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Abstract
Background: Impairment of the fertility in the
platelet-activating factor (PAF) receptor transgenic
female mice suggests changes in PAF functions can
inﬂuence uterine receptivity. We hypothesized that
vasodilatory actions of PAF in the uterus was exerted
by PAF-mediated nitric oxide (NO) release via activation of isoenzyme-speciﬁc protein kinase C (PKC).
Materials and methods: Inducible and endothelial
NOS was shown by Reverse transcription polymerase chain reaction RT-PCR in cDNA synthesized
from RNA extract of proliferative and secretory endometrium as well endometrial epithelial cell lines
HEC-1B. The effect of WEB2170, NG-monomethyl-Larginine (L-NMMA) and Ro31-8220 on PAF mediated NO release by HEC-1B cell was determined.
PAF induced translocation of PKC in HEC-1B cell
and its antagonist effect by Ro 31-8220 was studied
by Western immunoblot analysis. PKC isoenzyme
regulated by PAF was determined in HEC-1B cell
lysate by immunoprecipitation.
Results: PAF-evoked a rapid and concentrationdependent biphasic increase in total NO in human
HEC-1B endometrial epithelial cell line [as measured by a Sievers NOA 280A NO Chemiluminescent Analyser.] This increase in NO release was
attenuated by the PAF receptor antagonist, WEB2170.
Inhibition of NO synthesis by NG–monomethyl–
L–arginine produced marked dose-dependent atten-

uation of PAF-mediated NO release, indicating nitric oxide synthase (NOS) activation. PAF-mediated
NO release was also inhibited by the PKC inhibitor
Ro 31-8220 and by the removal of extracellular calcium, suggesting a dependency on PKC and calcium, respectively. RT-PCR analysis showed expression of inducible NOS and endothelial NOS in
human endometrium, myometrium and HEC-1B
cells. Western immunoblot analysis showed PKC,
II and  were the principal isozymes present in the
HEC-1B cell line and normal endometrium, suggesting that both HEC-1B cells and normal endometrium have similar PKC isozymes. PAF induced the translocation of both PKC and PKC
within the time frame of NO release. The translocation of PKC, but not PKC, was susceptible to inhibition by Ro 31-8220 that also inhibited PAFevoked NO release, suggesting that PKC is the
principal isozyme involved in this process and that
eNOS may be a substrate for PKC. Kinase assays
performed using immunoprecipitated PKC showed
that PAF (1 nM) activated PKC that was inhibited
by co-incubation with Ro31-8220 and Ca2-free
medium.
Conclusions: This study demonstrates that PAFstimulated NO release via PKC in epithelial cells
might regulate endometrial functions such as implantation and menstruation.
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Introduction
Platelet-activating factor (PAF) is a potent, inflammatory lipid mediator that increases vascular permeability and vasodilatation processes
that accompany human implantation and men-
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struation (1,2). The potent vasodilatory and
vascular permeability properties of PAF may relate to its ability to stimulate the release of
agents such as nitric oxide (NO) (3), a labile intracellular messenger molecule which modulates blood vessel tone via activation of smooth
muscle cytosolic guanylate cyclase (4). Furthermore, inhibition of endogenous NO synthesis
can promote leakage of ﬂuid and protein from
capillaries (5), suggesting an important role for
NO in regulating vascular permeability, a
process closely associated with implantation
(6). Formation of NO is achieved by the conversion of L-arginine to L-citrulline by the enzyme NO synthase (NOS) in the presence of
molecular oxygen, NADPH and cofactors consisting of tetrahydrobiopterin, heme, ﬂavin
adenine dinucleotide and ﬂavin mononucleotide (7). Three main isoforms of NOS are
neuronal (8), endothelial (9) and inducible NOS
(10), displaying about 50% amino acid sequence homology. The two constitutively expressed NOS isoforms identiﬁed in endothelium and cerebellum are Ca2-dependent and
calmodulin-dependent and they synthesize
small amounts of NO upon activation. The
third inducible NOS is Ca2-independent, although it binds calmodulin and is mainly seen
in macrophages and neutrophils (11).
A recent study demonstrated the expression
of endothelial NOS mRNA in the endometrial
glandular epithelium, endometrial stroma and
the myometrial blood vessels (12). Despite this
and the suggestive importance of NO in implantation and menstruation (13,14), its production and regulation in human endometrium
have not been described. Agonists that release
endothelial NO share the ability to stimulate
phospholipase C. PAF is known to stimulate
phospholipase C from both normal endometrial
tissue (15) and from endometrial epithelial cell
line, HEC-1B cells (16). This activation generates two distinct second messengers: inositol
(1,4,5)-trisphosphate and sn-1,2 diacylglycerol,
which activates protein kinase C (PKC). The endothelial NOS cDNA contains consensus sequences for phosphorylation by protein kinases
including PKC and cyclic AMP-dependent protein kinase. NOS phosphorylation by PKC reduces NOS catalytic activity in the brain (17)
and vascular endothelium (18), however in epithelial cells its actions are unknown.
PKC is not a single entity, but a family comprising at least 12 isozymes, which differ in their
subcellular distribution, activation requirements

and tissue expression (19,20). This suggests that
each of the isozymes could have discrete functions in cell signaling. PKC isozymes activated
following phospholipase activation can vary,
offering a means to regulate cellular function via
a common signalling pathway. PKC isozymes
,  and  are Ca2-dependent; whereas, PKC
isozymes , , , , are Ca2-independent. All
of these isozymes, with the exception of ,
and , are activated by phorbol ester, diacylglycerol and free fatty acids (20). Here we hypothesize that the vasodilatory effect of PAF
may relate to its ability to stimulate the release
of NO via PKC. The aim of this study was,
therefore, to investigate the effect of PAF on the
regulatory mechanisms involved in NO biosynthesis in HEC-1B cells, as this cell line was
shown previously to possess functional PAF
receptors and to retain many of the characteristics of endometrial epithelial cells (16).

Materials and Methods
Identiﬁcation of the NOS Isozymes in the
HEC-1B Cell Line
Normal endometrial tissue was obtained from
women undergoing sterilization. Ethical approval was obtained from the South Birmingham Ethical Committee. Total RNA was
extracted from proliferative and secretory endometrium as well as from monolayers of
HEC-1B endometrial epithelial adenocarcinoma cells (American Type Culture Collection,
Rockville, MD) by a single-step procedure
based on the method of Chomczynski and Sacchi (21). Brieﬂy, endometrial tissue was homogenized in RNAzol™ B (AMS Biotechnology (Europe) Ltd., Oxon, U.K.) while cell
monolayers were lysed directly in the tissue
culture ﬂask and total RNA puriﬁed by acidphenol extraction and ethanol precipitation.
cDNA was synthesized from total RNA using
the Superscript™ Preampliﬁcation System for
ﬁrst strand cDNA synthesis (GibcoBRL Life
Technologies, Paisley, Scotland). Brieﬂy, 10 g
of total RNA was primed with 0.5 g/ l
oligo(dT)12–18 and reverse transcribed in a total
volume of 20 l of reaction mixture consisting
of 10 mM of all four dNTP’s, 25 mM MgCl2, 0.1
M DTT and 200 units/ l of Superscript II RT in
a buffer containing 200 mM tris-HCl (pH 8.4)
and 500 mM KCl, according to the manufacturer’s instructions. For ampliﬁcation by PCR,
2 l of RT product was ampliﬁed with 2.5 units
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Taq DNA polymerase and 10 M of sense and
antisense NOS primers in 50 l of reaction mix
containing 500 mM KCl, 200 mM tris-HCl and
MgCl2 [human inducible NOS (iNOS): 1.75 M;
human constitutive endothelial NOS (eNOS):
1.5 M] for 35 cycles as follows: iNOS: 95°C, 30
sec; 55°C, 30 sec; 72°C, 60 sec; eNOS: 95°C, 30
sec; 60°C, 30 sec; 72°C, 60 sec Products were
then analyzed by agarose gel electrophoresis. The sense primers for iNOS were 5'GAATCTTGGAGCGAGTTGTGG-3' (nucleotide
number: 2368-2350) and antisense were 5'CCAGCTTCTTCAAAGTGGTAG-3' (nucleotide
number: 3286-3266). The sense primers eNOS
were 5'-CCCCCCGAGCTCCCCGCTAAC-3'
(nucleotide number: 135-155) and anti-sense
were 5'-GCAGTCCCGGGCATCGAACAC-3'
(nucleotide number: 629-649). The PCR products were subcloned and sequenced to conﬁrm
their identity.
Preparation and Stimulation of Cells
HEC-1B cells were maintained in 80 cm2 ﬂasks
in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) containing 10 % (v/v) fetal calf serum,
1% l-glutamine, 100 U/ml penicillin and 100
g/ml streptomycin at 37°C, in 95% air and
5% CO2 in a humid atmosphere. Subconﬂuent
monolayers were plated at a density of 300,000
cells ml in 24-well culture plates and grown in
complete culture media for 24–36 hr. Before agonist stimulation, growth medium was removed from near conﬂuent monolayers and
cells were serum-starved for 24 hr. Cells were
stimulated by the addition of PAF-acether
alone (C18-PAF, Sigma Chemical Co. Ltd.,
Poole, U.K.) in DMEM containing 0.2% bovine
serum albumen (BSA; Sigma Chemical Company Ltd.) or in the presence of either WEB
2170 (PAF receptor antagonist) or NGmonomethyl-L-arginine (L-NMMA; nitric oxide synthesis inhibitor; Sigma).
Measurement of Nitric Oxide
For concentration-dependence and time-course
experiments, stimulations were initiated, for
the times indicated, in a ﬁnal volume of 0.5 ml
at 37°C. For experiments with low Ca2 (150
nM) Hank’s buffered saline and PKC inhibitor
Ro 31-8220, cells were pretreated for 30 min
and stimulations were then initiated in a ﬁnal
volume of 0.5 ml at 37°C for a further 30 min.
Reactions were terminated by removal of the
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supernatant that was subsequently stored at
70°C for NO analysis. Levels of NO were
measured in the gas phase using a Sievers
NOA 280A chemiluminescence analyzer as
previously described (22). Samples of cell culture medium (100 l) were injected into a nitrogen purge vessel containing a 1% solution
of sodium iodide in glacial acetic acid to liberate gaseous NO from dissolved NO and nitrite.
The sample gas was then exposed to ozone in
the reaction vessel to form activated nitrogen
dioxide (NO*), which was detected by a redsensitive photomultiplier tube and the output
recorded using an integrating pen recorder. For
each sample, the area under the curve was converted to pmol NO using a calibration curve
constructed following the analysis of a series of
sodium nitrite standards.
Preparation of Cell Lysates
Cultured HEC-1B cells were maintained in 25
cm2 ﬂasks in DMEM containing 10% (v/v) fetal calf serum (FCS), 1% L-glutamine, 100
U/ml penicillin and 100 g/ml streptomycin)
at 37°C, in 95% O2 and 5% CO2, in a humid
atmosphere. For protein extraction, growth
medium was removed and subconﬂuent (85%)
monolayers washed with ice-cold PBS prior to
the addition of 250 l of lysis buffer. The buffer
contained 50 mM Tris-HCl, pH 7.8, 1% Triton
X-100, 0.1% SDS, 250 mM NaCl, 5 mM EDTA,
1 mM PMSF, 1 g/ml aprotinin, leupeptin and
pepstatin. Flasks were then shaken on an orbital shaker for 10 minutes at 4°C before transfer to prefrozen eppendorfs. Following centrifugation (13,000 rpm, 4°C, 10 min), the
protein concentration of the supernatant was
determined using the Bio-Rad protein assay
(Bio-Rad Laboratories Ltd., Hertfordshire, U.K.)
with BSA as standard.
Western Immunoblot Analysis
The non-radioactive ECL Western Blotting
System was used to determine the PKC
isozymes present in endometrial epithelial
cell lysates. Brieﬂy, 20 g total protein was
diluted to 20 µl with sample buffer (0.02 M
tris-HCl, 0.002 M EDTA, 2% SDS, 10% 2mercaptoethanol, 20% glycerol and 0.002%
bromophenol blue) and electrophoresed in a
10% SDS-polyacrylamide minigel at 50 V for
approximately 2 hr. After electrophoresis, proteins were transferred onto a nitrocellulose
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membrane in a cooling system (10°C) for 3 hr
at 50 V. The ﬁlter was blocked to reduce nonspeciﬁc binding using tris-buffered-salinetween (TBS-T) containing 5% skimmed milk
and 0.1% BSA for 4 hr at room temperature.
After washing in TBS-T (3  20 minutes), the
membrane was incubated overnight at 4°C
with afﬁnity puriﬁed antibodies speciﬁc to
various members of the PKC family (PKCs ,
I and II, , , ,  and ; Binding site, Birmingham, U.K.) and diluted 1:500. The amino
acid sequences against which these antibodies
were raised are speciﬁc for each isozyme. The
amino acid sequences against which the three
key antibodies used in this study are given
below:

min (Beckman TLA 120.1 ﬁxed angle rotor,
Beckman Instruments UK Ltd., Buckinghamshire, U.K.). The supernatants were collected,
and the membrane pellets were suspended in
150 l of sonication buffer, sonicated for 3  10
sec, incubated for 30 min, and then centrifuged
at 100,000  g for 30 min. The resulting supernatants were designated membrane fractions.
The protein concentrations of cytosolic and
membrane fractions were determined and
Western immunoblot analysis performed as
previously described.
Protein Kinase C Assay

Filters were washed and incubated with the
secondary peroxidase-labeled anti-sheep antibody diluted 1:10,000 for 2 hr at room temperature. After a ﬁnal wash in TBS-T, ﬁlters were
incubated for 1 min at room temperature in detection reagent, immediately wrapped in saran
wrap and exposed to X-ray ﬁlm. A single band
of the molecular weight of the full-length
isozyme was found for PKCs , 11,  and .
For other PKC isozymes, the staining of the
full-length PKC isozymes was weak and indistinguishable from nonspeciﬁc staining.

Cells were incubated for 24hr in medium without serum. Ro31-8220 was added 30 min prior
PAF (1 to 10nM) and incubation was continued
for another 60 min. Medium was removed and
the method of Monks et al. (23) for preparing
cell lysates was followed. Cell lysates (100 l)
were incubated overnight at 4°C with 0.2 g
immunoglobulin G (IgG) to PKC. Immunoprecipitates were incubated with Protein G
(formalin ﬁxed; volume added according to the
manufacturer instructions) for 2hr on ice and
washed 3 with PKC kinase buffer without
-glycerophosphate. The kinase reaction was
performed as described, but 3.5 g histone H1
was used and [ 33P]ATP (2 Ci/assay) was
substituted for [ 32P]ATP. The reaction was
stopped by adding reducing sample buffer
(2) and samples were boiled for 10 min.
Samples were run on a 10% SDS-PAG gel and
proteins were transferred to a PVDF membrane
(Amersham Pharmacia, Buckinghamshire, U.K.).
33
P-labeled proteins were determined by autoradiography.

Cell Treatment and Subcellular Fractionation

Statistical Analysis

■ anti-PKC-iota antibody: PSSHESLDQVGEEKEAMNTRESGK (between amino acids
212 and 235).
■ anti-PKC-zeta antibody: EETDGIAYISSSRKHDSIKDDSED (between amino acids
199 and 222).
■ anti-PKC-alpha antibody: PSEDRKQPSNNLDRV (between amino acids 320-334).

2

HEC-1B cells were maintained in 25 cm ﬂasks
as previously described. Before agonist stimulation, growth medium was removed and near
conﬂuent monolayers serum-starved for 24 hr.
Stimulations were initiated by the addition of
1 nM PAF in DMEM without fetal calf serum
and cultures treated for the times indicated. After removal of the medium, cells were rinsed
with ice-cold PBS and then scraped into 250 l
of sonication buffer (0.25 M sucrose, 10 mM
DTT, 2 mM g/ml leupeptin). Cells were then
sonicated (Soniprobe, setting 5) for 3  10 sec
and the soluble and particulate fractions separated by centrifugation at 100,000  g for 30

All data are expressed as mean  S.E.M. Statistical analysis was performed using Student’s
dependent (unpaired) and dependent (paired)
t-test. These tests were performed on log normalized data.

Results
Ampliﬁcation of cDNA from HEC-1B cells by
RT-PCR using primers directed against the inducible and the endothelial NOS isozymes,
produced a single band for each of the predicted size (Fig. 1A and B). Sequencing con-
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Fig. 1. Reverse transcription polymerase chain
reaction (RT-PCR) for the inducible (A) and
constitutive endothelial (B) NOS isoforms. Samples of total RNA from human HEC-1B cells (lane
2), proliferative (lane 3), secretory (lane 4) endometrium, macrophages (lane 5 in A) or human
pregnant labouring myometrium (lane 5 in B).
Control reactions with no input cDNA (lane 1)
were subjected to RT-PCR using primers speciﬁc
for both NOS isoforms. A single band of 936 bp for
iNOS can been seen in panel A and of 445 bp for
eNOS in panel B.

ﬁrmed these to be inducible and endothelial
NOS, respectively.
Consistent with activation of a constitutive
NOS, NO formation increased rapidly in response to 1 nM PAF, exceeding basal release by
5.6%  0.65% within 30 sec, the earliest time
point measured (p  0.01, n  4; Fig. 2) and
reaching a maximum within 10 min of stimulation. Thereafter, total NO levels reached a
plateau, but remained elevated. Addition of
PAF receptor antagonist WEB2170 after 15 min
of PAF stimulation inhibited PAF-evoked NO
release in a time-dependent manner (Fig. 2) indicating that PAF-mediated NO release appears to be sustained over the time period
studied. The increase in total NO evoked by
PAF within the concentration range tested (1
pM to 1 M) was completely blocked by addi-
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Fig. 2. Time course of platelet-activating factor
(PAF) mediated nitric oxide (NO) release. Cells
were stimulated with 1 nM platelet-activating factor for the times indicated in the absence of
WEB2170 (open circle) or in the presence of 10 M
WEB2170 added after 15 min of stimulation (solid
triangle). The results are expressed as means 
S.E.M. of a typical experiment (triplicate determinations per experiment; 4 similar experiments).
Statistical analysis was performed using Student’s
unpaired t test. * p  0.01 and *** p  0.0001 when
compared with basal values of total NO.
** p  0.001 when compared with the 30 min timepoint when WEB2170 treatment was initiated. After 30 min, basal NO release was 1535 pmol/well
and release in the presence of WEB2170 alone was
1595 pmol/well. These values have been subtracted
from the test data.

tion of WEB 2170 (10 M) at the time of stimulation in all instances, except that which
evoked maximal NO release (Fig. 3) indicating
a PAR receptor–mediated response. Moreover,
NO release appeared to be biphasic and that
may reﬂect the involvement of two different receptor subtypes (Fig. 3). PAF receptor activation involves NOS activation, as indicated by
the marked dose-dependent attenuation of
PAF-evoked NO release by the NOS inhibitor
NG-monomethyl-L-arginine (L-NMMA; 1 nM
to 1 mM), with half-maximal inhibition (IC50)
at approximately 1 M (Fig. 4A).
The role of external Ca2 and PKC were
determined by conducting experiments in the
presence of both low Ca2 buffer and Ro 318220, a selective PKC inhibitor to identify the
regulatory mechanisms involved in PAF-stimulated NO release. In the experiment shown in
Figure 4B, the PAF-evoked NO release is
PKC–dependent as Ro 31-8220 attenuated this
response. Pretreatment of HEC-1B cells with
1 M Ro 31-8220 inhibited PAF-mediated NO
release by 80% (Fig. 4B). In the presence of ex-
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Fig. 3. Dose-dependent release of nitric oxide
(NO) from human HEC-1B cells. HEC-1B cells
were plated at a density of 300,000 cells/ml in 24
well plates and grown to 80% conﬂuency in Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 10% fetal calf serum. Following serum starvation, near conﬂuent monolayers were stimulated for
30 min with an increasing concentration of
platelet-activating factor (PAF, solid circle) or an

increasing concentration of platelet-activating factor
in the presence of 10 M WEB2170 (open circle).
The media was removed and NO levels determined
using a Sievers NOA 270B chemiluminescent
analyser. The results are expressed as means 
S.E.M. of a typical experiment (triplicate determinations per experiment; 3 similar experiments).
Basal NO release was 1482 pmol/well and has not
been subtracted from the data.

ternal Ca2, 1 nM PAF evoked a signiﬁcant increase in total NO release. In contrast, when
stimulations were conducted in the presence of
low Ca2 buffer (150 nM), PAF-mediated NO
release was signiﬁcantly inhibited. Compared
with control incubation performed in the same
low Ca2 buffer, PAF stimulated NO was just
19.3%  1.68% above control, suggesting a dependency on extracellular Ca2 (p  0.0001,
n  9).
To identify the PKC isozymes involved in
PAF-stimulated NO release, the PKC isozyme
proﬁle of the HEC-1B cell line was determined
and the isozymes translocated in response to
PAF stimulation within the time frame of NO
production were identiﬁed. Western immunoblot analysis of whole cell extracts established that the HEC-1B cell line contained all
but one of the eight PKC isozymes tested.
PKC, II,  and  were identiﬁed as the major
isozymes present (data not shown). PKCI, 
and were weakly positive. In contrast, PKC
was not present in detectable amounts.
All of the PKC isozymes were located pre-

dominantly in the cytosolic fraction of unstimulated cells, as shown for PKC and PKC in
Fig. 6 and Fig. 7, respectively. Treatment of
cells with 1 nM PAF induced a rapid translocation of PKC, as detected by Western immunoblot analysis. Analysis of membrane fractions with a PKC-speciﬁc antibody showed
that this isozyme associated with the membrane 1 min after PAF addition where it remained, to approximately the same extent, following 2, 5, 10 and 20 min of stimulation (Fig.
5A). This translocation was completely abolished by pre-treatment and stimulation in the
presence of the PKC inhibitor, Ro 31-8220 (Fig.
5B). PKC was similarly located predominantly
in the cytosol of resting conﬂuent HEC-1B cells
(Fig. 6). Analysis of membrane fractions with
a PKC-speciﬁc antibody showed that this
isozyme associated with the membrane 30 sec
after PAF addition, with levels increasing progressively over the next 10 min of stimulation,
only to return to the levels observed within 1
min of stimulation by 20 min (Fig. 6A). In contrast to the translocation observed with PKC,
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Fig. 4. Antagonistic effect of NG-monomethyl2
L-arginine (L-NMMA), low Ca
and Ro31-8220
on PAF mediated NO release by HEC-1B cell
due to activation of NOS and PKC. (A) Effect of
inhibition of NO synthesis by L-NMMA on PAFmediated NO release. HEC-1B cells were stimulated for 30 min with 1 nM platelet-activating factor in the presence of increasing concentrations of
NG-monomethyl-L-arginine. The media was removed and NO levels determined using a Sievers
NOA 270B chemiluminescent analyser. The results
are expressed as means  S.E.M. of a typical experiment (triplicate determinations per experiment; 3
similar experiments). Basal NO release was 2150
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pmol/well and PAF-mediated NO release in the absence of L-NMMA was 2995 pmol/well. These values have not subtracted from the data. (B) Effect of
inhibition of protein kinase C and low external
Ca2 and on PAF-mediated NO release from HEC1B cells. Following serum starvation, conﬂuent
monolayers were washed with sterile PBS and pretreated at 37°C with low Ca2 buffer (150 nM external Ca2) or with Ro 31-8220 at 1 M 30 min.
Cells were then stimulated with 1 nM PAF in standard media, in the presence of low Ca2, in the
presence of 1 M Ro 31-8220 for 30 min. The results are expressed as means  SEM of a representative experiment (n  9; 2 similar experiments).

44

Molecular Medicine, Volume 6, Number 1, January 2000

Fig. 5. Translocation of PKC induced by PAF
and its inhibition by Ro 31-8220. HEC-1B cells
were incubated in the absence of serum for 24 hr
prior to stimulation with 1 nM PAF either alone
(A) or in the presence of the PKC inhibitor, Ro 318220 (B) for the times indicated. Cells incubated
with PAF in the presence of 10 애M Ro 31-8220
were pretreated for 30 minutes prior to stimulation.
Cytosolic and particulate fractions were prepared

and analyzed by Western immunoblot analysis
with PKC alpha antibody. Top panel: Western blot
shows the location of the alpha isozyme in resting
conﬂuent cells, its association with the membrane
following PAF addition (A), and inhibition of this
association in the presence of Ro 31-8220 (B). Bottom panels of (A) and (B): Corresponding densitometric analysis. Presented are the results of a typical experiment (n  4).

however, translocation of PKC was unaffected
by pre-treatment and stimulation in the presence of the PKC inhibitor, Ro 31-8220 (Fig.
6B). No change in the cellular localization of all
other PKC isozymes tested was observed in response to PAF stimulation
Activation of PKC in response to PAF was
determined in kinase assays shown in ﬁgure 7A.
PAF (1 nM) produced pronounced activation of
PKC after 1hr incubation. This effect was diminished at 10 nM PAF. This pattern mimics the
high activity seen with 1nM PAF in NO assays
and the decrease seen at 10 nM PAF (Fig. 3). The
PKC inhibitor Ro31-8220 completely blocked
activation by 1 nM PAF. Studies in Ca2-free
Hank’s balanced salt solution showed that PAF
(1 nM) was unable to activate PKC (Fig. 7B).
Similarly PAF did not activate PKC when cells

were cultured in medium containing 1m M
EGTA. In fact, in both Ca2-free salt solution
and in EGTA-supplemented medium, PKC kinase activity was higher in the control incubations than the PAF-stimulated samples.
Discussion
This is the ﬁrst study to conclusively demonstrate that activation of PAF receptor stimulates
the release of NO from a human endometrial
epithelial cell line and that this response is dependent on PKC activation. The release of NO
was rapid and Ca2-dependent, consistent
with activation of a constitutive isoform of
NOS (24). The presence of mRNA encoding
constitutive endothelial NOS was demonstrated by RT-PCR and is in agreement with
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Fig. 6. Translocation of PKC induced by PAF
and its insensitivity to Ro 31-8220 treatment.
HEC-1B cells were incubated in the absence of
serum for 24 hr prior to stimulation with 1 nM PAF
either alone (A) or in the presence of the PKC inhibitor, Ro 31-8220 (B) for the times indicated.
Cells incubated with PAF in the presence of 10 애M
Ro 31-8220 were pretreated for 30 min prior to
stimulation. Cytosolic and particulate fractions

were prepared and analyzed by Western immunoblot analysis with PKC antibody. Top panel:
Western blot showing location of the iota isozyme
in resting conﬂuent cells, its association with the
membrane following PAF addition (A) and failure
of Ro 31-8220 to inhibit this association (B). Bottom panels of (A) and (B): Corresponding densitometric analysis. Presented are the results of a typical experiment (n  4).

the identiﬁcation of this isoform in the human
uterus (12). The HEC-1B cells were also shown
to express mRNA for inducible NOS, as is the
case with human bronchial epithelial cells
(25). The observed PAF-evoked NOS activation is, however, unlikely to be due to inducible NOS induction, not only because of the
rapidity and magnitude of the response, but
also with respect to its Ca2-dependence.
Moreover, attenuation of this effect by the PAF
receptor antagonist, observed following addition of 10 M WEB2170 after 15 min stimulation of cells with 1 nM PAF, suggests that PAFevoked NO release is sustained rather than
transient, despite peaking within 10 min of
stimulation and then plateauing. This ﬁnding is in contrast to that observed with other
Ca2-mobilizing agonists, such as bradykinin,
where the response was transient (26,27).

PAF-mediated NO release appears to be
biphasic, 1 nM-PAF evokes maximal NO release while a further signiﬁcant release of NO,
of smaller magnitude, is evoked by 1 M PAF,
a result which may reﬂect the involvement of
both high and low afﬁnity receptors in NO
generation. The presence of a heterogeneous
population of PAF receptors in HEC-1B cells is
consistent with the identiﬁcation of two distinct PAF isoreceptors in a second human adenomacarcinoma cell line derived from uterine
epithelium, HEC-1A (28). PAF receptor binding studies in a number of tissues have shown
the presence of high and low afﬁnity receptor
sites (28,29). Autoradiography studies have indicated binding sites for PAF in the rabbit endometrium (30) and RT-PCR revealed the expression of PAF receptor mRNA in the HEC-1B
cell line (16) and in situ hybridization demon-
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Fig 7. PAF-induced kinase activity of PKC␣ and
inhibitory effect of Ro31-8220 and low Ca2ⴙ in
HEC-1B cell. (A) shows the effect of Ro 31-8220
on PAF mediated kinase activity in immunoprecipitates of PKC. In some experiments, cells were
pretreated for 30 min with 10 M Ro31-8220 and
challenged for 1hr with 1 nM or 10 nM PAF.
Lysates of cells were immunoprecipitated with
PKC antisera and kinase reactions performed
with histome H1 (H1) as decribed in the methods
section. (B) shows the effect of removing Ca2
from the medium on PAF stimulation of PKC activity. Cells were incubated in Hank’s balanced
salt solution (HBSS) with and without Ca2 and
challenged with 1 and 10 nM PAF. The kinase activity in PKC immunoprecipitates is shown in the
graph.

strated the localization of PAF receptor mRNA
in endometrial glands (2,31). Our studies
clearly show a biphasic response with PAF on
NO release, thereby, suggesting the existence
of receptor subtypes.
In HEC-1B cells, PAF activates phospholipase C to yield sn-1,2 diacylglycerol and inositol (1,4,5) trisphosphate (16). Inositol (1,4,5)
trisphosphate induces an elevation of intracellular Ca2, [Ca2]i, required for Ca2-dependent processes (31). Elevated [Ca2]i increases
the activity of phospholipases. PAF also evokes
a concentration-dependent rise in [Ca2]i in
HEC-1B cells, an effect which is inhibited by

WEB 2086, suggesting that it is mediated by a
speciﬁc PAF receptor (16). The observation that
PAF-mediated NO release is attenuated by the
removal of Ca2 from the external environment
suggests dependency on extracellular Ca2.
However, since the response was not completely abolished in its absence, this suggests
dependency not only on extracellular Ca2, but
also that released from intracellular stores.
Protein kinase C inhibitor Ro 31-8220–
attenuated NO production in response to PAF
suggests that PKC may modulate the release of
NO from HEC-1B cells. Ro 31-8220 has been
shown to inhibit members of the conventional
PKC family (PKC,  and ), which are Ca2and phospholipid-dependent (33). Ro 31-8220
appears to have selectivity for PKC over
PKC, PKC and PKC (33), the latter a representative of the Ca2-independent PKC family.
The inhibitory effect of Ro 31-8220 and the
Ca2-dependence suggests a role for a member
of the conventional PKC family in the regulation of PAF-mediated NO release. The absence
of isozyme-speciﬁc PKC inhibitors, however,
makes it difﬁcult to determine the involvement
of speciﬁc isozymes. Consideration must also
be given not only to the possible selectivity of
the inhibitors for certain PKC isozymes, but
also to the potential non-kinase effects of such
agents at high concentrations. We, therefore,
performed functional analysis of PKC activity,
as well as determined the expression of PKC
isozymes in HEC-1B cells.
Western immunoblot analysis revealed that
the HEC-1B cell line expresses isozymes representative of all three PKC subfamilies. Major
isozymes were identiﬁed as PKC, II,  and ,
the two former isozymes representing members of the conventional or calcium-dependent
PKC family, and the two latter members of the
novel or calcium-independent and atypical
PKC families, respectively. PKC I,  and , the
former a member of the conventional PKC family, and the latter two members of the novel or
calcium-independent PKC family were also
weakly positive on immunoblots. PKC, a
member of the atypical PKC family, was not
present in detectable amounts. The isozyme
proﬁle in HEC-1B cell line was similar to that
observed in normal human endometrium (2).
Investigations into the isozymes translocated
in response to PAF stimulation, within the
time frame of NO production, revealed that
both PKC and PKC are translocated from the
cytosol to the membrane upon PAF stimula-
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tion. The translocation of PKC from the cytosol to the membrane in response to PAF is
consistent with that observed in human endothelial cells (34). Liu et al. (35), using Chinese hamster ovary cells stably expressing
wild type guinea pig PAF receptor, also found
translocation of PKC to the membrane following PAF stimulation. PKC is unlikely to be
involved since translocation of the  isozyme
upon PAF stimulation was unaffected by the
PKC inhibitor, Ro 31-8220. Although there are
no data showing that PKC is sensitive to
Ro31-8220, indicating that the involvement of
PKC in PAF-mediated NO release can not be
ruled out, it is clear from the almost complete
inhibition of PAF-evoked NO release by Ro 318220 that this effect is mediate by PKC. Kinase assays showed that PKC activity was
stimulated following 1hr challenge with 1 nM
PAF and that this activation was inhibited by
Ro 31-8220 and was Ca2 sensitive. Furthermore, as for NO synthesis, higher concentrations of PAF (10 nM) resulted in the return of
PKC activity to control levels. The principal
PKC isozyme implicated in PAF-mediated NO
release is PKC in HEC-1B cells.
A previous study showed that PKC activation and eNOS phosphorylation resulted in inhibition of NO production from bovine aortic
endothelial cells (18). In contrast, our study
demonstrates that PKC activation leads to NO
production in cells of epithelial origin. Similarly, a recent study by Garcia-Cardena et al.
(36) showed that heat shock protein 90
(Hsp90) rapidly associates with eNOS on
growth factor stimulation, resulting in NO production. Hsp90 is postulated to act as a scaffold
to allow interaction of eNOS with other regulatory proteins. We have not determined
whether eNOS is a substrate of PKC in HEC1B cells or whether Hsp90 forms a complex,
but our data illustrate the diversity in response
to PAF in different cell types.
PAF-induced vasodilatation in the rabbit
afferent arteriole is highly dependent upon intact endothelium-derived NO synthesis (3).
Recent reports suggest that the endotheliumdependent vasodilator effects of PAF are primarily mediated by endothelium-derived NO
(37) and that NO contributes to the PAF-induced hypo-responsiveness to noradrenaline
with no major role for cyclo-oxygenase products in this process (38). The ability of the endometrium to respond to PAF appears to be a
feature of the preparation of this tissue for im-
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plantation in women (15,31). The restricted
PAF receptor expression pattern obtained in
establishing transgenic mice suggests that the
ubiquitous hyper-expression of the PAF receptor is embrionically lethal to mice (39). Furthermore, the role of PAF receptor in reproduction is indicated by the impairment of fertility
in the transgenic female, which is affected by
the transgene to a greater extent then the transgenic male (39). Moreover, it was previously
demonstrated that failure in the regulation of
PAF metabolism led to premature delivery and
infertility (40,41). It is also interesting to note
that mice deﬁcient of the cytosolic phospholipase A2, the enzyme involved in the synthesis
of PAF, prostaglandins and leukotrienes, displayed a reduction in fertility (42). However,
PAF-receptor deﬁciency did not cause abnormalities in mice fertility (43), suggesting that
other mechanisms of compensation are able to
overcome the lack of this receptor. Alternatively, although there is no evidence for structural isoforms of the canonical PAF receptor
from mRNA analysis, pharmacological studies
in a variety of cell types suggest the existence
of different PAF receptor subtypes (44). This
study demonstrates that vasodilatation actions
of PAF are likely to be due to NO release via
PKC and proposes that NO might both augment the vasodilatory effects of PAF in the
preparation of a receptive endometrium for implantation and play a role in the regulation of
menstruation.
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