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Preterm birth is a serious global health problem and the leading cause of infant death before 5 years of
age. At least 40% of cases are associated with infection. The most common way for pathogens to access
the uterine cavity is by ascending from the vagina. Bioluminescent pathogens have revolutionized the
understanding of infectious diseases. We hypothesized that bioluminescent Escherichia coli can be used
to track and monitor ascending vaginal infections. Two bioluminescent strains were studied: E. coli K12
MG1655-lux, a nonpathogenic laboratory strain, and E. coli K1 A192PP-lux2, a pathogenic strain capable
of causing neonatal meningitis and sepsis in neonatal rats. On embryonic day 16, mice received
intravaginal E. coli K12, E. coli K1, or phosphate-buffered saline followed by whole-body bioluminescent
imaging. In both cases, intravaginal delivery of E. coli K12 or E. coli K1 led to bacterial ascension into
the uterine cavity, but only E. coli K1 induced preterm parturition. Intravaginal administration of E. coli
K1 significantly reduced the proportion of pups born alive compared with E. coli K12 and phosphate-
buffered saline controls. However, in both groups of viable pups born after bacterial inoculation,
there was evidence of comparable brain inflammation by postnatal day 6. This study ascribes specific
mechanisms by which exposure to intrauterine bacteria leads to premature delivery and neurologic
inflammation in neonates. (Am J Pathol 2018, 188: 2164e2176; https://doi.org/10.1016/
j.ajpath.2018.06.016)
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Preterm birth is a serious obstetric and global health
problem. It is defined as delivery before 37 weeks’
gestation and it is known to affect approximately 11% of
pregnancies worldwide.1 It is the leading cause of death in
infants younger than 5 years of age and it is associated
with serious morbidity in the surviving infants.2,3 The
rates of preterm birth have remained stable over the years
and this is largely because of a lack of understanding of
the mechanisms behind preterm birth as well as the
paucity of effective preventive treatments. Improving our
understanding may help the development of novel
therapies.
stigative Pathology. Published by Elsevier Inc
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Infection and inflammation have been linked commonly
to preterm birth and are estimated to be associated with up
to 40% of preterm deliveries.4 In clinical studies, the
presence of certain intrauterine bacteria is associated with
.
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Ascending Vaginal Infection
preterm prelabor rupture of membranes and spontaneous
preterm birth.5 Evidence from animal models also has
confirmed this link by showing that inoculation of the in-
trauterine cavity with live bacteria, or bacterial toxins such
as lipopolysaccharide (LPS), can lead to preterm birth.6e8

Ascending vaginal infection is thought to be the most
common route by which bacteria gain access into the uterine
cavity.9 The main supporting evidence for this is based on
the association between the bacterial species identified in the
fetal membranes and placenta and those normally found in
the lower genital tract.5

Animal models of infection-related preterm birth provide
useful insight into the mechanisms that regulate infection,
inflammation, and preterm parturition. Animal models of
ascending vaginal infection are important in providing mech-
anistic data on infection-related preterm birth and in validating
novel preventative treatments that could be clinically translat-
able. Murine models of intravaginal group B Streptococcus,
Escherichia coli, and Ureaplasma urealyticum ascending
infection have recapitulated the process of ascending vaginal
infection.8,10e12 They have provided insight into the patho-
genesis of preterm birth, such as the protective role of cervical
hyaluronan in preventing ascending infection.8

There now are several studies that support an association
between intrauterine inflammation, preterm birth, and cere-
bral palsy.13e15 The relative contribution of prematurity and
inflammation to preterm brain injury has yet to be fully
elucidated. In the long-term follow-up data from the Over-
view of the Role of Antibiotics in Curtailing Labor and
Early Delivery (ORACLE) II trial, there was a higher
incidence of cerebral palsy in children whose mothers had
received antibiotics after spontaneous preterm birth.16 This
could suggest that antibiotic use in preterm birth may help to
delay delivery, but may lead to prolonged exposure of the
fetal brain to a detrimental intrauterine inflammatory envi-
ronment. Rodent studies have shown that low-dose LPS,
insufficient to cause premature delivery, still can lead to
significant brain injury.17 Preterm birth often is associated
with bacteria of low pathogenicity, with the Ureaplasma
species being the most common bacteria isolated from the
amniotic cavity of patients with preterm chorioamnionitis.18

The use of engineered bioluminescent pathogens to
model infectious processes has become increasingly com-
mon. The bacterial lux operon encodes enzymes that are
involved in a light-emitting reaction; this is catalyzed by a
bacterial luciferase that is encoded by the luxA and luxB
genes and a multienzyme complex (encoded by the luxC,
luxD, and luxE genes), which is responsible for the regen-
eration of the aldehyde substrate from the fatty acid pro-
duced in the initial luciferase reaction. The main advantage
of the lux operon system is the ability to express the
enzymes that synthesize the substrate, rendering addition of
an exogenous substrate unnecessary.19 The lux operon from
bacteria such as Photorhabdus luminescens have been used
to genetically modify other bacteria to confer them with
bioluminescence.
The American Journal of Pathology - ajp.amjpathol.org
Here, we show that two bioluminescent strains of E. coli,
E. coli K12 MG1655-lux (E. coli K12) and E. coli K1
A192PP-lux2 (E. coli K1), can cause ascending infection in
pregnant mice. E. coli K12 is a noninvasive, nonpathogenic
strain of E. coli commonly used in molecular biology.20,21

E. coli K1 is a pathogenic strain of E. coli that, similar to
group B streptococcus, is responsible for causing neonatal
meningitis and sepsis in humans by vertical transmission
from the mother. Using these different strains of biolumi-
nescent E. coli, we have explored the mechanisms of pre-
term parturition, as well as the effects of exposure to
intrauterine inflammation on neonatal brain development.
Materials and Methods

Animals and Treatments

All animal studies were conducted under UK Home Office
license 70/8030 and were approved by the University Col-
lege London ethical review committee.

C57BL/6 Tyrc-2J mice were obtained from the Jackson
laboratory (Bar Harbor, ME) and adult mice (age, 6 to 12
wk) were time mated. The following morning (when a
vaginal plug was noted) was designated as embryonic day 0.
The ascending vaginal infection model was developed using
E. coli K12 MG1655-lux22 and E. coli K1 A192PP-lux223

modified to contain the lux operon from P. luminescens.
Twenty microliters of midlogarithmic-phase E. coli
(1 � 109 E. coli K12 or 1 � 102 E. coli K1 resuspended in
10 mmol/L phosphate buffer) or phosphate-buffered saline
(PBS) was delivered into the vagina of mice anesthetized
with isoflurane using a 200-mL pipette tip. This study used
the E. coli 018:K1 A192PP strain with the luxCDABE
transposon integrated by mini-Tn5 mutagenesis.23 After
bacterial administration, mice were placed in individual
cages and monitored continuously with individual closed-
circuit television cameras and a digital video recorder. The
time to delivery was recorded and defined as the number of
hours from the time of bacterial administration to delivery of
the first pup. The number of live and dead pups was
recorded. Living pups were weighed daily and were sacri-
ficed if a 10% daily increase in body weight was not
maintained.
Whole-Body Bioluminescence Imaging

Adult mice were anesthetized with isoflurane (Abbott Lab-
oratories, Lake Bluff, IL). Neonatal mice (up to postnatal
day 6) remained conscious during imaging.24 Mice were
imaged using a cooled charged-coupled device camera
(IVIS Machine; Perkin Elmer, Coventry, UK) for between 1
second and 5 minutes. The regions of interest were
measured using Living Image software version 4.5 (Perkin
Elmer) and expressed as photons per second per centimeter
squared per steradian.
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Tissue Collection

For tissue collection,micewere anesthetized using isoflurane.
The right atrium was incised and PBS was injected into the
left ventricle. Pregnant mice were sacrificed 18 hours after
intravaginal infection. Placental tissue was stored in 4%
paraformaldehyde. Embryos were stored in 10% neutral-
buffered formalin. In a separate cohort of pregnant mice, the
uterus, placenta, and fetal membranes were collected and
stored in RNAlater (Thermo Fisher Scientific, Paisley, UK) at
�80�C for quantitative PCR analysis. Separate cohorts of
neonatal pups were sacrificed at postnatal day 6. The brains
were either stored at�20�C for protein analysis or fixed in 4%
paraformaldehyde.

RNA Synthesis, cDNA Synthesis, and Quantitative PCR

Total RNA was extracted from the uterus, fetal membranes,
and placental tissue, which was collected 18 hours after intra-
vaginal infection using the RNeasy mini kit (Qiagen, Man-
chester, UK), as per the manufacturer’s guidelines. Total RNA
was reverse-transcribed with the High Capacity cDNAReverse
Transcription kit (Applied Biosystems, Cheshire, UK). Primer
sets were obtained from Life Technologies (Paisley, UK) and
quantitative PCR was performed in the presence of SYBR
green (Applied Biosystems) (Table 1). Target gene expression
was normalized for RNA loading by using GAPDH, and the
expression in each samplewas calculated relative to a calibrator
sample (uninfected D17 uterus, fetal membranes, or placenta),
using the 2�DDCt method of analysis.25 All quantitative PCR
analyses were performed on an Applied Biosystems Quant-
Studio 3 instrument (Applied Biosystems).
Table 1 Quantitative PCR Primer Sets

Primer Sequence

Gapdh
F 50-ACTCCACTCACGGCAAATTC-30

R 50-TCTCCATGGTGGTGAAGACA-30

Il1b
F 50-CAGGCAGGCAGTATCACTCA-30

R 50-AGCTCATATGGGTCCGACAG-30

Tnfa
F 50-TATGGCTCAGGGTCCAACTC-30

R 50-CTCCCTTTGCAGAACTCAGG-30

Il6
F 50-AGTTGCCTTCTTGGGACTGA-30

R 50-TCCACGATTTCCCAGAGAAC-30

Cxcl-1
F 50-GCCTATCGCCAATGAGCTG-30

R 50-AAGGGAGCTTCAGGGTCAAG-30

Cxcl2
F 50-CAGTGCCTCCAACAAGCTTC-30

R 50-CATTGACAGCGCAGTTCACT-30

Cxcr2
F 50-TTCTGCTACGGGTTCACACT-30

R 50-TTAAGGCAGCTGTGGAGGAA-30

F, forward; R, reverse.

2166
Immunoperoxidase Immunohistochemistry

Individual brain sections were mounted and dried on chrome
gelatin-coated Superfrost-plus slides (VWR, Lutterworth,
UK). To visualize CD68 immunoreactivity, sections were
treated with 30% H2O2 in Tris-buffered saline (TBS) for 30
minutes. They were blocked with 15% rabbit serum in TBS-
Tween 20 for 30 minutes. This was followed by the addition
of primary antibody, rat anti-mouse CD68 (1:100; Bio-Rad,
Watford, UK) in 10% serum, and TBS-Tween 20 and left
overnight at 4�C. The following day the sections were treated
with secondary biotinylated rabbit anti-mouse antibody
(1:1000; Vector Laboratories, Burlingame, CA) and goat anti-
rat (1:1000 dilution; Vector Laboratories) in 10% serum in
TBS-Tween 20 for 2 hours. The sections were incubated for a
further 2 hours with Vectastain ABC solution (Vector Labo-
ratories). A total of 0.05%of 3,30-diaminobenzidinewas added
and left for 2 minutes. Sections were transferred to ice-cold
TBS. The slides were dehydrated in 100% ethanol and
placed in Histoclear (National Diagnostics, Nottingham, UK)
for 30 minutes before adding a coverslip with DPX mounting
medium (Sigma-Aldrich, Dorset, UK).

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling Assay

Brain sections were mounted on chrome gelatin-coated Super-
frost-plus slides and dried overnight before fixation in 4%
paraformaldehyde. Slides were transferred to a methanol and
10% H2O2 solution for 15 minutes at room temperature. Slides
were transferred to 0.1 mol/L phosphate buffer solution. Ter-
minal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining solution (13 mL terminal deoxy-
nucleotidyl transferase, 19.5 mL biotinylated deoxyuridine
triphosphate, 1.3 mL cacodylate buffer, and 11.67 mL dH2O)
was prepared on ice and slides were incubated for 2 hours.
TUNEL stop solution (300 mmol/L sodium chloride, 30 mmol/
L sodium citrate) was prepared and applied for 10 minutes.
Sections were incubated for 1 hour with Vectastain ABC so-
lution. A solution (3,30-diaminobenzidine cobalt-nickel) was
added and left for approximately 5 minutes. The sections were
left to dry and then were dehydrated for 10 minutes in 100%
ethanol and placed in Histoclear for 30 minutes before adding a
coverslip with DPX mounting medium.

Fluorescence Immunohistochemistry

Paraffin-embedded slides were dewaxed in Histoclear and
rehydrated in ethanol. H2O2 treatment was omitted. To block
nonspecific binding, slides were incubated in 15% goat serum
for 30 minutes. Rabbit antieE. coli primary antibody (1:1000;
Abcam, Cambridge, UK) was added and slides were left
overnight at 4�C. Sections were incubated for 2 hours with a
fluorescent goat anti-rabbit secondary antibody (1:1000, Alexa
Fluor 488; Invitrogen, Carlsbad, CA). The sections were
treated with DAPI (5 mg/mL) in the dark for 2 minutes and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Nonpathogenic Escherichia coli K12 and pathogenic E. coli K1 can ascend into the pregnant uterine cavity, leading to premature delivery in the E. coli K1
group. A: Nonpregnant mice received intravaginal E. coli K12 bacteria and the time course of bacterial ascent was visualized in the nonpregnant reproductive tract.
Bacteria traversed the cervix and ascended into the uterine horns by 18 hours and reached the top of the uterine horns by 24 hours. B: In pregnant mice, E. coli K12
bacteria ascended into the pregnant uterine cavity by 24 hours. C: After E. coli K1 administration, bacteria ascended into the pregnant uterine cavity over 24 hours.
DeF: Time to delivery (D), the proportion of pups born alive (E), and litter size (F) were determined in dams who received intravaginal phosphate-buffered saline (PBS)
or intravaginal E. coli K12.GeI: Time to delivery (G), the proportion of pups born alive (H), and litter size (I) were determined in dams who received intravaginal PBS or
intravaginal E. coli K1. Data are expressed as means � SEM (F and I). n Z 5 (AeD); n Z 8 (EeI). **P < 0.01, ***P < 0.001.

Ascending Vaginal Infection
were transferred to ice-cold TBS. The slides then were left to
dry followed by application of a coverslip with Fluromount G
(Southern Biotech, Birmingham, AL).

Cytokine Enzyme-Linked Immunosorbent Assays

Tissue lysateswere prepared by homogenization in protein lysis
buffer. Total protein concentration was quantified using the
Pierce BCA Protein Assay kit (Thermo Fisher Scientific,
Glasgow, UK) as per the manufacturer’s guidelines.
The American Journal of Pathology - ajp.amjpathol.org
Enzyme-linked immunosorbent assay kits for mouse IL-1b,
tumor necrosis factor-a, and IL-6 (R&DSystems,Minneapolis,
MN) were used to quantify cytokine levels according to the
manufacturer’s guidelines.

Statistics

Data are expressed as means � SEM. Time-to-delivery data
were log-transformed before analysis, and the proportion of
live born pups was arc-sin transformed before analysis. Data
2167
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were analyzed by unpaired t-tests and one-way analysis of
variance (with post hoc Bonferroni tests). All statistical
analyses were performed with GraphPad Prism software
version 7.0 (GraphPad Software, La Jolla, CA). P < 0.05
was considered statistically significant.

Results

Ascending Vaginal Infection and Preterm Birth Using
Bioluminescent Strains of E. coli

It first was assessed whether a nonpathogenic strain of E.
coli K12 MG1655 (E. coli K12) was capable of ascending
into the nonpregnant and embryonic day 16.5 pregnant
uterine cavity after intravaginal infection. In nonpregnant
mice, E. coli K12 traversed the cervical barrier by 6 hours
and ascended into the nonpregnant uterine cavity by 18
hours, reaching the top of the uterine horns by 24 hours
(Figure 1A). By 48 hours there was diminution of the
bacterial signal. In the pregnant cohort, E. coli K12
ascended into the uterine cavity but neither caused prema-
ture delivery nor affected pup survival (Figure 1, B and
DeF).

The consequence of an intravaginal infection with path-
ogenic E. coli K1 bacteria then was studied. The bacteria
ascended into the top of the uterine cavity (Figure 1C) and
subsequently induced delivery significantly earlier than
mice receiving intravaginal PBS (mean time to delivery,
48.81 � 3.51 versus 65.59 � 2.22 h for E. coli K1 and
control groups, respectively; n Z 8; P < 0.001)
(Figure 1G). Intravaginal administration of E. coli K1 also
led to a significant reduction in the proportion of pups born
alive compared with intravaginal PBS controls (mean pro-
portion of live pups born, 0.64 � 0.14 versus 0.98 � 0.02;
mean litter size, 6.8 � 1.29 versus 2.98 � 1.02 for E. coli
K1 and control groups, respectively; n Z 8; P < 0.01)
(Figure 1, H and I).

E. coli K1 Is Detected in the Uteroplacental Tissues and
Fetus

After intravaginal administration of E. coli K12, bacteria
were detected only in the placenta (Figure 2, A, C, and E).
E. coli K1 administration led to a more diffuse spread of
bacteria in the uteroplacental tissues (Figure 2B). Bacteria
were detected in the fetal membranes, placenta, and amni-
otic fluid 18 hours after administration (Figure 2D). E. coli
K1 and E. coli K12 were seen on both maternal and fetal
sides of the placenta (Figure 2, E and F), with minimal
bacteria detected within the central labyrinth layer
(Figure 2F).

Twenty-four hours after E. coli K1 administration, bac-
teria were detected in the fetus (Figure 2G) and could be
seen in the fetal respiratory and gastrointestinal tracts
(Figure 2H). No bacteria were detected in the pups from E.
coli K12einfected dams (data not shown).
2168
Both E. coli K1 and K12 Ascending Vaginal Infection
Induces an Inflammatory Response in the
Uteroplacental Tissues

To investigate the mechanisms behind preterm parturition
after intravaginal E. coli K1 administration, uteroplacental
inflammatory cytokine expression was compared in dams
infected with E. coli K1 and K12 (which does not lead to
premature delivery) and PBS-injected controls. Samples
collected 18 hours after intravaginal administration were
analyzed by quantitative PCR for inflammatory cytokine
gene expression associated with preterm birth and the onset
of parturition.
There was significant up-regulation of Il1b and Cxcl2

expression in the E. coli K1 and K12 uteri compared with
uninfected PBS controls (K1, P < 0.0001 and P < 0.0001;
K12, P Z 0.0007 and P Z 0.004, respectively)
(Figure 3A). There also was up-regulation of Cxcr2
expression in the E. coli K1 uteri compared with uninfected
PBS controls (P Z 0.0003). In the fetal membranes, there
was an up-regulation of Il1b and Cxcl2 expression in the E.
coli K1 fetal membranes compared with uninfected PBS
controls (P < 0.0001 and P Z 0.014, respectively)
(Figure 3B). In the placenta, there was up-regulation of Il6
and Cxcl1 expression in the E. coli K1 and K12 placentas
compared with uninfected PBS controls (K1, P Z 0.02 and
PZ 0.0006; K12, PZ 0.02 and PZ 0.0079, respectively).
There was up-regulation of Il1b in E. coli K1 dams whereas
there was an increase in Tnfa in E. coli K12 placentas
compared with uninfected PBS controls (P < 0.0001 and
P Z 0.03, respectively) (Figure 3C).
Comparison of the fold changes in inflammatory cytokine

gene expression between the E. coli K1 and K12 uteropla-
cental tissues showed that uterine Cxcl1 and Cxcl2 was
increased significantly in the E. coli K1 dams compared
with the K12 dams (32.8-fold higher for Cxcl1, P Z 0.008;
16.4-fold higher for Cxcl2, P Z 0.017) (Table 2). In the
placenta and fetal membranes, Il1b was significantly higher
in the E. coli K1 group (16.5-fold higher in the fetal
membranes, P Z 0.006; 13.9-fold higher in the placenta,
P Z 0.04).

Brain Inflammation Is Evident in Surviving Pups

To specifically assess brain inflammation, brains were
collected on the day of birth to determine the protein levels
of proinflammatory cytokines (Figure 4). There was a sig-
nificant increase in IL-1b in the brains of pups from E. coli
K1einfected dams compared with E. coli K12 pups and
uninfected controls (P < 0.001 and P < 0.001, respectively)
(Figure 4A), with an increased trend in IL-6 and tumor
necrosis factor-a levels in the brains of E. coli K1 pups
(Figure 4, B and C).
Pups born to E. coli K1einfected, E. coli K12einfected,

and PBS control dams were monitored. More than 60% of
pups were born alive to E. coli K1einfected dams
ajp.amjpathol.org - The American Journal of Pathology
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Ascending Vaginal Infection
(Figure 1H). Of these surviving pups, approximately 50%
survived to postnatal day 6 compared with 100% of pups in
the E. coliK12 and uninfected control groups (mean survival,
48.5% versus 100%; log-rank test P < 0.0001) (Figure 5A).
Whole-body bioluminescent imaging of the surviving E. coli
The American Journal of Pathology - ajp.amjpathol.org
K1 pups showed a decline in bioluminescent signal over time
(data not shown). There was no difference in the crown-rump
length of the E. coli K1, E. coli K12, and uninfected control
pups on the day of birth, or on postpartum day 6 (P Z 0.74
and P Z 0.21, respectively) (Figure 5B). To determine
2169
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test. Data are expressed as means � SEM. n Z 3 (A), n Z 6 (B and C).
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Table 2 Fold Change in Gene Expression between the Utero-
placental Tissues of the E. coli K1 and E. coli K12 Dams

Gene Uterine tissues Fetal membranes Placental tissue

Il1b 2.2 16.5y 13.9y

Tnfa 2.3 �2.2 �2.6
Il6 3.6 �2.5 2
Cxcl1 32.8y �1.9 �1.39
Cxcl2 16.4* 2.4 1.26
Cxcr2 9.6 �5.6 1.11

Data are shown as fold change in mRNA expression (2�DDCT), analysis
was performed on 2�DCT data. Bold text denotes statistically significant
results.
*P < 0.05.
yP < 0.01.
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neuroinflammatory changes in the brains of the pups,
neonatal brains were collected on postnatal day 6 for immu-
nohistochemical analysis of CD68 (a marker for microglial
cells) and TUNEL (a marker for cellular apoptosis). There
was an increase in CD68-positive cells in the cortex of pups
from E. coli K1e and K12einfected dams compared with
uninfected controls (P Z 0.01 and P Z 0.006, respectively)
(Figure 5, D and E). Interestingly, pups from E. coli
K12einfected dams showed increased CD68-positive cells in
2170
the hippocampus and striatum (P < 0.0001 and P Z 0.01,
respectively). There was a significant increase in TUNEL-
positive cells in the cortex and striatum in the pups from E.
coliK1e and K12einfected dams compared with uninfected
controls (cortex, P < 0.0001 and P Z 0.0007; striatum,
P < 0.0001 and P < 0.0001, respectively) (Figure 5C).

Discussion

Ascending Vaginal Infection and Preterm Birth

Here, we report the use of bioluminescent strains of E. coli
for tracking and monitoring ascending vaginal infection and
preterm birth in the pregnant mouse. Several preterm birth
mouse models have been established by using local delivery
of bacteria, bacterial products, or inflammatory mediators.
These models have provided insight into the pathogenesis of
preterm birth, for example, by identifying the importance of
activator terminator-1 protein in mediating infection-related
preterm birth.26 They have also recapitulated the process of
ascending vaginal infection,8,11,12 mimicking the route of
infection believed to occur in human preterm birth.5,27

E. coli was selected because their associated LPS toxins
are the most commonly used isolates in mouse models of
inflammation-associated prematurity. In addition, E. coli
vaginal colonization has been clinically associated with
preterm birth.28,29 The use of bioluminescent pathogens
confers several advantages: the ability to track pathogens
longitudinally within the same cohort of mice, which
decreases the number of mice needed and increases the
fidelity of the data collected; the ability to improve our
understanding of how pathogens infiltrate the uterine cavity;
and the ability to use bioluminescence imaging to test re-
sponses to novel therapies in vivo and in real time. These
support two of the three Rs of animal research (replacement,
reduction, refinement; https://www.nc3rs.org.uk/the-3rs, last
accessed November 28, 2017), by reducing the number of
animals required and by refining animal welfare as a
result of the minimally invasive nature of the bacterial
administration.
ajp.amjpathol.org - The American Journal of Pathology
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A B C Figure 4 Proinflammatory cytokine IL-1b is

increased in the brains of Escherichia coli K1einfected
neonatal pups on the day of birth. AeC: IL-1b (A),
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from>3 dams). Data are expressed as means� SEM.
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Ascending Vaginal Infection
The Impact of E. coli Ascending Infection on Maternal
and Fetal Outcomes

These data show that E. coli K12 does not induce premature
delivery or reduce litter size, whereas E. coli K1 causes
preterm delivery in approximately 60% of dams within 48
hours. Clinically, the K1 strain of E. coli is the leading cause
of neonatal sepsis and meningitis.30 These data are consis-
tent with that from other preterm birth models using intra-
vaginal live bacteria administration of the following: E. coli
055:B5, 50% of dams deliver within 48 hours8; group B
Streptococcus, 25% to 50% of dams deliver within 72
hours.10,12

Bacterial Movement into the Uterine Cavity

How bacteria ascend into the uterine cavity from the vagina
is a matter of debate. Bacteria may gain direct access to the
amniotic cavity from a supracervical decidual region,31,32 or
may spread in the choriodecidual space before traversing the
amniotic membrane.18,33 Clinical data supporting direct
amniotic cavity invasion has shown that 16S rRNA gene
copy number in the amnion was significantly greater than in
the chorion.32 In addition, in cases of chorioamnionitis,
bacteria have been identified in the amniotic cavity but not
in the chorioamniotic membranes. In contrast, a quarter of
women with preterm chorioamnionitis showed no evidence
of intraamniotic bacterial invasion or inflammation.18

Although the reproductive anatomy of the mouse and
humans differ, bioluminescent bacteria can illuminate,
practically and metaphorically, the route of bacterial vaginal
infection. Here, we infer that bacteria first spread within the
choriodecidual space and then to the placenta and fetal
membranes. This was supported by numerous E. coli on the
decidual side of the placenta 18 hours after E. coli K1
administration and within the uteroplacental tissues and
amniotic fluid, before fetal colonization by 24 hours. Bac-
teria in the fetal gastrointestinal and respiratory tracts likely
are caused by ingestion and inhalation of amniotic fluid,
respectively.34 E. coli K1 A192PP-lux2 has previously been
shown to preferentially colonize the gastrointestinal tract of
2-dayeold rats after oral ingestion, causing bacteremia and
blood-brain barrier invasion within 48 hours.23 The neonatal
mucus barrier of the gastrointestinal tract may not provide a
sufficient barrier to invasion, increasing susceptibility to
infection.35 This would fit with the fetal gastrointestinal
The American Journal of Pathology - ajp.amjpathol.org
colonization described in this study and the subsequent fetal
outcomes seen.

Host Response Mechanisms against Invading Bacteria

Host response mechanisms to ascending vaginal bacteria are
important in preventing ascending infection and subsequent
preterm birth. The pregnant cervical mucus plug is thought
to limit infection by containing mucins, which sterically
inhibit the diffusion of bacteria, as well as produce antimi-
crobial peptides.36e38 The amniotic cavity is also known to
contain leukocytes, antimicrobial peptides, and cyto-
kines.39,40 Recent evidence has shown that both fetal and
maternal neutrophils invade the amniotic cavity, trapping
and killing bacteria.41,42 Furthermore, mutations in innate
immunity and host defense genes in neonates are associated
with an increased risk of preterm rupture of membranes.43

The Effect of Different E. coli Strains on Uterine
Inflammatory Pathways and Preterm Birth

Intravaginal E. coli K1 leads to an up-regulation of several
inflammatory genes in the uteroplacental tissues commonly
associated with preterm parturition.6,7,44,45 IL-1b appears to
be an important mediator of labor in all of the uteroplacental
tissues infected by E. coli K1 and this was supported by
studies using IL-1b to induce premature delivery in
mice.46,47 The different concentrations of E. coli strains
used in the pregnant dams in this study may have had
differing effects on the inflammatory response. In support of
this, recent data have found that bacterial DNA itself can
significantly augment the inflammatory response of the host
antimicrobial peptides via Toll-like receptor-9.48 Therefore,
the ascending infection caused by these two different E. coli
strains was not directly comparable, but can help to inves-
tigate the mechanisms of premature birth by reflecting two
separate models of ascending vaginal infection: one with no
effect on parturition and one resulting in preterm delivery.
In the E. coli K12 strain, lack of the O-antigen in mature
LPS renders this strain nonpathogenic, and thus less resis-
tant to hostile environments and less likely to colonize the
host and cause disease.49 E. coli is detected by the host
through interaction of its LPS with the host’s Toll-like
receptor-4, and there is evidence that the O-antigen may
interfere with Toll-like receptor-4 recognition, making the
bacteria more likely to evade the host.50,51 Different LPS
2171
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dUTP nick-end labeling (TUNEL)-positive cells in
the pup brains from Escherichia coli K1e and E. coli
K12einfected dams on postnatal day 6 compared
with uninfected controls. A: Of the pups born alive
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50%survived to postnatal day 6 comparedwith 100%
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rump lengths of the E. coli K1, E. coli K12, or
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postnatal day 6. C: Immunohistochemical detection
of TUNEL-positive cells was determined in the cortex,
hippocampus, thalamus, and striatum of the pups.D:
Immunohistochemical detection of CD68-positive
cells was performed in the cortex, hippocampus,
thalamus, and striatum of the pups. E: An example of
cortical CD68 immunohistochemistry. Data are
expressed as means � SEM (C and D). nZ 25 to 35
pups (A); nZ 3 of each pup from a different dam (E).
*P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. Scale bar Z 25 mm. PBS,
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serotypes can induce preterm birth in pregnant mice, and
these elicit differing Toll-like receptor-4emediated inflam-
matory responses supporting this hypothesis.6

The main differences identified in the uterine myometrial
tissues were an increase in the chemokines Cxcl1 and Cxcl2,
and the chemokine receptor Cxcr2 in the E. coli K1 group
compared with the K12 group. The expression of chemokines
Cxcl1, Cxcl2, Cxcl5, and Cxcl8 are up-regulated in the human
myometrium during labor.52 The cysteine-X-cysteine (CXC)
chemokines, via their interaction with the neutrophil-expressed
CXC receptor 1 and CXC receptor 2, mediate extravasation of
neutrophils into themyometrium. This is supported by the large
neutrophil influx in the decidua of E. coli K1 dams 24 hours
after administration of intravaginal bacteria (unpublished data).
Neutrophil influx into gestational tissue has been associated
with term and preterm labor.53,54 Administration of a broad-
spectrum chemokine inhibitor delayed LPS-induced preterm
labor by reducing neutrophil influx and LPS-induced up-
regulation of IL-1b, IL-6, IL-12, CXC ligand 1, and CXC
ligand 2.55 However, depletion of neutrophils in an intrauterine
LPS preterm birth mouse model did not delay premature labor,
yet reduced the local IL-1b response in the uteroplacental
tissues.56

Impact of Ascending Infection on Neonatal Brain
Inflammation

Although some of the neurologic complications of preterm
infants relate to immaturity, there is substantial evidence
2172
that perinatal exposure to infection and inflammation dam-
ages the developing brain.6,17,57,58 The data in Figure 5
show that there is evidence of neuroinflammation (micro-
glial activation and apoptosis) in brains of week-old pups
after infection of both E. coli K1 and nonpathogenic E. coli
K12. This is surprising because one would expect E. coli K1
to induce more significant neuroinflammation than K12. It is
likely that the pups analyzed from the E. coli K1 dams
represented the healthier cohort because 50% of the pups
that were born alive, died within the first week of life. This
suggests that in these brains, inflammation was caused by
bacterial presence in the uterus, regardless of whether the
bacteria were pathogenic, rather than direct systemic or
central nervous system bacterial infection (because E. coli
K12 does not infect the pup). It is known that systemic
inflammation can cause rapid detrimental effects on the
central nervous system before any peripheral organ
dysfunction, and even in the absence of direct bacterial in-
vasion.59 Placental inflammation, as mentioned previously,
is a strong predictor for subsequent brain injury.60 Of in-
terest, the Extremely Low Gestational Age Neonate
(ELGAN) study showed that even when low-virulence mi-
croorganisms were isolated from the placenta, it could
predict subsequent neonatal brain lesions and long-term
diparetic cerebral palsy.60 The precise mechanisms of how
intrauterine inflammation leads to fetal brain injury is un-
clear, but many animal studies have shown that, regardless
of the type of pathogen used, inflammatory cytokines are
likely to be the link between preterm birth and brain
ajp.amjpathol.org - The American Journal of Pathology
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injury.47,61,62 Dysregulation in the normal cytokine response
of the developing brain may perturb neurodevelopmental
processes.63e66 This may occur through transplacental
passage of cytokines produced in the mother, by placental
cytokines, or by cytokines produced in the fetus. IL-6, a
proinflammatory cytokine expressed by leukocytes, is
known to transfer freely across the placenta in an ex vivo
human model and increased serum levels in the fetus is the
hallmark of fetal inflammatory response syndrome.67,68

Maternal IL-6 is thought to be a potential mediator of
brain injury in offspring.69e71 Although maternal serum
cytokine levels were not determined, the placentas in both
E. coli groups had a significant up-regulation of inflamma-
tory cytokine genes, including Il6. This is consistent with
data from a low-dose intrauterine LPS mouse model that
was insufficient to cause preterm birth but showed an up-
regulation in placental inflammatory cytokines and subse-
quent fetal brain injury.17

Activated microglia in the brains of both E. coli K1e and
E. coli K12eexposed pups show an increased trend of
expression in all four brain regions for both strains, although
they were increased significantly only in the cortex of
the E. coli K1 pups and the hippocampus and striatum of the
E. coli K12 pups. There was evidence of cellular apoptosis
in all regions of the brain assessed in E. coli K1e and
K12einfected brains. This is consistent with increased
apoptosis in the cortex and periventricular regions of
neonatal rats exposed to intracervical LPS in utero.61

Inflammation-associated brain injury may be caused by a
combination of direct injury of oligodendrocytes and neu-
rons from proinflammatory cytokines and indirect injury as
a result of microglial activation by proinflammatory cyto-
kines (e.g., Il-1b has been shown to activate hippocampal
microglia in rats ex vivo).72-74 Activated microglia confer
injury by further release of proinflammatory cytokines and
excitatory metabolites such as glutamate, which can be
cytotoxic, or by the release of oxidative free radicals.75e77

Microglial activation has been found to be associated with
autism and is thought to contribute to the high incidence of
autistic spectrum disorder among premature children.77e79

A limitation of this study was that only two markers of
neuroinflammation were investigated in the neonatal brains.
In addition to this, TUNEL staining, a common and widely
used technique for detecting apoptotic cells, cannot always
distinguish apoptotic from necrotic cells, and it also can
falsely identify cells in the process of DNA repair. Future
studies should assess other apoptosis markers, such as
caspase 3 activity, as well as other histochemical markers of
neuroinflammation.
Conclusions

This study described how different strains of bioluminescent
E. coli ascend into the pregnant uterine cavity of mice and
affect the parturition process. It also begins to ascribe the
The American Journal of Pathology - ajp.amjpathol.org
specific mechanisms by which exposure to inflammation
and infection within the uterus results in neurologic
inflammation in the neonates. Furthermore, biolumines-
cence imaging of ascending vaginal infection in real time
can show dynamic colonization patterns and provide new
insight into infection-related preterm birth. Because the
vaginal microbial environment appears to be associated so
closely with preterm birth outcomes,80 it is critical that we
improve our understanding of the mechanisms of ascending
vaginal infection and its implications for fetal development.
Furthermore, developing a system for tracking and moni-
toring these types of infection enables us to test novel
therapies that can target the vagina or cervix, and to prevent
these infections from occurring in the first place.

Supplemental Data

Supplemental material for this article can be found at
https://doi.org/10.1016/j.ajpath.2018.06.016.

References

1. Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller AB,
Narwal R, Adler A, Vera Garcia C, Rohde S, Say L, Lawn JE:
National, regional, and worldwide estimates of preterm birth rates
in the year 2010 with time trends since 1990 for selected countries:
a systematic analysis and implications. Lancet 2012, 379:
2162e2172

2. Blencowe H, Cousens S, Chou D, Oestergaard M, Say L, Moller A-B,
Kinney M, Lawn J: Born too soon: the global epidemiology of 15
million preterm births. Reprod Health 2013, 10 Suppl 1:S2

3. Moore T, Hennessy EM, Myles J, Johnson SJ, Draper ES,
Costeloe KL, Marlow N, Spinillo A, Viazzo F, Colleoni R, Chiara A,
Maria Cerbo R, Fazzi E: Neurological and developmental outcome in
extremely preterm children born in England in 1995 and 2006: the
EPICure studies. BMJ 2012, 345:217e224

4. Agrawal V, Hirsch E: Intrauterine infection and preterm labor. Semin
Fetal Neonatal Med 2012, 17:12e19

5. Jones HE, Harris KA, Azizia M, Bank L, Carpenter B, Hartley JC,
Klein N, Peebles D: Differing prevalence and diversity of bacterial
species in fetal membranes from very preterm and term labor. PLoS
One 2009, 4:e8205

6. Migale R, Herbert BR, Lee YS, Sykes L, Waddington SN, Peebles D,
Hagberg H, Johnson MR, Bennett PR, MacIntyre DA: Specific
lipopolysaccharide serotypes induce differential maternal and
neonatal inflammatory responses in a murine model of preterm labor.
Am J Pathol 2015, 185:2390e2401

7. Rinaldi SF, Makieva S, Frew L, Wade J, Thomson AJW, Moran CM,
Norman JE, Stock SJ: Ultrasound-guided intrauterine injection of
lipopolysaccharide as a novel model of preterm birth in the mouse.
Am J Pathol 2015, 185:1201e1206

8. Akgul Y, Word RA, Ensign LM, Yamaguchi Y, Lydon J, Hanes J,
Mahendroo M: Hyaluronan in cervical epithelia protects against
infection-mediated preterm birth. J Clin Invest 2014, 124:
5481e5489

9. Goldenberg RL, Culhane JF, Iams JD, Romero R: Epidemiology and
causes of preterm birth. Lancet 2008, 371:75e84

10. Randis TM, Gelber SE, Hooven TA, Abellar RG, Akabas LH,
Lewis EL, Walker LB, Byland LM, Nizet V, Ratner AJ: Group B
Streptococcus b-hemolysin/cytolysin breaches maternal-fetal barriers
to cause preterm birth and intrauterine fetal demise in vivo. J Infect
Dis 2014, 210:265e273
2173

https://doi.org/10.1016/j.ajpath.2018.06.016
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref1
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref2
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref2
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref2
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref3
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref3
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref3
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref3
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref3
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref3
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref4
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref4
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref4
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref5
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref5
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref5
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref5
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref6
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref6
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref6
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref6
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref6
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref6
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref7
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref7
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref7
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref7
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref7
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref8
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref8
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref8
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref8
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref8
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref9
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref9
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref9
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref10
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref10
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref10
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref10
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref10
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref10
http://ajp.amjpathol.org


Suff et al
11. Racicot K, Cardenas I, Wünsche V, Aldo P, Guller S, Means RE,
Romero R, Mor G: Viral infection of the pregnant cervix pre-
disposes to ascending bacterial infection. J Immunol 2013, 191:
934e941

12. Vornhagen J, Quach P, Boldenow E, Merillat S, Whidbey C,
Ngo LY, Adams Waldorf KM, Rajagopal L: Bacterial hyaluroni-
dase promotes ascending GBS infection and preterm birth. MBio
2016, 7:e00781-16

13. Wang X, Hagberg H, Zhu C, Jacobsson B, Mallard C: Effects of
intrauterine inflammation on the developing mouse brain. Brain Res
2007, 1144:180e185

14. Yoon BH, Park C-W, Chaiworapongsa T: Intrauterine infection and
the development of cerebral palsy. BJOG 2003, 110 Suppl 20:
124e127

15. Boyle AK, Rinaldi SF, Norman JE, Stock SJ: Preterm birth:
inflammation, fetal injury and treatment strategies. J Reprod Immunol
2017, 119:62e66

16. Kenyon S, Pike K, Jones DR, Brocklehurst P, Marlow N,
Salt A, Taylor DJ: Childhood outcomes after prescription of
antibiotics to pregnant women with spontaneous preterm labour:
7-year follow-up of the ORACLE II trial. Lancet 2008, 372:
1319e1327

17. Elovitz MA, Brown AG, Breen K, Anton L, Maubert M, Burd I:
Intrauterine inflammation, insufficient to induce parturition, still
evokes fetal and neonatal brain injury. Int J Dev Neurosci 2011, 29:
663e671

18. Oh KJ, Kim SM, Hong J-S, Maymon E, Erez O, Panaitescu B,
Gomez-Lopez N, Romero R, Yoon BH: Twenty-four percent of pa-
tients with clinical chorioamnionitis in preterm gestations have no
evidence of either culture-proven intraamniotic infection or intra-
amniotic inflammation. Am J Obstet Gynecol 2017, 216:604.e1e604.
e11

19. Riendeau D, Meighen E: Evidence for a fatty acid reductase cata-
lyzing the synthesis of aldehydes for the bacterial bioluminescent
reaction. Resolution from luciferase and dependence on fatty acids. J
Biol Chem 1979, 254:7488e7490

20. Cronin M, Le Boeuf F, Murphy C, Roy DG, Falls T, Bell JC,
Tangney M: Bacterial-mediated knockdown of tumor resistance to
an oncolytic virus enhances therapy. Mol Ther 2014, 22:
1188e1197

21. Dalgakiran F, Witcomb LA, McCarthy AJ, Birchenough GMH,
Taylor PW: Non-invasive model of neuropathogenic Escherichia coli
infection in the neonatal rat. J Vis Exp 2014, 92:e52018

22. Cronin M, Akin AR, Collins SA, Meganck J, Kim JB, Baban CK,
Joyce SA, van Dam GM, Zhang N, van Sinderen D, O’Sullivan GC,
Kasahara N, Gahan CG, Francis KP, Tangney M: High resolution
in vivo bioluminescent imaging for the study of bacterial tumour
targeting. PLoS One 2012, 7:e30940

23. Witcomb LA, Collins JW, McCarthy AJ, Frankel G, Taylor PW:
Bioluminescent imaging reveals novel patterns of colonization and
invasion in systemic Escherichia coli K1 experimental infection in the
neonatal rat. Infect Immun 2015, 83:4528e4540

24. Karda R, Perocheau DP, Suff N, Ng J, Delhove JMKM,
Buckley SMK, Richards S, Counsell JR, Hagberg H, Johnson MR,
McKay TR, Waddington SN: Continual conscious bioluminescent
imaging in freely moving somatotransgenic mice. Sci Rep 2017, 7:
6374

25. Livak KJ, Schmittgen TD: Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-delta delta C(T)) method.
Methods 2001, 25:402e408

26. MacIntyre DA, Lee YS, Migale R, Herbert BR, Waddington SN,
Peebles D, Hagberg H, Johnson MR, Bennett PR: Activator protein 1
is a key terminal mediator of inflammation-induced preterm labor in
mice. FASEB J 2014, 28:2358e2368

27. Romero R, Gomez R, Chaiworapongsa T, Conoscenti G, Kim JC,
Kim YM: The role of infection in preterm labour and delivery.
Paediatr Perinat Epidemiol 2001, 15 Suppl 2:41e56
2174
28. McDonald HM, O’Loughlin JA, Jolley P, Vigneswaran R,
McDonald PJ: Vaginal infection and preterm labour. Br J Obstet
Gynaecol 1991, 98:427e435

29. Mendz GL, Kaakoush NO, Quinlivan JA: Bacterial aetiological
agents of intra-amniotic infections and preterm birth in pregnant
women. Front Cell Infect Microbiol 2013, 3:58

30. Bonacorsi S, Bingen E: Molecular epidemiology of Escherichia
coli causing neonatal meningitis. Int J Med Microbiol 2005, 295:
373e381

31. Kim CJ, Romero R, Chaemsaithong P, Chaiyasit N, Yoon BH,
Kim YM, Sci DM: Acute chorioamnionitis and funisitis: definition,
pathologic features, and clinical significance HHS public access. Am
J Obstet Gynecol 2015, 213:29e52

32. Kim MJ, Romero R, Gervasi MT, Kim J-S, Yoo W, Lee D-C,
Mittal P, Erez O, Kusanovic JP, Hassan SS, Kim CJ: Widespread
microbial invasion of the chorioamniotic membranes is a conse-
quence and not a cause of intra-amniotic infection. Lab Invest 2009,
89:924e936

33. Grigsby PL, Novy MJ, Adams Waldorf KM, Sadowsky DW,
Gravett MG: Choriodecidual inflammation: a harbinger of the preterm
labor syndrome. Reprod Sci 2010, 17:85e94

34. Inanlou MR, Kablar B: Contractile activity of skeletal musculature
involved in breathing is essential for normal lung cell differentiation,
as revealed in Myf5�/�:MyoD�/� embryos. Dev Dyn 2005, 233:
772e782

35. Birchenough GMH, Dalgakiran F, Witcomb LA, Johansson MEV,
McCarthy AJ, Hansson GC, Taylor PW: Postnatal development
of the small intestinal mucosa drives age-dependent, regio-selec-
tive susceptibility to Escherichia coli K1 infection. Sci Rep 2017,
7:83

36. Samejima T, Nagamatsu T, Schust DJ, ItaokaN, IriyamaT,NakayamaT,
Komatsu A, Kawana K, Osuga Y, Fujii T: Elevated concentration of
secretory leukocyte protease inhibitor in the cervical mucus before de-
livery. Am J Obstet Gynecol 2016, 214:741.e1e741.e7

37. Hein M, Valore EV, Helmig B: Antimicrobial factors in the cervical
mucus plug. Am J Obstet Gynecol 2002, 187:137e144

38. Becher N, Adams Waldorf K, Hein M, Uldbjerg N: The cervical
mucus plug: structured review of the literature. Acta Obstet Gynecol
Scand 2009, 88:502e513

39. Espinoza J, Chaiworapongsa T, Romero R, Edwin S,
Rathnasabapathy C, Gomez R, Bujold E, Camacho N, Kim YM,
Hassan S, Blackwell S, Whitty J, Berman S, Redman M, Yoon BH,
Sorokin Y: Antimicrobial peptides in amniotic fluid: defensins, cal-
protectin and bacterial/permeability-increasing protein in patients
with microbial invasion of the amniotic cavity, intra-amniotic
inflammation, preterm labor and premature rupture of membranes. J
Matern Fetal Neonatal Med 2003, 13:2e21

40. GBD 2015 DALYs and HALE Collaborators: Global, regional, and
national disability-adjusted life-years (DALYs) for 315 diseases and
injuries and healthy life expectancy (HALE), 1990-2015: a systematic
analysis for the Global Burden of Disease Study 2015. Lancet 2016,
388:1603e1658

41. Gomez-Lopez N, Romero R, Xu Y, Leng Y, Garcia-Flores V,
Miller D, Jacques SM, Hassan SS, Faro J, Alsamsam A,
Alhousseini A, Gomez-Roberts H, Panaitescu B, Yeo L, Maymon E:
Are amniotic fluid neutrophils in women with intraamniotic infection
and/or inflammation of fetal or maternal origin? Am J Obstet Gynecol
2017, 217:693.e1e693.e16

42. Gomez-Lopez N, Romero R, Xu Y, Miller D, Unkel R, Shaman M,
Jacques SM, Panaitescu B, Garcia-Flores V, Hassan SS: Neutrophil
extracellular traps in the amniotic cavity of women with intra-
amniotic infection: a new mechanism of host defense. Reprod Sci
2017, 24:1139e1153

43. Modi BP, Teves ME, Pearson LN, Parikh HI, Haymond-
Thornburg H, Tucker JL, Chaemsaithong P, Gomez-Lopez N,
York TP, Romero R, Strauss JF: Mutations in fetal genes involved in
innate immunity and host defense against microbes increase risk of
ajp.amjpathol.org - The American Journal of Pathology

http://refhub.elsevier.com/S0002-9440(18)30226-8/sref11
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref11
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref11
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref11
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref11
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref12
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref12
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref12
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref12
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref13
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref13
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref13
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref13
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref14
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref14
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref14
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref14
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref15
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref15
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref15
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref15
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref16
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref16
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref16
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref16
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref16
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref16
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref17
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref17
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref17
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref17
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref17
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref18
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref19
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref19
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref19
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref19
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref19
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref20
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref20
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref20
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref20
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref20
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref21
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref21
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref21
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref22
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref22
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref22
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref22
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref22
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref23
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref23
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref23
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref23
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref23
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref24
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref24
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref24
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref24
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref24
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref25
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref25
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref25
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref25
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref26
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref26
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref26
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref26
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref26
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref27
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref27
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref27
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref27
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref28
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref28
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref28
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref28
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref29
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref29
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref29
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref31
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref31
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref31
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref31
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref32
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref32
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref32
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref32
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref32
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref33
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref33
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref33
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref33
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref33
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref33
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref34
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref34
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref34
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref34
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref35
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref36
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref36
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref36
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref36
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref36
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref37
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref37
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref37
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref37
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref37
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref38
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref38
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref38
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref39
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref39
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref39
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref39
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref40
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref41
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref41
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref41
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref41
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref41
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref41
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref42
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref43
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref43
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref43
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref43
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref43
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref43
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://ajp.amjpathol.org


Ascending Vaginal Infection
preterm premature rupture of membranes (PPROM). Mol Genet
Genomic Med 2017, 5:720e729

44. Goldenberg RL, Hauth JC, Andrews WW: Intrauterine infection and
preterm delivery. N Engl J Med 2000, 342:1500e1507

45. Edey LF, O’Dea KP, Herbert BR, Hua R, Waddington SN,
MacIntyre DA, Bennett PR, Takata M, Johnson MR: The local and
systemic immune response to intrauterine LPS in the prepartum
MOUSE. Biol Reprod 2016, 95:125

46. Sadowsky DW, Adams KM, Gravett MG, Witkin SS, Novy MJ:
Preterm labor is induced by intraamniotic infusions of interleukin-1b
and tumor necrosis factor-a but not by interleukin-6 or interleukin-8
in a nonhuman primate model. Am J Obstet Gynecol 2006, 195:
1578e1589

47. Nadeau-Vallée M, Chin PY, Belarbi L, Brien MÈ, Pundir S,
Berryer MH, Beaudry-Richard A, Madaan A, Sharkey DJ, Lupien-
Meilleur A, Hou X, Quiniou C, Beaulac A, Boufaied I, Boudreault A,
Carbonaro A, Doan ND, Joyal JS, Lubell WD, Olson DM,
Robertson SA, Girard S, Chemtob S: Antenatal suppression of IL-1
protects against inflammation-induced fetal injury and improves
neonatal and developmental outcomes in mice. J Immunol 2017, 198:
2047e2062

48. McGlasson SL, Semple F, MacPherson H, Gray M, Davidson DJ,
Dorin JR: Human b-defensin 3 increases the TLR9-dependent
response to bacterial DNA. Eur J Immunol 2017, 47:658e664

49. Browning DF, Wells TJ, França FLS, Morris FC,
Sevastsyanovich YR, Bryant JA, Johnson MD, Lund PA,
Cunningham AF, Hobman JL, May RC, Webber MA, Henderson IR:
Laboratory adapted Escherichia coli K-12 becomes a pathogen of
Caenorhabditis elegans upon restoration of O antigen biosynthesis.
Mol Microbiol 2013, 87:939e950

50. Bäckhed F, Normark S, Schweda EKH, Oscarson S, Richter-
Dahlfors A: Structural requirements for TLR4-mediated LPS signal-
ling: a biological role for LPS modifications. Microbes Infect 2003, 5:
1057e1063

51. Zanoni I, Bodio C, Broggi A, Ostuni R, Caccia M, Collini M,
Venkatesh A, Spreafico R, Capuano G, Granucci F: Similarities and
differences of innate immune responses elicited by smooth and rough
LPS. Immunol Lett 2012, 142:41e47

52. Bollopragada S, Youssef R, Jordan F, Greer I, Norman J, Nelson S:
Term labor is associated with a core inflammatory response in human
fetal membranes, myometrium, and cervix. Am J Obstet Gynecol
2009, 200:104.e1e104.e11

53. Osman I, Young A, Ledingham MA, Thomson AJ, Jordan F,
Greer IA, Norman JE: Leukocyte density and pro-inflammatory
cytokine expression in human fetal membranes, decidua, cervix and
myometrium before and during labour at term. Mol Hum Reprod
2003, 9:41e45

54. Shynlova O, Nedd-Roderique T, Li Y, Dorogin A, Lye SJ: Myo-
metrial immune cells contribute to term parturition, preterm labour
and post-partum involution in mice. J Cell Mol Med 2013, 17:
90e102

55. Shynlova O, Dorogin A, Li Y, Lye S: Inhibition of infection-
mediated preterm birth by administration of broad spectrum
chemokine inhibitor in mice. J Cell Mol Med 2014, 18:1816e
1829

56. Rinaldi SF, Catalano RD, Wade J, Rossi AG, Norman JE: Decidual
neutrophil infiltration is not required for preterm birth in a mouse
model of infection-induced preterm labor. J Immunol 2014, 192:
2315e2325

57. Paton MCB, McDonald CA, Allison BJ, Fahey MC, Jenkin G,
Miller SL: Perinatal brain injury as a consequence of preterm birth
and intrauterine inflammation: designing targeted stem cell therapies.
Front Neurosci 2017, 11:200

58. Fidel P, Ghezzi F, Romero R, Chaiworapongsa T, Espinoza J,
Cutright J, Wolf N, Gomez R: The effect of antibiotic therapy on
intrauterine infection-induced preterm parturition in rabbits. J Matern
Fetal Neonatal Med 2003, 14:57e64
The American Journal of Pathology - ajp.amjpathol.org
59. Helderman JB, Welch CD, Leng X, O’Shea TM: Sepsis-associated
electroencephalographic changes in extremely low gestational age
neonates. Early Hum Dev 2010, 86:509e513

60. Leviton A, Allred EN, Kuban KCK, Hecht JL, Onderdonk AB,
O’Shea TM, Paneth N: Microbiologic and histologic characteristics of
the extremely preterm infant’s placenta predict white matter damage
and later cerebral palsy. The ELGAN study. Pediatr Res 2010, 67:
95e101

61. Bell MJ, Hallenbeck JM: Effects of intrauterine inflammation on
developing rat brain. J Neurosci Res 2002, 70:570e579

62. Bell MJ, Hallenbeck JM, Gallo V: Determining the fetal inflamma-
tory response in an experimental model of intrauterine inflammation
in rats. Pediatr Res 2004, 56:541e546

63. Meyer U, Feldon J, Yee BK: A review of the fetal brain cytokine
imbalance hypothesis of schizophrenia. Schizophr Bull 2009, 35:
959e972

64. Meyer U, Nyffeler M, Engler A, Urwyler A, Schedlowski M,
Knuesel I, Yee BK, Feldon J: The time of prenatal immune
challenge determines the specificity of inflammation-mediated
brain and behavioral pathology. J Neurosci 2006, 26:4752e
4762

65. Shi L, Smith SEP, Malkova N, Tse D, Su Y, Patterson PH: Activation
of the maternal immune system alters cerebellar development in the
offspring. Brain Behav Immun 2009, 23:116e123

66. Patterson PH: Immune involvement in schizophrenia and autism:
etiology, pathology and animal models. Behav Brain Res 2009, 204:
313e321

67. Young A, Thomson AJ, Ledingham M, Jordan F, Greer IA,
Norman JE: Immunolocalization of proinflammatory cytokines in
myometrium, cervix, and fetal membranes during human parturition
at term. Biol Reprod 2002, 66:445e449

68. Zaretsky MV, Alexander JM, Byrd W, Bawdon RE: Transfer of in-
flammatory cytokines across the placenta. Obstet Gynecol 2004, 103:
546e550

69. Smith SEP, Li J, Garbett K, Mirnics K, Patterson PH: Maternal im-
mune activation alters fetal brain development through interleukin-6.
J Neurosci 2007, 27:10695e10702

70. Yoon BH, Romero R, Yang SH, Jun JK, Kim IO, Choi JH,
Syn HC: Interleukin-6 concentrations in umbilical cord plasma are
elevated in neonates with white matter lesions associated with
periventricular leukomalacia. Am J Obstet Gynecol 1996, 174:
1433e1440

71. Yoon BH, Jun JK, Romero R, Park KH, Gomez R, Choi JH,
Kim IO: Amniotic fluid inflammatory cytokines (interleukin-6,
interleukin-1beta, and tumor necrosis factor-alpha), neonatal brain
white matter lesions, and cerebral palsy. Am J Obstet Gynecol
1997, 177:19e26

72. Burd I, Balakrishnan B, Kannan S: Models of fetal brain injury, in-
trauterine inflammation, and preterm birth. Am J Reprod Immunol
2012, 67:287e294

73. Vogt C, Hailer NP, Ghadban C, Korf H-W, Dehghani F: Successful
inhibition of excitotoxic neuronal damage and microglial activation
after delayed application of interleukin-1 receptor antagonist. J
Neurosci Res 2008, 86:3314e3321

74. Hailer NP, Vogt C, Korf H-W, Dehghani F: Interleukin-1beta exac-
erbates and interleukin-1 receptor antagonist attenuates neuronal
injury and microglial activation after excitotoxic damage in organo-
typic hippocampal slice cultures. Eur J Neurosci 2005, 21:
2347e2360

75. Dommergues M-A, Plaisant F, Verney C, Gressens P: Early micro-
glial activation following neonatal excitotoxic brain damage in mice:
a potential target for neuroprotection. Neuroscience 2003, 121:
619e628

76. Li J, Baud O, Vartanian T, Volpe JJ, Rosenberg PA: Peroxynitrite
generated by inducible nitric oxide synthase and NADPH oxidase
mediates microglial toxicity to oligodendrocytes. Proc Natl Acad Sci
U S A 2005, 102:9936e9941
2175

http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref44
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref45
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref45
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref45
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref46
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref46
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref46
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref46
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref47
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref47
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref47
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref47
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref47
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref47
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref48
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref49
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref49
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref49
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref49
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref50
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref51
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref51
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref51
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref51
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref51
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref52
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref52
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref52
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref52
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref52
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref53
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref53
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref53
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref53
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref53
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref54
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref54
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref54
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref54
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref54
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref54
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref55
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref55
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref55
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref55
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref55
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref56
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref56
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref56
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref56
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref57
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref57
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref57
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref57
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref57
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref58
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref58
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref58
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref58
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref59
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref59
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref59
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref59
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref59
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref60
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref60
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref60
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref60
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref61
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref61
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref61
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref61
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref61
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref61
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref62
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref62
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref62
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref63
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref63
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref63
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref63
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref64
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref64
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref64
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref64
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref65
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref65
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref65
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref65
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref65
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref66
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref66
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref66
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref66
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref67
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref67
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref67
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref67
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref68
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref68
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref68
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref68
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref68
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref69
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref69
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref69
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref69
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref70
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref70
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref70
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref70
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref71
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref71
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref71
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref71
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref71
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref71
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref72
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref72
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref72
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref72
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref72
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref72
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref73
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref73
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref73
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref73
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref75
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref75
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref75
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref75
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref75
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref76
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref76
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref76
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref76
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref76
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref76
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref77
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref77
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref77
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref77
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref77
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref78
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref78
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref78
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref78
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref78
http://ajp.amjpathol.org


Suff et al
77. Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA:
Neuroglial activation and neuroinflammation in the brain of patients
with autism. Ann Neurol 2005, 57:67e81

78. Zerrate MC, Pletnikov M, Connors SL, Vargas DL, Seidler FJ,
Zimmerman AW, Slotkin TA, Pardo CA: Neuroinflammation and
behavioral abnormalities after neonatal terbutaline treatment in
rats: implications for autism. J Pharmacol Exp Ther 2007, 322:
16e22
2176
79. Lyall K, Croen L, Daniels J, Fallin MD, Ladd-Acosta C, Lee BK,
Park BY, Snyder NW, Schendel D, Volk H, Windham GC,
Newschaffer C: The changing epidemiology of autism spectrum
disorders. Annu Rev Public Health 2017, 38:81e102

80. Kindinger LM, Bennett PR, Lee YS, Marchesi JR, Smith A,
Cacciatore S, Holmes E, Nicholson JK, Teoh TG, MacIntyre DA: The
interaction between vaginal microbiota, cervical length, and vaginal
progesterone treatment for preterm birth risk. Microbiome 2017, 5:6
ajp.amjpathol.org - The American Journal of Pathology

http://refhub.elsevier.com/S0002-9440(18)30226-8/sref79
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref79
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref79
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref79
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref80
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref80
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref80
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref80
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref80
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref80
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref81
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref81
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref81
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref81
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref81
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref82
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref82
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref82
http://refhub.elsevier.com/S0002-9440(18)30226-8/sref82
http://ajp.amjpathol.org

	Ascending Vaginal Infection Using Bioluminescent Bacteria Evokes Intrauterine Inflammation, Preterm Birth, and Neonatal Bra ...
	Materials and Methods
	Animals and Treatments
	Whole-Body Bioluminescence Imaging
	Tissue Collection
	RNA Synthesis, cDNA Synthesis, and Quantitative PCR
	Immunoperoxidase Immunohistochemistry
	Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Assay
	Fluorescence Immunohistochemistry
	Cytokine Enzyme-Linked Immunosorbent Assays
	Statistics

	Results
	Ascending Vaginal Infection and Preterm Birth Using Bioluminescent Strains of E. coli
	E. coli K1 Is Detected in the Uteroplacental Tissues and Fetus
	Both E. coli K1 and K12 Ascending Vaginal Infection Induces an Inflammatory Response in the Uteroplacental Tissues
	Brain Inflammation Is Evident in Surviving Pups

	Discussion
	Ascending Vaginal Infection and Preterm Birth
	The Impact of E. coli Ascending Infection on Maternal and Fetal Outcomes
	Bacterial Movement into the Uterine Cavity
	Host Response Mechanisms against Invading Bacteria
	The Effect of Different E. coli Strains on Uterine Inflammatory Pathways and Preterm Birth
	Impact of Ascending Infection on Neonatal Brain Inflammation

	Conclusions
	Supplemental Data
	References


