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Urinary tract infections (UTIs) are associated with approximately 27% of premature births. Escherichia coli
is the most frequent causal agent of UTIs and expresses virulence factors, including surface adhesins that
recognize specific host tissue receptors. We have reported that E. coli Dr adhesin recognizes decay-accelerating
factor as the host tissue receptor and that these receptors are increased during pregnancy. Induction of
pathogenesis is a cumulative effect of the host-pathogen relationship involving specific host factors and
virulence characteristics of the invading organism. Recently, an experimental model of chronic pyelonephritis
has been developed with E. coli bearing Dr adhesin (E. coli Dr1) in nonpregnant lipopolysaccharide hypore-
sponder C3H/HeJ mice. In this study, we investigated the role of E. coli Dr1 on the outcome of pregnancy in
C3H/HeJ mice. Groups of pregnant mice were infected with E. coli Dr1 or its isogenic mutant which does not
bear the Dr adhesin (E. coli Dr2) by urethral catheterization. Nearly 90% of pregnant mice infected with E. coli
Dr1 delivered preterm (before 90% gestation) compared to 10% of mice infected with E. coli Dr2 and none of
the mice treated with phosphate-buffered saline (PBS). Also, there was a significant reduction in fetal birth
weight in the E. coli Dr1-infected group compared to the E. coli Dr2- and PBS-treated groups (P 5 0.003). This
experimental model of E. coli Dr1-induced preterm delivery in mice may help in understanding the molecular
mechanisms involved in UTI-induced preterm labor involving bacterial adhesins.

Approximately 1 of every 10 babies in the United States is
born prematurely, and prematurity is the leading cause of
death among infants before their first birthday (2). In addition
to being small, premature babies are developmentally unpre-
pared for life, which can result in physical and mental disabil-
ities. Premature babies are more likely to have respiratory
problems during childhood and a higher incidence of learning
disabilities and problems with speech, hearing, and vision. The
increased risk of preterm birth is very high, and the cost to
society is overwhelming from financial and health perspectives
(11).

Preterm labor has been associated with bacterial infection.
The most common infections associated with preterm labor are
intrauterine infections and urinary tract infections (UTIs) (4,
6, 12, 25, 43). The relationship between asymptomatic bacte-
riuria and preterm birth has been well documented (37), and
recently, Schultz et al. (38) reported that UTIs are associated
with approximately 27% of premature births. UTIs, including
asymptomatic bacteriuria, cystis, and pyelonephritis are the
most common and frequently encountered medical complica-
tions of pregnancy (28). Although UTIs may be asymptomatic
in pregnancy, physiological changes that occur during preg-
nancy predispose women patients to a very high risk of devel-
oping acute pyelonephritis, resulting in considerable maternal
morbidity and mortality. Additionally, UTIs during pregnancy
may adversely affect the fetus (1). Preterm labor and low birth
weight have been cited as the significant adverse outcomes in
pregnant women with asymptomatic bacteriuria (24, 29, 43). A
meta-analysis by Romero et al. (37) showed that nonbacteri-
uric patients had only two-thirds the risk of low-birth-weight

infants and half the risk of preterm delivery compared to pa-
tients with untreated asymptomatic bacteriuria.

The most common pathogen isolated from pregnant women
with UTIs is Escherichia coli; it has been reported to be the
primary pathogen in 80% of UTI cases (17). An important
factor in the pathogenesis of UTIs, as in any bacterial infec-
tion, is bacterial virulence. The ability of certain uropathogenic
E. coli to adhere to uroepithelium is largely responsible for its
virulence. This adherence is considered to be a prerequisite for
the initiation of the disease process. E. coli’s ability to adhere
is mediated by structures called adhesins, which are present on
the bacterial cell surface. Our previous studies and reports by
other investigators indicate that E. coli and other bacteria
express different surface adhesins that mediate the attachment
of these pathogens to various human or animal cells through
specific tissue receptors (3, 21, 31). Host-pathogen interactions
through these specific receptors determine the extent of patho-
genesis.

Considerable progress has been made in characterizing ad-
hesins in E. coli (41, 42, 44). Studies of E. coli adhesins and
their respective specific tissue receptors have established an
adhesin-ligand-based mechanism of ascending UTI (32). In
1988, Nowicki et al. (31) reported that one such adhesin, iso-
lated from a female patient with UTI, bound to the Dr blood
group antigen; they proposed the term Dr hemagglutinin for
this bacterial adhesin. Our earlier studies showed that decay-
accelerating factor (DAF) also known as CD55, a complement
regulatory protein, is expressed in human endometrium and
may serve as the receptor for E. coli Dr adhesin (21). Studies
have also shown that E. coli Dr adhesin may recognize DAF,
located in the tubular basement membrane and Bowman’s
capsule, resulting in colonization of renal tissues (33–35, 45).
Our earlier studies have shown that there is an upregulation of
DAF during the third trimester of pregnancy (26). Also, it has
been reported that there is a higher incidence of E. coli bearing
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Dr adhesin (E. coli Dr1) during the third trimester of preg-
nancy in women with gestational pyelonephritis (36).

Recently, Goluzsko et al. (15) reported the development of
an experimental model of chronic pyelonephritis with E. coli
Dr1 in nonpregnant lipopolysaccharide (LPS)-hyporesponder
C3H/HeJ mice. Intrauterine infections with E. coli Dr1 have
been reported to result in a high death rate in pregnant rats
compared to that of nonpregnant rats (30).

There is an increasing emphasis on the role of E. coli Dr1 in
the pathogenesis of UTIs, particularly during pregnancy. How-
ever, the precise role of Dr adhesin in UTI during pregnancy
has not been investigated. Therefore, in this study, we investi-
gated the role, if any, of E. coli Dr1 in the induction of preterm
labor. Pregnant C3H/HeJ mice were experimentally infected
with either E. coli Dr1 or its isogenic mutant (which does not
express Dr adhesin) (E. coli Dr2), and their effects on the
outcome of pregnancy and fetal birth weight were determined.

MATERIALS AND METHODS

Animals. Timed pregnant LPS-hyporesponsive C3H/HeJ mice were obtained
from Jackson Laboratories, Bar Harbor, Maine. Use of C3H/HeJ mice with
decreased response to LPS made it possible to elucidate the role of non-LPS
factors such as Dr adhesin in pathogenicity and its effect on the outcome of
pregnancy. Timed pregnant mice arrived in our animal facility on day 5 of
pregnancy. All animals were housed under pathogen-free conditions in the an-
imal facility of the Minneapolis Medical Research Foundation (MMRF). Once
infected, the mice were placed in separate cages in a clean room. All experi-
mentation described in this study was approved by the MMRF Institutional
Animal Care and Use Committee.

Bacterial strains. Two bacterial strains of E. coli Dr1 IH11128 and Dr14 were
used to infect the pregnant mice. Bacterial strain IH11128, which expresses Dr
adhesin, has been isolated from a female patient with a symptomatic UTI (32).
Dr14 is an isogenic mutant of wild-type IH11128 and does not express Dr
adhesin (15). Both strains were kindly provided by Bogdan Nowicki of The
University of Texas Medical Branch, Galveston.

For each experiment, both strains of bacteria were grown overnight on Luria
agar plates at 37°C. Several loopfuls of the culture were suspended in 10 ml
portions of sterile phosphate-buffered saline (PBS) (pH 7.5), washed, and resus-
pended in sterile PBS to a final concentration that gave an optical density at 600
nm of 1.0; 0.05 ml of the inoculum was injected in each mouse bladder (15). The
presence or absence of Dr adhesin in both bacterial strains was checked by
hemagglutination (31).

Induction of experimental UTI in pregnant C3H/HeJ mice by bladder cathe-
terization with E. coli Dr1. Groups of pregnant C3H/HeJ mice were infected on
day 7 of pregnancy (35% gestation) with E. coli Dr1 or E. coli Dr2 by urethral
catheterization and instillation of a single dose of bacterial suspension (0.05 ml
of a suspension with an optical density at 600 nm of 1) into the urinary bladder,
as previously described (15). The control group received sterile PBS. Animals
were anesthetized with isoflurane in a sealed glass jar for 30 s. The inoculum of
E. coli Dr1 or E. coli Dr2 strains was instilled into the bladder through a soft
polyethylene catheter with an outer diameter of 0.30 mm (Norton Performance
Plastics, Akron, Ohio) adapted to a needle on a tuberculin syringe (0.4 by 20
mm). A 0.05-ml sample of the appropriate microbial inoculum was injected. The
catheter was then immediately withdrawn without further manipulations. The
mice were placed in individual cages and allowed free access to food and drink
under a 12-h day-night cycle. The animals were monitored every 4 to 6 h for
symptoms of preterm labor, such as bleeding, fetal loss, or other sickness. The
animals were also monitored for changes in body weight during pregnancy. Any
delivery occurring on or before day 18 of gestation was considered preterm
(before 90% gestation). The survival of the pups delivered by these mice, either
term or preterm, was monitored.

Determination of fetal birth weight in infected mice. To investigate whether
infection with E. coli Dr1 or E. coli Dr2 affects the weight of the developing
fetuses in pregnant C3H/HeJ mice, we performed a set of experiments in which
22 pregnant mice were infected with E. coli Dr1, E. coli Dr2, or PBS on day 7
of pregnancy (at 35% gestation), as described above. The mice were monitored
every 6 to 8 h for symptoms of preterm labor. The mice were sacrificed on day
17 of pregnancy (at 85% gestation), and the fetuses were carefully removed and
weighed.

Quantitative tissue culture. Quantitative tissue culture was performed at two
time points: (i) a group of infected mice completing delivery, preterm or term,
that was sacrificed immediately after the delivery and (ii) another group of
infected mice that was sacrificed, at an earlier time point, on day 17 (80%
gestation). The fetus, spleen, and renal tissues were collected and subjected to
bacteriological cultures, and the E. coli bacteria recovered were quantitated and
typed for adhesin expression. The tissue from each mouse was homogenized
separately in 0.5 ml of sterile PBS and plated on Luria agar and MacConkey

plates for isolation of live bacteria. The bacterial counts were recorded as CFU
per gram of tissue.

The E. coli bacteria recovered from the tissues were typed for the presence of
Dr adhesin, and its specificity was tested by agglutination test, using human O
erythrocytes and anti-DAF antibody (Wako Chemicals USA Inc., Richmond,
Va.).

Histological analysis of tissues. The kidneys and placental and fetal tissues
collected for histological analysis were fixed overnight in formalin, embedded in
paraffin, and sectioned for immunohistochemical analysis and stained with he-
matoxylin and eosin. Unstained paraffin-embedded tissue sections were stained
with Gram stain for detection of bacteria.

Inflammation scores of 0 to 41 were assigned based on the percentage in-
volvement of the structure or tissue being examined on the basis of polymor-
phonuclear cell (PMN) or mononuclear cell (MNC) infiltration as follows: 11,
5% involvement; 21, 5 to 15% involvement; 31, 15 to 25% involvement; and 41,
.25% involvement. The overall score for histopathological grading of pyelone-
phritis was based on pelvic, interstitial, and tubular involvement. Scoring for
percentage tissue involvement in the placental or fetus was also determined as
described above. Kidney, placental, or fetal tissue samples without lesions were
graded as 0. All tissue samples were coded and read blind by one observer
(J.T.C.).

Statistical analysis. All data were recorded as means 6 standard errors of the
means per subgroup. Individual comparisons among the different groups were
assessed by the Student’s t test. Significance in the incidence of preterm birth
among groups was evaluated by the Fisher exact test.

RESULTS

Induction of gestational UTI in pregnant mice and its effect
on outcome of pregnancy, survival of pups, and dissemination
of infection. We observed that the group of mice infected with
E. coli Dr1 showed signs of preterm labor. The mice in this
group started delivering from day 11 on, and most delivered by
day 18 of gestation. Table 1 gives the results on the outcome of
pregnancy and survival of pups after the delivery in the E.
coli-infected and control groups of mice. The mice undergoing
preterm labor showed signs of vaginal bleeding followed by
preterm parturition, delivering both live and dead pups. A
significant number of mice infected with E. coli Dr1 delivered
preterm compared to the E. coli Dr2-infected group or the
control group. The difference among the groups was statisti-
cally significant. Thus, experimental infection with E. coli Dr1

in C3H/HeJ mice led to preterm labor.

TABLE 1. Outcome of pregnancy in C3H/HeJ mice after
experimental UTI with E. coli

Group
No. of mice (%)

Day of
delivery

No. of
mice

delivering

% Mortality
of pups born

(no. died/
total no.)Total Preterm Term

E. coli Dr1 21 19b (90) 2 (10) 11 1a 53.6c,d (37/69)
12 1a

15 1a

16 1a

17 8a

18 7a

19 1
20 1

E. coli Dr2 10 1 (10) 9 (90) 18 1a 18 (10/55)
19 2
20 7

Control 10 0 (0) 10 (100) 19 2 9.5 (6/63)
20 8

a Animals delivering preterm (on or before day 18 of pregnancy; before 90%
gestation).

b Significantly different from the values obtained for the E. coli Dr2 and
control groups (P 5 0.03).

c Significantly different from the value obtained for the E. coli Dr2 group (P 5
0.007).

d Significantly different from the value obtained for the control group (P ,
0.001).
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The pregnant mice delivering preterm remained very sick
and eventually died after delivery. The mice infected with E.
coli Dr2 and those in the control group did not die after the
delivery. There was a high mortality rate among the pups born
to the mothers infected with E. coli Dr1. These pups were born
dead or died within a few days of premature delivery. A sig-
nificant number of the pups in the E. coli Dr1 group were born
prematurely and were found dead compared to the E. coli Dr2

group or the control group (Table 1). The difference in the
mortality rate of pups born to the E. coli Dr1 group or E. coli
Dr2 group and the control group was significant.

To investigate the extent of E. coli infection, recovery of E.
coli from kidney and fetal tissues was examined in a group of
infected mice upon completion of delivery. The results of the
bacterial tissue cultures are given in Table 2. The mean bac-
terial CFU/gram of kidney tissue was significantly higher in the
E. coli Dr1 group than in the E. coli Dr2 group (P 5 0.004).
The kidney tissues obtained from all the mice in E. coli Dr1-
and E. coli Dr2-infected groups demonstrated positive bacte-
rial cultures.

The mean bacterial CFU/gram of fetal tissue was signifi-
cantly higher in the E. coli Dr1-infected group than in the E.
coli Dr2-infected group (P # 0.02). In the E. coli Dr1-infected
group, all fetuses (10 of 10) showed positive bacterial cultures,
compared to only 33% fetuses (4 of 12) in the E. coli Dr2-
infected group. The remaining fetal cultures from the E. coli
Dr2 group were sterile, indicating limited dissemination of E.
coli Dr2 to the developing fetus compared to E. coli Dr1 group.

Effect of E. coli infection on fetal birth weight and dissem-
ination of infection on day 17 of gestation. E. coli Dr1 infection
in pregnant mice affects the fetal birth weight outcome as
demonstrated by the low fetal birth weight of the E. coli Dr1-
infected group compared to that of the E. coli Dr2 group or
the control group. There was a significant difference in the
fetal weights in the E. coli Dr1, E. coli Dr2, and control
groups. The difference in fetal weight between the groups was
statistically significant (P 5 0.003). Table 2 provides the mean
fetal weight and bacterial culture results found for the three
groups.

All kidney tissues obtained from E. coli Dr1 and E. coli
Dr2-infected mice sacrificed on day 17 (at 85% of gestation)
exhibited positive bacterial cultures with growth of a significant
number of bacteria (Table 2). However, the difference between
the mean CFU/gram of E. coli in kidney tissue, at this time
point, among the two E. coli-infected groups was not significant
(P . 0.05).

A significantly higher number of E. coli bacteria were recov-
ered from fetal tissues of the E. coli Dr1 group than from those
of the E. coli Dr2 group (P 5 0.05). Fetal tissue from all six
fetuses tested from the E. coli Dr1 group showed E. coli
growth, compared to only two of seven fetuses in the E. coli
Dr2 group. The remaining fetal tissue cultures in the E. coli
Dr2 group were sterile.

Spleens recovered from mice in each group were cultured
for bacterial counts. Four of 8 mice in the E. coli Dr1 group
had .108 CFU per spleen, whereas only 2 of 8 mice in the E.
coli Dr2 group had .108 CFU per spleen. The difference
between the two groups was not significant (P . 0.05).

Histopathological studies. Histopathological evaluation of
the kidney, fetus, and placenta was performed on infected
mice, after sacrificing one group of animals on completion of
delivery and another group on day 17 of gestation, to evaluate
the evolution of pathogenicity after infection with E. coli.

(i) Kidney histopathology. The kidney histopathology in-
flammatory scores in infected and control group of mice are
listed in Table 3, and representative histopathology of the E.
coli Dr1 group of mice is shown in Fig. 1A, B, and C and
representative histopathology of the E. coli Dr2 or control
group is shown in Fig. 1D.

The kidney sections of E. coli Dr1 group of mice, sacrificed
upon completion of delivery, showed significant increased in-
filtration of acute (P , 0.001) and chronic inflammatory cells
in the renal pelvis (Fig. 1B) compared to the infiltration seen
in renal pelvis of E. coli Dr2 group. This inflammation also
extended to the tubules and interstitium of the kidney (Fig.
1C). Gram staining of the tissue sections also revealed bacte-
rial infiltration in the tubules and glomeruli of the kidney.
Tubular and interstitial involvement of the kidney tissue was
absent in the E. coli Dr2 group of mice. The majority of the
animals in the E. coli Dr2 group had cleared the infection and
did not show any MNC infiltration (Fig. 1D). Also, no inflam-
matory cells were observed in kidney sections obtained from
control animals.

In the groups of animals sacrificed on day 17 gestation after
infection, the mean inflammatory score of acute and chronic
inflammation in renal pelvis of the E. coli Dr1 group of mice
was higher than that seen in the E. coli Dr2 group where only
a few mice had inflammatory cells. However, on comparison
between the two groups, a statistically significant level was not
achieved. None of the groups showed renal tubular involve-
ment at this time point. Interstitial involvement of the kidney
was observed in five of eight animals of the E. coli Dr1 group

TABLE 2. Quantitative bacterial tissue cultures and determination of fetal birth weight outcome in infected
and control groups of C3H/HeJ mice

Group

Mean no. (CFU/g) of bacteria 6 SEM found by bacterial culture
Mean fetal wtb

(g) 6 SEM
(no. of fetuses)

After deliverya At day 17 of gestationb

Kidney Fetus Spleen Kidney Fetus Spleen

E. coli Dr1 5 3 108 6 1 3 108c 3 3 108 6 2 3 108d ND 8 3 109 6 2 3 109e 4 3 109 6 2 3 109f .108e (4/8)g 0.644 6 0.030h (6)
E. coli Dr2 5 3 107 6 2 3 107 7 3 106 6 7 3 106 ND 5 3 109 6 2 3 109 1 3 107 6 1 3 107 .108 (2/8) 0.813 6 0.021 (6)
Control 0 0 ND 0 0 0 0.88 6 0.10 (5)

a Day 7 E. coli-infected and control groups of mice were sacrificed after the delivery, and tissues were collected for E. coli bacterial cultures. These data were obtained
from 10 mice in the E. coli Dr1 group and 12 mice in the E. coli Dr2 group and 6 mice in the control group. ND, not determined.

b Day 7 E. coli-infected and control groups of mice were sacrificed on day 17 of gestation, tissues were collected for bacterial cultures, and fetuses were removed and
carefully weighed for each group of mice. This experiment included eight mice in each E. coli Dr1 or E. coli Dr2 group and five mice in the control group.

c Significantly different from the value obtained for the E. coli Dr2 group (P 5 0.004).
d Significantly different from the value obtained for the E. coli Dr2 group (P 5 0.02).
e Not significantly different from the value obtained for the E. coli Dr2 group (P . 0.05).
f Significantly different from the value obtained for the E. coli Dr2 group (P 5 0.05).
g The number of mice with .108 CFU per g of spleen to the total number of mice in the group is shown in the parentheses (P . 0.05).
h Significantly different from the values obtained for the E. coli Dr2 and control groups (P 5 0.003).
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and in only two of eight animals of the E. coli Dr2 group. The
difference between the mean inflammatory score of the inter-
stitium in the E. coli Dr1 and E. coli Dr2 groups was not
statistically significant. Kidney tissue sections from the control
group of mice showed no inflammation.

(ii) Placental histopathology. The placental histopathology
in the E. coli Dr1 group sacrificed after delivery revealed
infiltration of PMNs and bacteria in the placental tissue of all
eight animals and the mean inflammatory score were signifi-
cantly higher (P , 0.0001) than observed in the E. coli Dr2

group where only four of eight animals showed a few inflam-
matory cells in the placenta (Table 3). In the severely infected
placenta, very few villi were left (Fig. 2). A majority of the
animals in the E. coli Dr2 group had placental histology com-
parable to the animals in the control group. Histology was not
performed on the placenta of mice sacrificed on day 17 of
gestation.

(iii) Fetal histopathology. All fetal cross sections obtained
from all eight mice sacrificed after the delivery in the E. coli
Dr1 group showed higher infiltration of PMNs and bacteria
which is shown by the higher mean inflammatory scores com-
pared to the scores obtained from the E. coli Dr2 group. The
differences between the two groups were statistically significant
(P , 0.0001). All the fetuses in the E. coli Dr1 group also
showed impaired development of the organs (Fig. 3A). Only
three of eight fetuses in the E. coli Dr2 group showed PMN
infiltration, while the rest of the fetal sections revealed no
inflammation or impaired development. The fetuses of the
control group showed no inflammation or impaired organ de-
velopment (Fig. 3B).

None of the fetuses obtained from E. coli Dr1, E. coli Dr2,
or control group of mice, sacrificed on day 17 of gestation
revealed any inflammation with PMN infiltration or poor or-
gan development. However, only two of eight fetuses in the E.
coli Dr1-infected group that had delivered preterm revealed
inflammation and poor organ development.

DISCUSSION

An appreciable number of pregnancies that culminate in
preterm labor are associated with infectious processes. The
molecular mechanisms that regulate the inflammatory re-

sponse to bacterial infection have only recently become the
focus of study (7–9). The information about the bacterial prop-
erties involved in this process, the nature of the inflammatory
mediators, and the functional consequences of the response
are very limited. To understand the pathophysiology of infec-
tion-induced preterm labor, various in vivo animal model stud-
ies have used LPS to induce preterm labor. Numerous reports
describe deleterious effect of dose-dependent bacterial LPS in
pregnant animals resulting in fetal death or abortion (5, 20, 36,
39). In contrast to the findings in animal studies, the quantity
of endotoxin required to stimulate prostaglandin production in
human amnion has not been found in the amniotic fluid of
women with intra-amniotic infections. This suggests that other
factors may be involved in the initiation of preterm labor (13).
Thus, studies so far do not completely explain the relationship
between infections, such as ascending UTI, and preterm labor.
Several pieces of evidence suggest that Dr adhesin, present on
the uropathogenic E. coli plays an important role in the patho-
genesis of UTIs. Dr adhesins occur more frequently in UTI-
associated E. coli isolates than in fecal isolates (10, 19), and the
presence of Dr adhesin at the time of first UTI has been
associated with an increased risk of a second UTI (14). Exper-
imental ascending UTI with E. coli Dr1 leads to chronic pye-
lonephritis in C3H/HeJ mice, and E. coli Dr1 bacteria are
found to colonize the interstitial space of the mouse kidney, an
area that is not directly available for bacteria colonizing the
renal pelvis (15). Also, recently it has been reported that E. coli
Dr1 possess slow-invasive properties in the HeLa epithelial
cell line infected in vitro by this bacteria (16).

This study describes, for the first time, the role of adhesin-
based gestational UTI induced in LPS hyporesponder animals
using E. coli Dr1 where animals infected with E. coli Dr1

delivered preterm and animals infected with E. coli Dr2 were
protected and delivered at term. Bacterial tissue cultures re-
vealed overwhelming infiltration by bacteria and a systemic
spread in pregnant animals infected with E. coli Dr1. Excessive
colonization in the kidneys, placentae, fetuses, and spleens of
E. coli Dr1-infected animals indicate chronic colonization and
a suppressed clearing mechanism in these animals. The find-
ings of increased isolation of bacterial cultures in the placentae
and fetuses of the E. coli Dr1-infected animals indicate the

TABLE 3. Histopathology data showing mean inflammatory scores of kidney, placental, and fetal tissues of
E. coli Dr1- and E. coli Dr2-infected and control mice

Groupa

Inflammatory score (mean 6 SEM) in tissueb

Kidney

Placental tissue Fetal tissueRenal pelvis Tubular involvement Interstitial involvement

Acute Chronic Acute Chronic Acute Chronic

Sacrificed after delivery
E. coli Dr1 2.12 6 0.44c 1.50 6 0.32c 0.62 6 0.41 0 1.62 6 0.32 1.12 6 0.51 2.37 6 0.32d 3.25 6 0.25d

E. coli Dr2 0.25 6 0.16 0.25 6 0.25 0 0 0 0 0.62 6 0.26 0.50 6 0.26
Control 0 0 0 0 0 0 0 0

Sacrificed on day 17 of gestation
E. coli Dr1 0.75 6 0.25e 1.87 6 0.35e 0 0 0.25 6 0.16e 0.37 6 0.18e ND 0.66 6 0.42
E. coli Dr2 0.62 6 0.41 1.25 6 0.16 0 0 0.12 6 0.12 0.37 6 0.26 ND 0
Control 0 0 0 0 0 0 ND 0

a Histopathology results in mice sacrificed after delivery were obtained from eight mice in each E. coli Dr1 and E. coli Dr2 group and six mice in the control group.
Group sacrificed on day 17 of gestation included eight mice in the E. coli Dr1 group, eight mice in the E. coli Dr2 group, and five mice in the control group.

b Histopathologic evaluation was performed and scores were given as described in Materials and Methods under “Histological analysis of tissues.” ND, not
determined.

c Significantly different from the value obtained for the E. coli Dr2 group (P # 0.001).
d Significantly different from the value obtained for the E. coli Dr2 group (P # 0.0001).
e Not significantly different from the value obtained for the E. coli Dr2 group (P . 0.05).
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FIG. 1. UTI by E. coli Dr1 in C3H/HeJ mice leads to acute and chronic inflammation of kidneys. (A) Representative renal pathology in kidney sections obtained
from mice infected with E. coli Dr1 at 35% gestation and sacrificed after preterm delivery revealed 1 to 21 acute (PMN infiltration) and chronic (MNC infiltration)
in the pelvis by hematoxylin and eosin staining. The arrow points to renal pelvis with inflammatory cells. Abbreviations: IC, inflammatory cells; P, renal pelvis.
Magnification, 364. (B) Higher-power view of Fig. 1A focussed on renal pelvic urothelium showing neutrophils (indicated by the arrows). Magnification, 3400. (C)
Higher-power view of Fig. 1A showing renal tubular involvement. The arrows point to renal tubule with large number of PMNs within one tubular lumen. Magnification,
3200. (D) Normal histopathological appearance of a kidney section from the E. coli Dr2 group or control group with absence of MNC infiltration. Abbreviations: U,
urinary space; P, renal pelvis. Magnification, 380.
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transplacental transfer of virulent bacteria to the developing
fetus. We also observed that the congenital infection in the
pups of the animals that were infected with E. coli Dr1 leads to
low fetal birth weight and poor organ development, thereby

causing an increase in the fetal death rate. The restricted
growth of the fetus and the poor development of the organs
observed in fetal sections of the E. coli Dr1 group may be a
result of infection-induced placental changes that left few pla-

FIG. 1—Continued.
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cental villi to support fetal development. We need to further
understand this mechanism. This model may provide an op-
portunity to understand the molecular mechanisms and clinical
outcomes of UTIs during pregnancy.

Histopathological studies done on kidney, placenta, and fe-
tus confirmed the differences in clinical outcome observed
between the E. coli Dr1, E. coli Dr2, and control groups.
Significant differences in the histopathology of the kidney and
fetus were observed between E. coli Dr1- and E. coli Dr2-
infected pregnant mice. Histopathology of the placental sec-
tions of the E. coli Dr1 group showed massive infiltration of
bacteria, causing increased inflammation with very few villi
left. In the E. coli Dr2 group, a majority of the animals showed
no inflammation and only a few showed minimal inflammation
in the placenta. However, this minimal inflammation did not
affect the pregnancy outcome or fetal birth weight in this group
of mice.

In addition to virulence factors of the invading pathogen,
host factors such as genetic background, LPS hyporesponsiv-
ness, or cytokine responses may also be critical for induction of
pathogenicity. We believe host responses to infection with E.
coli Dr1 differ from the host responses generated as a result of
infection with E. coli Dr2. Clearance of bacteria and minimal
pathology seen in the tissues from animals infected with E. coli
Dr2 strain may be results of optimum protective responses
generated in response to this bacterium. Recently, we have
observed increased levels of proinflammatory cytokine re-
sponses (in splenic and local [kidney and placental] tissues) in
the E. coli Dr1-infected group compared to the E. coli Dr2-
infected group of pregnant animals (23). These increased in-
flammatory responses in pregnant animals seem to be respon-
sible for the adverse outcomes observed in these animals.

Smith et al. (40) reports that increased apoptosis occurs in
patients with intra-uterine growth retardation (40). It remains
to be seen whether proinflammatory cytokines generated in
response to E. coli Dr1 infection in this model are involved in
apoptosis of trophoblastic cells leading to fetal loss.

Recently, we observed a differential pregnancy outcome in
LPS-responder C3H/HeN mice and LPS-nonresponder C3H/
HeJ mice when infected with E. coli Dr1. The majority of
C3H/HeJ mice developed preterm labor, whereas none of the
C3H/HeN mice developed preterm labor (22). Thus, the host
factor LPS response may also be an important factor for the
generation of this acute response in E. coli Dr1-infected C3H/
HeJ mice leading to preterm delivery. This model raises some
important questions that may have implications in human
pregnancy, for example, it may be significant to investigate
whether there is a transient LPS hyporesponsiveness in pa-
tients delivering preterm in response to bacterial infections,
particularly in light of the recent report about LPS hypore-
sponse in surgical patients (18).

This study demonstrates the association of gestational UTI
by E. coli Dr1 with preterm delivery, low birth weight, and fetal
mortality in C3H/HeJ mice. This model could serve as a means
of investigating the biomolecular processes involved in infec-
tion-induced preterm parturition. The survival of the fetoma-
ternal unit depends on a complex network of mechanisms that
can be disrupted by any infection. It has been reported that the
infection of the reproductive tract can have a direct effect of
the infection on the placenta (43). However, this study shows
that gestational UTI can also have a detrimental effect on the
fetus. Both local and systemic responses of the host and the
fetus in response to infection may contribute to the complica-
tions of preterm delivery.

FIG. 2. UTI by E. coli Dr1 in C3H/HeJ mice leads to massive inflammatory response in placenta. Representative placental pathology in sections obtained from mice
infected at 35% gestation with E. coli Dr1 and undergoing preterm labor revealed massive infiltration of PMNs. In severely infected placenta, very few villi were left.
The small arrow points to a PMN; the large arrow points to a trophoblastic cell. Magnification, 3200.
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FIG. 3. UTI by E. coli Dr1 in C3H/HeJ mice leads to inflammatory response in fetus and poor development of fetal organs. (A) Representative fetal pathology
in sections obtained from mice infected at 35% gestation with E. coli Dr1 and sacrificed after preterm delivery showed 31 chronic infiltration of PMNs and poor
development of the fetal organs. Abbreviations: B, immature bone. Magnification, 350. (B) Normal histopathological appearance of fetal section of the E. coli Dr2

or control group showing normal organ development with no infiltrating PMNs. Abbreviations: B, bone; S, skeletal muscle; L, lung. Magnification, 350.
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