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Abstract
The present study investigates tissue-specific prostaglandin secretion and cyclooxygenase-2
(COX-2) induction in full-thickness human gestational membranes. Gestational membranes were
collected from healthy, non-laboring cesarean deliveries at 37–39 weeks gestation and cultured in
two-chamber Transwell devices. Lipopolysaccharide exposure (100 ng/ml for 8 h) elevated
prostaglandin E2 and F2α concentrations in the amniotic chamber medium regardless of whether
exposure was to the amniotic, decidual, or both sides of the membranes. However, prostaglandin
E2 and F2α concentrations in the decidual chamber medium were elevated compared with controls
only if the decidual side was exposed directly to lipopolysaccharide. Whereas prostaglandin F2α
concentrations increased to similar extents in the amniotic and decidual chambers regardless of
lipopolysaccharide exposure modality, prostaglandin E2 concentrations were 22-fold higher on the
amniotic side than the decidual side after lipopolysaccharide stimulation of the amnion. These
findings demonstrate the propagation of prostaglandins, prostaglandin precursors or other factors
in the direction of the decidua to the amnion, but the reverse situation was not evident.
Immunostaining for COX-2 was related to the side of lipopolysaccharide exposure, i.e., exposure
to the amnion caused immunostaining in cells of the collagen layers of the amnion and chorion
whereas exposure to the decidual side caused staining in decidual cells. These findings suggest
that the inflammatory effect of lipopolysaccharide on COX-2 induction occurs within a localized
area of exposure and that prostaglandins or their precursors move across the tissues of the
gestational membranes by currently undefined transport mechanisms.
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Introduction
Extraplacental human gestational membranes are comprised of amnion, chorion laeve and
decidual tissues that biosynthesize prostaglandins during human pregnancy.1, 2 Close
apposition of the gestational membranes to the myometrium may allow prostaglandins from
the gestational membranes to play an important role in parturition. Prostaglandin E2 (PGE2)
and prostaglandin F2α (PGF2α) are of particular interest because they are potent stimulators
of myometrial contractility and are elevated in women experiencing preterm and term
labor.3, 4 Human gestational membranes obtained after vaginal deliveries secrete greater
amounts of prostaglandins compared to those from scheduled, non-laboring cesarean
deliveries.5 The latter studies indicate that uterine quiescence during pregnancy is associated
with low prostaglandin levels and that term physiological and preterm pathological
prostaglandin production are associated with uterine contraction and labor. Researchers
hypothesize that preterm uterine contractility and parturition result from preterm
pathological gestational membrane prostaglandin production caused by exogenous
inflammatory stimuli.6, 7

Prostaglandins are derived from arachidonic acid, which is converted to prostaglandin H by
cyclooxygenase-2 (COX-2), also known as prostaglandin-endoperoxide synthase 2
(PTGS2). This enzyme is induced in human gestational tissues at the time of parturition and
is responsible for the increased prostaglandin formation observed near term.8–10 Under
experimental conditions, COX-2 is also induced in response to inflammatory agents.11

Traditionally, PGE2 biosynthesis has been thought to occur throughout the extraplacental
gestational membranes with high levels of synthetic activity in the amnion, whereas PGF2α
biosynthesis is located in the decidua.12 Expression of the enzymes in the prostaglandin
metabolic pathway, including COX-2, are regulated by a variety of hormones, cytokines,
and growth factors.13

Intrauterine infection is a significant causative factor in the etiology of preterm labor and
birth in humans, accounting for as many as one-third of all preterm deliveries.14

Lipopolysaccharide (LPS) is a cell membrane component of gram negative bacteria that
elicits a strong immune response and may be important in cases of intrauterine infection and
preterm birth.15 It is commonly used as a model inflammatory agent. In mouse models of
preterm labor and birth, injection of LPS into the cervix or peritoneum causes preterm
expulsion of the fetuses.16–19 Exposure to inflammatory stimuli such as LPS may activate
pathological prostaglandin signaling through induction of enzymes of the prostaglandin
synthetic pathway, particularly COX-2.3 Alternatively, LPS may affect prostaglandin
production indirectly by stimulating release of inflammatory cytokines (e.g. tumor necrosis
factor-α) that subsequently induce COX-2.20

The present study examines the hypothesis that human gestational membranes release
prostaglandins in a side-specific manner corresponding to inflammatory-stimulus induction
of COX-2. Using LPS as a model inflammatory agent, experiments distinguished the
patterns of PGE2 and PGF2α release from the amniotic and decidual sides of full-thickness
human gestational membrane explants using a two-chamber Transwell tissue culture system.
The Transwell culture system allowed for ex vivo analysis of integrated tissue responses by
using full-thickness membranes that maintained physically separated amniotic and decidual
media chambers for inflammatory stimulus exposure and measurement of secreted
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prostaglandins, with immunohistochemical analysis of COX-2 induction. Improved
understanding of mechanisms underlying inflammation-stimulated prostaglandin release
may contribute to more effective diagnosis and treatment of medical conditions that threaten
pregnancy.

Materials and Methods
Chemicals, Reagents and Antibodies

Tissue culture reagents including high glucose Dulbecco's Modified Eagle's Medium
(DMEM) with no phenol red, penicillin/streptomycin antibiotic, and heat-inactivated fetal
bovine serum were purchased from Invitrogen (Carlsbad, CA). We used LPS from
Salmonella typhimurium (Lot #225) purchased from List Biological Laboratory (Campbell,
CA) as a model stimulus to elicit a strong inflammatory response. The Vectastain Elite ABC
immunohistochemical staining kit, DAB Substrate Kit (3,3'-diaminobenzidine) and
hematoxylin were purchased from Vector Laboratories (Burlingame, CA). Anti-
cyclooxygenase-2 monoclonal antibody and the PGE2 and PGF2α enzyme immunoassay kits
were purchased from Cayman Chemical Co. (Ann Arbor, MI). Transwell frames lacking
synthetic membranes were a gift from Corning Corporation (Corning, NY).

Tissue Collection
Methods pertaining to human tissue were reviewed and approved by the local Institutional
Review Board prior to initiation of experiments; review and approval were updated yearly.
Full-thickness gestational membranes comprised of amnion, chorion laeve and decidua were
collected at 37–39 weeks gestation from non-laboring women who underwent elective
cesarean deliveries following healthy pregnancies. Exclusion criteria included smoking,
multiple fetal gestation, complications of pregnancy such as gestational diabetes or
hypertension, use of drugs that may have an effect on arachidonic acid metabolism (e.g.,
aspirin, montelukast), or any other condition which would require the tissue to be sent to
pathology. Within 60 min of delivery, the extraplacental membranes were dissected from the
placenta with a scalpel and transported to the laboratory.

Tissue Culture
Under sterile laboratory conditions, the membranes were examined to ensure that the
amnion and choriodecidua remained attached to one another. Culture medium consisted of
DMEM supplemented with 1% (v/v) heat inactivated-fetal bovine serum, 100 units
penicillin/ml, and 100 μg streptomycin/ml. Preliminary experiments were conducted with a
range of fetal bovine serum (FBS) concentrations to determine optimal FBS concentrations
in culture medium. In our protocol of beginning experimental treatment of the membranes
within 24 h of collection, we found that 1% FBS was sufficient to maintain the health of the
tissue with no additional benefit seen at higher FBS concentrations. Full-thickness
gestational membranes were cultured using a Transwell two-chamber tissue culture
method.21, 22 The outer 2 cm of the gestational membranes was excluded from
experimentation. The membranes were cut into approximately 2 × 2 cm2 pieces, affixed by
elastic latex bands onto ethylene oxide sterilized Transwell frames (without a synthetic
membrane), and extra tissue was removed with a scalpel. The decidual side of the tissue
faced the inner culture chamber (Figure 1). Each Transwell frame with attached tissue was
placed in a single well of a 12-well plate with culture medium on both sides of the
membranes, creating two distinct chambers on either side of the membrane. Mounted
membranes were equilibrated in a 5% (v/v) CO2 tissue culture incubator for 18–24 h, with a
medium change after 2–4 h to maintain optimal health of the tissue. The overnight culture
medium was exchanged with fresh culture medium 1–2 h prior to beginning the treatment
protocol.
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Experimental design
Culture wells with mounted gestational membranes were assigned randomly to treatment or
control groups. To compensate for potential variability among cultures derived from
different parts of the same membranes (e.g., cervix or fundus), three cultures per treatment
were established from each specimen. Cultures from one subject comprised an experimental
run on a separate day. Treatment triplicates were averaged and used as the result for that
subject, with n referring to the number of subjects in each experiment.

Treatment
The LPS was diluted in water to make a primary stock concentration of 100 μg/ml.
Immediately prior to an experiment, the LPS primary stock was further diluted in culture
medium to achieve the experimental concentration. The medium in one or both chambers of
the culture was exchanged with the LPS-containing exposure medium. In cultures exposed
on only one side of the membranes to LPS, the medium in the opposite chamber was
exchanged with fresh culture medium without LPS. Likewise, the medium of unexposed
controls was exchanged with fresh culture medium without LPS. A concentration-response
experiment for PGE2 release was conducted with an 8-h exposure to LPS concentrations of
1, 10, 100 and 1000 ng/ml (in both the amniotic and decidual chambers). A time-course
experiment for PGE2 release was conducted for 1, 4, 8 and 24 h exposures to 100 ng/ml LPS
(in both the amniotic and decidual chambers). Independent observations were made for each
time point on gestational membranes collected on different days. Based on the results of the
concentration-response and time-course experiments, the side-specific exposure experiment
was conducted using 100 ng/ml LPS treatment for 8 h to the amniotic side only, the decidual
side only, both sides of the membranes or no LPS treatment to either side of the membranes
(control). After treatment, the medium was recovered from the amniotic-facing and
decidual-facing chambers of the Transwell cultures and stored at −80°C for subsequent
enzyme immunoassay analysis of PGE2 and PGF2α. The tissue was removed from the
Transwell device and weighed. Tissue from the side-specific exposure experiment was
frozen for subsequent immunohistochemical analysis.

Enzyme Immunoassay
Prostaglandin E2 and PGF2α concentrations in the culture medium were assayed by specific
enzyme immunoassays according to the manufacturer's protocol (Cayman Chemical Co.,
Ann Arbor, MI). Prostaglandin concentrations (pg/ml) were divided by the post-
experimental wet weight of the gestational membrane tissue to account for differences in
tissue thickness between samples. Overall mean prostaglandin concentrations per gram of
tissue (pg/ml/g) and standard error of the mean were calculated from multiple specimens and
graphed, with n referring to the number of specimens (subjects) in each experiment.

Immunohistochemistry
Post-treatment gestational membrane tissue was rolled, embedded in freeze medium, frozen
in liquid nitrogen-cooled isopentane and stored at −80° C. The tissue was sliced with a
cryotome into 8-μm sections, and mounted onto slides. The tissue sections were fixed with
4% paraformaldehyde and immunostained using the Vectastain Elite ABC Kit according to
the manufacturer's protocol (Vector Labs Burlingame, CA). Sections were incubated with
primary antibody, labeled with a biotinylated secondary antibody and an avidin:biotinylated
enzyme complex, stained with 3,3-diaminobenzidine and counterstained with hematoxylin.
Sections were visualized with an upright light microscope and recorded digitally.
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Statistical Analyses
The prostaglandin enzyme immunoassay results were analyzed by analysis of variance
(ANOVA) using Sigma Stat v 3.5 software (Systat Software, Inc., Richmond, CA). Prior to
analysis, the data were transformed using log normal transformation to correct for non-
normality. Post hoc pair-wise comparisons of means were performed by the Student-
Newman-Keuls method. A p-value < 0.05 was considered statistically significant.

Results
Concentration-response of LPS-stimulated prostaglandin E2 release

To determine optimal LPS exposure concentrations in Transwell cultures, PGE2
concentrations were measured in culture medium from the amniotic and decidual chambers
after an 8-h exposure to 1, 10, 100 or 1000 ng/ml LPS on both sides of the membranes or
control (Figure 2). The PGE2 concentrations were significantly affected by LPS treatment
(ANOVA treatment effect, p = 0.002). Levels of PGE2 in the decidual chamber medium
were significantly elevated for all LPS concentrations compared with the decidual control (p
< 0.05). The PGE2 concentrations in the decidual chamber medium ranged from 3.72 ng/ml/
g wet tissue weight at 1 ng/ml LPS to 5.86 ng/ml/g wet tissue weight at 1000 ng/ml LPS, but
these concentrations were not statistically significant from each other. Although PGE2
concentrations were elevated in the medium from the amniotic versus decidual side of the
membranes (ANOVA side-specific effect, p = 0.03), there were no statistically significant
differences in pairwise comparison of means from the amniotic and decidual sides at the
same LPS concentration. Moreover, the elevated mean PGE2 concentrations in the amniotic
chamber medium of cultures exposed to LPS were not significantly increased compared
with amniotic controls, possibly related to high variability in the amniotic response in this
experiment. For both the decidual and amniotic chambers, near maximal PGE2
concentrations were observed with 1 ng/ml LPS exposure, the lowest concentration of LPS
tested, with no further significant increase in response at 10, 100 and 1000 ng/ml LPS.
Based on these results and taking into consideration previously published studies that used
relatively high LPS concentrations (500–5000 ng/ml) to stimulate full-thickness gestational
membranes,23, 24 we chose 100 ng/ml LPS for use in subsequent experiments.

Time-course of LPS-stimulated prostaglandin E2 release
Exposure of both sides of the membranes to 100 ng/ml LPS stimulated PGE2 release in a
time-dependent manner (3-way ANOVA treatment and time effects, p < 0.001; treatment-
by-time interaction, p = 0.02). Because there were no statistically significant effects
(including interactions) related to the side of the membranes (3-way ANOVA, p > 0.2,), the
amniotic and decidual responses were subsequently analyzed and presented separately
(Figure 3A and B, respectively). In the amniotic chamber medium, LPS treatment increased
PGE2 concentrations after 1, 4 and 8 h compared with non-treated controls of the same
exposure duration (Figure 2A; p < 0.05). In addition, the mean PGE2 concentrations
decreased from a high of 10.0 ng/ml/g wet tissue weight at 8 h to 0.57 ng/ml/g wet tissue
weight after 24 h of LPS exposure (p < 0.05). Statistically significant time-dependent
increases of PGE2 concentrations in amniotic medium were observed in controls, with
higher PGE2 concentrations at 4 h and 8 h compared with the 1-h time point (p < 0.05). In
the decidual chamber, treatment with LPS increased mean PGE2 concentrations to a similar
extent at 1 h and 8 h (3.30 and 3.48 ng/ml/g wet tissue weight, respectively) compared with
respective time-matched controls (Figure 2B; p < 0.05). The increase of PGE2 concentration
(2.45 ng/ml/g tissue weight) after a 4-h exposure to LPS was not statistically significantly
different from the time-matched control. As was observed for the amniotic chamber
medium, PGE2 concentrations markedly decreased to 0.33 ng/ml/g wet tissue weight after
24 h of LPS exposure, a significant reduction compared to concentrations observed with
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shorter durations of exposure at 1, 4 and 8 h (p < 0.05). In contrast to the amniotic chamber
medium, concentrations of PGE2 in the decidual culture medium of controls did not
significantly change over time (Figure 2B). The low PGE2 concentrations observed at the
24-h time-point in amniotic and decidual medium from control and LPS-treated cultures
suggests that PGE2 ceases to be synthesized and that some mechanism acts to reduce the
PGE2 concentrations on both sides of the membrane beyond 8 h in culture. Based on these
time-course results, subsequent side-specific experiments were conducted using an 8-h LPS
exposure time to capture peak LPS-stimulated prostaglandin release.

PGE2 and PGF2α response to side-specific LPS treatment of gestational membranes
Treatment with LPS stimulated PGE2 release in a side-specific manner (ANOVA treatment
and side-specific effects, p < 0.001). All modalities of LPS treatment increased PGE2
concentrations by at least five-fold in the amniotic chamber medium compared to control
cultures (p<0.05; Figure 4A, left side). In the decidual chamber medium, PGE2
concentrations increased relative to controls only in response to LPS treatment on the
decidual side, either alone or in combination with amniotic side exposure (3.9 and 11.6 fold
increase, respectively; p < 0.05; Figure 4A, right side). In addition, the PGE2 concentrations
were significantly increased in decidual chamber medium of cultures exposed to LPS on
both sides of the membranes compared with cultures treated on only the amniotic side of the
membranes (p<0.05). When only the amniotic side of the membranes was treated with LPS
(Figure 4A, gray bars), there was a robust PGE2 response detected in the amniotic medium
(13.4 ng/ml/g tissue weight) but not the decidual medium (0.6 ng/ml/g tissue weight)
(p<0.05). Moreover, when only the decidual side was treated with LPS (Figure 4A, hatched
bars), the amniotic PGE2 response (7.58 ng/ml/g tissue weight) remained significantly
greater than the decidual response (1.40 ng/ml/g tissue weight) (p<0.05).

Similar to PGE2, LPS stimulated PGF2α release (Fig. 4B; ANOVA treatment effect, p <
0.001). The PGF2α concentrations increased at least five-fold in the amniotic chamber
medium with all LPS exposure modalities compared with controls (p < 0.05; Fig. 4B, left
side). Significantly-increased release of PGF2α into the medium on the decidual side
required LPS treatment on the decidual side, either alone or in combination with amniotic
side exposure (4.7 and 6.7 fold increase, respectively) (p < 0.05; Fig. 4B, right side). In
contrast to the side-specific PGE2 results, differences in LPS-stimulated increases of PGF2α
concentrations from the amniotic and decidual sides the membranes were not statistically
significant (Fig. 4B, comparing left and right sides of the graph).

Gestational membrane prostaglandin-endoperoxide synthase 2 immunohistochemistry
Tissue-specific patterns of anti-COX-2 antibody staining were observed in gestational
membranes treated with 100 ng/ml LPS for 8 h in a side-specific manner in Transwell
cultures (Fig. 5). No COX-2 immunostaining was seen in non-treated control gestational
membrane tissue (Fig. 5A and B). In tissue treated with LPS on the amniotic side only, cells
in the amnion and chorion mesodermal regions stained positive for COX-2 (Figure 5C), but
COX-2 staining was not seen in the decidua (Fig. 5D). In tissue treated with LPS on the
decidual side only, COX-2 immunostaining was detected in cells in the decidua (Fig. 5F),
but cells in the amnion and chorion did not show positive COX-2 antibody staining (Fig.
5E). In tissue treated with LPS on both sides of the membranes, cells stained positive for
COX-2 in the amnion mesoderm, chorion mesoderm and decidua (Fig. 5G and H).

Discussion
Previous reports of LPS stimulation of amniotic or choriodecidual prostaglandin secretion
have been unable to detect the presence or absence of cross-side prostaglandin stimulation in
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isolated cell cultures6 or floating tissue cultures.3, 25 Nonetheless, distinguishing differences
between fetal and maternal inflammatory responses as well as the potential for
transmembrane signal transduction is imperative for understanding the risks of intrauterine
inflammation during pregnancy.

Taking advantage of the separated amniotic and decidual chambers of the Transwell culture
system allowed simultaneous measurement of secreted prostaglandins from the fetal and
maternal sides of full-thickness gestational membranes in response to an inflammatory
stimulus on one or both sides. Our findings confirm previous reports of transmembrane
cross-stimulation from decidua to amnion whereby decidual-only LPS exposure resulted in
secretion of PGE2 and PGF2α from the amniotic face of the membranes,23, 26 and show for
the first time side-specific COX-2 induction corresponding to the side of LPS exposure.

Detection of COX-2 induction in the amniotic and chorionic mesoderm following amniotic
LPS treatment and in decidual cells following decidual LPS treatment is consistent with our
hypothesis that LPS-stimulated COX-2 induction is responsible for the side-specific
prostaglandin response (illustrated in Figure 6). However, because PGE2 increased in the
amniotic medium when only the decidual side was exposed to LPS, despite the absence of
positive COX-2 immunostaining in the amnion under this exposure condition, additional
mechanisms appear to be involved in determination of prostaglandin release from
gestational membranes. One possible mechanism could involve the passage of PGE2,
PGF2α, or a COX-2 prostaglandin metabolite, originating in the decidua (dashed arrows,
Figure 6). Furthermore, the mechanism may involve passage of an inflammatory signal from
the decidua. Consistent with the latter suggestion, we previously showed that decidua-only
LPS exposure stimulated an increased release of TNF-α but not IL-6, IL-8 or IL-10 on the
amniotic side of human gestational membranes cultured on Transwell devices,21 similar to
the PGE2 response observed in the present study.

Moreover, the patterns of PGE2 and PGF2α secretion are similar between the amnion and
chorion with relatively more PGE2 than PGF2α in the amniotic medium and relatively more
PGF2α than PGE2 in the decidual medium. Induction of COX-2 may be a common
mechanism for the increased prostaglandins on both sides of the membranes, with relative
differences in tissue-specific expression of PGE synthase enzymes (PTGESI and II) and
PGF synthase (aldoketo reductase family 1, member C3, AKR1C3) as a possible
explanation for tissue differences of prostaglandin species.12

Lipopolysaccharide caused release of PGE2 and PGF2α from the decidual side regardless of
amniotic involvement. Furthermore, decidual-only LPS exposure caused prostaglandin
release from the amniotic face of the membranes. This situation mimics ascending infection,
the most common type of intrauterine infection whereby microorganisms in the vagina
ascend through the cervix and infect the decidua, often leading to premature parturition.14

Elevation of amniotic fluid prostaglandin concentrations is associated with preterm
parturition. Although discussions of prostaglandin effects on parturition usually focus on the
myometrium, prematurely elevated prostaglandins in the amniotic compartment may cause
deleterious effects on the fetus, for example by augmenting an inflammatory response.27, 28

Time-course experiments further defined the differences in amniotic and decidual
prostaglandin responses to LPS stimulus. The cellular and tissue responses to LPS occurred
rapidly, with PGE2 secretion increased after only 1 h of LPS exposure (Fig. 3A). Secretion
of PGE2 into the amniotic culture medium increased between 1 and 8 h of exposure to 100
ng/ml LPS, suggesting a steady rate of biosynthesis over that time period. These results are
in agreement with those of Brown et al.,3 in floating intact gestational membrane cultures.
The linear release of PGE2 seen in amniotic chamber culture medium from 1–8 h is similar
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to that observed by Keelen et al. in an Ussing chamber perfusion system; however, at 24 h
PGE2 returned to baseline in the present study of Transwell cultures whereas PGE2
concentrations remained elevated at 20 h in the Ussing chamber system.23 We suggest that
the decreased PGE2 concentrations observed at 24 h in Transwell cultures is due to
degradation or reuptake of secreted prostaglandins. The continued elevation of PGE2
observed by Keelan et al. may be related to continuous perfusion and the greater culture
medium volume used with the Ussing chamber. Rajasingam et al. also reported significant
increases in amniotic PGE2 production after 6 h of LPS treatment in a dual-chambered
culture system.26 However, in contrast to their results, our experiments failed to demonstrate
significant increases of decidual PGE2 release after 1, 4 or 8 h of LPS exposure.

Attenuation of the LPS inflammatory response by compensatory anti-inflammatory
cytokines could explain the patterns of time-dependent decidual PGE2 release observed in
this study. We previously observed that LPS stimulated release of the anti-inflammatory
cytokine IL-10 from the decidual side of human gestational membranes in Transwell
cultures,21 and decidual-specific increase of interleukin 10 (IL10) may down-regulate the
inflammatory response in that tissue. In conjunction with anti-inflammatory cytokines or
separately, a shorter duration of prostaglandin synthetic enzyme activation or prostaglandin
reuptake and catabolism by hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD) could
thereby have prevented additive accumulation of decidual PGE2 during the 4- and 8-h
treatments.

No significant increase of PGE2 concentration was seen in the amniotic or decidual medium
with increasing LPS treatment concentrations ranging from 1 to 1000 ng/ml, indicating a
threshold effect on PGE2 response to LPS stimulation. Other researchers generally use
between 100–1000 ng/ml LPS in cell and tissue culture experiments. Of particular interest,
Garcia-Lopez et al.24 observed degradation of the collagen in the mesenchymal layer of
gestational membranes exposed to 500 ng/ml LPS for 24 h in Transwell cultures. In the
latter study, the effects on the compact collagen layer were proposed as a mechanism for
preterm premature rupture of the membranes. However, in the present study, gestational
membranes treated with 100 ng/ml LPS treatment showed no evidence of compact layer
degradation or other histopathology. We conclude that at least in the case of PGE2, a
threshold response is reached at much lower and more physiologically relevant LPS
treatment concentrations without evidence of overt tissue damage or cytotoxicity.
Differences in LPS potency may be attributed to differences in the bacterial strain source of
LPS. We chose LPS from Salmonella typhimurium because of its efficacy in stimulating an
immune response.

Ascending infection whereby the decidua is the site of the preliminary immune response is
the most common scenario for intrauterine infection. Intrauterine infection originating
within the amnion is rare. However, amniotic prostaglandins have been theorized as a source
of preterm or term myometrial stimulation. Chorionic HPGD is proposed to serve as a
metabolic barrier to the passage of prostaglandins from the amnion to the decidua and
myometrium.29 The presence of HPGD in gestational membrane tissues could explain the
lack of choriodecidual prostaglandin release when only the amnion side was stimulated, as
well as the absence of prostaglandins in choriodecidual medium at the 24-h time point.
However, the reverse situation reported here whereby decidual exposure to LPS caused
amniotic prostaglandin release complicates the understanding of chorionic HPGD as a
metabolic barrier.

In recent years the existence of prostaglandin transporters has become known,30 but no
prostaglandin transporters have been identified in human gestational membranes to date.
Prostaglandin transporters facilitate passage of prostaglandins into cells in conjunction with
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lactate exchange.31 Characterization of prostaglandin transporters in gestational membranes
may further explain the source and signaling dynamics of prostaglandins in gestational
membranes and myometrium.

In vivo, the presence of bacteria, LPS and other bacterial products may augment the
inflammatory response and change the dynamics of prostaglandin secretion in the
membranes. Therefore, lipopolysaccharide alone may not fully elicit effects on membrane
integrity or passage of the inflammatory signal from one side of the membranes to the other.
Presumably, the inflammatory response would be prolonged and augmented by mobilization
of inflammatory cells to the gestational membranes. However, in the ex vivo experimental
model utilized here, the membranes were isolated from such body-wide immunological
responses.

In conclusion, the present study demonstrated that LPS caused secretion of uterotonic
prostaglandins from both the amnion and decidual sides of intact, non-laboring human
gestational membranes in vitro. Immunohistochemistry revealed a regional induction of
COX-2 that corresponded with secreted prostaglandins in side-specific exposure
experiments. Lipopolysaccharide stimulation of uterotonic prostaglandins from the decidual
side of non-laboring gestational membranes may demonstrate a pathological induction of
COX-2 and subsequent prostaglandin biosynthesis that could explain some aspects of
preterm parturition. However, it remains possible that gestational membranes may respond
differently at earlier gestational ages compared with the term tissues used in the present
experiments.
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Figure 1. Diagram of gestational membrane tissue mounted on a Transwell device
The gestational membranes form a barrier creating distinct amniotic and decidual chambers
for collection of secreted prostaglandins.
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Figure 2. Concentration-response of LPS-stimulated PGE2 release from the amniotic or decidual
sides of human gestational membranes
Concentrations of PGE2 were measured in medium of the amnion- and decidua-facing
chambers of Transwell cultures of human gestational membranes after an 8-h exposure to 0
(control), 1, 10, 100 or 1000 ng/ml LPS. The LPS was added to both the amniotic and
decidual chambers of the cultures. The x-axis shows the side of the gestational membranes
from which the medium was assayed. The legend indicates LPS exposure concentrations.
Values are expressed as mean ± SEM (n= 6 subjects). *Significantly different from decidua
control (p < 0.05). LPS, lipopolysaccharide; PGE2 prostaglandin E2.
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Figure 3. Time course of LPS-stimulated PGE2 release from the amniotic and decidual sides of
human gestational membranes
Concentrations of PGE2 were measured in medium of the amnion- and decidua-facing
chambers of Transwell cultures of human gestational membranes after 1, 4, 8 and 24 h of
exposure to 100 ng/ml LPS (added to both the amniotic and decidual chambers of the
cultures). Concurrent controls were exposed to culture medium without LPS. A) PGE2
concentrations in amniotic chamber medium. B) PGE2 concentrations in decidual chamber
medium. Values are expressed as mean ± SEM from triplicate cultures for each subject
(n=6, 8, 11 and 4 subjects at 1, 4, 8 and 24 h, respectively). *Significantly different from
time-matched controls (p< 0.05). #Significantly different from time-points indicated within
treatment group. LPS, lipopolysaccharide; PGE2 prostaglandin E2.
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Figure 4. Side-specific prostaglandin release from the amniotic and decidual sides of human
gestational membranes
Concentrations of PGE2 and PGF2α were measured in medium of the amnion- and decidua-
facing chambers of Transwell cultures of human gestational membranes after an 8-h
exposure to 100 ng/ml LPS on the amniotic side only, decidual side only, or both sides of
the membranes. Concurrent controls were exposed to culture medium without LPS. A)
PGE2 concentrations in culture medium. B) PGF2α concentrations in culture medium. The x-
axis shows the side of the gestational membranes assayed. The legend indicates the side of
the gestational membranes exposed to LPS. Values are expressed as mean ± SEM
(n=6). #Significantly different from time points indicated within treatment group (p< 0.05).
*Significantly different from amniotic chamber concentration of the same treatment (p<
0.05). LPS, lipopolysaccharide; PGE2 prostaglandin E2, PGF2α prostaglandin F2α.
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Figure 5. Immunolocalization of cyclooxygenase-2 (COX-2) in gestational membranes following
side-specific LPS exposure
Frozen sections of full-thickness human gestational membranes were immunostained with
anti-COX-2 antibody after an 8-h exposure to 100 ng/ml LPS in Transwell cultures. There
was no evidence of COX-2 immunostaining in control samples (A, B). In tissues treated
with LPS on the amnion side only (LPS-amnion), amniotic and chorion mesodermal cells
stained positive for COX-2 (C) but no immunostaining was detected in the decidua (D). In
tissues treated with LPS on the decidual side only (LPS-decidua), cells in the decidua
stained positive for COX-2 (F), but cells in the amnion and chorion did not (E). In tissues
treated with LPS on both sides of the membranes (LPS-both), positive COX-2 staining was
observed in cells in the amniotic and chorion mesoderm region (G), as well as in the decidua
(H). The sections were counterstained with hematoxylin. Arrows indicate COX-2 staining
(brown). LPS, lipopolysaccharide; COX-2, cyclooxygenase-2.
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Figure 6. Model of side-specific gestational membrane prostaglandin response to
lipopolysaccharide (LPS) stimulation
LPS induces cyclooxygenase-2 (COX-2) relative to the side of exposure. We propose that
relative abundance (denoted by font size) of prostaglandin species secreted from each side is
due to tissue-specific expression of prostaglandin synthase enzymes (PTGES and AKR1C3).
The mechanism by which prostaglandin E2 (PGE2) and prostaglandin F2α (PGF2α) are
released on the amnion side when only the choriodecidual side is treated is not defined
(indicated by a question mark).
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