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Abstract

 

Endothelial cells play a central role in the coordination of
the inflammatory response. In mucosal tissue, such as the
lung and intestine, endothelia are anatomically positioned
in close proximity to epithelia, providing the potential for
cell–cell crosstalk. Thus, in this study endothelial–epithelial
biochemical crosstalk pathways were studied using a hu-
man intestinal crypt cell line (T84) grown in noncontact
coculture with human umbilical vein endothelia. Exposure
of such cocultures to endothelial-specific agonists (LPS) re-

 

sulted in activation of epithelial electrogenic Cl

 

2

 

 secretion
and vectorial fluid transport. Subsequent experiments re-

 

vealed that in response to diverse stimuli (LPS, IL-1

 

a

 

, TNF-

 

a

 

,
hypoxia), endothelia produce and secrete a small, stable ep-
ithelial secretagogue into conditioned media supernatants.
Further experiments identified this secretagogue as 6-keto-

 

PGF

 

1

 

a

 

, a stable hydrolysis product of prostacyclin (PGI

 

2

 

).
Results obtained with synthetic prostanoids indicated that
6-keto-PGF

 

1

 

a

 

 (EC

 

50

 

 

 

5 

 

80 nM) and PGI

 

2

 

 stable analogues
(EC

 

50

 

 

 

5 

 

280 nM) activate the same basolaterally polarized,
Ca

 

2

 

1

 

-coupled epithelial receptor. In summary, these find-
ings reveal a previously unappreciated 6-keto-PGF

 

1

 

a

 

 recep-
tor on intestinal epithelia, the ligation of which results in ac-
tivation of electrogenic Cl

 

2

 

 secretion. In addition, these
data reveal a novel action for the prostacyclin hydrolysis
product 6-keto-PGF

 

1

 

a

 

 and provide a potential endothelial–
epithelial crosstalk pathway in mucosal tissue. (

 

J. Clin. In-
vest. 

 

1998. 102:1161–1172.) Key words: inflammation 
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 intes-
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 prostaglandin 

 

•

 

 sepsis

 

Introduction

 

Mucosal epithelial cells provide a barrier that separates lume-
nal and vascular compartments. This monolayer of cells pro-
vides barrier function and serves as a conduit for vectorial ion
movement, the transport event responsible for mucosal hydra-

tion and, in excess, secretory diarrhea (1). By secreting solutes
and transporting fluid across the epithelium, epithelia are able
to coordinate compositional changes of the lumenal compart-
ment. Several stimuli, including hormones, neurotransmitters,
and cytokines have been shown to directly regulate both epi-
thelial barrier function and ion transport (1–3).

In intact mucosal tissues, including the lung and intestine,
epithelial cells are anatomically positioned in close proximity
to a number of subepithelial cell types, including lymphocytes,
fibroblasts, smooth muscle cells, and endothelia. These sub-
epithelial cell populations contribute to epithelial function
through paracrine pathways. For instance, PG synthesis in the
intestine is derived almost exclusively from subepithelial popu-
lations (4). The vascular endothelium functions as more than a
passive conduit for blood components, and synthesizes many
compounds which precisely regulate blood vessel tone, vascu-
lar composition, and leukocyte movement (5–7). Endothelial
cells themselves respond to a variety of proinflammatory stim-
uli, including TNF-

 

a

 

, IL-1, and endotoxin and in turn release
inflammatory mediators such as cytokines and bioactive lipids
(6). The vital role of the endothelium in coordinating inflam-
mation and the proximity of the vasculature to the epithelium
provide a potential paracrine crosstalk pathway between these
two cell types.

Based on these previous studies, we developed a system to
ask focused questions regarding endothelial–epithelial cross-
talk in vitro. A noncontact, coculture system was used to
examine endothelial paracrine compounds which influence ep-
ithelial functional responses. Our results revealed that endo-
thelial-specific agonists activate the production and release
of an endothelial secretagogue (termed endothelial-derived
secretagogue, EDS)

 

1

 

 which binds a basolaterally polarized epi-
thelial receptor and induces epithelial Cl

 

2

 

 secretion and fluid
transport. The present studies identified EDS as 6-keto-PGF

 

1

 

a

 

and defined a basolaterally polarized, Ca

 

2

 

1

 

-coupled 6-keto-
PGF

 

1

 

a

 

 receptor, the ligation of which induces electrogenic Cl

 

2

 

secretion.

 

Methods

 

Materials

 

Where indicated, endothelial monolayers were exposed to LPS from

 

Escherichia coli 

 

(List Biological Laboratories, Inc., Cambell, CA), re-
combinant human IL-1

 

a

 

 or TNF-

 

a

 

 (both from R&D Systems, Minne-
apolis, MN), indomethacin (Sigma Chemical Co., St. Louis, MO), or
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Abbreviations used in this paper:

 

 COX, cyclooxygenase; EDS, en-
dothelial-derived secretagogue; HUVEC, human umbilical vein en-
dothelial cells; 

 

D

 

Isc, change in short circuit current; PGHS-1, prosta-
glandin H synthase-1, COX-1; PGHS-2, prostaglandin H synthase-2,
COX-2.
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forskolin (Sigma). NS398, PGE

 

2

 

, and 2,3-dinor-keto-PGF

 

1

 

a

 

 were pur-
chased from Biomol Inc. (Plymouth Meeting, PA) or from Oxford
Biomedical Research, Inc. (Oxford, MI). Ciprostene, 6-keto-PGF

 

1

 

a

 

,
and carbaprostacyclin were purchased from Cayman Biochemical
(Ann Arbor, MI). 1,2-bis(2-aminophenoxy)ethane-

 

N

 

,

 

N

 

,

 

N

 

9

 

,

 

N

 

9

 

-tet-
raacetic acid (BAPTA 2-AM) was purchased from Molecular Probes
(Eugene, OR). Iloprost was a kind gift from Schering Plough Inc.
(Berlin, Germany).

 

Cell culture

 

Human umbilical vein endothelial cells (HUVEC).

 

HUVEC were ob-
tained and harvested using 0.1% collagenase (Worthington Biochem-
ical Corp., Freehold, NJ) as described elsewhere (8). Endothelial
monolayers were established and maintained on 9.5- or 1.9-cm

 

2

 

 gela-
tin-coated plates using DME (Gibco, Grand Island, NY) containing
10% heat-inactivated FCS, glucose, pyruvate, glutamine, and strepto-
mycin (9). Confluent monolayers exhibited typical cobblestone ap-
pearance. Where indicated, confluent monolayers were exposed to
activating conditions (LPS, IL-1

 

a

 

, or TNF-

 

a

 

) as described before (9).
In subsets of experiments, serum-starved endothelia (12 h) were ex-
posed to hypoxia (pO

 

2

 

 20 mmHg) as previously reported (9, 10).

 

Human intestinal epithelial cell line (T84 cells).

 

Monolayers of T84
cells (passages 67–85) were grown and passaged as previously de-
scribed (11) in a 1:1 mixture of DME and Hams F-112 medium sup-
plemented with 15 mM Hepes buffer (pH 7.5), 14 mM Na HCO

 

3

 

, 40
mg/liter penicillin, 8 mg/liter ampicillin, 9 mg/liter streptomycin, and
5% FCS. Subculturing was performed every 6–8 d by treating with
trypsin (0.1%) and EDTA (0.9 mM) in Ca

 

2

 

1

 

 and Mg

 

2

 

1

 

-free PBS for
15–20 min.

For coculture experiments, two systems were developed to study
endothelial influences on epithelial function (see Fig. 1). In system A,
T84 cells were grown on the underside permeable supports as de-
scribed previously (12). Once confluent, HUVEC were plated in the
upper chamber of the collagen-coated insert and allowed to grow to
confluency for 48 h before activation. This orientation provided par-
ticularly close endothelial–epithelial proximity, without allowing cell–
cell contact (cells do not penetrate 0.4-

 

m

 

m filters, data not shown). In
system B (Fig. 1), T84 cells were grown to confluence on the upper-
side of 0.4-

 

m

 

m permeable supports (Corning Costar, Cambridge,
MA) and HUVEC were plated and grown to confluence in the op-
posing well before activation. Thus, development of these systems
provided an opportunity to study paracrine crosstalk between endo-
thelia and epithelia.

 

Electrophysiologic measurements

 

To measure agonist-stimulated short circuit currents (Isc), transepi-
thelial potentials, and resistance, a commercially available voltage
clamp (Iowa Dual Voltage Clamps, Bioengineering, University of
Iowa) interfaced with an equilibrated pair of calomel electrodes and a
pair of Ag-AgCl electrodes was used, as described in detail elsewhere
(11). Using these values and Ohm’s law, transepithelial resistance and
transepithelial current were calculated. Fluid resistance within the
system accounts for 

 

,

 

 5% of total transepithelial resistance. HBSS
was used in both apical and basolateral baths during all experiments,
unless otherwise noted. Cl

 

2

 

 secretory responses are expressed as a
change in short circuit current (

 

D

 

Isc) necessary to maintain zero po-
tential difference across the monolayer.

 

Fluid transport assay

 

T84 cells growing on inserts were exposed to HUVEC or HUVEC
media with or without LPS for 24 h, as indicated. Using system B
(Fig. 1), net fluid movement was measured as described previously
(13), with minor modifications. In brief, the apical solution of conflu-
ent T84 cell monolayers grown on 0.33-cm

 

2

 

 permeable supports was
replaced with 30 

 

m

 

l of media and layered with 60 

 

m

 

l of warm, sterile
mineral oil to minimize evaporation as previously described (14). In

 

some monolayers, the cAMP agonist forskolin (50 

 

m

 

M) and 3-isobu-
tyl-1-methylxanthine (IBMX 100 

 

m

 

M) were added to the basolateral
solution to promote fluid movement and serves as a positive control.
After 24 h, the apical solution was collected, centrifuged at 10,000 

 

g

 

,
and quantified with a calibrated pipette and weighed on a balance
(Sartorius, Inc., Bohemia, NY).

 

Prostaglandin H synthase-1 (PGHS-1) and PGHS-2
Western blotting

 

HUVEC were grown to confluence on 6-well plates and exposed to
experimental conditions (media alone or media containing 30 ng/ml
IL-1

 

a

 

 for 18 h). Washed monolayers were lysed (150 mM NaCl, 25 mM
Tris, 1 mM MgCl

 

2

 

, 1% Triton X-100, 1% Nonidet P-40, 5 mM EDTA,
5 

 

m

 

g/ml chymostatin, 2 

 

m

 

g/ml aprotinin, and 1.25 mM PMSF, all from
Sigma) and cell debris was removed by centrifugation (10,000 

 

g

 

, 5
min). Cell lysates were separated by nonreducing SDS-PAGE, trans-
ferred to nitrocellulose, and blocked overnight in blocking buffer
(250 mM NaCl, 0.02% Tween 20, 5% goat serum, and 3% BSA). Pri-
mary antibody to PGHS-1 (1:1,000 rabbit polyclonal) or PGHS-2 (1:
1,000 rabbit polyclonal, both from Oxford Biomedical Research, Inc.)
was added for 3 h, blots were washed, and species-matched peroxi-
dase-conjugated secondary antibody was added. Labeled bands from
washed blots were detected by ECL (Amersham, Inc., Arlington
Heights, IL) as described before (10).

 

Isolation and identification of EDS

 

Conditioned media from HUVECs with and without stimulation
were passed through a series of progressively smaller filters (10-, 3-,
1-, and 0.5-kD molecular mass cutoff; Amicon, Danvers, MA) under
N

 

2

 

 pressure, as described previously (15). Filter flow-through samples
and filter retentates (volume adjusted back to original volumes) were
tested by addition of samples to virgin T84 monolayers and assess-
ment of electrogenic Cl

 

2

 

 secretion, as described above. Precondi-
tioned media filtered through a 0.5-kD Amicon filter and pH ad-
justed to 3.5 were run across a Sep-Pak C

 

18

 

 column (Millipore Corp.,
Milford, MA). The columns were washed with distilled/deionized wa-
ter and compounds were eluted with increasingly polar mobile phases
(hexane

 

→

 

methyl formate

 

→

 

methanol), as described previously (16).
Fractions were concentrated under a stream of nitrogen, reconsti-
tuted in either 1 ml of HBSS

 

1

 

 (for T84 bioactivity) or 100 

 

m

 

l of meth-
anol (for UV-HPLC-mass spectrometry). Active fractions from Sep-
Pak were further resolved on a C

 

18

 

 reverse-phase HPLC column (150 

 

3

 

5 mm; Phenomenex, Torrance, CA) with acidified (0.1% acetic acid)
MetOH/H

 

2

 

O (60:40 vol/vol) at 1 ml/min on a 1050 series HPLC using
ChemStation™ software (Hewlett Packard, Palo Alto, CA). Eluted
samples (1 ml) were trapped on a fraction collector (BioRad, Her-
cules, CA), evaporated to dryness, and resuspended in 1 ml HBSS for
assay of bioactivity.

For structural elucidation of EDS, bioactive materials eluted by
HPLC were injected into a liquid chromatograph in tandem with a
mass spectrometer (LC/MS) using an ODS Hypersil column (Hewlett
Packard) 2.1 

 

3

 

 100 mm. The LC/MS was run at 0.5 ml/min. Buffers
were A 

 

5 

 

water with 0.1% formic acid, B 

 

5 

 

acetonitrile with 0.1%
formic acid, with gradient set at 20.5% B to 75% B in 35 min using
buffer A as a diluent. The mass spectrometer used was a Platform II
(Micromass Instruments, Beverly, MA) operated using atmospheric
pressure chemical ionization and operated such that scans of opposite
polarity were obtained on alternating scans (alternating positive/neg-
ative ion mode). The instrument was scanned from mass 100 to 600 in
1 s, with a 0.1 interscan time. In this manner, full positive and nega-
tive ion mass spectra were obtained from a single chromatographic
analysis.

In subsets of experiments, quantification of 6-keto-PGF

 

1

 

a

 

 was
performed using a commercially available ELISA kit (Oxford Bio-
medical Research, Inc.). For such analysis, 6-keto-PGF

 

1

 

a

 

 was ex-
tracted from soluble supernatant using methyl formate elution from
C

 

18

 

 Sep-Pak columns, evaporated to dryness, and resuspended in di-
lution buffer provided by the ELISA kit.



 

Functional Epithelial 6-keto-PGF

 

1

 

a

 

 Receptor

 

1163

 

Intracellular signaling studies

 

In subsets of experiments, intracellular cAMP or cGMP was quanti-
fied exactly as described previously (17). In brief, confluent T84
monolayers on 5-cm

 

2

 

 permeable supports were exposed to indicated
experimental conditions and cooled to 4

 

8

 

C by washing in ice-cold
HBSS. Cyclic nucleotides were extracted from washed monolayers
with extraction buffer (1 ml of 66% EtOH, 33% HBSS containing the
phosphodiesterase inhibitor IBMX, 5 mM, Sigma), lysates were
cleared by spinning at 10,000 

 

g

 

 for 5 min, and dried under vacuum to
remove EtOH. Samples were rehydrated in water, and cyclic nucle-
otides were quantified using displacement ELISA (Amersham) ac-
cording to manufacturer’s instructions. Nucleotide levels were ex-
pressed as pM per ml of lysis buffer.

Ca

 

2

 

1

 

 signaling was quantified exactly as described previously
(18). In brief, T84 cells were grown on acid-washed, collagen-coated
glass coverslips. Cells were grown subconfluent (to allow basolateral
access of agonist), washed in warm HBSS, and loaded with the radio-
metric Ca

 

2

 

1

 

 indicator fura 2-AM (Molecular Probes, final concentra-
tion of 7.5 

 

m

 

M) for 1 h at room temperature. Elevation in intracellu-
lar Ca

 

2

 

1

 

 in response to agonist was assessed using a microscopic dual
wavelength spectrofluorometer (model 4000; Photon Technology
Int., South Berwick, NJ). Fura 2-AM was monitored at excitation
wavelengths 340 and 380 nm and emission spectra were collected at
510 nm; the ratio of 340:380 nm accurately reflects intracellular Ca

 

2

 

1

 

(19). Results are expressed as the fluorescence ratio at wavelengths
340/380 nm. In subsets of experiments, inhibition of intracellular Ca

 

2

 

1

 

signaling was achieved by preexposure of epithelia to the Ca

 

2

 

1

 

 chela-
tor BAPTA 2-AM (100 

 

m

 

M, 10 min) before addition of agonist, as
described previously (20).

 

Data presentation

 

Electrophysiologic, fluid transport and cAMP data were compared by
two-factor ANOVA or by Student’s 

 

t

 

 test where appropriate. Values
are expressed as the mean

 

6

 

SEM of

 

 n 

 

monolayers from at least three
separate experiments.

 

Results

 

Active endothelial–epithelial cocultures.

 

Fig. 1 demonstrates the
systems used to examine paracrine crosstalk between endothelia
and epithelia. After plating in coculture, neither system (A nor
B) resulted in significant differences in cell viability (based on
LDH release from individual cell types and in coculture, data
not shown). Additionally, the presence of endothelia did not
influence epithelial barrier function, a sensitive measure of ep-
ithelial viability (11) (measured as a transepithelial resistance,
1,118

 

6

 

210 and 1,218

 

6

 

195 ohm 

 

?

 

 cm

 

2

 

 for epithelia plated alone
and in coculture with endothelia for 3 d [pooled for systems A
and B], respectively,

 

 n 

 

5 

 

32 monolayers per condition,

 

 P 

 

5 

 

not
significant). HUVEC plated alone did not support a measur-
able resistance (data not shown).

We next examined functional epithelial endpoints of en-
dothelial activation. As shown in Fig. 2 

 

A

 

, addition of LPS to
endothelial–epithelial cocultures (system A, see Fig. 1) re-
sulted in a time-dependent increase in epithelial Isc (measured
as 

 

D

 

Isc,

 

 P 

 

, 

 

0.01 by ANOVA), indicating activation of epithe-
lial electrogenic chloride secretion (11). Such responses were
evident by 6 h (

 

P

 

 , 

 

0.05), maximal by 12 h, and remained sig-
nificantly elevated out to 24 h. Over this same time course,
cocultures incubated in the absence of LPS also revealed a
small increase in Cl

 

2

 

 secretion over epithelia alone (Fig. 2 

 

A

 

,

 

P 

 

, 

 

0.05 compared with epithelia alone by ANOVA). Consis-
tent with previous reports (21), LPS did not influence Cl

 

2

 

secretory responses of epithelia alone. As shown in Fig. 2 

 

B

 

,

we extended these data to examine the endpoint functional re-
sponse of epithelial electrogenic chloride secretion, that of
vectorial fluid transport (1). To do this, cocultures grown adja-
cent to one another (system B, Fig. 1) served as a better system
since accurate quantification of fluid transport requires mini-
mal epithelial apical volumes (13). As shown in Fig. 2 

 

B

 

, cocul-
tures activated with LPS resulted in increased fluid transport
over control cocultures (i.e., no LPS, 11

 

6

 

0.4-fold increase with
LPS activation, P , 0.005) or epithelia alone (960.8-fold in-
crease with coculture LPS activation, P , 0.01). As we have
demonstrated previously (13), activation of epithelia with for-
skolin (50 mM) served as a positive control for this response
(1661.4-fold increase over epithelia alone, P , 0.001). Such
data reveal that endothelial exposure to LPS in proximity to
epithelia results in activation of Cl2 secretion and concomitant
vectorial fluid transport.

Activated endothelia liberate a soluble secretagogue. We next
determined whether induction of Cl2 secretion by activated
endothelia (see Fig. 2) resulted from endothelial liberation of a
soluble factor. To do this, conditioned media supernatants
were harvested from LPS-stimulated endothelia (500 ng/ml,
18 h of exposure) and were incubated with quiescent epithelial
monolayers. As shown in Fig. 3 A, epithelial exposure to con-
ditioned media derived from activated endothelia resulted in a
rapid rise in Isc (maximal by 3 min) which persisted over time
(DIsc significantly higher than buffer alone at 40 min, P ,

Figure 1. Systems of noncontact endothelial–epithelial cocultures. 
T84 intestinal epithelial monolayers were grown in noncontact cocul-
ture with HUVEC as described in Methods. In system A, epithelia 
and endothelia were plated on opposing surfaces of membrane-per-
meable supports. In system B, epithelia were plated on membrane-
permeable supports whereas endothelia were plated in the adjacent 
well to the permeable support.
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0.05). The functional receptor for this secretagogue localized
to the physiologically relevant basolateral surface. Indeed, as
shown in Fig. 3 B, no significant increase in Isc was observed
when soluble supernatants from LPS-activated endothelia
were applied to the apical surface of epithelia (3.161.4 mA/cm2

at 3 min after addition), whereas a vigorous response was obvi-
ous upon application to the basolateral surface (30.267.2 mA/
cm2 at 3 min after addition) or to both the basolateral and api-
cal surfaces of confluent epithelia grown on permeable sup-
ports (36.166.6 mA/cm2 at 3 min after addition). Such data in-
dicate that activated endothelia liberate a soluble factor which
when exposed to the epithelial basolateral membrane activates
a rapid and sustained electrogenic Cl2 secretory response.

Activation dependence. We next examined the diversity of
endothelial-activating stimuli for liberation of this soluble
secretagogue. As shown in Fig. 4 A, conditioned media har-

vested from LPS-activated endothelia revealed a concentra-
tion-dependent increase in epithelial Isc (EC50 5 80 ng/ml,
P , 0.01 by ANOVA). Higher concentrations of LPS (up to 1
mg/ml) did not result in enhanced liberation of this soluble fac-
tor (data not shown). Similarly, a time course of LPS activation
(500 ng/ml) revealed a time-dependent increase in liberation
of EDS (DIsc of 3.260.4, 6.660.6, 19.164.0, and 17.664.4 mA/
cm2 at 6, 12, 18, and 24 h of exposure to LPS, respectively, P ,
0.01 by ANOVA). Parallel supernatants harvested from unac-
tivated endothelia revealed smaller increases in Isc (maximal
DIsc 5 3.360.6 mA/cm2 at 18 h, P , 0.05 compared with media
controls). Media harvested from epithelia alone or LPS-acti-
vated epithelia (Fig. 4) revealed no significant secretagogue
activity (P 5 not significant compared with unconditioned me-
dia). Additionally, increased Isc responses were obtained from
supernatants derived from endothelia stimulated with IL-1a
(Fig. 4, EC50 5 1 ng/ml, P , 0.01 by ANOVA), TNF-a (EC50 5
25 ng/ml, maximal DIsc of 27.366.4 mA/cm2 at 18 h, P , 0.001
compared with media control). Endothelial cell exposure to
hypoxia (pO2 20 torr, for periods of 12–48 h) (9, 10) also elic-
ited liberation of secretagogue activity (DIsc of 8.461.7,
9.861.6, and 10.361.9 mA/cm2 for periods of hypoxia of 12, 24,

Figure 2. Induction of electrogenic Cl2 secretion and fluid transport 
in LPS-activated endothelial–epithelial cocultures. In A, system A 
cocultures were incubated in the absence (open circles) and presence 
of LPS (100 ng/ml, closed squares) for indicated times and examined 
for generation of epithelial electrogenic Cl2 secretion (measured as 
Isc). T84 monolayers alone (closed triangles) were incubated with 
LPS as a control. Results represent data pooled from eight monolay-
ers in each condition and are expressed as the mean6SEM. In B, sys-
tem B cocultures were incubated in the presence and absence of LPS 
(100 ng/ml) for 24 h and examined for vectorial basolateral-to-apical 
fluid transport as described in Methods. T84 cells alone served as a 
negative control and T84 cells exposed to forskolin (10 mM) in the 
presence of IBMX (5 mM) served as the positive control for induc-
tion of fluid transport. Data are pooled from eight monolayers in 
each condition and results are expressed as the mean6SEM fluid 
movement over 24 h.

Figure 3. Conditioned 
media from LPS-acti-
vated endothelia in-
duce epithelial Cl2 
secretion. In A, super-
natants harvested from 
LPS-activated endothe-
lia (100 ng/ml, 18 h) 
were exposed to the ba-
solateral surface of con-
fluent T84 monolayers 
and examined for gen-
eration of electrogenic 
Cl2 secretion at indi-
cated times. Data are 
pooled from eight 
monolayers in each con-
dition and results are 
expressed as the mean6 

SEM DIsc. (B) Super-
natants harvested from 
LPS-activated endothe-
lia (100 ng/ml, 18 h) 
were exposed to the 
apical, basolateral, or 
apical and basolateral 
surfaces of confluent 
T84 cell monolayers 
and examined for gen-
eration of electrogenic 
Cl2 secretion. Data are 
pooled from nine 
monolayers in each con-
dition and results are 
expressed as the 
mean6SEM DIsc.
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and 48 h, respectively, all are P , 0.01 compared with media
control of 1.8360.27, n 5 3).

This Cl2 secretory response was not related to LPS, TNF-a,
or IL-1a activation of T84 cells, since direct addition of these
activators failed to induce significant Cl2 secretion [DIsc of
0.260.03, 1.260.7, 0.960.03 mA/cm2 for LPS (500 ng/ml),
TNF-a (50 ng/ml) or IL-1a (30 ng/ml), P 5 not significant
compared with media alone]. Such data are consistent with
previous studies indicating that in the baseline state, T84 cells
do not express functional receptors for these inflammatory
mediators (13, 22–24). Dilution of supernatant harvested from
maximally activated endothelia (IL-1a, 3 ng/ml, 18 h) indi-
cated a complete loss of activity at 1:25 dilution (37.465.1 vs.
1.160.5 mA/cm2 for neat vs. 1:25 dilution, respectively, P ,
0.01). Such data indicate that endothelia, and particularly acti-
vated endothelia, liberate an epithelial Cl2 secretagogue
(hereafter referred to as EDS).

Liberation of EDS requires cyclooxygenase-2 (COX-2) ac-
tivity. We next attempted to block production of EDS. First,
as shown in Fig. 5 A, conditions for liberation of EDS paral-
leled induction of PGHS-2 (COX-2) but not PGHS-1 (COX-1).
Western blotting of endothelial lysates under conditions which
liberate this secretagogue (IL-1a, 30 ng/ml, 18 h, see Fig. 4) re-
vealed a dominant increase in COX-2, with stable expression
of COX-1. Such data are consistent with previous reports of
COX-2 as an inducible enzyme in endothelia (25, 26). More-
over, as shown in Fig. 5 B, pretreatment of endothelia with ei-
ther indomethacin (more selective inhibitor of COX over li-
poxygenases) (27) or NS398 (more selective inhibitor of COX-2
over COX-1) (28) blocked IL-1a–activated liberation of this
secretagogue bioactivity by . 90%. Such inhibition of EDS re-
sponses was not a result of indomethacin or NS398 action on
T84 cells, since neither inhibited EDS-elicited Cl2 secretion in
epithelia (DIsc 12.262.5 and 13.763.1 for EDS with 1 mM in-

domethacin or NS398, respectively, vs. 14.263.0 and 12.660.5
for EDS alone, respectively, n 5 3 separate experiments, P 5
not significant). Taken together, these data indicate that EDS
liberation parallels COX-2 induction.

Structural nature of endothelial secretagogue. Data presented
above revealed that EDS is liberated into supernatants, is sta-
ble as a soluble factor, and may require COX-2 induction. To

Figure 4. Diversity of activators for endothelial liberation of soluble 
secretagogue. Soluble supernatants were harvested from endothelia 
activated with indicated concentrations of LPS (18-h exposure, A) or 
IL-1a (18-h exposure, B). Supernatants were exposed to the basolat-
eral surface of confluent T84 cell monolayers and examined for gen-
eration of electrogenic Cl2 secretion. Supernatants harvested from 
T84 cells exposed to LPS (500 ng/ml, A) or IL-1a (30 ng/ml) served as 
controls for these experiments. Data are pooled from 8–12 monolay-
ers in each condition and results are expressed as the mean6SEM 
DIsc.

Figure 5. EDS activity parallels PGHS-2 (COX-2) induction. (A) 
Confluent endothelial monolayers were incubated in the presence 
and absence of IL-1a (30 ng/ml) for 18 h. Cells were cooled to 48C, 
scraped, and solubilized as described in Methods. Lysates were sepa-
rated by SDS-PAGE under nonreducing conditions, blots were 
probed with polyclonal rabbit anti–PGHS-1 (top) or PGHS-2 (bot-
tom), labeled with peroxidase-conjugated secondary antibody, and 
developed by ECL. One of three representative experiments is 
shown. (B) Soluble supernatants were harvested from endothelia ac-
tivated with IL-1a (3 ng/ml, 18 h) in the presence and absence of indi-
cated concentrations of indomethacin (hatched bars) or NS398 (solid 
bars). Resulting supernatants were exposed to the basolateral surface 
of confluent T84 cell monolayers and examined for generation of 
electrogenic Cl2 secretion. Data are pooled from three separate ex-
periments tested on seven to nine monolayers in each condition and 
results are expressed as the mean6SEM DIsc.



1166 Blume et al.

gain further insight into the nature of EDS, we examined a
number of physical parameters. First, ultrafiltration of super-
natants through progressively smaller membrane pore sizes
(range 30–0.5 kD) revealed no loss of activity through filters as
low as 500 D (bioactivity of 21.666.5.0 vs. 27.065.4 mA/cm2 for
unfiltered EDS and EDS filtered through a 500-D membrane
filter, respectively, P 5 not significant). Additionally, EDS was
demonstrated to resist multiple freeze/thaw cycles and could
be lyophilized without loss of activity (data not shown). Such
physical parameters strongly resembled that of an endogenous
secretagogue (29), later identified as 59AMP, which is con-
verted to adenosine at the epithelial surface and stimulates ep-
ithelial A2b receptors (15, 30). However, EDS bioactivity was
not blocked by the addition of the adenosine receptor antago-
nist 8-phenyl-theophylline (19.066.3.9 vs. 17.266.4 mA/cm2 in
the presence and absence of 8-phenyltheophylline, respec-
tively, P 5 not significant; whereas such conditions blocked
5 mM adenosine-stimulated Isc by 9466%). Further experi-
ments, shown in Fig. 6 A, revealed that EDS bound to C18 Sep-
Pak columns and eluted within the methyl formate fraction.
Repeated UV spectral scans of active, partially purified EDS
(filtrate # 500 D, eluted from C18 column with methyl formate,
evaporated to dryness under N2, and resuspended in metha-
nol) failed to reveal an obvious chromophore within the range
of 210–400 nm (data not shown).

Identification of EDS. As a starting point for structural
elucidation of EDS, partially purified EDS (in methanol) was
injected on a C18 reverse-phase HPLC column. Samples were
eluted in MetOH/water (60:40 vol/vol) in 0.1% acetic acid mo-
bile phase, collected as 1-ml fractions over 30 min, evaporated
to dryness under N2, resuspended in HBSS, pH adjusted to 7.4,
and screened for induction of epithelial Cl2 secretion. Shown
in Fig. 6 B are bioactivities of fractions 4–12 min which re-
vealed highly active fractions eluting at 8–11 min. Samples in
the 1–4 min and 13–30 min ranges did not significantly induce
epithelial Cl2 secretion (not shown). Similar preparations of
identically treated media controls revealed no observable bio-
activity (maximum DIsc of 0.360.05 mA/cm2, P 5 not signifi-
cant compared with HBSS alone).

We next used LC/MS to obtain evidence for the structure
of EDS. As shown in Fig. 7 A, in the negative ion mode, en-
dogenous EDS revealed a single dominant total ion peak (Fig.
7 A, inset) and a dominant ion at [M 2 H]2 at m/z 369, provid-
ing evidence for M 5 370. Very little fragmentation was evi-
dent, and those evident were indicative of successive water
losses 351 [M 2 H2O]2, 333 [M 2 2H2O]2, and 315 [M 2
3H2O]2. By contrast, positive ion mass spectra (Fig. 8 A) re-
vealed a single dominant total ion peak (Fig. 8 A, inset) with
significant fragmentation at m/z 393 [M 1 Na]1, and loss of
successive water molecules from the putative protonated mol-
ecule, 353 [M 2 H2O]1, 335 [M 2 2H2O]1, and 317 [M 2
3H2O]1. Given that EDS resembles a prostanoid or eicosanoid
generated through the COX-2 induction pathway (Figs. 5 and
6), the best candidate with M 5 370 was 6-keto-PGF1a, an hy-
drolysis product of PGI2 (31, 32). The negative and positive ion
spectra for 6-keto-PGF1a are shown in Figs. 7 B and 8 B, re-
spectively. As can be seen, LC/MS characteristics of EDS and
6-keto-PGF1a were essentially identical, and coinjection of
EDS with synthetic 6-keto-PGF1a (50% EDS and 50% 6-keto-
PGF1a) revealed similar retention times (Figs. 7 C and 8 C, in-
sets) and similar mass spectra (Figs. 7 C and 8 C), identifying
EDS as 6-keto-PGF1a.

To verify the existence of 6-keto-PGF1a in this model, su-
pernatants derived from maximally activated endothelia were
analyzed using a specific ELISA. Analysis of extracted soluble
supernatants from endothelia preexposed to LPS (500 ng/ml,
18 h), TNF-a (50 ng/ml, 18 h), IL-1a (30 ng/ml, 18 h), or am-
bient cellular hypoxia (pO2 20 torr, 48 h) revealed soluble

Figure 6. Purification of bioactive EDS. Soluble supernatants were 
harvested from endothelia activated with IL-1a (30 ng/ml, 18 h). In A, 
3 ml of filtered supernatant (, 500 D) was passed across a C18 Sep-
Pak column, washed with H2O, and eluted with hexane, methylfor-
mate (MF), or methanol (MetOH) mobile phases. Column eluents 
were dried, resuspended in HBSS, exposed to the basolateral surface 
of confluent T84 cell monolayers, and examined for generation of 
electrogenic Cl2 secretion. Pre-C18 column supernatant (1 ml) served 
as a control. Data are pooled from 8–12 monolayers in each condition 
and results are expressed as the mean6SEM DIsc. (B) Samples de-
rived from the methylformate fraction from C18 Sep-Pak columns 
were further separated by HPLC as described in Methods and tested 
for generation of electrogenic Cl2 secretion. Data are pooled from six 
to eight monolayers in each condition and results are expressed as the 
mean6SEM DIsc.
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6-keto-PGF1a concentrations of 9.261.5, 13.263.4, 15.366.2,
and 9.063.1 ng/ml, respectively (n 5 3 separate experi-
ments, all P , 0.01 compared with endothelial media alone).
Importantly, media derived from endothelia not exposed
to activating stimuli (18-h exposure) also had measurable
amounts of 6-keto-PGF1a (0.2260.03 ng/ml, P , 0.05 com-
pared with media alone). The addition of either indomethacin
(1 mM) or NS398 (1 mM) blocked 6-keto-PGF1a production by
. 90% (soluble 6-keto-PGF1a concentrations of 1.260.2 and
2.260.4 ng/ml for IL-1a–stimulated endothelia in the presence
of indomethacin or NS398, respectively, P , 0.01 compared
with levels derived from IL-1a–activated endothelia). Similar
results were obtained with endothelia activated with other pro-
inflammatory stimuli (7764, 8469, and 92610% decrease in
LPS, TNF-a, and hypoxia-stimulated 6-keto-PGF1a levels with
addition of 1 mM indomethacin, respectively, P , 0.01 for all).

Characteristics of a functional epithelial 6-keto-PGF1a re-
ceptor. As an extension of the above defined data, we defined
functional features of the epithelial 6-keto-PGF1a receptor. In
vivo, 6-keto-PGF1a results from rapid hydrolysis of prostacyclin
(PGI2) (33) and in addition to 6-keto-PGF1a, 2,3-dinor-6-keto-
PGF1a is a major human metabolite of PGI2 (34). Thus, as
shown in Fig. 9, we compared relative bioactivities of 6-keto-
PGF1a, 2,3-dinor-6-keto-PGF1a, and a panel of PGI2 stable
analogues (iloprost, carbaprostacyclin, and ciprostene, see
structures in Fig. 9). Addition of synthetic 6-keto-PGF1a to the
basolateral surface of T84 epithelial monolayers induced a
rapid and sustained Cl2 secretory response (ED50 5 80 nM,
maximal DIsc 37.567.0 mA/cm2 at 3 mM). The pattern of acti-
vation was similar to that of EDS (i.e., rapid and sustained, see
Fig. 3) and the receptor was defined to the basolateral surface
(i.e., apical addition of 6-keto-PGF1a at concentrations up to

Figure 7. Negative ion mass spectral anal-
ysis of EDS and synthetic 6-keto-PGF1a. 
HPLC-purified EDS was analyzed by LC/
MS as described in Methods. Shown here 
are representative mass spectral tracings in 
the negative ion mode and total ion elu-
tions over the 10-min period of monitoring 
(insets). A represents endogenous EDS de-
rived from endothelial supernatant par-
tially purified by HPLC. B represents 
synthetic 6-keto-PGF1a. C represents a 
coinjection of endogenous EDS and syn-
thetic 6-keto-PGF1a.
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3 mM did not induce an Isc, data not shown). Synthetic 6-keto-
PGF1a was more potent than the prostacyclin stable analogues
carbaprostacyclin (ED50 5 180 nM, P , 0.025 compared with
6-keto-PGF1a), iloprost (ED50 5 240 nM, P , 0.025 compared
with 6-keto-PGF1a), or ciprostene (ED50 5 280 nM, P , 0.025
compared with 6-keto-PGF1a). The synthetic 2,3-dinor-6-keto-
PGF1a compound was completely inactive at all concentrations
examined (up to 3 mM, P 5 not significant compared with
buffer controls). The 6-keto-PGF1a response was less active
than the related prostanoid PGE2 (ED50 5 1 nM, P , 0.001
compared with 6-keto-PGF1a), which has been characterized
previously in this model (35). As shown in Fig. 10, further ex-
periments revealed it likely that 6-keto-PGF1a acts through the
PGI2 receptor. Preexposure of epithelia to either 6-keto-
PGF1a or carbaprostacyclin results in attenuation of subse-
quent activation by carbaprostacyclin or 6-keto-PGF1a, respec-
tively (P , 0.025 for both responses), suggesting classical

receptor desensitization. Such attenuated responses were not a
result of nonspecific signal uncoupling since carbachol, a Ca21

agonist which does not activate the PGI2 receptor, readily in-
duced Cl2 secretion in desensitized monolayers (Fig. 10, P ,
0.001 for both). Importantly, 6-keto-PGF1a does not bind to
the epithelial PGE2 receptor, since epithelial preexposure to
PGE2 (100 nM, DIsc 38.664.2 mA/cm2) did not attenuate sub-
sequent responses to 6-keto-PGF1a (100 nM, DIsc 22.663.1
mA/cm2) compared with 6-keto-PGF1a alone (100 nM, DIsc
23.064.7 mA/cm2, P 5 not significant compared with combina-
tion of PGE2 and 6-keto-PGF1a).

We next examined epithelial 6-keto-PGF1a receptor cou-
pling in intestinal epithelia. Previous studies have revealed
that functional prostanoid receptors act through increased or
decreased intracellular cAMP (36) or through elevations in in-
tracellular Ca21 (via IP3 generation) (36). Thus, we examined
intracellular cAMP responses to exogenous addition of 6-keto-

Figure 8. Positive ion mass 
spectral analysis of EDS and 
synthetic 6-keto-PGF1a. HPLC-
purified EDS was analyzed by 
LC/MS as described in Methods. 
Shown here are representative 
mass spectral tracings in the pos-
itive ion mode and total ion elu-
tions over the 10-min period (in-
sets). A represents endogenous 
EDS derived from endothelial 
supernatant partially purified by 
HPLC. B represents synthetic 
6-keto-PGF1a. C represents a 
coinjection of endogenous EDS 
and synthetic 6-keto-PGF1a.
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PGF1a (basolateral exposure to 3 mM for 1–10 min). 6-keto-
PGF1a did not significantly elevate intracellular cAMP (986
7% of vehicle control at 5 min, n 5 3 separate experiments,
P 5 not significant) compared with our positive control PGE2

(3 mM, 184610.9-fold increase over vehicle control at 5 min,
n 5 3 separate experiments, P , 0.0001), suggesting that the
functional epithelial 6-keto-PGF1a receptor is not coupled to
cAMP-dependent processes. Parallel experiments revealed
that 6-keto-PGF1a did not elevate cGMP (data not shown). As
shown in Fig. 10 C, stimulation of subconfluent (to allow baso-
lateral access of agonist), fura 2-AM–loaded T84 cells with
6-keto-PGF1a (1 mM) resulted in a rapid elevation in intracel-
lular ionized Ca21 (4.2-fold increase in 340/380 nm ratio). His-
tamine (100 nM, which elicits a DIsc of 4768 mA/cm2 at this
concentration), an agonist which acts through elevation of in-
tracellular Ca21 (35), served as a positive control for these exper-
iments (5.6-fold increase in 340/380 nm ratio), and 2,3-dinor-
6-keto-PGF1a did not elevate intracellular Ca21. Furthermore,
pretreatment of epithelia with the intracellular Ca21 chelator
BAPTA (100 mM, 10 min) resulted in a 5164% decrease
in -6-keto-PGF1a–induced Isc (P , 0.05 compared with no
BAPTA). In parallel experiments, similar BAPTA treatment
did not influence forskolin-stimulated Isc (1265% decrease in
Isc, P 5 not significant compared with no BAPTA). These
data indicate the likelihood that the 6-keto-PGF1a receptor is
coupled through a Ca21-dependent pathway. Cumulatively,

these results reveal that intestinal epithelia express a func-
tional basolateral receptor for prostacyclin and 6-keto-PGF1a,
the ligation of which results in a Ca21-dependent induction of
electrogenic Cl2 secretion.

Discussion

In a number of conditions, including hemorrhagic shock, sep-
sis, and reperfusion injury, vascular endothelial activation par-
allels intestinal symptomologies consistent with epithelial elec-
trogenic chloride secretion, namely secretory diarrhea (37–40).
Such clinical observations implicate a role for endothelial-
derived factor(s), at least in part, as mediators of such symp-
toms. In this study, we sought to elucidate the possible nature
of these factor(s). As an experimental system, we used human
cell cultures consisting of endothelial cells (HUVEC) plated in
noncontact coculture with intestinal epithelia (T84 cells). Such
cocultures revealed that endothelial-specific agonists liberate a
soluble factor, which when applied to the basolateral surface
of epithelia, induces a rapid and sustained Cl2 secretory re-
sponse and concomitant fluid movement. Subsequent experi-
ments identified this factor as 6-keto-PGF1a and revealed that
epithelia express a functional, basolateral cell surface receptor
for both prostacyclin and 6-keto-PGF1a. This is the first evi-
dence for a functional cellular response to 6-keto-PGF1a.

Figure 9. Comparison of synthetic 6-keto-
PGF1a and PGI2 analogues in induction of 
epithelial electrogenic Cl2 secretion. Con-
fluent T84 intestinal epithelial monolayers 
were exposed (basolateral only) to indi-
cated synthetic PGs (structures of each are 
indicated) at indicated concentrations. 
Electrogenic Cl2 secretion was monitored 
over 30 min. Data are pooled from six to 
eight monolayers in each condition and re-
sults are expressed as the mean6SEM 
DIsc.
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Mucosal epithelia which line organs such as the intestine
and lung lie in close anatomic proximity to a number of subep-
ithelial cell types, including vascular endothelia. As such, the
activated endothelium can produce soluble mediators which
influence epithelial function. In the intestine for instance, PGs
are derived almost exclusively from subepithelial populations
(4), and recent evidence directly implicates a protective role
for PGI2 and PGE2 in intestinal epithelial responses to reper-
fusion injury (41). To model such cell–cell crosstalk in vitro, it
was necessary to position endothelia in close proximity, but
not in contact, with the epithelial basolateral membrane. Our
studies revealed that activation of noncontact cocultures with
endothelia-specific agonists (LPS) elicited epithelial electro-
genic Cl2 secretion and concomitant fluid transport over a pe-
riod of 24 h. These results parallel a previous coculture system
using fibroblast–epithelial cultures to study agonist responsive-
ness in intestinal epithelia (42, 43). Similar to our findings,
these studies determined a role for COX products, particularly
PGE2, and revealed that fibroblasts promote agonist-stimu-
lated epithelial Cl2 secretion. Our studies revealed that acti-
vated endothelia liberate a small, stable secretagogue into
conditioned media supernatants. Similar to other bioactive
molecule receptors (e.g., cytokines), the receptor for EDS was
expressed in the physiologically relevant basolateral surface
(i.e., toward the vasculature in vivo).

A diverse panel of endothelial activators was able to induce
liberation of this secretagogue into soluble supernatants. A
well-characterized, inducible enzyme in endothelial cells is
COX-2 (7), and liberation of EDS paralleled COX-2 induction
in this system. First, stimuli used to activate release of EDS
(LPS, TNF-a, IL-1a, cellular hypoxia) have each been demon-
strated to induce COX-2 protein levels (6, 44) and the time
course of action (i.e., . 6 h) corresponds to the lag phase of
COX-2 previously observed (45). Second, use of preferential
inhibitors to COX over lipoxygenases (indomethacin) and
more specific inhibitors of COX-2 over COX-1 (NS398) re-
vealed a . 90% inhibition of EDS liberation, suggesting a
dominant role for COX-2. Third, the presence of both unacti-
vated endothelial cells in coculture and conditioned media
from unactivated endothelia induced a low level Cl2 secretory
response over media alone, indicating the likelihood that qui-
escent endothelia also produce some bioactive 6-keto-PGF1a

in this system. Basal expression of COX-1 could explain such
observations (see Results). Additionally, we cannot rule out
the possible role for other endothelial-derived bioactive lipids
within this system, particularly PGE2, of which intestinal epi-
thelia bear a functional receptor (35) (see Results). In fact, it is
likely, that PGE2 may contribute to our observed increases in
Cl2 secretion and fluid transport, as others have revealed a
dominant role for PGE2 in epithelial–fibroblast coculture sys-
tems (42, 43), and T84 epithelial cells express an active PGE2

receptor (35). 6-keto-PGF1a levels in soluble supernatants
were determined to be in the nanogram range, and based on
the concentration–response curve, this concentration does not

Figure 10. Characteristics of the epithelial 6-keto-PGF1a receptor. 
(A) Confluent T84 intestinal epithelial monolayers were exposed (ba-
solateral only) to synthetic carbaprostacyclin (CBP, 1 mM) followed 
by 6-keto-PGF1a (1 mM) to examine receptor desensitization. The 
functional readout was induction of epithelial electrogenic Cl secre-
tion. Carbachol (10 mM) was added at the end of the experiment to 
rule out nonspecific downregulation of calcium-stimulated Cl2 secre-
tion. In B, T84 cells were exposed (basolateral only) to synthetic 
6-keto-PGF1a (1 mM) followed by carbaprostacyclin (CBP, 1 mM) to 
examine receptor desensitization. Data are pooled from six to eight 
monolayers in each condition and results are expressed as the 
mean6SEM DIsc. In C, fura 2-AM–loaded, subconfluent T84 cells 

(to allow basolateral access of agonist) were visualized by micros-
copy, exposed to 6-keto-PGF1a (1 mM), histamine(100 nM), or 2,3-
dinor-6-keto-PGF1a (1 mM), and examined for elevation in intracellu-
lar Ca21 (measured as a ratio of fluorescence intensity at 340/380 nm). 
Data are representative tracings from three separate experiments.
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fully explain the EDS response observed in these experiments.
Thus, while 6-keto-PGF1a contributes to this response, it is
likely that other stable, COX-dependent, bioactive compo-
nents contribute to the Cl2 secretory responses in this cocul-
ture model. The identities of these others are not fully under-
stood at this time.

Of interest, we found that EDS was stable under the condi-
tions defined here and transferable in a cell-free conditioned
supernatant derived from activated endothelial monolayers.
Structural studies revealed 6-keto-PGF1a as a predominate
EDS in this system. Previously, 6-keto-PGF1a was assumed to
be an inactive, nonenzymatic hydrolysis product of prostacy-
clin, an unstable prostanoid derived from the COXs (46).
Given their stability under physiologic conditions, 6-keto-PGF
compounds have been used extensively as a urinary marker of
endothelial activation in vivo (47). For example, the fate of la-
beled prostacyclin in humans was examined and revealed that
all identified metabolites were of the 6-keto-PGF structure
(32). Of note, urinary 6-keto-PGF1a constituted nearly 6% of
systemically administered prostacyclin. Our present studies in-
dicate that intestinal epithelia express functional surface recep-
tors for 6-keto-PGF1a, the ligation of which results in induction
of electrogenic Cl2 secretion. Importantly, 2,3-dinor-6-keto-
PGF1a, the major metabolite of 6-keto-PGF1a (34), was com-
pletely inactive, revealing a relative importance of carbon po-
sitions 2 and 3 in activating the cell surface receptor (see Fig.
9). Additionally, these experiments reveal that prostacyclin
stable analogues activate Cl2 secretion in model intestinal epi-
thelia. The rank order of potency (Fig. 9, carbaprostacyclin z
ciprostene . iloprost) reveals that the methyl group at C-22 on
iloprost may, by comparison with the other analogues, partially
inhibit interaction with the epithelial receptor. At present, we
do not know if other 6-keto-PGs are active in this system.

Several lines of evidence indicate that 6-keto-PGF1a acti-
vates a PGI2 receptor (likely the IP receptor), a recently
cloned seven-transmembrane–spanning protein (48, 49). First,
epithelial preexposure to the prostacyclin analogue carbapros-
tacyclin resulted in receptor desensitization to subsequent acti-
vation by 6-keto-PGF1a. Second, whereas iloprost has been
demonstrated also to activate the PGE2 receptor (specifically
the EP1 receptor) (36), PGE2 did not desensitize subsequent
activation by 6-keto-PGF1a (see Results). Of note, it is possible
that epithelial PGI2 (IP) and PGE (EP1) receptors share a
common signaling pathway since, for example, oocytes ex-
pressing IP receptors display a Ca21-mediated Cl2 current,
similar to our findings here (48, 49). Third, while most evi-
dence indicates that the PGI2 receptor signals through cAMP
(36), the cloned mouse PGI2 receptor (48) as well as the rabbit
cortical collecting duct (50) also signal through intracellular
phosphatidylinositol hydrolysis and elevations in intracellular
Ca21. In addition, PG responses of porcine intestinal epithelia
implicated a role for increased intracellular Ca21 (41). Thus,
our findings that an intestinal epithelial PGI2 receptor signals
(via 6-keto-PGF1a) through elevation in intracellular Ca21 are
not unprecedented in the literature.

In summary, these findings reveal a novel paracrine path-
way for endothelial–epithelial crosstalk. Such results indicate
that physiologically stable PGs (e.g., 6-keto-PGF1a) have the
potential to activate adjacent cell types in a paracrine manner.
Moreover, given its in vivo stability (e.g., remains structurally
intact in both urine and serum) (32), 6-keto-PGF1a could pro-
vide a previously undefined systemic prostanoid signaling

pathway. Whether these in vitro observations can be extended
to in vivo settings awaits further investigation.
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