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Animal Model
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Preterm birth is a leading cause of neonatal morbidity
and mortality. Despite a growing body of evidence
correlating inflammation with preterm birth, the signal transduction pathways responsible for the emptying of the uterus in the setting of intrauterine inflammation has not been elucidated. We now report a
unique, reproducible mouse model of localized intrauterine inflammation. This model results in 100%
preterm delivery with no maternal mortality. Using
our model, we also show that platelet-activating factor is a crucial mediator of both inflammation-induced preterm birth and fetal demise. Using C3H/HeJ
mice, we demonstrate that toll-like receptor-4 (TLR-4)
plays a role in lipopolysaccharide-induced preterm
birth but not in inflammation-induced fetal death.
Immunohistochemistry studies demonstrate the presence of the platelet-activating factor receptor in both
endometrial glands and smooth muscle in uterine
tissues. Molecular studies demonstrate the differential
expression of platelet-activating factor receptor and
TLR-4 in uterine and cervical tissue throughout gestation. Quantitative polymerase chain reaction revealed
an up-regulation of TLR-4 in the fundal region of the
uterus in response to intrauterine inflammation. The
use of this model will increase our understanding of
the significant clinical problem of inflammation-induced preterm birth and will elucidate signal transduction pathways involved in an inflammatory state.
(Am J Pathol 2003, 163:2103–2111)

Preterm delivery is a leading cause of neonatal morbidity
and mortality. In the last decade, there has been a growing body of evidence correlating preterm birth with inflammation and/or infection in the uterus. While most
women with preterm labor will not demonstrate signs of
systemic illness or inflammation, greater than 85% of
pregnancies delivered at less than 28 weeks gestation
will have evidence of localized inflammation as evidenced by the presence of histological chorioamnionitis.1 While the presence of an inflammatory response is
evident in many patients with preterm labor, an active
infectious process is not apparent as amniotic fluid cultures are usually negative in these patients.2,3 Further
confirming the lack of an active infectious process in
most cases of preterm labor is that antibiotic therapy in
animal or human trials has not been proven to significantly improve outcome.4 – 6 Despite a growing association between inflammation and preterm birth, the mechanism by which intrauterine inflammation results in the
emptying of the uterus remains unclear.
Platelet-activating factor (PAF) may be an important
mediator in the signal transduction pathways leading to
inflammation-induced preterm birth. PAF, 1-O-alkyl-2acetyl-sn-glycero-3-phosphocholine, is a potent phospholipid mediator with diverse biological properties.7,8
The majority of PAF is synthesized from glycerophosphocholins, but it can also be synthesized via a “remodeling”
pathway that involves cytosolic phospholipase A2.8 PAF
is degraded by PAF-acetylhydrolase (PAF-AH).9,10 Mediators of inflammation decrease levels and transcription of
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PAF-AH.8,10 PAF elicits its diverse effects through activation of a G-protein coupled receptor (the PAF receptor
PAFR).7,11 Transgenic and knockout mice for the PAF
receptor have provided essential information as to the
crucial roles of PAF. Studies with PAFR-/- mice have
demonstrated that PAF is a direct mediator of circulatory
collapse and activation of polymorphonuclear cells
(PMNs), while PAFR transgenic mice are more sensitive
to lipopolysaccharide (LPS)-induced shock.12,13
PAF has been implicated in diverse pathophysiologic
events, including roles in sepsis, pancreatitis, and necrotizing enterocolitis.14 –18 The proinflammatory properties
of PAF are also evident during parturition. PAF stimulates
cytokine production and infiltration of PMNs in the cervix
at time of parturition.19 –21 Cytokines and endotoxin can
decrease the release of PAF-AH from uterine decidual
cells.22,23 Further evidence implicating PAF in parturition
is noted by decreased systemic levels of PAF-AH and
increased levels of PAF in animals as parturition occurs.24,25 Unlike other inflammatory mediators (such as
cytokines or LPS itself), PAF is a direct uterotonic
agent.26 –30 Finally, PAF has also been implicated directly
in preterm parturition because the phospholipid is elevated in the amniotic fluid of patients with preterm labor
who ultimately deliver preterm.31,32
Because PAF can be produced as a result of an infectious or inflammatory stimulus, it is important to understand the role of bacterial products in the signal transduction pathways leading to the production of PAF in a
model of localized intrauterine inflammation. In recent
years, toll-like receptor-4 (TLR-4) has been discovered as
an innate immune recognition receptor essential to LPS
signaling.33,34 Gram-negative bacterial cell wall components activate proinflammatory signal transduction pathways on stimulation of TLR-4.35,36 Perhaps in an effort to
augment the inflammatory response, LPS appears to upregulate TLR-4 expression.37 The expression and regulation of TLR-4 in gestational tissues and their roles in
LPS-induced preterm birth have not been elucidated.
In an attempt to increase our understanding of the
clinical problem of preterm birth, animal models have
been created. Many of these models involve the systemic
administration of an inflammatory agent.38,39 While these
manipulations provoke preterm delivery, they also produce maternal morbidity and even mortality, unlike the
most common clinical situation. Therefore, these animal
models more closely mimic preterm birth in the setting of
maternal sepsis, pyelonephritis, or overwhelming pneumonia. Different models are needed to more closely approximate localized intrauterine inflammation to investigate the signal transduction pathways essential to
inflammation-induced preterm birth.
The first aim of this study was to develop a reproducible
mouse model of localized inflammation that is not associated with maternal mortality. The second aim was to determine whether PAF is a crucial mediator of both inflammation-induced preterm delivery and fetal death. The third aim
was to determine whether the TLR-4 receptor was necessary for LPS-induced preterm delivery. The fourth aim was
to characterize the expression of PAFR and TLR-4 in both
the uterus and cervix of the pregnant mouse.

Figure 1. A schematic representation of the bicornuate mouse uterus with
gestational sacs in each horn. For the model, LPS was infused into the lower
right uterine horn. For the molecular studies, the uterus was divided into
three regions: fundus, LUS, and cervix (CX).

Materials and Methods
Animals
CD-1 outbred, timed-pregnant mice were purchased
from Charles River Laboratories (Wilmington, MA).
Timed-pregnant CH3/HeJ (endotoxin-resistant, TLR-4
mutants) were obtained from The Jackson Laboratory
(Bar Harbor, ME). Animals were shipped on day 8 –12
after mating. Animals were acclimated in our facility for 3
to 7 days before use in these experiments. All of the
experiments were performed in accordance with the National Institutes of Health guidelines on laboratory animals
and with approval from the committees on Animal Use
and Care from the University of Chicago and the University of Pennsylvania.

Mouse Model of Localized Intrauterine
Inflammation
Surgery was performed on day 15 of gestation, which is
79% of the CD-1 gestation. CD-1 animals normally deliver
pups on day 19 to 20 of gestation. Isoflurane anesthesia
was used with an induction chamber (Vet Equip, Pleasanton, CA). Continuous isoflurane/oxygen anesthesia
was supplied by a mask that fits over the mouse’s face.
After deep anesthesia was reached, a minilaporatory was
performed in the lower abdomen. The right uterine horn
was exposed through the incision to allow visualization of
the first two gestational sacs (those most proximal to the
cervix). LPS (250 g/mouse) (Sigma, St. Louis, MO) was
then infused into the uterus between the lower two gestational sacs with care not to enter the amniotic cavity
(n ⫽ 16) (Figure 1). Sterile saline was then applied to the
exposed uterus, after which the uterus was returned to
the abdomen. The fascia was closed with a continuous
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vicryl suture and the skin was closed with staples (Autoclips; Clay Adams, from Fisher Scientific). The entire
procedure varied between 2 and 5 minutes per mouse.
The animals recovered in individual cages and the majority of animals were moving within 10 minutes of completion of the procedure. Control animals received no
anesthesia and no intrauterine infusion while sham animals received anesthesia and intrauterine saline. Animals
were observed closely for any signs of morbidity (piloerection, decreased movement), vaginal bleeding,
and/or preterm delivery (pups present in the cage).
For studies with CD-1 mice, we used LPS from Escherichia coli (L2280), which was phenol-extracted and had
⬍3% endotoxin protein by the Lowry method (Sigma). For
studies with TLR-4 mutant mice, we used two different
preparations of LPS: L2880 and L4525, which is purified
by phenol extraction by ion-exchange chromatography
and had only 0.2% protein by the Lowry method (Sigma),
thereby eliminating the possibility of contamination with
other endotoxin proteins.

PAF as a Mediator of Inflammation-Induced
Preterm Birth
To determine whether a PAF antagonist could prevent
inflammation-induced preterm birth, CV-6209 (Biomol,
Plymouth Meeting, PA) was administered intraperitoneally 1 hour before intrauterine LPS administration in various doses (3 to 6 mg/kg). CV-6209 is a PAF antagonist
that is structurally similar to PAF and acts as a competitive antagonist.
To investigate if PAF alone could induce preterm parturition, a stable PAF analog (mcPAF; Sigma) was administered into the uterine lumen. Using the techniques as
previously described with infusion of intrauterine LPS, we
infused 10 to 40 g/mouse of PAF into the uterine lumen
(n ⫽ 9). All animals were observed for any signs of
maternal morbidity or mortality.

Documentation of Preterm Delivery and Fetal
Viability
All animals were observed for 48 hours after intrauterine
infusion with LPS or saline. At 48 hours, all animals were
placed under deep anesthesia and laparotomy was performed. The uterine horns were opened. Preterm delivery
was defined by delivery of at least one pup before this
time point and empty uterine horns at repeat laparotomy.
At the time of laparotomy, 48 hours after intrauterine
infusion, the number of live and dead pups in each horn
was recorded. Intrauterine fetal deaths (IUFDs) were
identified by white discoloration, markedly smaller fetal
size, and lack of blood flow in the umbilical cord. Mothers
were kept alive during the exploration of the uterine horns
and documentation of live pups to avoid confounding
effects caused by maternal death.

Expression and Localization of PAFR and
Expression and Regulation of TLR-4
Quantitative PCR
To quantify the expression of PAFR and TLR-4 throughout gestation, real-time quantitative polymerase chain reaction (PCR) experiments were performed. RNA was harvested using trizol and cDNA was generated using
random hexamers. Primers were designed using the
Primer Express 1.5 software (PE Applied Biosystems,
Foster City, CA). The primer set was empirically tested to
determine the maximal concentration of primers that
could be used to produce specific amplification of the
target sequence in the absence of primer dimer amplification. Quantitative PCR reactions were carried out using
equivalent dilutions of each cDNA sample, the fluorescent indicator SYBR green, an empirically determined
concentration of each primer and the Applied Biosystems
Model 7900 sequence detector PCR machine (PE Applied Biosystems). To verify that only a single PCR product was generated for the amplified transcript, the multicomponent data for each sample was subsequently
analyzed using the Dissociation Curves 1.0 program (PE
Applied Biosystems). To account for differences in starting material, quantitative PCR was also carried out for
each cDNA sample using primers to mouse 18S RNA.
These quantitative PCR reactions defined a threshold
cycle (Ct) of detection for the target and 18S in each
cDNA sample. An arbitrary value of template was assigned to the highest standard and corresponding values
to the subsequent dilutions and these relative values
were plotted against the Ct value determined for each
dilution to generate a standard curve. The relative abundance of the target was divided by the relative abundance of 18S in each sample to generate a standardized
abundance for the target transcript. All samples were
analyzed in duplicate. The average for each duplicate
was obtained. At least three samples were evaluated for
each study group. Statistical analysis was performed by
one-way analysis of variance and pair-wise comparison
by Student-Newman-Keuls (SNK) method. P ⬍ 0.05 was
considered statistically significant.
Differential expression of contraction-associated proteins between the upper and lower segments of the
uterus has been demonstrated.40 Therefore, to investigate whether PAFR and/or TLR-4 are differentially regulated based on uterine location, we harvested uterine
tissue from the fundus and lower uterine segment (LUS)
(Figure 1). Fundal tissue was defined as the uterine tissue
surrounding the two uppermost gestational sacs adjacent to the fallopian tube. LUS tissue was the uterine
tissue surrounding the two most distal gestational sacs
adjacent to the cervix. The cervix was dissected from the
uterus and vagina and debrided of adipose tissue.
We investigated the expression of these proteins in the
cervices and uteri from animals on day 15 of gestation
(which is 79% of a CD-1 mice gestation), day 15 of
gestation 6 hours after intrauterine LPS, day 19 of gestation (which is considered term gestation), postpartum
(PP) and in the non-pregnant (NP) animal. For each treat-
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Table 1.

Preterm Parturition and Fetal Viability Based on Mouse Strain and Treatment

Mouse
strain
CD-1
CD-1
CD-1
CD-1

C3H/HEJ
C3H/HEJ

Preterm
delivery
rate (%)

Mean number of
live pups per
undelivered dam
at 48 hours

Mean number of
IUFDS per
undelivered dam
at 48 hours

Treatment(s)

n

Saline
LPS (L2880) 250
g/mouse
PAF (10–40 g/
mouse)
LPS (L2880) 250
g/mouse ⫹
PAF antagonists
3–6 mg/kg)
LPS (L2880) 250
g/mouse
LPS (L4524) 250
g/mouse

8
16

0 /8 (0)
16/16 (100)

11.5 ⫾ 1.9
0

0.2 ⫾ 0.4
NA*

9

4 /9 (44)

7.0 ⫾ 1.4

5.5 ⫾ 3.5

24

10/24 (58)

6.7 ⫾ 3.2

4.9 ⫾ 2.8

10

4/10 (40)

3.0 ⫾ 3.7

2.2 ⫾ 1.0

3

0 /3 (0)

6.3 ⫾ 1.5

1.7 ⫾ 1.2

*Since all animals receiving LPS alone delivered preterm, there were no remaining live or dead pups in the uterine horns at 48 hours.

ment group, uterine and cervical tissue was harvested
from 3 to 6 dams to control for biological variability. The
LUS and fundus were taken from the right uterine horn.
Immunohistochemistry
To determine the location and expression of PAFR in the
gravid uterus and cervix, tissues were harvested from day
15 control mice, flash frozen, and then prepared for immunohistochemistry studies. Tissues were embedded in paraffin and then transverse sections were obtained across the
lumen. Immunohistochemistry was performed using the
Vectastain Elite ABC kit (Vector Laboratories, Burlington,
CA). Currently, commercially available antibodies to the
PAF receptor are not useful for studies with mouse tissue.
We developed a polyclonal antibody raised to the mouse
PAFR (Genemed Synthesis, San Francisco, CA). Uterine
sections were also taken from uteri of pregnant PAFR-/mice (a generous gift from Professors Shimizu and Ishii,
University of Tokyo) to confirm the specificity of our antibody.12 Immunohistochemistry was performed with this antibody at a dilution of 1:200.
Western Blots
To determine the protein expression of PAFR and
TLR-4 protein, Western blot analyses was performed using tissue homogenates from NP, day 15 and day 19
pregnant uteri from CD-1 mice. Uterine tissue was removed with the animal under anesthesia. The tissues
were washed in sterile saline, flash frozen, and stored at
⫺70 until protein was harvested. For the PAFR studies,
uterine tissues from pregnant PAFR-/- mice were also
used to confirm the validity of our antibody. LUS and
fundal tissues were homogenized in protein extract buffer
(Pierce Biotechnology, Inc., Rockford, IL). The amount of
crude protein present in each sample was determined
using the BCA protein assay (Pierce Biotechnology, Inc.,
Rockford, IL). Forty micrograms of protein were mixed
with 2X sodium dodecyl sulfate (SDS) sample buffer and
subjected to SDS-polyacrylamide gel electrophoresis.
The separated proteins were transferred electrophoreti-

cally to polyvinylidene difluoride membranes. Membranes were blocked in Tris-buffered saline with 5% nonfat dried milk powder for 2 hours. For the TLR-4 studies,
a polyclonal antibody to the mouse TLR-4 was used (sc
12511; Santa Cruz Biotechnology, Santa Cruz, CA) in a
dilution of 1:200 for 4 hours. For PAFR studies, Western
blots were performed using the PAFR antibody at a 1:200
dilution and incubated overnight. Blots were developed
by the enhanced chemifluoresence (ECF) system (Amersham Biosciences). Protein expression for each blot was
quantified using the NIH imaging software.

Results
Intrauterine Inflammation Results in Preterm
Delivery
With our model of intrauterine infusion of LPS, we were
able to cause a 100% preterm delivery rate within 24
hours. All animals delivered non-viable pups (as is consistent with E15–16 of gestation) within 20 hours of intrauterine LPS administration. Forty-eight hours after intrauterine LPS, there were no remaining live pups. These
results were consistent in repetitive trials with all animals
receiving intrauterine LPS delivering preterm (n ⫽ 16).
We observed no maternal mortality in this model. Maternal morbidity, while a subjective parameter, was minimal
with only a small number of animals demonstrating piloerection and lethargy before delivery of pups.
We investigated whether LPS induced preterm birth via
the activation of TLR-4. Using the same amount and type
of LPS (L2880) as used with CD-1 mice, we observed a
40% preterm delivery rate (n ⫽ 10) in the C3H/HEJ, TLR-4
mutant mice. All of the C3H/HEJ animals which did not
deliver preterm had at least one IUFD in the uterine horns
48 hours after intrauterine LPS treatment. Because commercial preparations of LPS contain sufficient endotoxin
protein to activate other inflammatory pathways not involving TLR4, we also performed these studies with enhanced purified LPS (L4524).35 None of the C3H/HEJ
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Table 2.

Effect of a PAF Antagonist on InflammationInduced Parturition

PAF
antagonist
dose
None
3 mg/kg
4.5 mg/kg
6 mg/kg

LPS
250
250
250
250

g/mouse
g/mouse
g/mouse
g/mouse

Preterm
delivery
no.

%
Preterm
delivery

16/16
5/8
5/8
4/8

100
63
63
50

animals delivered preterm, but 66% of animals had at
least one IUFD in the uterine horns 48 hours after intrauterine LPS (n ⫽ 3) (Table 1).

A PAF Antagonist Prevents InflammationInduced Preterm Delivery and Fetal Demise
Fifty-eight percent of all animals pretreated with the PAF
antagonist, CV-6209, before intrauterine LPS (n ⫽ 24)
delivered preterm. Therefore, a PAF antagonist was able
to significantly decrease the incidence of preterm delivery compared to LPS alone (P ⫽ 0.003; Fisher’s exact
test). To determine whether there was a relationship between the dose of the PAF antagonist and the occurrence
of preterm delivery, we analyzed the effect of different
doses of CV-6209 on LPS-induced preterm birth. As
Table 2 demonstrates, the results suggest a relationship between the dose of the PAF antagonist and the
incidence of preterm birth (P ⫽ 0.01; Chi-square for
trend).
We also wanted to determine whether pretreatment
with a PAF antagonist could reduce the incidence of
inflammation-induced fetal death. Forty-eight hours after
intrauterine LPS or saline, animals were sacrificed and
the number of live pups and IUFDs in each uterine horn
was recorded. The mean number of live pups per animal
did not differ between control animals (11.3 ⫾ 2.2) and
sham animals (11.5 ⫾ 1.9). Because all animals receiving
only intrauterine LPS delivered preterm, there were no
remaining live pups at 48 hours. In contrast, 100% of the
animals pretreated with the PAF antagonist that did not
deliver preterm (n ⫽ 10) maintained viable fetuses 48
hours after intrauterine infusion of LPS. The mean number
of live pups per animal in this group (6.7 ⫾ 3.2) was
significantly increased compared to animals receiving
LPS alone (P ⬍ 0.001; rank sum test).

Figure 2. Results from quantitative PCR experiments demonstrating PAFR
expression in uterine and cervical tissue throughout mouse gestation. Each
bar represents the mean ⫾ SD of message RNA from 3 to 6 specimens for
each gestational time point. Expression of the PAFR was significantly different throughout gestation in the LUS, fundus, and cervix (one-way analysis of
variance, * P ⬍ 0.001 for LUS and fundus, and P ⫽ 0.001 for cervix). In the
LUS, PAFR expression on day 15 (D15), day 19 (D19), and postpartum (PP)
was significantly increased compared to non-pregnant tissues (P ⬍ 0.001,
P ⫽ 0.01, and P ⫽ 0.02, respectively). In the fundus, PAFR expression was
significantly increased in D15, D19, and PP uterine tissue compared to NP
uteri (P ⬍ 0.001 for all comparisons). In the cervix, PAFR mRNA was
significantly up-regulated in D19 tissues compared to NP cervices (P ⫽
0.001). All pair-wise comparisons were performed using the SNK method.

Expression and Localization of the PAFR
Results from our quantitative PCR experiments revealed
that PAFR is expressed in the uterus and in the cervix
(Figure 2) in control mice. PAFR is up-regulated during
the latter half of gestation in both the uterus and cervix
(Figure 2). PAFR mRNA expression declines in the LUS
and cervix immediately postpartum but remained elevated in fundal tissue.
Western blot studies demonstrated the specificity of
the polyclonal antibody against the mouse PAFR. Three
discrete bands were visualized in pregnant uterine tissue
at 36 to 45 kd in Western blots. The expected molecular
weight of the PAFR is 39 kd. The uterine tissue from the
PAFR knockout mice did not yield a band at 39 kd, while
there was a discrete band in the wild-type uterine tissue
(Figure 3A). Western blot studies demonstrated an upregulation of the PAFR in LUS at term in CD-1 mice

PAF Induces Preterm Delivery
We administered PAF into the uterine lumen of CD-1 mice
on day 15 of gestation (n ⫽ 9). Forty-four percent of the
mice delivered preterm (4 of 9). Only 33% of mice maintained live pups at 48 hours after intrauterine infusion (3
of 9). Sixty-six percent of mice receiving the highest dose
administered (40 g/mouse) delivered preterm with none
of the animals having live pups 48 hours after intrauterine
infusion of PAF (Table 1).

Figure 3. Representative Western blots using the PAFR polyclonal antibody.
A: PAFR antibody produces three bands in the 36 to 45 kd range. One of
these bands at 39 kd is observed in pregnant uterine tissue from wild-type
mice but not in pregnant uterine tissue from PAFR-/- mice. B: PAFR protein
expression in the LUS in NP (lane 1), day 15 of gestation (lane 2) and day
19 of gestation (lane 3); a 39-kd band is visualized most prominently in day
19 uterine tissue. C: PAFR protein expression in fundal tissue: lane 1, NP;
lane 2, day 15 of gestation; lane 3, day 19 of gestation.
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Figure 6. Representative Western blot demonstrating TLR-4 protein expression in uterine tissues. Lane 1, molecular weight standard; lane 2, LUS NP;
lane 3, LUS day 15; lane 4, LUS day 19; lane 5, fundus NP; lane 6, fundus
day 15; lane 7, fundus day 19; lane 8, mouse heart; lane 9, molecular weight
standard; lane 10, mouse heart incubated with antibody plus blocking
peptide. An increase in TLR-4 protein expression is observed in LUS between
NP and day 19. No significant change in TLR-4 protein is observed in fundal
tissue throughout gestation.

(Figure 4, A and B). After confirming the specificity of the
PAFR antibody, we determined the localization of the
PAFR in the gravid uterus. The PAFR appears to be
concentrated in the endometrial glands with less intense
staining in the myometrium (Figure 4, C and D).

Expression and Regulation of TLR-4
Figure 4. Immunohistochemistry using the PAFR antibody. A: Representative uterine section from PAFR-/- mice (⫻10). B: Uterine section from PAFR
-/- mice at higher magnification (⫻20) demonstrating no antibody binding.
C: Representative section from wild-type mice on day 15 of gestation at ⫻10
magnification. D: Representative section from CD-1 mice on day 15 of
gestation at ⫻40. Moderate to intense staining is observed in the endometrial
glands and smooth muscle, while lighter staining is seen in the smooth
muscle only.

(Figure 3B). In the LUS, the up-regulation of the PAFR
protein appears to be more dramatic than demonstrated
with the quantitative PCR. While an increase in PAFR
mRNA was observed in fundal tissues from term uteri
compared to NP, the PAFR protein expression in fundal
tissues appears to have a more steady-state expression
(Figure 3C). The differences in the protein studies may be
secondary to the fact that both protein and mRNA studies
were performed at the same time period. These differences may also indicate posttranslational regulation of
the PAFR protein.
As with the Western blots, the IHC studies demonstrated antigen with our PAFR antibody and no appreciable staining in the tissues from the PAFR knockout mouse

Figure 5. Results from quantitative PCR experiments demonstrating TLR-4
mRNA expression in uterine and cervical tissue throughout mouse gestation.
Each bar represents the mean ⫾ SD of message RNA from 3 to 6 specimens
for each gestational time point. TLR-4 mRNA is significantly up-regulated in
LUS throughout gestation (*, one-way analysis of variance, P ⬍ 0.001). Using
pair-wise comparison, TLR-4 expression on day 15 (D15) and day 19 (D19)
was significantly increased from NP controls (P ⬍ 0.001 and P ⫽ 0.009,
respectively; SNK method). There was no significant difference in TLR-4
mRNA expression observed in the fundus or cervix throughout gestation.

Results from our quantitative PCR experiments demonstrated expression of TLR-4 mRNA in the fundus, LUS,
and cervix during mouse gestation. Greatest expression
of TLR-4 mRNA was detected in fundal tissues. TLR-4
mRNA was significantly up-regulated in the LUS but not
fundus at term compared to the NP state (Figure 5).
Western blotting confirmed the presence of TLR-4 in
gestational tissues and correlated with the TLR-4 mRNA
expression. TLR-4 is reported to have a molecular weight
of 110 to 120 kd and a molecular weight of 80 to 85 kd in
its non-glycosylated form.41 In these studies, a band at
about 80 to 85 kd is visualized in uterine tissue. Studies
with a blocking peptide confirmed the specificity of this
band in uterine tissue (Figure 6).
To determine the effect of intrauterine inflammation on
the regulation of TLR-4, we investigated the expression of
these receptors 6 hours after intrauterine infusion of LPS.
Intrauterine inflammation resulted in a two-fold increase
in TLR-4 expression in the fundus (Figure 7). Interestingly, intrauterine LPS resulted in a down-regulation of
TLR-4 mRNA in the LUS with no significant change observed in the cervix.

Figure 7. Results from quantitative PCR experiments demonstrating TLR-4
mRNA expression in uterine and cervical tissue in response to intrauterine
LPS. Each bar represents the mean ⫾ SD of message RNA from 3 to 6
specimens for each gestational time point. Intrauterine LPS resulted in a
differential regulation of TLR-4 mRNA in the LUS and fundus. In the LUS,
TLR-4 mRNA expression was significantly decreased (*P ⫽ 0.006, t-test) while
in the fundus, it was significantly increased (**P ⫽ 0.002). No significant
change in TLR-4 mRNA expression was observed in cervical tissue.
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Discussion
In these studies, we describe a reproducible model of
localized intrauterine inflammation, which closely mimics
the most common clinical presentation of preterm birth.
The use of the mouse in this model offers several advantages. The mouse is a relatively inexpensive animal with
a short gestational period and reliable fertility. Additionally, the mouse model allows the use of genetic manipulation to discern essential mediators in the pathways
leading to preterm birth. The model described here is
similar to the mouse model described by Hirsch which
instills live or killed E. coli into the uterine horn to induce
preterm delivery.42 Our model demonstrates that LPS, a
component of the gram-negative bacteria cell wall, is
sufficient to induce an inflammatory state and promote
parturition. This model is a powerful tool that allowed us to
investigate PAF, a potential mediator of inflammationinduced preterm birth.
Confirming our hypothesis that PAF is a significant
mediator of inflammation-induced preterm birth, we demonstrated that PAF itself can induce preterm birth and
that a PAF antagonist was able to significantly reduce the
incidence of inflammation-induced preterm birth. For
these studies, we were interested in the mechanisms
leading to the emptying of the uterus in the setting of
localized inflammation. Therefore, we dosed the PAF antagonist before infusion of LPS. The ability of a PAF
antagonist to prevent preterm birth after the initiation of
an inflammatory response has not yet been demonstrated. It is possible that the bioavailability of the PAF
antagonist used in these studies limited its effectiveness.
The intraperitoneal route of CV-6209 administration is not
widely reported and absorption of this drug may be limited by this route of delivery. Intravenous infusion of
higher doses of this drug has been shown to elicit transient hypotension in the mice.43 Therefore, since maternal hypotension could affect fetal viability, we were reluctant to increase the dose of the PAF antagonist for these
studies. Other PAF antagonist might be more efficacious
in preventing inflammation-induced preterm birth. Other
investigators have reported success in other animal models using a recombinant PAF-AH to suppress inflammation with few side effects.44,45
Recent studies have documented that TLR-4 is required for LPS activation of diverse signal transduction
pathways typical of an inflammatory state.46 However,
whether TLR-4 is required for LPS-induced preterm birth
has not been established. Our studies with the C3H/HEJ,
TLR-4 mutant mice suggest that TLR-4 mediates LPSinduced preterm birth but not fetal demise. We used two
different commercial preparations of LPS for these studies. Previous investigations demonstrated that less purified LPS contain bacterial lipoproteins that can activate
signal transduction pathways independent of TLR-4.35
Consistent with these other studies, we found that purified LPS was not able to induce preterm birth in TLR-4
mutant mice. However, inflammation-induced preterm
birth in humans probably represents a diverse inflammatory response that does not result solely from the components of the cell wall of gram-negative bacteria. There-

fore, the results obtained in the CD-1 mice with the
unpurified LPS (less than 3% endotoxin protein) more
likely represent the signal transduction pathways triggered in vivo in humans. Variations in the TLR-4 gene
have been hypothesized to contribute to certain disease
states.47,48 Genetic variations in the TLR-4 gene in the
fetus have recently been reported to be associated with
preterm birth.49 Genetic variations in TLR-4 in the mother
may contribute to a propensity or a protective effect to
inflammation-induced preterm birth.
Uterine or placental inflammation is also associated
with fetal demise. We investigated the ability of the PAF
antagonist to prevent fetal demise in animals which did
not deliver preterm. We demonstrated that PAF can
cause fetal death and that a PAF antagonist significantly
preserved fetal viability in the setting of intrauterine inflammation. The majority of IUFDs observed in these
animals were in the right lower uterine horn, near the site
of LPS injection. We speculate that the presence of the
PAF antagonist allowed for a more “controlled or contained” inflammatory response in these animals and that
the fetuses further from the site of LPS injection were
preserved. Additional studies are required to determine
whether exposure to intrauterine inflammation in these
fetuses, in the absence of death, results in adverse outcomes. There was a wide variation in the number of live
pups per animal in the 10 animals who did not deliver
preterm after receiving a PAF antagonist before intrauterine LPS. This may be attributable to naturally occurring
genetic and immunological differences among the outbred strain of mice used in these studies. These studies
also demonstrate that isoflurane exposure, sufficient for
survival surgery in the gravid mouse, is not associated
with fetal death within 48 hours. This is an important
finding for continued mouse studies investigating fetal
outcomes.
There have been limited studies regarding the expression and localization of the PAFR in gestational tissues.
Our studies demonstrate the expression of the PAFR
mRNA in both the non-pregnant and pregnant uterus.
Interestingly, the latter half of pregnancy is associated
with a significant increase in PAFR expression in both the
fundus and lower uterine segment. This finding is not
surprising in that previous in vitro work has demonstrated
an increased sensitivity to PAF in the uterus with increasing gestation.50 Others have demonstrated an estrogen
response element in the PAFR gene and that estrogen
can modulate PAF-activated signal transduction pathways.51,52 The increased circulating estrogen in pregnancy may thus be responsible for the up-regulation of
the PAFR.
The unavailability of an antibody to the PAFR has limited studies on the PAFR protein in the mouse. We demonstrate here the specificity of our PAFR antibody with
use of PAFR knockout tissues using both Western blot
and immunohistochemistry. The immunohistochemistry
results demonstrate an abundance of the PAFR in the
endometrial glands. The presence of the PAFR in this
location may serve to activate both uterotonic (prostaglandins) and inflammatory (interleukin-1, tumor necrosis
factor) mediators. The light staining observed in the myo-
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metrium may reflect its uterotonic function as stimulation
of the PAFR results in activation of the phosphoinositol
signaling pathway, calcium influx and smooth muscle
contractions.8,30,53,54
We also demonstrated for the first time the differential
expression of TLR-4 mRNA in gestational tissue. TLR-4 is
expressed in uterine and cervical tissue and is differentially regulated in uterine tissue in response to intrauterine
inflammation. While LPS resulted in a down-regulation of
TLR-4 mRNA in the LUS, it caused an up-regulation of
TLR-4 mRNA in the fundus. The up-regulation of TLR-4
mRNA in the fundus may be due to a direct LPS effect or
may be secondary to other inflammatory mediators generated in response to LPS. The up-regulation of TLR-4
mRNA in fundal tissue may also act as a positive feedback loop to propagate the inflammatory response and
may serve to enhance the inflammatory response in the
uterus, leading to parturition and hence maternal survival
by expulsion of an infected pregnancy. The up-regulation
of TLR-4 mRNA observed in the fundus may represent a
true increase in receptor expression within uterine tissue
or it may reflect an influx of inflammatory cells into this
area on stimulation with LPS.
These studies support the hypothesis that LPS, via
activation of TLR-4, generates PAF and stimulates multiple
signal transduction pathways resulting in preterm parturition. These studies also indicate that there are pathways,
independent of TLR-4, that result in fetal death. Whether
there are other bacterial products stimulating other TLRs or
whether PAF can be generated via a TLR-4-independent
pathway requires further investigation.
In conclusion, we have developed a mouse model of
localized intrauterine inflammation that will enhance our
understanding of inflammation-induced preterm birth and
will provide insights into the effect of inflammation on both
the mother and the fetus. Since many of the signal transduction pathways involved in the inflammatory cascade
are redundant in different biological systems, the elucidation of the interplay between LPS and PAF and their
specific receptors will yield essential information for the
understanding of not only inflammation-induced preterm
birth but also other biological systems affected by proinflammatory pathways. With these studies, we have demonstrated the presence of the PAFR in the pregnant
uterus and that PAF is a significant mediator of both
inflammation-induced preterm birth and fetal death. This
new information on the signal transduction pathways in
inflammation-induced preterm birth may broaden therapeutic options in the prevention of preterm birth and
inflammation-associated fetal and neonatal morbidity.
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