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Increased risk of preterm labor has been linked to cervicovaginal infection with Ureaplasma urealyticum and
group B streptococci. Although various experimental models have been developed to study the role of amnio-
chorion infection in preterm labor, they typically exclude the initial interaction between intrauterine leukocytes
(recruited from decidual vessels into the avascular fetal membranes) and infecting bacteria. In this work, we
ascertained whether inflammatory molecules secreted by bacterium-activated intrauterine leukocytes stimulate
the amniochorion production of mediators involved in human labor. Using a two-step process beginning with
placental circulating leukocytes as a proxy for intrauterine leukocytes, we found that coincubation of amnio-
chorion explants with plasma from placental whole blood preincubated with group B streptococci resulted in
a significant increase in tumor necrosis factor alpha (TNF-a) and matrix metalloproteinase 9 (MMP-9) levels
in tissue. Extensive changes in the connective tissue arrangement and a decrease in collagen content demon-
strated the degradation of the extracellular matrix following this treatment. In contrast, plasma from blood
preconditioned with U. wrealyticum induced a highly significant secretion of interleukin-13 (IL-1) and
prostaglandin E, (PGE,) by the amniochorion without changes in the extracellular matrix organization or
content. These data demonstrate that group B streptococci induce degradation of the amniochorion as a result
of MMP-9 production, probably via TNF-a, whereas U. urealyticum stimulates the secretion of PGE,, probably
via IL-1f3, potentially stimulating myometrial contraction. Our study provides novel evidence that the immu-
nological cells circulating within the uterine microenvironment respond differentially to an infectious agent,

triggering alternative molecular signaling pathways leading to human labor.

Colonization of the cervicovaginal tract with pathogenic mi-
croorganisms, such as group B streptococci (GBS) and Urea-
plasma urealyticum, during pregnancy has been associated with
premature rupture of the fetal membranes (14, 32, 41). Bac-
teria colonizing the lower genital tract may ascend to the ges-
tational tissues, triggering an inflammatory response mediated
primarily by interleukin-18 (IL-1B), tumor necrosis factor al-
pha (TNF-a), and IL-6 (14, 25, 41). These cytokines stimulate
the secretion of additional cytokines and other mediators,
including uterotonic compounds, such as prostaglandin E,
(PGE,) (9, 27, 42) and matrix metalloproteinases (MMPs) (3,
33, 37), which participate in the weakening of the fetal mem-
branes and their consequent rupture (41, 47). However, the
interactions between these microorganisms and the fetal mem-
branes that lead to the secretion of these biochemical media-
tors, and their cellular origins, are poorly understood.
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Most in vitro experiments that have explored the effects of
microorganisms on the fetal membranes involve the exposure
of ex vivo explants of these tissues to whole bacteria or their
products (5, 21, 36). However, none of these experimental
models considered the possible contribution of other local cells
that are components of the choriodecidual microenvironment.
This perspective may be critical to an understanding of the
rupture of the membranes in the presence of infection, because
several leukocyte populations are accumulated selectively in
the gestational tissues (6, 31, 46). There, they interact directly
with the avascular fetal membranes, leading to further leuko-
cyte recruitment, especially under infectious conditions (18, 44,
52). Additionally, we recently demonstrated that the soluble
products of leukocytes circulating in the placental blood
induce collagenolysis in the fetal membranes (13). Further
characterization indicated that these leukocytes are pheno-
typically and functionally different than those in the periph-
eral circulation (49), and because they are sources of acti-
vated matrix metalloproteinase 9 (MMP-9), PGE, and the
proinflammatory cytokines IL-13 and TNF-« (49) may play
prominent roles in the process that leads to the rupture of
the fetal membranes.
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To define the role of local leukocytes in the infection-
mediated rupture of the fetal membranes, in this study,
using an in vitro model, we first explored whether direct
contact between two distinct pathogenic bacteria and leu-
kocytes circulating in the placental blood induced the dif-
ferential secretion of mediators responsible for the initia-
tion of an inflammatory response. Second, we examined the
subsequent effects of the products derived from this initial
interaction on the amniochorion. Our results showed that GBS
induce the production of TNF-a and MMP-9, promoting deg-
radation of the amniochorion, whereas U. urealyticum induces
secretion of IL-1B and PGE, potentially stimulating myome-
trial contraction. These findings suggest that local leukocytes
are able to respond specifically to the infectious agents trig-
gering alternative molecular signaling cascades leading to hu-
man labor.

MATERIALS AND METHODS

The study protocol was approved by the Instituto Nacional de Perinatologia
Internal Review Board (authorization number 212250-02081).

Amniochorion culture. A previously described in vitro model was used to
expose fetal membranes to various treatment conditions (13). Fetal membranes
were obtained from healthy women with normal pregnancies at term who deliv-
ered by cesarean section with no evidence of labor. Amniochorion swabs were
rolled onto blood agar plates and cultured under aerobic and anaerobic condi-
tions to ensure that the tissues were free from infection or contamination. An
additional swab was inoculated with Urea-Arginine LYO 2 broth (bioMérieux,
France) to preclude the presence of amniochorion infection due to mycoplasma
species. The explants (1-cm diameter) were allowed to equilibrate overnight at
37°Cin 5% CO, in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum, 1% sodium pyruvate, and 1% antimycotic
antibiotic as the preincubation medium. The explants were incubated for an
additional 24 h with DMEM supplemented with 166.5 g/liter lactalbumin
hydrolysate. The media were then removed, and fresh media were added
before the explants were stimulated with plasma. Tissue culture reagents
were purchased from Invitrogen (Grand Island, NY). During all experimental
procedures, the viability of the amniochorion explants was tested using the
XTT {sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-
6-nitro) benzene sulfonic acid hydrate} reduction method (Boehringer-Man-
heim, Germany).

Preparation of bacteria. The microorganisms chosen for this study were GBS,
U. urealyticum serovar 3, and Lactobacillus acidophilus, which were isolated from
amniochorionic swabs of women with clinical evidence of premature rupture of
the fetal membranes. The bacterial strains were grown on blood agar plates
(GBS) or Man, Rogosa, Sharp (MRS) agar slopes (L. acidophilus) in an aerobic
atmosphere at 37°C (17, 24, 45). The bacterial colonies were harvested after 24 h,
washed three times in physiological saline solution, and resuspended at a density
of 3 X 10® CFU/ml. The U. urealyticum strain was cultured in Urea-Arginine
LYO 2 broth for 24 h at 37°C, harvested by centrifugation at 30,000 X g for 30
min at 4°C, washed three times by resuspension in phosphate-buffered saline
(PBS), and centrifuged as described above for 30 min. After a final wash, the
number of color-changing units (CCU) was determined in duplicate by 10-fold
titration in the same broth (1). One sample of each bacterial suspension was heat
inactivated at 70°C for 10 min in a water bath to explore whether an inflamma-
tory response was triggered by secreted microbial products or by the cell wall
components (or the outer plasma membrane for U. urealyticum).

Recovery of plasma from placental blood. Ten milliliters of placental intervil-
lous space blood from women with spontaneous labor at term was collected in
the labor room within 10 min after delivery in heparinized tubes by draining
placental cotyledons, as we reported previously (13). Labor was documented by
cervical dilation (=4 cm) and contractility of the myometrium (=3 contractions
of 40 s in 10 min by tocodynamometer) in the presence of membrane rupture.
The leukocyte numbers (10,300 = 312 per ml) and phenotypes (54% * 6%
lymphocytes, 21% = 3% monocytes, and 33% * 5% granulocytes) between
samples were not significantly different.

Placental-blood treatments. One-milliliter samples were treated as follows.
Two were used to inoculate two Pedi-BacT blood culture bottles (Organon
Teknika Corp., Durham, NC) and one each for aerobic and anaerobic condi-
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tions. The cultures were mechanically agitated and continuously monitored for
growth (BacT/Alert automated system) (19). Subculture of the aerobic blood
cultures onto Agar A7 (bioMérieux, France) was used to detect mycoplasma
blood infection (30). Negative blood cultures were discarded after a 7-day incu-
bation; samples with a positive culture were excluded from the study. Another
placental blood sample was stimulated with 10° CFU of GBS or L. acidophilus or
10° CCU of U. urealyticum (at a ratio of 100 bacteria/leukocyte), the correspond-
ing heat-inactivated bacteria were added to a third sample, and a fourth sample
was used as the unstimulated control. All blood samples were incubated for
16 h at 37°C, and the plasma was then separated by centrifugation for 10 min
at 2,000 X g. To remove GBS or L. acidophilus, the plasma samples were
filtered through a 0.22-wm-pore-size membrane. To eliminate U. urealyticum,
the plasma samples were ultracentrifuged at 12,000 X g for 20 min at 4°C. Finally,
the plasma samples were tested microbiologically on blood agar plates or MRS
agar slopes and in Urea-Arginine LYO 2 broth to ensure that no bacteria were
present before coculture with the explants. The protein concentrations in plasma
samples were determined by the method of Bradford (8).

Coculture of amniochorion explants and placental plasma. Amniochorion
explants were stimulated with 100 pl of plasma in 900 pl of DMEM supple-
mented with lactalbumin hydrolysate and cocultured for 12 h at 37°C in 5% CO,.
The plasma concentration was chosen after various concentrations were tested
(data not shown) and represented a proportion of 1,000 leukocytes per amnio-
chorion explant. Untreated amniochorion explants incubated for the same pe-
riod as under the coculture conditions were included as a control to rule out
preexisting inflammation or other spontaneous release of cytokines. Following
incubation, the supernatants were recovered and the total protein concentrations
were determined as described above.

Cytokine quantification. The amounts of IL-18, TNF-o, and IL-6 in the
plasma samples and the supernatants were quantified by enzyme-linked im-
munosorbent assay (ELISA). Antibodies and recombinant cytokines were
purchased from R&D Systems (Minneapolis, MN). Capture monoclonal anti-
bodies were used in combination with biotinylated polyclonal detection antibod-
ies according to the manufacturer’s instructions.

Prostaglandin assay. Concentrations of PGE, were measured in the plasma
samples and the supernatants using a commercially available specific enzyme
immunoassay (Amersham Life Science, Buckinghamshire, United Kingdom)
according to the manufacturer’s instructions.

MMP-9 quantification. The presence of MMP-9 was tested in the plasma
samples and the supernatants by SDS-PAGE (sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis) using gelatin zymography, incorporating 1 mg/ml
porcine gelatin (Sigma Chemical Co., St. Louis, MO) as the substrate, using a
technique described elsewhere (47). Samples of the placental plasma and the
supernatants containing 0.5 pg of protein were applied to the gelatin substrate
gels under nondenaturing conditions. A standard for MMP-9 gelatinolytic activ-
ity obtained from U-937 promyelocyte cell medium (29) was included in each gel.
The relative intensities of the lysis bands were quantified by densitometry (NTH
Image software). Additionally, total MMP-9 was quantified in the same samples
by ELISA (GE Healthcare, Buckinghamshire, United Kingdom). Since this
commercial ELISA kit detected both the proenzyme and the active form, the
specific quantification of active MMP-9 was assessed using an activity-assay
system (GE Healthcare, Buckinghamshire, United Kingdom).

Ultrastructural collagen arrangement. After coculture, the amniochorion ex-
plants were fixed, postfixed, dehydrated, and embedded following standard mi-
croscopy procedures to analyze any changes in the collagen fibril distribution.
Ultrathin sections (60 to 90 nm) were treated with uranyl acetate and lead citrate
to enhance contrast and viewed with a Zeiss EM10 electron microscope. Micro-
graphs were taken using conventional procedures.

Collagen content. Duplicates from each amniochorion explant of approxi-
mately 40 mg were hydrolyzed in 6 N hydrochloric acid at 110°C for 24 h and
assayed for hydroxyproline content after the hydrochloric acid was removed (34).
A factor of 7.42 was used to convert hydroxyproline to total collagen. The results
were expressed as micrograms of collagen per milligram dry tissue.

MMP-9 activity inhibition assay. Following subtraction of a sample for anal-
ysis, the effect of MMP-9 inhibition on amniochorion explants treated with
plasma containing live GBS was evaluated by adding 0.1 pg/ml of tissue inhibitor
of matrix metalloproteinases 1 (TIMP-1) (R&D Systems, Minneapolis, MN) to
cocultures under the experimental conditions previously described. The explants
were then processed for electron microscopy, and the supernatants were assayed
for total and active MMP-9 as described above.

Statistical analysis. Five independent experiments (using five different mem-
branes with five different plasma samples) were performed in duplicate (n = 5).
The results are expressed as means and standard deviations (SD) and were



4794 ESTRADA-GUTIERREZ ET AL.

5000 -

2 4000
C
£s
a g_ *kk
& © 3000 | *hk |
- E 1500 ' .
c

8o
=1 Qo
2 2 1000

500

0 /)
Control GBS Ureaplasma Lactobacillus

800 -

3
c
0 =
S 2 600
a 9
g (o8
rg
3 = 300
S 2 *kk
P

T D
£ S 200 PR

100 -

0 — [~ N -
Control GBS Ureaplasma Lactobacillus

Induced Responses

Induced Responses

INFECT. IMMUN.

5000 -
TNF-a

4000
C
&
o
o
o 3000
€ 1500
5] *
a e |
2 1000 - *%*

500 i

L[] B0 B
Control GBS Ureaplasma Lactobacillus
800 -
PGE,
c
‘S 600
°
o
o
E 300
(0]
[oN
2 200
) *kk )
r 1
100 - i
Control GBS Ureaplasma Lactobacillus

FIG. 1. Pathogenic bacteria induce differential secretion of inflammatory mediators by leukocytes circulating in placental blood. Stimulation
with live or heat-inactivated GBS significantly increased TNF-a and IL-6 in plasma from placental blood, while live U. urealyticum significantly
increased IL-1B and PGE,. The bars represent the concentration of each marker in plasma from nonstimulated placental blood (white) or plasma
from placental blood stimulated with live (black) or heat-inactivated (gray) bacteria. The data presented are means and SD of duplicate
measurements from five separate experiments (***, P < 0.001; **, P = 0.001; *, P = 0.05).

compared using Friedman’s test with the Bonferroni correction for multiple
comparisons. A P value of =0.05 was considered statistically significant.

RESULTS

Stimulation of placental blood with GBS induces an in-
crease in TNF-a and IL-6 plasma levels, whereas U. urealyti-
cum increases IL-18 and PGE,. To study whether intrauterine
leukocytes might trigger differential secretion of mediators de-
pending on the infecting microorganism, we first evaluated the
specific response of placental leukocytes to GBS and U. urea-
Ilyticum. The concentrations of IL-1B, TNF-«, IL-6, and PGE,
in the plasma after infection of the placental blood are shown
in Fig. 1. Basal levels of all markers were found in untreated
plasma samples (before bacterial stimulus), which increased
after incubation with the pathogenic bacteria. Whereas live or
heat-inactivated GBS induced TNF-« (P = 0.001 and P = 0.05,
respectively) and IL-6 (P < 0.001) levels significantly higher
than those of the control, incubation with live U. urealyticum
stimulated significant increases in IL-13 (P < 0.001) and PGE,
(P < 0.001), which were not observed when the bacteria had
been previously inactivated. Plasma samples derived from
stimulation with L. acidophilus showed no differences in the
levels of these cytokines compared with the basal levels.

Plasma from placental blood stimulated with pathogenic
bacteria induces an additional inflammatory response by the
amniochorion. We next studied whether inflammatory mole-
cules secreted by bacterium-activated placental leukocytes
stimulate amniochorion production of mediators involved in
human labor. Figure 2 shows the concentrations of IL-1B,
TNF-q, IL-6, and PGE, in supernatants of amniochorion ex-
plants cocultured with plasma from placental blood previously
stimulated with bacteria. Plasma from blood stimulated with
both live and heat-inactivated GBS induced a significant in-
crease in TNF-a (P < 0.001 and P = 0.005). Similarly, both live
and heat-inactivated bacteria significantly increased the IL-6
production of amniochorion explants about 20-fold (P < 0.001
and P = 0.001, respectively).

Interestingly, explants treated with plasma from placental
blood stimulated with live U. urealyticum produced the greatest
amount of IL-1B among the bacterial treatments. Whereas U.
urealyticum induced a 24-fold increase compared to the control
(P < 0.001), GBS and L. acidophilus induced only 5- and
1.2-fold increases, respectively. Response to U. urealyticum
decreased significantly (to just 1.4-fold) (P < 0.001) when the
bacteria were heat inactivated. A similar situation was ob-
served for PGE,, where plasma conditioned with live U. urea-
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FIG. 2. Plasma from placental blood stimulated with pathogenic bacteria induces an additional inflammatory response by the amniochorion.
Coculture with plasmas from placental blood stimulated with live or heat-inactivated GBS significantly increased secretion of TNF-a and IL-6 by
amniochorion explants, while live U. urealyticum significantly increased IL-18 and PGE,. The bars represent the concentration of each marker in
supernatants of amniochorion explants cocultured with 10% plasma from nonstimulated placental blood (white) or plasma from placental blood
stimulated with live (black) or heat-inactivated (gray) bacteria. The final values were calculated by subtracting the original quantities in the plasma
and untreated explants; thus, the bars reflect only the induced responses in the explants activated with the corresponding plasma. The data
presented are means and SD of duplicate measurements from five separate experiments (***, P < 0.001; **, P =< 0.005).

lyticum induced the highest secretion (41-fold) (P < 0.001) and
bacterial inactivation significantly reduced this response (to
5.4-fold) (P < 0.001).

The amniochorion secretes MMP-9 in response to the ad-
dition of plasma conditioned with GBS. Elevation of MMP-9
in amniotic fluid and the amniochorion has been implicated in
both physiologic and pathological rupture of the fetal mem-
branes (22, 47, 48). We evaluated if plasma samples derived
from the initial interaction between bacteria and placental
blood stimulated the secretion of MMP-9 by the amniocho-
rion. The enzyme was undetectable by gelatin zymography and
ELISA in plasma samples from noninfected and infected pla-
cental blood. Zymography (Fig. 3a) showed that membranes
incubated with plasma from placental blood stimulated
with live or inactivated GBS produced significantly more pro-
MMP-9 than did the control (P = 0.03 and P = 0.05, respec-
tively). In addition, the active form of the enzyme was observed
only after treatment with live GBS. Quantification of total and
active MMP-9 in the supernatants confirmed the zymography
findings (Fig. 3b). Plasma conditioned with U. urealyticum or L.
acidophilus did not induce an increase in pro-MMP-9 activity.

The amniotic compact layer shows a decrease in collagen
content and extensive ultrastructural collagen damage only
after incubation with plasma conditioned with GBS. Rupture
of the fetal membranes is accompanied by alterations in am-
niotic collagen structure (13, 32). Since collagen degradation is
mediated primarily by MMPs, we investigated if the increase in
MMP-9 results in a controlled degradation of collagen within
the fetal membranes. Electron microscopy (Fig. 4) showed that
the collagen fibrils in the amniotic compact layer of explants
incubated with control plasma had a homogeneous distribu-
tion, occurring in compact wavy bundles with a defined orien-
tation (Fig. 4g). However, extensive connective tissue damage
was observed when the explants were treated with plasma from
placental blood stimulated with GBS, either live (4a) or heat
inactivated (4b), where a loss of collagen fibrils with amor-
phous material between them was observed. Moreover, weaker
staining of these fibrils was indicative of damage to the three-
dimensional structure of the collagen. These changes in colla-
gen arrangement were correlated with a significant decrease in
collagen content in the amniochorion explants (P < 0.001)
(Table 1). No changes in collagen content (Table 1) or struc-
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FIG. 3. The amniochorion secretes MMP-9 in response to plasma from placental blood stimulated with GBS. (a) Representative zymography
gel (0.5 pg of protein per lane). The bars represent the OD (optical densities) of pro-MMP-9 in supernatants of amniochorion explants cocultured
with 10% plasma from nonstimulated placental blood (white) or plasma from placental blood stimulated with live (black) or heat-inactivated (gray)
bacteria. (b) The bars represent the total MMP-9 (proenzyme and active enzyme) quantified by ELISA in the same supernatants. Coculture with
plasma from placental blood stimulated with live or inactivated GBS significantly increased secretion of MMP-9 by the amniochorion explants (**, P <
0.005; *, P = 0.05). Active MMP-9 was detected only after treatment with plasma conditioned with live GBS in both experiments (arrow on the
zymography gel in panel a). For both experiments, the final values were calculated by subtracting the original quantity secreted by untreated explants;
thus, the bars reflect only the induced responses in the explants. Five independent experiments in duplicate are expressed as means and SD.

ture were observed in the explants treated with plasma condi-
tioned with U. urealyticum (Fig. 4c and d) or L. acidophilus
(Fig. 4e and f), regardless of whether the bacteria were live or
heat inactivated.

TIMP-1 inhibits collagen degradation and MMP-9 activa-
tion in explants treated with plasma conditioned with GBS. To
further explore if the damage to the collagen network observed

v
?
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4

§

oA ol

in the amniochorion was mediated specifically by MMP-9, we
blocked the activity of the enzyme using TIMP-1, its natural
inhibitor. The inhibition assay of MMP-9 activity showed that
TIMP-1 treatment did not affect levels of MMP-9 released by
the explants cocultured with plasma from placental blood stim-
ulated with live GBS (4.0 = 0.7 pg/mg protein without TIMP-1
versus 3.9 = 0.9 ug/mg protein when the inhibitor was added;

oo

b da 25 S HE

FIG. 4. Plasma from placental blood stimulated with GBS induced extracellular matrix degradation in the amniochorion. Micrographs of the
amniotic compact layer of the explants exposed to 10% plasma from placental blood stimulated with live (a) or heat-inactivated (b) GBS exhibit
a drastic loss of collagen fibrils with amorphous material between them after 12 h of treatment. These alterations were inhibited by the addition
of 0.1 wg/ml TIMP-1 (h), an MMP-9 inhibitor. Collagen fibrils appeared normally organized in bundles with specific orientation in explants treated
with plasma from placental blood stimulated with live (c) or heat-inactivated (d) U. urealyticum and live (e) or heat-inactivated (f) L. acidophilus,
as well as in control explants (g). Magnification, X60,000. Bars, 0.0332 pm.
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TABLE 1. Collagen contents of amniochorion explants after
coculture with plasma samples obtained from
infected placental blood

Collagen content P value
Plasma (ng/mg) in (treatment vs.

explant? control)

Control® 12.20 £ 2.13
Live GBS 2.84 = 1.05 <0.001
Heat-inactivated GBS 3.02 = 1.70 <0.001
Live GBS + TIMP-1 11.30 = 3.05 NS¢
Live U. urealyticum 12.44 = 1.78 NS
Heat-inactivated U. urealyticum 12.28 + 1.62 NS
Live L. acidophilus 12.50 = 1.09 NS
Heat-inactivated L. acidophilus 11.82 + 2.00 NS

“ The values are means = SD (5 samples per group in duplicate).
® The control was plasma from noninfected placental blood.
¢ NS, not significant.

P > 0.05). However, active MMP-9 was reduced after TIMP-1
treatment from 1.2 = 0.3 pg/mg protein to undetectable levels
(P < 0.001). Although the use of this MMP-9 inhibitor in the
cocultures with plasma conditioned with live GBS resulted in
the preservation of the collagen fibrils, increased spacing be-
tween them was observed in some localized areas (Fig. 4h).
However, the collagen content in these explants was not sig-
nificantly different from that of the controls without treatment
(Table 1), demonstrating that the collagenolytic activity was
mediated almost completely by MMP-9.

DISCUSSION

Intrauterine infection by pathogenic bacteria and the con-
sequent inflammatory response in the choriodecidual tissues
have been implicated in preterm labor (14). Available in vitro
experimental models have been used to evaluate the effects of
direct contact between bacteria and the fetal membranes (20,
50, 51). However, no exploration of the complete choriode-
cidual microenvironment has been possible because of meth-
odological difficulties. Uterine detachment of the membranes
after cesarean section or labor necessarily destroys the chorio-
decidual compartment, and the integrated responses of all the
cellular components at this site cannot be duplicated in vitro.
The choriodecidual microenvironment is composed of mater-
nal and fetal cells. In addition to the decidua and other uterine
cells, the mother contributes a variable number of leukocytes,
which invade the amnion and chorion as part of the maternal
inflammatory response linked to normal labor or in increased
quantities under intrauterine infection (44). Because the fetal
membranes are predominantly avascular, the secretion of che-
motactic signals may control the arrival of leukocytes in the
choriodecidual compartment from the local circulation. Pre-
liminary evidence of the existence of these signals has recently
been demonstrated (15). These findings further support the
existence of a specific microenvironment in the intrauterine
circulating blood characterized by enrichment in specific sub-
populations of leukocytes during labor, which are already pro-
grammed to induce biochemical changes in the reproductive
tissues, such as degradation of the extracellular matrix in the
amniochorion (13).

In this study, we explored the effects on the amniochorion of
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soluble products derived from placental blood cells (primary
local candidates to infiltrate these tissues) that were previously
stimulated with well-characterized pathogenic bacteria. This
two-step experimental in vitro model was designed to resemble
the response of the amniochorion to infection using a chorio-
decidual microenvironmental reconstruction, with the addition
of local leukocytes as a third component. GBS and U. urealyti-
cum were chosen for placental blood stimulation because they
are implicated in the pathogenesis of the premature rupture
of membranes (2, 16, 35). L. acidophilus, a nonpathogenic
member of the normal vaginal flora, was used as the nega-
tive control.

The pathology of infection-induced rupture of the fetal
membranes has been attributed to the secretion of proinflam-
matory cytokines, such as IL-18 and TNF-a, by gestational
tissues in response to bacterial products (33). At the same
time, these cytokines may stimulate the biosynthesis of IL-6 by
decidual cells (12), which is considered a responsive indicator
of intrauterine infection in pregnant women (7). We demon-
strated the presence of IL-13, TNF-a, IL-6, and PGE, in the
plasma of the placental blood from women in active labor in
the absence of infection. However, the presence of the patho-
genic microorganisms GBS and U. wrealyticum stimulated
greater secretion of these markers by circulating placental leu-
kocytes. The secretion of these mediators by the explants also
increased significantly after incubation with plasma condi-
tioned by incubation of bacteria with leukocytes. We interpret
this as evidence of the existence of a signaling network that
involves the response of resident cells of the amniochorion to
products secreted by activated leukocytes as a consequence of
the natural immunological response to infection.

Although it is not clear which cytokine(s) is required, evi-
dence suggests that the production of proinflammatory cyto-
kines may be crucial in the final pathway toward the rupture of
the fetal membranes (7, 27, 28). Their roles may include the
upregulation of matrix metalloproteinase production (33, 43),
principally MMP-9 (3), which is known to participate in the
pathophysiological rupture of the amniochorion (47, 48).
MMP-9 is also increased in the amniotic fluid of patients with
cervicovaginal infection (22), making it a biochemical indicator
of intra-amniotic infection and ultimately a predictive element
in the development of labor or premature rupture of the mem-
branes. In this study, we observed a significant increase in
pro-MMP-9 activity and identified the active form only in the
supernatants from explants incubated with plasma from pla-
cental blood stimulated with either live or heat-inactivated
GBS. Since the amniotic compact layer in these explants
showed collagen fibril degradation that was inhibited by the
addition of TIMP-1, it is reasonable to infer that MMP-9 is
responsible for this collagenolytic activity. The fact that the
collagen explants were damaged after incubation with plasma
exposed to heat-inactivated GBS suggests the existence of a
virulence factor that maintains its activity independently of
bacterial viability. These results support the proposition that
even nonviable GBS mediate the inflammatory response via
peptidoglycan and lipoteichoic acid, essential components of
the cell wall (39).

The presence of proinflammatory cytokines leads to the
production of PGE, by the human amnion and decidual cells,
which then causes cervical softening and uterine contractions
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(26, 38, 40). Our data indicate that microorganisms vary in
their abilities to stimulate PGE, production. In our in vitro
model, the infection of placental blood with U. urealyticum
induced PGE, secretion by the explants, which greatly ex-
ceeded that caused by any other microorganism tested, sug-
gesting that U. urealyticum has a particularly high capacity to
stimulate the production of this mediator. Because this phe-
nomenon was observed only when U. urealyticum had not been
heat inactivated, we consider that the material responsible for
this stimulation is secreted by the bacteria. The induction of
PGE, secretion is consistent with the increase in IL-18 and
with reports that this cytokine stimulates prostaglandin pro-
duction (27, 38). The activity of phospholipases secreted by U.
urealyticum (10) produces free arachidonic acid, which can
serve as a substrate for a variety of eicosanoid biosynthetic
pathways, producing biologically active products leading to
uterine contractions, cervical dilation, and the rupture of the
fetal membrane (4).

The differences observed in the production of the cyto-
kines PGE, and MMP-9 by placental leukocytes suggest that
the locally circulating cells are able to respond specifically to
the infectious agents. Furthermore, in some cases, this dif-
ferential response seems to be dependent on the viability of
the microorganisms, because the secretion of effector mol-
ecules into the plasma was altered when the bacteria were
inactivated.

Our results also suggest that, in the presence of infection,
the mechanisms leading to the rupture of the fetal membranes
appear to be dependent on the nature of the infecting micro-
organism. Whereas GBS may primarily induce the rupture of
the membranes through the production of MMP-9, probably
via TNF-a and IL-6, U. urealyticum may activate uterine con-
tractions and cervical dilation by increasing PGE, production,
probably via IL-1B. This suggests that even though both can be
considered pathogenic microorganisms, their specific recogni-
tion by leukocytes could trigger distinct transduction pathways,
inducing the production of unique cytokines and different pat-
terns of secondary effectors. It is known that GBS is the most
provocative agent for triggering host cytokine cascades, in par-
ticular TNF-a (11). In contrast, U. urealyticum stimulates the
production of several cytokines, but this stimulation apparently
is different depending on the concentration of the microorgan-
ism and the type of infected cell, which suggests that effects of
U. urealyticum may be cell type specific (23).

The model presented in this study is relevant because it
suggests that the immunological cells circulating within the
uterine microenvironment respond to an infectious stimulus
with the production of inflammatory mediators and MMP-9.
These not only stimulate other immunological cells, but also
induce local tissue cells to secrete a second wave of molecular
signals and effectors, including additional amounts of IL-1B,
TNF-a, and MMP-9, leading to the induction of mechanisms
that culminate in rupture. Better knowledge of the signaling
processes between local tissue cells and those that arrive in the
environment of the placenta and fetal membranes, as well as
the mediators involved in such communication, will eventually
allow the development of interventional therapies to control
the premature rupture of the fetal membranes.
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