-3

 

9

 

-methoxyflavone) were purchased
from Biomol Research Laboratories. Amiloride, 5-nitro-2-(3-phe-
nylpropylamino) benzoic acid (NPPB) and calyculin A were pur-
chased from Research Biochemicals International, and benzamil
from Molecular Probes. Dulbecco’s modified Eagle’s medium
(DMEM), Dulbecco’s phosphate buffer saline (DPBS), fetal bo-
vine serum (FBS), collagenase (type 1), kanamycin, penicillin-
streptomycin, and fungizone were purchased from GIBCO BRL.

 

Cell Isolation and Culture

 

Porcine uterine tissues were collected from 4–5-mo-old York-
shire-Pietrain cross pigs purchased from stock herds maintained
by the University of Minnesota College of Agriculture. Uterine
tissues from adult, precycling animals were used to minimize vari-
ability in electrolyte transport properties at different stages of the
estrus cycle. Uteri were obtained from pigs that were killed at the
University of Minnesota Meat Sciences Laboratory by the captive
bolt euthanasia procedure approved by the University Animal
Care Committee and supervised by a USDA certified veterinar-
ian. Uterine tissue was placed in ice cold porcine Ringer solution
containing (mM): 130 NaCl, 6 KCl, 3 CaCl

 

2

 

, 0.7 MgCl

 

2

 

, 20
NaHCO

 

3

 

, 0.3 NaH

 

2

 

PO

 

4

 

, 1.3 Na

 

2

 

HPO

 

4

 

, gassed with 95% O

 

2

 

/5%
CO

 

2

 

, pH 7.4. After removal of the serosal muscle layer, the en-
dometrial tissue was minced into small pieces (

 

<

 

1 mm

 

3

 

) and
washed twice with Ca

 

2

 

1

 

- and Mg

 

2

 

1

 

-free DPBS. The tissue frag-
ments were then subjected to collagenase digestion and the epi-
thelial glands were isolated as described previously (Deacha-
punya and O’Grady, 1998). The epithelial glands were suspended
in DMEM supplemented with 3.7 g/liter sodium bicarbonate,
10% FBS, 5 

 

m

 

g/ml (850 nM) insulin, 1% nonessential amino ac-
ids, 5 

 

m

 

g/ml fungizone, 100 U/ml penicillin, 100 

 

m

 

g/ml strepto-
mycin, and 100 

 

m

 

g/ml kanamycin (standard media). They were
then plated onto cell culture dishes and incubated at 37

 

8

 

C in a
humidified atmosphere of 5% CO

 

2

 

 in air. Culture medium was
changed after 24 h, and then every 2–3 d. The epithelial cells be-
came confluent monolayers within 3–4 d. The remaining stromal
cells were removed by adding 0.02% collagenase in serum-free
medium for 24 h. The epithelial cells were then trypsinized and
placed on 24-mm (4.5 cm

 

2

 

) transparent permeable membrane
filters (Corning Costar). To study the long-term effect of insulin
and IGF-I, the epithelial cells were grown on permeable filters in
DMEM supplemented with 10% FBS for 7 d, and then replaced
with Phenol Red-free DMEM (serum-free media) supplemented
with 850 nM insulin or 1.3 nM IGF-I for 4 d.

 

Measurement of Basal Electrical Parameters

 

Transepithelial resistance of the cell monolayers was measured us-
ing the EVOM epithelial voltohmmeter coupled to Ag/AgCl
“chopstick” electrodes (World Precision Instruments). After 10 d,
the confluent culture inserts were mounted in Ussing Chambers,
bathed on both sides with standard porcine Ringer solution main-
tained at 37

 

8

 

C, and bubbled with 95% O

 

2 

 

/5% CO

 

2

 

. Transepithe-
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lial potential difference, tissue conductance, and short circuit cur-
rent (Isc) were measured with the use of voltage-clamp circuitry
from JWT Engineering. The data from the voltage clamp experi-
ments was digitized, stored, and analyzed using Workbench data
acquisition software (Kent Scientific Corp.), and recorded with a
Compaq pentium microcomputer. All cells were pretreated with
indomethacin (10 

 

m

 

M) added to both apical and basolateral solu-
tions at least 10 min before the beginning of the experiment.

 

Measurement of Pump Current

 

Pump current was measured using amphotericin B (10 

 

m

 

M) to
permeabilize the apical membrane of monolayers mounted in
Ussing chambers. To determine the [K

 

1

 

] dependence of the
pump, monolayers were bathed on both sides with NaMeSO

 

4

 

Ringer solution containing (mM): 120 NaMeSO

 

4

 

, 30 mannitol, 3
calcium gluconate, 1 MgSO

 

4

 

, 20 NaHCO

 

3

 

, 0.3 NaH

 

2

 

PO

 

4

 

, 1.3
Na

 

2

 

HPO

 

4

 

, gassed with 95% O

 

2

 

/5% CO

 

2

 

, pH 7.4. Increasing intra-
cellular K

 

1

 

 concentration was accomplished by replacement of
NaMeSO

 

4

 

 Ringer solution with an equivalent volume of KMeSO

 

4

 

Ringer solution. KMeSO

 

4

 

 Ringer solution contained (mM): 120
KMeSO

 

4

 

, 30 mannitol, 5 NaCl, 3 calcium gluconate, 1 MgSO

 

4

 

, 20
KHCO

 

3

 

, 0.3 KH

 

2

 

PO

 

4

 

, 1.3 K

 

2HPO4, gassed with 95% O2/5% CO2,
pH 7.4. To determine the [Na1] dependence of the pump,
monolayers were bathed on both sides with N-methyl-d-gluca-
mine (NMDG)–MeSO4 Ringer solution containing (mM): 130
NMDGMeSO4, 30 mannitol, 3 calcium gluconate, 1 MgSO4, 10
KHCO3, 0.3 KH2PO4, 1.3 K2HPO4, gassed with 95% O2/5% CO2,
pH 7.4, and a NaMeSO4 Ringer solution containing different
concentrations of Na1 was used to replace NMDGMeSO4 Ringer
solution. The Na1 and K1 dependence of pump current was de-
termined using the Hill equation: Ip 5 Imax [S]n/([S]n 1 K0.5),
and its linear expression: log (Ip/Imax 2 Ip) 5 n log[S] 2 log K0.5,
where Ip is the pump current stimulated by an increase in intra-
cellular [Na1] or extracellular [K1], Imax is the maximal pump
current, S is an intracellular [Na1] or extracellular [K1], K0.5 is
the apparent dissociation constant, and n is the Hill coefficient.
The kinetic parameters were determined by nonlinear regression
or by linear regression analysis (Prism  2.0; GraphPad Software).

Measurement of Membrane Permeability

Current–voltage relationships were determined using amphotericin
B–permeabilized monolayers mounted in Ussing chambers. The
intracellular compartment was bathed with KMeSO4 Ringer solu-
tion and amphotericin B (10 mM) was added to permeabilize the
membrane. The extracellular compartment was bathed with stan-
dard porcine Ringer solution or NaMeSO4 Ringer solution. An epi-
thelial voltage clamp (World Precision Instruments) in combination
with an LM-12 A-D interface (Dagan Corp.) were used to voltage
clamp the monolayers and record the data. The voltage step com-
mands and the resultant currents were generated using pCLAMP
software (Axon Instruments). Current–voltage (I–V) relationships
were obtained by a series of voltage step commands described in
the figure legends. The compound-sensitive components were ob-
tained by subtracting the currents before and after addition of the
compound. The Na1:K1 selectivity ratio (PNa/PK) was calculated
from reversal potential (Erev) measurements using the Goldman-
Hodgkin-Katz equation {Erev 5 RT/zF ln (PNa [Na1])/(PK [K1])}.

Ouabain Binding

Epithelial cells (3 3 105) were subcultured onto 6.5-mm trans-
parent permeable membranes containing 10% FBS in DMEM.
After 3–4 d, the cells were placed in serum-free Phenol-Red–free
DMEM for 48 h, followed by insulin treatment (850 nM) for 24 h.
Specific [3H] ouabain binding was performed at 378C in humidi-

fied incubator of 5% CO2 in air, using a procedure modified
from Lobaugh and Lieberman (1987). Cell monolayers were pre-
incubated in Phenol-Red–free DMEM for 20 min, and then the
media was replaced with loading solution containing [3H] oua-
bain (Amersham Life Science) in DMEM. After incubation for 45
min, monolayers were rinsed with ice-cold DMEM for 10 s to re-
move unbound [3H] ouabain. The filters were then cut from
their supports and transferred to the scintillation fluid and as-
sayed for radioactivity. Other filters were solubilized in lysis
buffer and assayed for amount of protein. Nonspecific [3H] oua-
bain binding was determined when an additional 500 mM oua-
bain was included in the loading solution. The magnitude of
nonspecific ouabain binding did not exceed 30% of the total
binding as determined at a concentration of 0.5 mM.

Immunocytochemistry

Epithelial cells were allowed to grow on permeable membrane fil-
ters in DMEM supplemented with 10% FBS for 5–7 d, followed by
serum-free Phenol Red–free DMEM for 2 d. Insulin (850 nM) was
then added to the serum-free media for 2 d. The monolayers were
then washed twice in DPBS, pH 7.4, permeabilized with 0.3% Tri-
ton X-100 in DPBS at room temperature for 10 min, and then
fixed in methanol at 2208C for 10 min. After fixation, filters were
cut from their supports. The cells were then washed with DPBS
and incubated with DPBS containing 1% bovine serum albumin
and 10% normal goat serum to block nonspecific binding at room
temperature for 1 h. Then the cells were incubated overnight with
isoform-specific mouse monoclonal antibody against the a-1 and
polyclonal antibodies to a-2 and a-3 isoforms of the rat Na1-K1

ATPase, 1:200 (Upstate Biotechnology Inc.) at 48C. After washing,
the cells were incubated with indocarbocyanine (cy3)-labeled goat
anti–rabbit antibody, 1:400 (Jackson ImmunoResearch Laborato-
ries) for 1 h at room temperature. After the final wash, the filters
were placed on a glass slide. The cells and filters were embedded
in fluoromount (Gallard Schlessinger) and examined by confocal
microscopy, using a MRC1024 laser confocal microscope (Bio-Rad
Laboratories) equipped with krypton-argon lasers.

Western Blot Analysis

Cell monolayers, as prepared for immunocytochemistry, were solu-
bilized with lysis buffer (50 mM Tris-HCl, 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM PMSF, 1 mg/ml
aprotinin, and 1 mM NaF, pH 7.4) at 378C for 30 min and homog-
enized. A protein assay was performed using a BCA Protein Assay
Kit by Pierce. Proteins were separated by PAGE (8%). Electroblot-
ting was done using Immobilon-P (Millipore Corp.). The electro-
blot assembly was placed into the electroblotting apparatus (Trans-
Blot Cell; Bio-Rad Laboratories) and blotting was performed at 16 V
overnight on ice. After the blots were removed, they were washed
twice, and then blocked in freshly prepared 13 TBS-tween con-
taining 3% nonfat dry milk (MLK) for 30 min at 20–258C with con-
stant agitation. After washing, blots were reacted overnight in pri-
mary antibody, 15 or 100 ml freshly prepared 13 TBS-tween con-
taining 3% MLK with appropriate dilution of the primary antibody
(anti–rat a-1 monoclonal antibody and rabbit-anti–rat a-2 poly-
clonal antibody from Upstate Biotechnology Inc.). The next day,
blots were washed and reacted with secondary antibody, either
goat anti–rabbit, alkaline phosphatase–labeled or goat anti–
mouse, alkaline phosphatase–labeled. Secondary antibody was di-
luted 1:3,000 (33 ml into 100 ml) in 13 TBS-tween containing 3%
MLK and reacted for z2 h. After washing, alkaline phosphatase
color reagent was added to 100-ml 13 alkaline phosphatase color
development buffer at room temperature. Blots were incubated in
development buffer until bands were clearly developed.



564 Insulin Regulation of Sodium Absorption

Statistics

All values are presented as means 6 SEM, n is the number of
monolayers, and N is the number of animals in each experiment.
The differences between control and treatment means were ana-
lyzed using a t test for paired or unpaired means, where appro-
priate. A value of P , 0.05 was considered statistically significant.
The EC50 values for insulin and IGF-I and the IC50 values for ben-
zamil and amiloride were determined using a four parameter lo-
gistic function to fit the data (Prism™ 2.0).

R E S U L T S

Long-Term Effects of Insulin and IGF-I on Electrolyte Transport

The basal electrical properties of cultured epithelial
cells used in this study have been previously described
(Deachapunya and O’Grady, 1998). Our data showed
that endometrial epithelial cells cultured in standard
serum-containing media were capable of both Na1 ab-
sorption and Cl2 secretion. To investigate acute and
long-term effects of insulin and IGF-I on electrolyte
transport in endometrial epithelial cells, we measured
both NPPB-inhibitable Cl2 secretion and benzamil-sen-
sitive Na1 absorption as shown in Fig. 1. NPPB is an aryl-
amino benzoate compound that has been previously
shown to block apical membrane Cl2 channels in cul-
tured porcine endometrial epithelial cells (Deacha-
punya and O’Grady, 1998). Amiloride and its more po-
tent analogue benzamil, have been previously shown to
block Na1 channels in native porcine endometrial epi-
thelium (Vetter and O’Grady, 1996). For cell monolay-
ers cultured in standard serum-containing media, 20%
of the basal Isc was blocked by 10 mM benzamil and the
remaining Isc was inhibited by 100 mM NPPB. In se-
rum-free media, there was a significant decrease in
both basal Isc from 34 6 3 mA (n 5 12, N 5 4) to 13 6
2 mA (n 5 9, N 5 4) and NPPB-sensitive Isc from 24 6 3
to 4 6 1 mA without a significant change in benzamil-
sensitive Isc (from 7 6 2 to 9 6 2 mA) compared with
serum-containing media. Treatment with 850 nM (5
mg/ml) insulin or 1.3 nM (10 ng/ml) IGF-I for 4 d sig-
nificantly increased basal Isc to 48 6 3 mA (n 5 23, N 5
9) for insulin and 27 6 5 mA (n 5 7, N 5 4) for IGF-I,
and increased benzamil-sensitive Isc to 41 6 3 mA for
insulin and 23 6 5 mA for IGF-I. However, no change in
benzamil-insensitive Isc was detected after treatment
with either insulin or IGF-I.

Short-Term Effect of Insulin on Isc

Addition of 850 nM insulin to the basolateral solution of
monolayers produced an increase in Isc within 5 min
that reached a maximal plateau response of 36 6 2 mA
(n 5 11, N 5 5) in 30–45 min, as illustrated in Fig. 2 A.
The maximal Isc response was sustained for as long as
3 h. Addition of 65 nM IGF-I to the basolateral solution
produced the same response as insulin with a maximal
plateau response of 36 6 3 mA (n 5 6, N 5 3). Subse-

quent addition of 10 mM benzamil to the apical solution
inhibited both the basal and insulin-stimulated Isc. Con-
centration–response curves for benzamil and amiloride
are shown in Fig. 2 B with IC50 values of 25 nM for ben-
zamil and 194 nM for amiloride. Pretreatment with 10
mM benzamil completely inhibited the insulin-stimu-
lated Isc (data not shown). In addition, pretreatment
with 50 mM HNMPA-(AM)3, a specific inhibitor of insu-
lin receptor tyrosine kinase activity, for 30 min inhibited
the insulin-stimulated increase in Isc (7 6 2 mA, n 5 6,
N 5 4), as illustrated in Fig. 3 A. The concentration–
response relationships for insulin and IGF-I presented
in Fig. 3 B demonstrated that threshold concentrations
were z0.85 nM for insulin and 0.13 nM for IGF-I. The
EC50 values were 12 nM for insulin and 2.5 nM for IGF-I.

Na1 and K1 Dependence of the Na1-K1 ATPase

To determine whether the increase in Isc produced by
insulin was the result of stimulation of the Na1-K1 ATP-
ase, experiments were performed using amphotericin
B–permeabilized monolayers mounted in Ussing cham-
bers bathed on both sides with either NaMeSO4 Ringer
solution containing 5 mM BaCl2 or NMDGMeSO4

Ringer solution containing 10 mM KHCO3. BaCl2 was
used to inhibit basolateral K1 channels and limit the
contribution of K1 recycling to pump activation. The
increase in extracellular [K1] was accomplished by re-
placement of NaMeSO4 solution with an equal volume
of KMeSO4 Ringer solution containing different con-
centrations of K1. To determine the Na1 dependence
of the pump, NaMeSO4 Ringer solution with 10 mM

Figure 1. Effects of insulin and IGF-I on basal, NPPB-sensitive,
and benzamil-sensitive Isc. Histogram illustrating the basal Isc and
the absolute decrease in Isc after apical addition of 5 mM benzamil
and subsequent apical addition of 100 mM NPPB to the cell mono-
layers. Cells were grown in standard media (SM, n 5 12, N 5 4) for
1 wk and replaced with serum-free media (SFM, n 5 9, N 5 4) in
the absence or presence of 850 nM insulin (n 5 23, N 5 9) or 1.3
nM IGF-I (n 5 7, N 5 4) for 4 d.
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KHCO3 and different concentrations of Na1 was used
to replace NMDGMeSO4 Ringer solution.

Fig. 4 A shows the increase in pump current (Ip) pro-
duced by increasing K1 concentrations in the basolat-
eral solution of insulin-treated monolayers. The stimu-
lated Ip was completely inhibited by 10 mM ouabain
added to the basolateral solution (data not shown).
When Ip was plotted as a function of basolateral [K1], it
revealed that insulin treatment increased Imax from 20 6

2 mA (n 5 11, N 5 5) to 63 6 6 mA (n 5 9, N 5 5), with
an increase in the K0.5 value from 1.8 6 0.2 to 2.9 6 0.2
mM. Stimulation of pump current was also dependent
on intracellular [Na1], as shown in Fig. 5 A. The rela-
tionship of Ip and [Na1] revealed that insulin treatment
increased Imax from 18 6 1 mA (n 5 8, N 5 4) to 42 6 5
mA (n 5 10, N 5 4) with a significant decrease in the
K0.5 value from 39 6 2 to 24 6 2 mM. Hill coefficients
were 2.1 6 0.3 for K1 and 1.2 6 0.1 for Na1 under insu-
lin treatment, which was not significantly different from
corresponding control values (1.9 6 0.2 for K1 and 1.3 6
0.1 for Na1), as illustrated in Figs. 4 B and 5 B.

Figure 2. Time course of insulin-stimulated Na1 absorption and
concentration–response relationships for benzamil and amiloride.
(A) Representative tracing showing that addition of 850 nM insu-
lin to the basolateral solution produced an increase in Isc within 5
min and reached a maximum plateau level within 30–45 min. The
Isc stimulation produced by insulin and the basal Isc was inhibited
by 10 mM benzamil added to the apical solution. Experiments
were performed using cells maintained in serum-free media for
4 d (n 5 11, N 5 5). (B) Concentration–response relationships
showing the decrease in Isc after treatment with various concentra-
tions of benzamil or amiloride added to the apical solution of
monolayers grown in serum-free media supplemented with 850
nM insulin for 4 d. The IC50 value was 25 nM for benzamil (s, n 5
8, N 5 4) and 194 nM for amiloride (d, n 5 9, N 5 4).

Figure 3. Effect of HNMPA-(AM)3 on insulin-stimulated Na1 ab-
sorption and concentration–response relationships for insulin and
IGF-I. (A) Representative tracing showing that pretreatment with
25 mM HNMPA-(AM)3, an inhibitor of insulin receptor tyrosine ki-
nase activity, added to the basolateral solution for 30 min abol-
ished the increase in Isc produced by basolateral addition of 850
nM insulin. (B) Concentration–response relationships showing an
acute increase in Isc after treatment with various concentrations of
insulin or IGF-I added to the basolateral solution of monolayers.
Experiments were performed using cells maintained in serum-free
media for 4 d. The EC50 value was 12 nM for insulin (s) and 2.5
nM for IGF-I (d; n 5 at least 5, N 5 3 for each concentration).
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Ouabain-sensitive Current Across the Basolateral Membrane

The acute (15–20 min) effects of insulin on the cur-
rent–voltage relationship of the Na1-K1 ATPase is
shown in Fig. 6. The experiment was performed us-
ing amphotericin B–permeabilized monolayers, as de-
scribed in the previous section. The apical surface of
the epithelium was bathed with KMeSO4 Ringer solu-

tion supplemented with 5 mM NaCl, and amphotericin
B was used to permeabilize the apical membrane. Stan-
dard Ringer solution was used to bathe the basolateral
surface of the epithelium. The I–V relationship of the
pump was obtained using a voltage step protocol rang-
ing from 290 to 190 mV (15-mV steps) at a holding
potential of 0 mV. The difference currents were ob-

Figure 4. Extracellular [K1] dependence of pump current in
control and insulin-treated monolayers. Experiments were per-
formed using amphotericin B–permeabilized (apical membrane)
monolayers bathed on both sides with NaMeSO4 Ringer solution.
The cells were maintained in serum-free media (control) or se-
rum-free media supplemented with 850 nM insulin for 4 d. (A)
The pump current (Ip) was plotted as a function of basolateral
[K1]. The increase in [K1] in the basolateral solution was accom-
plished by replacement with KMeSO4 Ringer solution containing
different concentrations of K1. Insulin treatment increased Imax

from 20 6 2 mA (n 5 11, N 5 5) to 63 6 6 mA (n 5 9, N 5 5) and
increased K0.5 from 1.8 6 0.2 to 2.9 6 0.2 mM (control, r2 5 0.989;
insulin, r2 5 0.992). (B) Hill plot from the data shown in A. Insulin
treatment did not significantly affect the Hill coefficient (control,
1.9 6 0.2, r2 5 0.971; insulin, 2.1 6 0.3, r2 5 0.956, estimated by lin-
ear regression analysis).

Figure 5. Intracellular [Na1] dependence of pump current in
control and insulin-treated monolayers. Experiments were per-
formed with amphotericin B–permeabilized (apical membrane)
monolayers bathed on both sides with NMDG-MeSO4 Ringer solu-
tion with 10 mM KHCO3. The cells were maintained in serum-free
media (control) or serum-free media supplemented with 850 nM
insulin for 4 d. (A) Pump current (Ip) was plotted as a function of
apical [Na1]. The increase in [Na1] in the apical solution was ac-
complished by replacement with NaMeSO4 Ringer solution con-
taining increasing concentrations of Na1. Insulin treatment in-
creased Imax from 18 6 1 mA (n 5 8, N 5 4) to 42 6 5 mA (n 5 10,
N 5 4) and decreased K0.5 values from 39 6 2 to 24 6 2 mM (con-
trol, r2 5 0.999; insulin, r2 5 0.996). (B) Hill plot of the data shown
in A. Insulin treatment did not significantly affect the Hill coeffi-
cient (control, 1.3 6 0.1, r2 5 0.968; insulin, 1.2 6 0.1, r2 5 0.962,
estimated by linear regression analysis).
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tained by subtracting the current before and 10 min af-
ter basolateral addition of 100 mM ouabain. The oua-
bain-sensitive current after pretreatment with 850 nM
insulin for 15 min was approximately twofold greater in
magnitude, with no change in conductance when com-
pared with current responses under basal conditions.

Effect of Insulin on Basolateral Membrane K1 Permeability

The effect of insulin on basolateral K1 permeability is
shown in Fig. 7. The apical surface of the epithelium
was permeabilized with amphotericin B and bathed
with KMeSO4 Ringer solution without NaCl, while the
basolateral surface was bathed with standard Ringer so-
lution. The insulin-sensitive current obtained after ba-
solateral addition of 850 nM insulin for 15 min exhib-
ited slight outward rectification with a mean reversal
potential of 253 6 3 mV (n 5 9, N 5 4). Replacement
of standard Ringer solution with KCl Ringer solution
shifted the reversal potential toward zero (3 6 2, n 5 6,
N 5 4). Acute insulin (850 nM) treatment (15–30 min)
had no effect on apical membrane conductance.

Effect of Insulin on Benzamil-sensitive Current

To characterize the properties of the benzamil/amil-
oride-sensitive Na1 channel located in the apical mem-

brane, experiments were performed with amphotericin
B–permeabilized monolayers, as previously mentioned.
The monolayers were bathed on the apical side with
NaMeSO4 Ringer solution and on the basolateral side
with KMeSO4 Ringer solution containing amphotericin
B. The benzamil-sensitive current was obtained before
and 2 min after apical addition of 5 mM benzamil. The
current–voltage relationship of benzamil-sensitive cur-
rent is shown in Fig. 8. Treatment with 850 nM insulin
for 4 d showed a mean reversal potential of 65 6 4 mV
(n 5 7, N 5 4), which was not significantly different
from control cells in serum-free media (72 6 4 mV, n 5
5, N 5 3). The basal benzamil-sensitive conductance
was 0.17 6 0.05 mS. Stimulation with insulin signifi-
cantly increased the conductance to 0.37 6 0.05 mS. In-
terestingly, a 30-min treatment with 850 nM insulin pro-
duced no significant change in reversal potential (69 6
8 mV, n 5 6, N 5 3) or conductance (0.18 6 0.05 mS)
compared with control monolayers. The Na1 to K1 se-
lectivity ratio of the benzamil-sensitive current in the
presence of insulin was calculated to be 11.6:1.

Mechanism of Insulin Action

Previous studies using a rat skeletal muscle cell line
demonstrated that the activation of Na1-K1 ATPase by

Figure 6.  I–V relationships for the basolateral ouabain-sensitive
current. Ouabain-sensitive current was obtained from amphoteri-
cin B–permeabilized monolayers in response to a voltage step pro-
tocol from 290 to 190 mV in 15-mV step increments at a holding
potential of 0 mV. Experiments were performed under conditions
where the apical surface was bathed in KMeSO4 Ringer solution
with 10 mM NaCl and permeabilized with amphotericin B. Stan-
dard Ringer solution was used to bathe the basolateral surface of
the epithelium. Ouabain (100 mM) was added to the basolateral
solution to inhibit the pump. Cell monolayers were maintained in
serum-free media for 2 d. The ouabain-sensitive current is shown
before (s, n 5 5, N 5 4) and after (d, n 5 6, N 5 4) treatment
with 850 nM insulin added to the basolateral solution.

Figure 7.  I–V relationships for the insulin-sensitive K permeabil-
ity in the basolateral membrane. Insulin-activated currents were
obtained from amphotericin B–permeabilized monolayers in re-
sponse to a voltage step protocol from 290 to 190 mV in 15-mV
increments at a holding potential of 0 mV. The apical surface of
the epithelium was bathed in KMeSO4 Ringer solution without
NaCl and permeabilized with amphotericin B. Standard (SR) or
KCl Ringer solution was used to bathe the basolateral surface of
the epithelium. Insulin (850 nM) was added to the basolateral so-
lution of the cell monolayers maintained in serum-free media for
2 d. Mean reversal potentials for the insulin-sensitive currents were
253 6 3 mV in standard (s, n 5 9, N 5 4) and 3 6 2 mV in KCl
(d, n 5 6, N 5 4) Ringer solution.
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insulin may involve the phosphatidylinositol 3-kinase
(PI-3 kinase) signaling pathway (Ragolia et al., 1997).
Therefore, experiments were performed to determine
the signaling cascade involved in insulin-stimulated
Na1 transport across endometrial epithelial cells. Incu-
bation with 1 mM wortmannin, a PI-3 kinase inhibitor,
markedly inhibited the insulin-induced increase in Isc
from 47 6 3 mA (n 5 12, N 5 5) to 5 6 3 mA (n 5 6,
N 5 4) compared with control, as shown in Fig. 9 A.
Further experiments were conducted to determine the
downstream components of the pathway using phos-
phatase inhibitors. It was demonstrated that pretreat-
ment with 100 nM okadaic acid (Fig. 9 B) or 100 nM ca-
lyculin A, inhibitors of protein phosphatase PP-1 and
PP2A, for 30 min also inhibited insulin-induced in-
creases in Isc to 3 6 3 mA (n 5 4, N 5 3) and 5 6 3 mA
(n 5 4, N 5 3), respectively. Previous studies of insulin
signaling in adipocytes suggested the possibility that PI-3
kinase activation by the insulin receptor can stimulate
mitogen-activated protein kinase (MAP kinase), so that
insulin-dependent regulation of the Na1-K1 ATPase in
endometrial epithelial cells might involve components

of the MAP kinase signaling pathway (Suga et al.,
1997). To examine this possibility, we pretreated mono-
layers with a MAP kinase inhibitor (5 mM PD-98059)
and tested the effects of insulin. Although we observed
a slight reduction in Isc stimulation produced by insu-
lin (34 6 4 mA, n 5 5, N 5 3), the results suggested that
the MAP kinase signaling pathway did not play a major
role in activation of the Na1-K1 ATPase.

Additional experiments were performed to deter-
mine the effect of phosphatase inhibitors on insulin-
stimulated pump current, as illustrated in Fig. 10. The
Na-K ATPase was stimulated by basolateral addition of 5
mM KMeSO4 Ringer solution before and after treat-
ment with insulin for 30 min. Addition of 850 nM insu-
lin to the basolateral solution had no effects on basal
current (25 6 1 mA, n 5 25, N 5 9). A subsequent ad-
dition of 5 mM KMeSO4 Ringer solution produced a
rapid increase in current that was completely inhibited
by 100 mM ouabain, as shown in Fig. 10 A. Compared
with the control monolayers, insulin stimulated an in-
crease in pump current from 18 6 2 mA (n 5 12, N 5
5) to 32 6 1 mA (n 5 7, N 5 4). Pretreatment with 100
nM okadaic acid for 30 min before addition of insulin
abolished the insulin-stimulated pump current and de-
creased the basal pump current to 14 6 2 mA (n 5 6,
N 5 4), as shown in Fig. 10 B.

Short- and Long-term Effects of Insulin on Conductance and 
Pump Current

Fig. 11 compares the apical Na1 conductance (Fig. 8)
and the pump current stimulated by 30-min and 4-d
treatments with insulin. Administration of insulin for 30
min significantly increased K1-stimulated pump current
with no effect on Na1 conductance. However, treatment
with insulin for 4 d significantly increased both Na1

conductance and K1-stimulated pump current, suggest-
ing that long-term treatment with insulin produced an
increase in Na1 permeability of the apical membrane in
addition to further activation of Na1-K1 ATPase.

Identification of Na-K-ATPase a Subunit Isoforms

The presence of a-1, a-2, and a-3 isoforms of the Na1-
K1 ATPase were determined by immunofluorescence
and Western blotting. Fig. 12 shows the summation of
immunofluorescence images (1–3) obtained at 3-mm
steps as the microscope was focused from the filter to-
wards the apical membrane of glandular epithelial cell
monolayers. The cell monolayers were labeled using a
monoclonal antibody to a-1 and polyclonal antibodies
to a-2 and a-3 isoforms of fusion proteins of the rat
Na1-K1 ATPase. The cell monolayers were labeled with
antibodies to the a-1 and a-2 isoforms, but not the a-3
isoform of the Na1-K1 ATPase. The labeling pattern of
both a-1 and a-2 isoforms was intensely localized to the
basolateral membrane. The cells grown in serum-free

Figure 8. 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 volt-
age step protocol from 290 to 1165 mV in 15-mV increments
from a holding potential of 0 mV. Experiments were performed
under conditions where the basolateral surface was bathed in
KMeSO4 Ringer solution with 5 mM NaCl and permeabilized with
amphotericin B. NaMeSO4 Ringer solution with 5 mM KCl was
used to bathe the apical surface of the epithelium. Benzamil (5
mM) was added to the apical solution of the cell monolayers grown
in serum-free media (control) or serum-free media pretreated with
850 nM insulin for 30 min (short term) or serum-free media sup-
plemented with 850 nM insulin for 4 d (long term). Mean reversal
potentials for benzamil-sensitive currents were 72 6 4 mV for con-
trol (s, n 5 5, N 5 3), 69 6 8 mV for short-term (d, n 5 6, N 5 3),
and 65 6 4 mV for long-term (n, n 5 7, N 5 4) insulin treatment.
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media in the absence and presence of 850 nM insulin
exhibited the same pattern of labeling for both a-1 and
a-2 isoforms. The control monolayers incubated with
preimmune serum gave images identical to that ob-
served with the a-3 isoform antibody (data not shown).

A representative Western blot is also presented in Fig.
12 and confirms the expression of a-1 and a-2 isoforms
of the Na1-K1 ATPase. The monoclonal anti–Na1-K1

ATPase a-1 antibody labeled an z95-kD protein and

the polyclonal anti–Na1-K1 ATPase antibody labeled a
protein of z100 kD, consistent with a-1 and a-2 iso-
forms of the Na1-K1 ATPase.

[3H] Ouabain Binding

To determine whether insulin increased transport activ-
ity of the pump as a result of an increase in Na1-K1 ATP-
ase concentration in the basolateral membrane, spe-
cific [3H] ouabain binding was performed with the cell
monolayers cultured in serum-free media in the ab-
sence or presence of 850 nM insulin. Fig. 13 shows
the specific binding of [3H] ouabain to endometrial
epithelial cells as a function of ouabain concentra-
tion. Analysis of [3H] ouabain binding revealed a single
class of binding sites with total receptor concentra-

Figure 9. Effects of enzyme inhibitors on insulin-stimulated Isc.
(A) Histogram illustrating an increase in Isc produced by 850 nM
insulin when monolayers were pretreated for 30 min with 5 mM
PD-98059 (PD, n 5 5, N 5 3), MAP kinase inhibitor; 1 mM wort-
mannin (Wort, n 5 6, N 5 4), PI-3 kinase inhibitor; 100 nM oka-
daic acid (OA, n 5 4, N 5 3) and 100 nM calyculin A (CA, n 5 4,
N 5 3), phosphatase inhibitors, compared with insulin alone
(Control, n 5 12, N 5 5). (B) Representative tracings showing that
the increase in Isc produced by basolateral addition of 850 nM in-
sulin is decreased after pretreatment with 100 nM okadaic acid
added to the basolateral solution.

Figure 10. Effect of okadaic acid on insulin-stimulated pump
current. (A) Representative tracing comparing pump current re-
sponses of insulin (850 nM)-treated monolayers before and after
pretreatment with okadaic acid (100 nM). (B) Histogram illustrat-
ing the effect of okadaic acid on insulin activation of K1-stimulated
pump current (n 5 6, N 5 4) compared with insulin (n 5 7, N 5
4) and a serum-free control group (n 5 12, N 5 5).
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tion (Bmax) of 13.9 6 2.4 pmol/mg protein and Kd of
252.8 6 90.5 nM for insulin-treated cells (n 5 5). The
Bmax and Kd of insulin-treated cells did not significantly
differ from those of control cells (Bmax 5 11.4 6 3.9
pmol/mg protein and Kd 5 237.0 6 173.4 nM).

D I S C U S S I O N

Early studies of toad urinary bladder demonstrated that
insulin stimulates transepithelial Na1 transport by acti-
vation of the Na1-K1 ATPase without increasing apical
membrane Na1 permeability (Herrera, 1965). Further
studies of toad bladder (Siegel and Civan, 1976) and
skeletal muscle (Weil et al., 1991) showed that insulin-
stimulated Na1 transport resulted from activation of
the Na1-K1 ATPase. More recent studies of rat proxi-
mal tubule demonstrated that insulin increases the Na1

affinity of the pump (Feraille et al., 1994) similar
to that previously shown in adipocytes (McGill and
Guidotti, 1991). These findings are consistent with the
previously mentioned study on skeletal muscle (Clau-
sen and Hansen, 1977) and with a more recent study of
adipocytes where insulin stimulation did not produce
any change in Na1-K1 ATPase concentration as mea-
sured using immunogold labeling (Voldstedlund et al.,
1993). In contrast, studies of A6 cells demonstrated that
insulin-dependent stimulation of Na1 transport was pri-
marily due to an increase in Na1 permeability of the
apical membrane (Walker et al., 1984; Marunaka et al.,
1992; Erlij et al., 1994). Previous patch clamp experi-
ments have suggested that insulin-dependent increases
in Na1 permeability resulted from increased open
probability of apical Na1 channels (Marunaka et al.,
1992), whereas studies of intact A6 monolayers using
blocker-induced noise analysis indicated that insulin in-
creased Na1 channel density and apical membrane sur-
face area (Erlij et al., 1994). The idea that insulin func-
tions to increase insertion of Na1 channels into the
apical membrane was further supported by recent ex-
periments with brefeldin A, which demonstrated par-
tial block of insulin-stimulated Na1 absorption across
A6 cell monolayers (Coupaye-Gerard et al., 1994). The
effect of insulin on Na1 transport in A6 cells appears to

Figure 11. Short- and long-term effects of insulin on apical Na1

conductance and pump current. (A) Effect of 30-min and 4-d
treatment with 850 nM insulin on apical membrane Na1 conduc-
tance. (B) Effect of insulin treatment on pump current induced by
5 mM extracellular K1.

Figure 12. Immunolocalization and Western blot analysis of a-1,
a-2, and a-3 isoforms of Na1-K1 ATPase of cultured endometrial
epithelial cells. (A) Immunofluorescence labeling of monolayers
grown in the presence or absence of 850 nM insulin for 2 d. Mono-
layers were fixed, permeabilized, and labeled with antibodies
against a-1, a-2, and a-3 isoforms of rat Na1-K1 ATPase (scale bar,
25 mm). (B) Proteins from monolayers treated with 850 nM insulin
for 2 d were also extracted and analyzed by Western blot analysis
using the same antibodies as indicated for immunofluorescence.
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be similar to the effects of insulin on glucose transport
previously reported in adipocytes where insulin en-
hances glucose uptake by stimulating the insertion of
GLUT 4 glucose carriers into the plasma membrane
(Record et al., 1998).

Unlike the results obtained using A6 cells, we find in
the present study that the acute (within 30 min after
stimulation) increase in Na1 transport after treatment
with insulin or IGF-I is not the result of an increase in
apical Na1 conductance. Insulin and IGF-I increase
Na1 absorption by stimulating Na1-K1 ATPase activity
and by increasing basolateral membrane K1 permeabil-
ity. Stimulation of Na1-K1 ATPase activity involves in-
creases in both Vmax and Na1 affinity, and a small de-
crease in K1 affinity. Previous studies of Na1-K1 ATPase
stimulation by insulin in skeletal muscle indicated that
increases in Vmax may be the result of insertion of
pumps into the membrane (Hundal et al., 1992; Ma-

rette et al., 1993). This conclusion was supported by ex-
periments with microtubule-disrupting agents such as
colchicine, which blocked insulin-stimulated increases
in Vmax of the Na1-K1 ATPase in skeletal muscle myo-
balls (Li and Sperelakis, 1994). In the present study, in-
sulin-stimulated increases in Isc and IP were not blocked
by colchicine or brefeldin A (data not shown), suggest-
ing that insulin-dependent increases in Vmax do not in-
volve increases in the concentration of pumps present
in the basolateral membrane. This interpretation is
consistent with the results of ouabain binding experi-
ments, which showed no significant increase in number
of binding sites or Kd after insulin stimulation. Immu-
nocytochemical studies along with Western blot analysis
of endometrial epithelial cells presented in this study
demonstrate that a-1 and a-2 isoforms of the Na1-K1

ATPase are present in the basolateral membrane. Previ-
ous studies with adipocytes showed that insulin stimula-
tion produced decreases in K0.5 for Na1 of both the a-1
and a-2 isoforms of the pump (McGill and Guidotti,
1991). The insulin-dependent decrease in Na1 K0.5

(from 39 to 23 mM) for 86Rb1 uptake reported for the
a-2 isoform was remarkably similar to pump current
measurements reported in this study for endometrial
epithelial cells (from 39 to 24 mM). Estimates of Vmax

based on a theoretical fit of the 86Rb1 uptake data in
adipocytes also suggested a twofold increase in Vmax,
but this prediction was not experimentally confirmed.
It was concluded from the studies of McGill and
Guidotti (1991) that the fractional activity of the a-1
isoform was greater than that of the a-2 isoform in its
contribution to basal pump activity in the absence of in-
sulin. However, treatment with insulin produced selec-
tive activation of the a-2 isoform so that a-2 fractional
activity was dominant under insulin-stimulated condi-
tions. Stimulation of the a-2 isoform by insulin has also
been reported in brain (Brodsky, 1990). A similar
mechanism of insulin action on activity of the a-2 iso-
form could account for both the increase in Na1 affin-
ity and Vmax observed after insulin stimulation reported
in this study for endometrial epithelial cells. However,
it is worth noting that in renal epithelia, where only the
a-1 isoform is present, insulin also produces a marked
stimulation of the Na1-K1 ATPase.

Although insulin did not produce an acute increase
in apical Na1 conductance, we found that longer-term
treatment (4 d) with insulin resulted in a greater than
twofold increase in apical Na1 conductance and an ad-
ditional increase in pump current. One possible expla-
nation for the enhanced Na1 absorption following
longer term exposure to insulin may be related to the
growth-stimulating effects of insulin on cultured cells.
Although we did not examine this possibility directly, it
is worth noting that no significant change in total pro-
tein content was observed in monolayers treated with

Figure 13. [3H] Ouabain binding of cultured endometrial epi-
thelial cells. (A) Specific binding of [3H] ouabain to endometrial
epithelial cells after incubation with 850 nM insulin for 24 h. The
data were fit by nonlinear regression analysis. The Bmax was 13.9 6
2.4 pmol/mg protein, and the Kd was 253 nM for insulin-treated
cells, which was not significantly different from values in control
group (Bmax 5 11.4 6 3.9 pmol/mg protein, Kd 5 237 nM, n 5 5).
(B) Scatchard plot of the same data.
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insulin for 4 d compared with control monolayers un-
der serum-free conditions. In addition, primary en-
dometrial epithelial cells exhibit density-dependent ar-
rest, making it less likely that the cell population would
increase twofold after achieving confluence. Another
possible explanation could involve regulation of Na1

channel expression at the transcriptional level that
could result in an increase in apical membrane Na1

conductance. Regulation at this level would likely fol-
low a time course on the order of hours or perhaps days
that could be consistent with the longer-term actions of
insulin on Na1 conductance. At present, evidence in
support of this idea is not available, but insulin is
known to stimulate DNA replication and transcription
of other proteins involved in cell cycle regulation.

An interesting observation from this study, relating to
the Na1 dependence of the Na1-K1 ATPase, is that the
degree of cooperativity for Na1 ion binding is less than
that previously reported for the Na1-K1 ATPase in adi-
pocytes (Russo et al., 1990), proximal tubule epithelial
cells (Feraille et al., 1994), and colonocytes (Halm and
Dawson, 1983). For most cells where the Na1 depen-
dence of the pump has been determined, the Hill coef-
ficient has a value near 2, whereas in endometrial epi-
thelial cells, a value of 1.3 was obtained. This difference
in cooperativity leads to a higher level of pump activity
at lower Na1 concentrations in endometrial epithelial
cells, where cooperativity is low. Reduced cooperativity
combined with the increase in Na1 affinity of the pump
after stimulation by insulin may be important in lower-
ing intracellular Na1 activity within the cell. This would
enhance the driving force for Na1 entry across the api-
cal membrane through amiloride-sensitive Na1 chan-
nels. The electrogenic character of the Na1-K1 ATPase
would also contribute to the driving force for Na1 entry
by producing an increase in cell hyperpolarization after
stimulation with insulin. Thus, we suggest that stimula-
tion of the pump by insulin increases both the electrical
and chemical driving forces for Na1 uptake across the
apical membrane.

Experiments using amphotericin B to permeabilize
the apical membrane demonstrated the presence of an
insulin-activated, outwardly rectifying conductance in
the basolateral membrane. Replacement of standard
porcine Ringer solution with high KCl Ringer solution
shifted the reversal potential to near 0 mV, suggesting
K1 as the current-carrying ion. Insulin-dependent in-
creases in basolateral K1 conductance presumably con-
tributes to the electrical driving force for apical Na1

uptake and could serve to offset decreases in K1 recy-
cling that would occur in the face of sustained hyperpo-
larization of the basolateral membrane.

It is generally accepted that the first step in the insu-
lin/IGF-I signaling cascade involves receptor binding
followed by stimulation of receptor-mediated tyrosine

kinase activity. Previous studies in A6 cells demonstrated
that insulin-stimulated Na1 transport was inhibited by
tyrosine kinase inhibitors (Rodriguez-Commes et al.,
1994; Record et al., 1996, 1998). In the present study,
we also demonstrated that a specific inhibitor of insulin
receptor tyrosine kinase, HNMPA-(AM)3, blocked insu-
lin-stimulated Na1 transport. This result supports the
conclusion that an initial enzymatic step in insulin-
dependent regulation of Na1 transport in endometrial
cells involves receptor autophosphorylation. A model
summarizing our hypothesis regarding post-receptor
signaling events responsible for regulation of Na1-K1

ATPase transport activity in endometrial epithelial cells
is presented in Fig. 14. We suggest that phosphorylation
of PI-3 kinase either directly by the insulin/IGF-I recep-
tor or by IRS-1 constitutes one of the early postreceptor
phosphorylation steps that leads to pump activation.
This suggestion is based on the observation that wort-
mannin, a selective inhibitor of PI-3 kinase activity, can
completely abolish the stimulatory effects of insulin and
IGF-I on Na1-K1 ATPase activity. We further speculate
that PI-3 kinase, presumably acting through protein
kinase B/AKT protein or through protein kinase C acti-
vates a protein phosphatase (presumably PP-1 or PP-2A),
which in turn dephosphorylates the Na1-K1 ATPase, re-
sulting in an increase in transport activity. Although we
have no direct evidence to identify either PKB/AKT
protein or PKC in this pathway, it is known in other sys-
tems (Cohen et al., 1997) that these serine-threonine ki-
nases can be activated by PI-3 kinase and can modulate
the activity of protein phosphatases, including PP-1 and
PP-2A. Evidence supporting the involvement of a pro-
tein phosphatase in this signaling cascade comes from
experiments showing that okadaic acid and calyculin A
act to inhibit insulin/IGF-I–dependent activation of the
pump at concentrations that block protein phosphatase
activity. Previous studies using cultured L6 rat skeletal
muscle cells demonstrated that pretreatment with oka-

Figure 14. Proposed model
showing the mechanism of insu-
lin action on Na1-K1 ATPase acti-
vation in endometrial epithelial
cells (discussion). IRS-1, insu-
lin receptor substrate-1; PP, pro-
tein phosphatase; a, alpha sub-
unit of the Na1-K1 ATPase.
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daic acid and calyculin A blocked the effects of insulin
on Na1-K1 ATPase activity and insulin-dependent de-
phosphorylation of the Na1-K1 ATPase. In addition, the
presence of wortmannin also blocked insulin-stimu-
lated PP-1 activation as well as dephosphorylation and
activation of the pump (Ragolia et al., 1997). Thus, in-
sulin appears to regulate Na1-K1 ATPase activity in L6

cells by promoting dephosphorylation of the a subunit
through activation of PP-1, and PI-3 kinase appears to
be involved in an earlier step in the signaling cascade.
In addition, recent studies in A6 cells demonstrated that
PI-3 kinase inhibitors blocked insulin-stimulated Na1

transport and insulin-stimulated PI-3 kinase activity
(Record et al., 1998). The results of the present study
demonstrate that Na1-K1 ATPase transport activity in
primary cultures of endometrial epithelial cells is sub-
ject to regulation by insulin and IGF-I through a postre-
ceptor signaling pathway that ultimately leads to de-
phosphorylation of resident pumps in the basolateral
membrane. The signaling pathway responsible for insu-
lin/IGF-I activation of the Na1-K1 ATPase in endome-
trial epithelial cells appears to follow a similar pattern
previously proposed for L6 rat skeletal muscle cells and
A6 epithelial cells.

Insulin and IGF-I have been previously shown to stim-
ulate endometrial epithelial cell proliferation (Shiraga
et al., 1993). Moreover, it was proposed that the growth-
promoting actions of estrogen are mediated, in part, by
release of IGF-I from endometrial cells (Shiraga et al.,
1993). In human endometrium, IGF-I mRNA is prima-
rily localized within stromal cells, and mRNA levels are
most abundant during the proliferative phase of the cy-
cle. IGF-I receptors are present in both stromal and ep-
ithelial cells, but are relatively more abundant in the

epithelium (Zhou et al., 1994). The levels of IGF-I re-
ceptor do not appear to change during the cycle. These
results suggest that the endometrial epithelium can re-
spond to locally released IGF-I from stromal cells and
that IGF-I regulation of epithelial cell growth is maxi-
mal during the proliferative phase of the cycle. In por-
cine uterus, IGF-I activity changes with the early devel-
opment of the placenta (Persson et al., 1997). Increases
in IGF-I mRNA levels within the endometrium peak at
a time when conceptus estrogen secretion reaches its
maximum, and decreases significantly after implanta-
tion. The role of IGF-I and insulin in endometrial epi-
thelial cell transport function has not been previously
explored. We speculate that increases in Na1 absorp-
tion in the presence of IGF-I may have some role in reg-
ulating the volume of fluid present within the uterus at
the time of implantation. In porcine uterus, uterine
fluid secretion is significantly stimulated just before
ovulation and remains high for the next 2–3 d (Iritani
et al., 1974). The increase in fluid secretion is believed
to be critical in providing a fluid environment for con-
ceptus migration and positioning along the uterine
horns before implantation. Increases in IGF-I secretion
before implantation may provide a means of reducing
uterine fluid volume once migration is complete. Stim-
ulation of amiloride-sensitive Na1 absorption may also
account for the lower concentrations of Na1 previously
measured in mammalian uterine fluid (Clemetson et
al., 1972; Iritani et al., 1974). At this time, the effects of
uterine fluid ionic composition on implantation are
not understood, but the observation that Na1 transport
can be stimulated by IGF-I suggests the possibility that
regulation of uterine fluid volume and ionic composi-
tion may play some role in the process of implantation.
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