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Abstract

Objective—The mechanism of infection-related mortality of pregnant rats and the intrauterine
growth restriction (IUGR) are not understood. We assessed if nitric oxide (NO) has differential
effects on infection with E. coli Dr/Afa mutants lacking either Afak or AfaD invasins.

Material and Methods—Sprague-Dawley rats were intrauterinally infected with the clinical
strain of E. coli AfaE*D* or one of its isogenic mutants in the presence or absence of the NO
synthesis inhibitor N®-nitro-L-arginine methyl ester (L-NAME). Maternal/fetal mortality, feto-
placental weight, and the infection rate were evaluated.

Results—Maternal and/or fetal mortality was associated with the presence of at least one
virulence factor (AfaE*D*>AfaE*D™>AfaE-D*) and was increased by L-NAME treatment. The
fetal and placental weights were lower than controls and they were further reduced by L-NAME
treatment.

Conclusions—These results demonstrate that NO enhanced AfaE and AfaD mediated virulence
and play an important role in Dr/Afa* E. coli gestational tropism.
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Introduction

Urinary tract infection (UTI) is a major cause of feto-maternal morbidity during pregnancy.
Escherichia coli (E. coli) is the major etiologic agent of gestational UTI, accounting for 90%
of infections 173 and is associated with multiple complications such as fetal growth
restriction, preterm labor, cerebral palsy, septicemia or maternal death. We proposed that
UTI complications develop in part due to gestational tropism of E. coli. Our laboratories
pioneered studies on gestational tropism of E. coli-producing adhesins of the Dr family (Dr/
Afa* E. coli) and pyelonephritis 4-8. We established an E. coli experimental uterine
infection model in pregnant rats, and showed that Dr adhesin is a key lethal factor in
pregnant but not to non-pregnant rats 6:8. However, the impact of Dra E and Dra D, which
together form Dr adhesin on lethality and fetal growth and the role of NO in the host defense
are not well understood.

The strains of E. coli predominantly associated with gestational urogenital infection are
those of the O75 serotype that frequently produced adhesins of the Dr family that play an
essential and critical role in the infectious process and gestational virulence 9. Dr/Afa™ E.
coli account for 40 % of pyelonephritis cases in the third trimester of pregnancy. The
adhesins are encoded by very similar operons of at least five genes and are associated with
fimbriae (such as Dr, Dr-11 and F1845 adhesins) and small fibrils (such as Afak-l and AfakE-
I11 adhesins) 10. These adhesive structures are heterologous polymers composed of a Dra/
AfaE fiber and a Dra/AfaD tip protein 11:12. We previously reported that decay accelerating
factor (DAF) also called CD55 serves as a tissue receptor for Dr/Afa*™ adhesins while the p1
integrin is recognized by the Dra/AfaD proteins 13:14:15:16 and that both E and D may
contribute to invasion.

Nitric oxide (NO), a free gas molecule, is reported to be involved in a variety of
physiological processes, including neurotransmission, vasodilatation, smooth muscle
relaxation and infection 17:18. NO is constitutively generated from L-arginine by nitric
oxide synthase (NOS), and three different isoforms of NOS (NOS I, NOS Il and NOS I111)
have been identified in mouse, rat and human 19:20. Although the role of NO in the host
defense is not well understood, reports using experimental animal models or clinical patients
strongly suggest an anti-bacterial activity of NO. Inhibition of NO aggravates S. aureus
arthritis in mice 21, reduces survival time after an Escherichia coli challenge in rats 22 and
demonstrates a detrimental effect in the murine peritonitis model 23. It has been also shown
that the NO donor compounds do not affect the viability and survival of bacteria themselves
but enhance the neutrophil’s ability to kill E. coli, Proteus vulgaris and Salmonella Anatum
24. The findings from our laboratories further showed an inverse relationship between the
severity of experimental pyelonephritis and NO production in C3H/HeJ mice 7. In addition,
in clinical patients with infectious diseases, NO production appeared to be increased in
macrophages and was correlated with better clinical outcome 25:26. NO production and
three NOS isoforms were reported to be present in rat uterine tissues, and elevated NOS 11
expression was demonstrated to contribute to the increased NO production and consequent
uterine quiescence during pregnancy 27:28. In our previous studies we reported that
pregnancy modifies NO-associated host resistance mechanisms and alters the risk for
genitourinary infection by Dr/Afa* E. coli and its complications 4:29. Inhibition of NO
synthesis during pregnancy doubled the mortality of the Dr/Afa* E. coli infected rats 6,
indicating that endogenous NO may play a role in the host’s ability to eliminate bacteria and
lessen sepsis.

In this study we investigated both microbial and host factors involved in the mechanism of
gestational tropism. We hypothesized that both Dr/Afa* E. coli and NO contribute to the
gestational tropism. It has been suggested that the invasive capacity of Dr/Afa* E. coli
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depends on two virulence factors - Dra/AfaE and Dra/AfaD proteins, which are responsible
for adhesion and internalization mediated by two different receptors 30. However, the
contribution of either Dra/AfakE or Dra/AfaD subunit to in vivo infection is poorly
understood. In our previous studies we showed that experimental intrauterine infection with
Dr/Afa* E. coli is lethal to pregnant but not to non-pregnant rats 6:8. In this study we sought
to assess the influence of genes encoding the two proteins not only on maternal mortality but
also on fetal and placental growth. All previous studies have analyzed NO-associated
changes in infection caused by E. coli bearing intact Dr/Afa structure, which was assumed to
be essential for the virulence of E. coli 4:6:31. In this study we investigated if the NO
inhibitor, NC-nitro-L-arginine methyl ester (L-NAME), has differential effects on the
maternal mortality and fetoplacental growth in rats with experimental intrauterine infection
using Afak and AfaD mutants of E. coli.

Material and Methods

Bacterial strains
The strains used in this study are listed in Table 1.

E. coli A30 is a clinical isolate expressing the afa-3 operon32. A30 derivatives containing
mutated afaE3, afaD3 or both afaE3 and afaD3 genes were constructed by allelic exchange
as previously described 15+33.

The growth rates were similar for all these strains.

Animal model

Timed pregnant Sprague-Dawley rats were obtained from Harlan Sprague Dawley, Houston,
TX. Two days before experimental infection, each animal received one dose of streptomycin
(7.0 mg/g of body weight) to eliminate possible sites of infection in the urogenital tract that
may occur naturally. Twenty-four hours before infection, half of all animals in one group
were implanted with Alzet osmotic minipumps (Alza Corporation, Palo Alto, CA; 10ul/hr)
that contained the NO synthase inhibitor L-NAME (50 mg/day/300 g of body weight) and
the other half were implanted with minipumps containing corresponding vehicle as controls.

Animals were infected with the clinical strain of E. coli A30 (AfaE*D*) or one of its
isogenic mutants: AL861 (AfaE*D™), AL858 (AfaE"D*) and AL863 (AfaE™D™). An
inoculum of E. coli in a volume of 200 pl was placed through the cervical os in the cavity of
the left uterine horn of pregnant rats on day 17t of gestation using a blunted 16G animal
feeding stainless steel needle (Popper & Sons, Inc. New Hyde Park, NY). In order to assess
the effect of infection on both mother and fetus we used two different concentrations of
bacteria: ODggg = 2.0 (51010 CFU/mI) to assess maternal and fetal mortality and ODggg =
0.8 (5x108 CFU/mI) to assess fetal and placental growth. The control groups were
inoculated with fresh bacterial growth medium. Each study subgroup comprised of 8
animals.

The maternal mortality was evaluated at 24 hours after infection. The surviving animals
were sacrificed, the weight of fetuses and placentas was assessed and the specimens of
placentas and fetuses were collected for quantitative bacterial cultures. Two placentas or
fetuses from each animal were homogenized in phosphate saline buffer, pH 7.2, 10-fold
dilutions were prepared and 50 ul aliquots were cultured on L-agar and McConkey plates.
The rate of colonization was expressed as the number of colony-forming units (CFU) per
gram of tissue.
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Statistical analysis

Results

Statistical analysis was performed with GraphPad Prism4 program, GraphPad Software, Inc.
La Jolla, CA, using Mann-Whitney test and chi? test and p values of less than 0.05 were
considered significant.

Effects of L-NAME infusion on maternal and fetal mortality

We investigated the effects of NO in modifying the severity of intrauterine gestational
infection, and the maternal and fetal mortality and morbidity in pregnant rats. Rats were
treated with either vehicle alone or vehicle containing L-NAME and infected with Dr/Afa*
E. coli or its isogenic mutants lacking either one or both virulence factors (AfaE*D™,
AfaE™D* and AfaE~D™). We used two different concentrations of infecting agent
(ODggp=2.0 and ODgp=0.8), since the higher concentration of infection agent (ODggp=2.0;
5x 1010 CFU/mI) caused changes which made it impossible to assess fetal morbidity.

Maternal mortality was observed only in animals infected with a higher concentration of
bacteria (ODgpp=2.0). L-NAME treatment to these animals caused an increase in maternal
mortality in animals infected with strains of E. coli bearing at least one virulence factor. The
differences between the animals with and without L-NAME treatment was significant in
groups infected with A30 (AfaE*D*) and AL858 (AfaE~"D*) (p<0.05). The increase was
also observed in the group infected with AL861 (AfaE*D™) but was not significant (p=0.13).
No mortality was observed in the group infected with the double mutant AL863 (AfaE™D™)
either with or without L-NAME treatment (Figure 1).

Fetal mortality was observed mainly in animals infected with a higher concentration
(ODggp=2.0) of bacteria and was similar in all infected groups (~50%). L-NAME treatment
significantly increased fetal mortality with AfaE*™ and AfaD™* strains (p<0.01) but not in the
group infected with the double mutant AfaE™D™ strain (AL863) (Figure 2). Fetuses which
were dead were either edematic (large) or hemorrhagic (small). Their body weights were
variable; therefore it was impossible to objectively assess growth restriction of the dead
fetuses.

Effects of L-NAME on fetal and placental growth

We assessed the effects of L-NAME and E. coli infection on fetal and placental growth,
using a lower dose of infecting agent (ODggo=0.8; 5 x 108 CFU/ml). In this set of
experiments using this dose of E. coli, there were no maternal mortalities and the fetal
demise rate was insignificant (~3%). Dead fetuses were excluded from data analysis.

In all infected groups both fetal and placental weights were significantly reduced when
compared to the control non-infected group (p<0.01) (Figures 3 and 4). The lowest fetal
weight was observed in animals infected with the clinical AfaE*D* E. coli strain and was
significantly lower than in any other group (p<0.01). However differences in the placental
weights between infected groups were not significant.

Both fetal and placental weights were decreased significantly with L-NAME treatment
compared to control infected animals, as well as in animals infected with any of the bacterial
strains (p<0.01). In addition there were also significant differences between animals treated
with L-NAME only and animals receiving L-NAME and infection, irrespective of the
infecting strain (p<0.01) on both placental (Figure 3) and fetal (Figure 4) weights. Although
statistically not significant, the double mutant appeared to have less impact on placental
weight reduction.
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Analysis of tissue infection rate

To better understand the role of NO in modifying the severity of infection caused by mutants
of E. coli and its complications, we assessed the tissue infection rate in placentas (Figure 5)
and fetuses (Figure 6) of the infected animals. Due to post-mortem effects on bacterial
growth, quantitative tissue cultures of dead fetuses were not performed. Figures 5 and 6
show the tissue infection rates for placentas and fetuses respectively, in animals infected
with E. coli of ODgpg=0.8. In animals infected with a higher dose of bacteria (ODggp=2.0),
the infection rates for both the tissues were approximately 2 logs higher, the distribution was
similar and we did not observe significant differences (data not shown). There were
significant differences in the infection rate of placental tissues between the clinical strain
and the mutants (Figure 5); the CFU/g tissue was greater in clinical strain compared to the
mutants and nearly 35% of placentas remained non-infected in the mutants groups, whereas
all placentas in clinical strain group were infected. There were no significant differences in
the CFU/qg tissue in the placentas from animals with or without L-NAME treatment among
different strains of E. coli used for infection.

In fetuses of animals infected with AfaE*D™, the infection rate was comparable to the
animals infected with the clinical strain AfaE*D™*. One the contrary, in groups infected with
strains lacking AfaE (AfaE~D* and AfaE~D"), the fetal infection rate was significantly
lower (Figure 6). Again there was no L-NAME treatment effects in the CFU/qg fetal tissue
among different strains of E. coli used for infection.

Discussion

It has been proposed in many studies that NO plays an important role as a mediator of the
host defense to infectious processes. In this report we show that an inhibitor of NO
synthesis, L-NAME, significantly enhances feto-placental growth restriction in experimental
infection caused by a Dra/Afa* clinical E. coli strain and increases maternal and fetal
mortality in the presence of E. coli bearing invasion factors Afak and/or AfaD. These results
indicate a modulatory role of NO in the resistance to infectious complications.

Three separate lines of evidence from our laboratories have suggested that higher levels of
NO production by the urogenital tract in pregnancy protects against E. coli infection. First,
we have shown that inhibition of NO with L-NAME in pregnant rats with intrauterine
infection increased their sensitivity to infection and caused an increase in maternal mortality,
whereas this did not influence the infection outcome in non-pregnant animals 6. Second, the
sensitivity of the female rat or mouse urinary tract to E. coli infection was increased with
inhibition of NO 6:7. Third, a spontaneous, localized increase in NO production and the
expression of inducible NO synthase (NOS I1) was observed in response to intrauterine
infection29. Other investigators have also shown that intracellular NO is involved in the host
defense mechanisms against bacterial infections 34. Interestingly a lack of bactericidal or
static effect by NO donors in vitro, suggests an indirect inhibitory effect on infection,
possibly by modification of epithelial cell function 24. Indeed our in vitro studies have
shown that DAF expression in epithelial cells was increased after treatment with L-NAME,
with a corresponding increase in Dr/Afa* E. coli internalization 35.

In the current study we observed that maternal and fetal mortality and morbidity were
significantly higher in animals infected with the clinical strain expressing both Afak and
AfaD, than in those infected with any of its mutants and further this effect was enhanced by
L-NAME treatment. L-NAME also altered the maternal and fetal mortality and morbidity in
animals infected with bacteria expressing either Afak or AfaD only, suggesting that NO has
a regulatory impact on pregnant rat tissue receptors.
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AfaE, responsible for binding to DAF and bacterial internalization, seems to be the most
critical virulence factor of Dr/Afa* E. coli. In our previous studies we demonstrated that
pregnant rats were more sensitive to complications with uterine infections caused by E. coli
strains bearing — Afak than to those caused by mutants lacking Afak 8. This study confirms
previous observations, however, it proposes a novel mechanism suggesting that Afa E
mediated mortality and growth restriction is NO dependent. It was suggested before, that
AfaD also mediates invasion of Dr/Afa* E. coli using B1 integrin as a receptor 15. Therefore
it is possible that this factor might also have some biological effect and its action might be
modulated by NO.

It is worth noting that L-NAME did not have any impact on maternal and fetal mortality in
animals infected with the double mutant strain which lost both virulence factors. We
speculate that this might be due to deficit of invasive capacity of this strain compared to
strains bearing either Afak and/or AfaD. This is consistent with our hypothesis that L-
NAME does not directly influence bacterial survival or action but rather modulates its
invasion, changing the expression of DAF or related receptors. Thus, L-NAME cannot
influence effects of bacteria which do not express factors responsible for binding to tissue
receptors and resulting invasion.

Our results show that E. coli bearing Dr/Afa* adhesive structures caused fetal and placental
growth restriction. This effect seems to be an additional pathologic consequence of E. coli
infection apart from the maternal mortality and morbidity which we observed in our
previous studies 6:8. It is also consistent with the results of the study by Kaul et al. which
showed that experimental infection with E. coli might be associated with low birth weight
36.

The mechanism of fetal and placental growth restriction in intrauterine infection by E. coli is
not well understood. One possibility would be the transplacental transfer of virulent bacteria
to the developing fetus and congenital bacterial infection in fetal organs. Such infection
might cause poor organ development, growth restriction and with higher doses, it might lead
to increased fetal death rate. This is consistent with the fact that both in placentas and in
fetuses we observed a relatively high infection rate. On the other hand the intrauterine
growth restriction may be also a result of infection-induced placental changes, such as
thrombosis, necrosis and destruction of placental villi 37. This hypothesis is supported by
clinical studies, which demonstrated that in 45-60% placentas of newborns with low birth
weight, histological features of acute inflammatory process were present 38740.

L-NAME enhanced feto-placental growth restriction, irrespective of the expression of
virulence factors by infecting agents. We suggest that this might be due to the combined
effects of infection and NO inhibition. NO inhibition by L-NAME alone also reduces feto-
placental growth perhaps through increased placental vascular resistance. Both fetal and
placental weights were lower in L-NAME treated animals compared to non-treated animals,
and these observations are similar to those reported previously 41744, Alternatively these
results might suggest that apart from AfaE and AfaD, Dr/Afa™ E. coli may express another
virulence factor(s), the action of which is also modulated by NO. Additionally, the fact that
tissue infection rate in animals infected with the double mutant (AfaE™D™) was similar to
those infected with single mutants (AfaE*D~ and AfaE~D*) might suggest that
immunocompromised pregnant rats are not able to eliminate E. coli even if they lack both
virulence factors; this could lead to the other observed effects.

In summary, we demonstrated that inhibition of NO synthesis might enhance the pathologic
effects caused by intrauterine infection, which is consistent with our previous studies and
strongly suggests that NO plays an important role in host resistance to infection during
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pregnancy. Moreover, we have shown that the effect of NO depends on the presence of
virulence factors in the infecting strain of E. coli. Our results confirm that maternal mortality
and fetal mortality and morbidity in pregnant rats with Afa/Dr* E. coli intrauterine infection,
are mediated predominantly by its adhesin subunit AfaE and to much lesser extent by AfaD,
whereas mutants negative for both proteins retain little virulence for pregnant rats although
they have some pathological effects on fetuses. Thus, our study demonstrate that both NO
and E. coli proteins AfaE and AfaD play an important role in Dr/Afa* E. coli gestational
tropism.
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Figure 1. E coli infection and L-NAME effects on maternal mortality

Maternal mortality in rats infected (ODggp=2.0) with clinical strain of E. coli or its isogenic
mutants, with and without L-NAME treatment. Each group consists of 8 animals using chi-
square test; bars with different letters differ significantly (P<0.05). Within the same E. Coli
strain infected rats, effects of L-NAME are assessed and a P value <0.05 indicates
significant differences.
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Figure 2. E coli infection and L-NAME effects on fetal mortality

Fetal mortality in animals infected (ODggp=2.0) with clinical strain of E. coli or its isogenic
mutants, with and without L-NAME treatment. Each group consists of 8 animals using chi-
square test; no significant differences among all bacterial strains. L-NAME increased the
fetal mortality in all except the double mutant group.
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Figure 3. E coli infection and L-NAME effects on fetal weight

Fetal weight in animals with and without L-NAME treatment, infected with the clinical
strain of E. coli or its isogenic mutants (ODgpp=0.8; n= 8 in each subgroup); Mann-Whitney
test: In each of the groups, treatment with L-NAME significantly decreased the fetal weights
as indicated by the P values.
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Figure 4. E coli infection and L-NAME effects on placental weight

Placental weight in animals with and without L-NAME treatment, infected with the clinical
strain of E. coli or its isogenic mutants (ODgpp=0.8; n= 8 in each subgroup); Mann-Whitney
test: In each of the groups, treatment with L-NAME significantly decreased the fetal weights
as indicated by the P values.
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Figure 5.
Infection rate in placentas of animals infected with the clinical strain of E. coli or its

isogenic mutants at an ODgyp=0.8. (* - without L-NAME, A - with L-NAME)
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Figure 6.
Infection rate in fetuses of animals infected with the clinical strain of E. coli and its isogenic
mutants at an ODgyp=0.8. (¢ - without L-NAME, A - with L-NAME)
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Characteristics of the bacterial strains used in the study. (MRHA — mannose-resistant hemagglutination).

Table 1

Bacterial strain Relevant characteristics MRHA | Ref.
A30 (AfaE*D*) Cystitis-associated isolate carrying the afa-3 operon + [49]
AL858 (AfaE~D*) | Isogenic mutant of A30 with a mutated afaE3 gene - [48]
AL861 (AfaE*D™) | Isogenic mutant of A30 with a mutated afaD3 gene + [47]
AL863 (AfaE™D") Mutant of AL858 with a mutated afaD3 gene - [47]
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