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Many uropathogenic Escherichia coli (UPEC) strains produce both hemolysin (Hly) and cytotoxic necrotizing
factor type 1 (CNF1), and the loci for these toxins are often linked. The conclusion that Hly and CNF1
contribute to urovirulence is supported by the results of epidemiological studies associating the severity of
urinary tract infections (UTIs) with toxin production by UPEC isolates. Additionally, we previously reported
that mouse bladders and rat prostates infected with UPEC strain CP9 exhibit a more profound inflammatory
response than the organs from animals challenged with CP9cnf1 and that CNF1 decreases the antimicrobial
activities of polymorphonuclear leukocytes. More recently, we created an Hly mutant, CP9�hlyA1::cat, and
showed that it was less hemolytic and destructive for cultured bladder cells than CP9 was. Here we evaluated
the relative effects of mutations in hlyA1 or cnf1 alone or together on the pathogenicity of CP9 in a mouse model
of ascending UTI. To do this, we constructed an hlyA1-complemented clone of CP9�hlyA1::cat and an hlyA1 cnf1
CP9 double mutant. We found that Hly had no influence on bacterial colonization of the bladder or kidneys in
single or mixed infections with the wild type and CP9�hlyA1::cat but that it did provoke sloughing of the
uroepithelium and bladder hemorrhage within the first 24 h after challenge. Finally, we confirmed that CNF1
expression induces bladder inflammation and, in particular, as shown in this study, submucosal edema. From
these data, we speculate that Hly and CNF1 may be largely responsible for the signs and symptoms of cystitis
in humans infected with toxigenic UPEC.

Urinary tract infections (UTIs) include infections of the
bladder (cystitis) and/or kidney (pyelonephritis) and account
for more than 7 million office visits each year by otherwise
healthy women (23). Extraintestinal pathogenic Escherichia
coli (ExPEC) is the causative agent of at least 80% of all
uncomplicated UTIs. ExPEC strains that cause a UTI are
called uropathogenic E. coli (UPEC). UPEC strains typically
are members of phylogenetic group B2 or D and often exhibit
specific O:K:H serotypes, as well as various combinations of
virulence factors, including, among others, adhesins or fim-
briae, siderophore systems, and toxins. The virulence-associ-
ated genes in UPEC are frequently clustered together in
“pathogenicity islands” (PAIs) (25), and many UPEC isolates
harbor more than one PAI. For instance, the prototypic UPEC
clinical strain J96 (O4:K6) carries two PAIs, PAI IJ96 and PAI
IIJ96 (58). PAI IJ96 is over 170 kb long and contains operons
encoding alpha-hemolysin (hly) and Pap fimbriae (pap). PAI
IIJ96 is 110 kb long and also contains an hly operon in addition
to genes encoding Prs fimbriae (prs) and cytotoxic necrotizing
factor type 1 (CNF1) (cnf1) (6). Here, we hypothesized that the
link between PAI IIJ96 and the urovirulence of E. coli strains
may largely reflect the fact that these strains produce both
alpha-hemolysin (referred to as hemolysin [Hly] here) and

CNF1. Indeed, epidemiological studies have consistently
shown that UPEC strains that make CNF1 also produce Hly
(5, 17, 19, 36, 66). Moreover, Real and coworkers reported that
CNF1/Hly-expressing UPEC strains are more often isolated
from humans with hemorrhagic UTIs who also have higher
urinary levels of proinflammatory cytokines, such as interleu-
kin-8 and monocyte chemoattractant protein 1, than UPEC
strains that do not make these toxins (51). Landraud et al.
provided a genetic explanation for the apparent linkage be-
tween CNF1 and Hly synthesis by UPEC; they demonstrated
that a cnf1 gene and an hly operon in the prototypic UPEC
strain J96 not only are cotranscribed but also are coregulated
in vitro (37).

CNF1 is a �115-kDa cytoplasmic protein (8, 15, 16, 20) that
is present in certain diarrheagenic as well as uropathogenic
strains of E. coli (2–4, 9, 10, 45). This molecule is a member of
a bacterial toxin family that modifies the function of key reg-
ulatory molecules within the Rho family of GTP-binding pro-
teins in mammalian cells (1). Specifically, CNF1 catalyzes the
deamidation of a glutamine residue at position 63 in RhoA (22,
57) and at position 61 in both Cdc42 and Rac1 (38, 39). These
deamidation reactions cause constitutive activation of RhoA,
Rac, and Cdc42 (i.e., they maintain these GTPases in the
GTP-bound state), which in turn triggers a myriad of effects on
the target cell. Specifically, activation of RhoA, Rac, and/or
Cdc42 can evoke actin cytoskeleton rearrangements (27, 28,
50, 52, 53), cell cycle abnormalities (14, 21, 24), and alterations
in host cell gene signaling pathways that involve certain nuclear
transcription factors (39, 48). Of relevance to this study, we
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previously found that CNF1� UPEC strains elicit a more in-
tense inflammatory response than isogenic CNF1� mutants
elicit in a mouse model of ascending UTI (55), as well as in a
rat model of prostatitis (54). We also discovered that UPEC
strain CP9 survives better than a CNF1� isogenic mutant of
this strain in the presence of both human (55) and mouse
polymorphonuclear leukocytes (13).

Hly is a heat-labile extracellular protein made by a large
proportion of ExPEC isolates (31). This toxin forms pores in
the membranes and lyses a number of mammalian cell types,
including red blood cells (RBCs) (hence, the name) (for re-
views, see references 35 and 65). The Hly operon is comprised
of, in order from the promoter, hlyC (which encodes a novel
homodimeric lysyl-acyltransferase responsible for the fatty acid
acylation step needed to render the prohemolysin active), hlyA
(which encodes the Hly protein), hlyB (which encodes an in-
tegral membrane ATPase), and hlyD (which encodes an acces-
sory or membrane fusion protein) (for reviews, see references
29 and 34). The acylated active Hly is exported through the
outer membrane protein conduit TolC (for a review, see ref-
erence 29). The circumstantial evidence that Hly is associated
with the virulence of ExPEC in general and UPEC in partic-
ular is compelling, but defining the actual role that Hly may
play in pathogenicity has been elusive (40, 46, 61, 64). In a
previous study, we constructed an hlyA mutant with a mutation
in the operon located proximal to cnf1 in strain CP9 (referred
to below as hlyA1 to distinguish it from hlyA2 in the operon not
linked to cnf1) (61). We found that this mutation dramatically
reduced the hemolytic activity of CP9, as well as its capacity to
damage uroepithelial cells in tissue culture and in three-dimen-
sional uro-organoids (61). From these results, we concluded
that the hly1 operon linked to cnf1 conferred almost all of the
hemolytic properties to CP9.

In this investigation, we sought to determine what effect the
expression of Hly and CNF1, alone and in combination, has on
the uropathogenicity of CP9 in mice infected intraurethrally.
Therefore, we completed generation of a set of cnf1 and hlyA1

mutants by creating an hlyA1-complemented clone of CP9
�hlyA1::cat and a CP9 cnf1 hlyA1 double mutant. We then used
these clones and our CP9 wild-type strain and CP9cnf1 mutant
to perform a comparative evaluation of the impact of these
strains on colonization and the pathology of the bladders spe-
cifically and the kidneys in a subset of animals at 1, 3, and 5
days after intraurethral infection. The results of these studies
revealed, for the first time, a clear role for Hly in the induction
of damage to the superficial cell layers of the murine bladder,
as well as hemorrhage in the bladder tissue, but only during the
first day after infection. Furthermore, we not only validated
our previous observations concerning CNF1-mediated exacer-
bation of inflammation in UPEC-infected bladders but also
extended the findings to reveal the continued impact of the
toxin 5 days after intraurethral inoculation of UPEC and the
striking effect of CNF1 on elicitation of submucosal edema in
the bladder.

MATERIALS AND METHODS

Strains and media. The UPEC strains and plasmids used in this study are
listed in Table 1. CP9 is an E. coli blood isolate obtained from a patient with
sepsis hospitalized at the National Institutes of Health (56). This strain is of the
04/K54/H5 serotype and is characterized by its capacity to grow in 80% normal

human serum, produce Hly and CNF1, and express P (class I PapG adhesin), Prs
(class III PapG adhesin), and type I pili. CP9 also contains a 36.2-kb cryptic
plasmid (pJEG) but does not make aerobactin. The media used in this study were
Luria-Bertani (LB) broth and LB agar (Difco, Becton-Dickinson, Sparks, MD)
that were supplemented, as needed, with ampicillin (100 �g/ml) or chloramphen-
icol (30 �g/ml).

Generation of the CP9cnf1�hlyA1::cat mutant and an hlyA1-complementing
clone of CP9�hlyA1::cat. As mentioned above, CP9 carries two hly genes. The
hlyA1 gene is located in an operon upstream of cnf1 (unpublished observation),
as it is in other UPEC strains, such as J96 (6, 33, 37, 62). In this investigation, we
introduced a nonpolar mutation in hlyA1 into the isogenic CP9cnf1 mutant strain
by using the lambda red recombination technique (12), with the modifications
described below. Oligonucleotides KG03F and KG04R (Table 2) were used to
PCR amplify the chloramphenicol acetyltransferase gene (cat) sequence in
pACYC184 (New England Biolabs, Ipswich, MA). Oligonucleotides KG01F and
KG02R (Table 2) were designed using the previously published hly operon
sequence of UPEC strain J96 (GenBank accession no. M10133) and were used
to add sequences that flank hlyA1 to the cat gene. The resulting 720-bp PCR
product, which was generated to create a precise in-frame deletion of hlyA1 and
for insertion of cat in place of this gene (Fig. 1A), was gel purified with a Qiaex
II gel extraction kit (QIAGEN, Valencia, CA) and then transformed into
CP9cnf1 by electroporation at 2.5 V, 200 �, and 25 �F. Hly mutants were
selected on medium with 30 �g/ml chloramphenicol and screened for acquisition
of the cat gene by PCR (primers KG03F and KG04R [Table 2]), and then
colonies of the mutant were evaluated on tryptic soy agar with 5% ovine blood
(Remel Inc., Lenexa, KS) for reduced hemolysis. Insertion of cat into the hlyA1

locus was verified by amplification of PCR products with primers that extended
from within cat downstream (KG03F and KG08R [Table 2]) or upstream
(KG07F and KG04R [Table 2]) into the hlyA1-flanking regions. Primers specific
for the regions flanking hlyA1 (KG07F and KG08R [Table 2]) were used to
confirm replacement of the 3.1-kb hlyA1 gene with the 660-bp cat gene.

A Southern blot analysis (ECL direct nucleic acid labeling and detection
system; Amersham Biosciences, Piscataway, NJ) of NcoI-digested chromosomal
DNA (predicted digests [Fig. 1A]) from the CP9cnf1 hlyA1 mutant compared to
the chromosomal DNA of CP9cnf1 was performed (Fig. 1B). As anticipated, the
cnf1 band was evident in the blot for wild-type strain CP9 and the CP9 hlyA1

mutant (Fig. 1B, lanes 1 and 3, respectively) but not in the blot for either CP9cnf1
(Fig. 1B, lane 2) or the cnf1 hlyA1 double mutant (Fig. 1B, lane 4). A probe
specific for the hlyA1 fragment upstream of an internal NcoI site was PCR
amplified (KG12F and KG13R [Table 2]). The two native hlyA genes were found
on NcoI fragments that were approximately 7 and 8 kb long in the wild-type
chromosomal digest and the cnf1 mutant (Fig. 1C, lanes 1 and 2, respectively).
The cnf1-linked hlyA1 gene was not present in either the CP9�hlyA1::cat mutant
(Fig. 1C, lane 3), as previously reported (61), or the newly constructed
CP9cnf1�hlyA1::cat mutant (Fig. 1C, lane 4). The location of the hlyA1 mutation
in the hly operon adjacent to the cnf1 locus was confirmed by performing long-
range PCR with Pfu TURBO (Stratagene, La Jolla, CA) and the following
primer sets: KG03F-KG10R and KG09F-KG10R (Fig. 2A).

The CP9cnf1�hlyA1::cat mutant grew at wild-type levels and exhibited a re-
duced hemolytic phenotype on blood agar plates compared to CP9 (not shown).
As expected, the cnf1 hlyA1 double mutant did not produce CNF1, as shown by
Western blot analysis (Fig. 2B) and HEp-2 cell multinucleation assays of equal

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype Reference
or source

E. coli isolates
CP9 (O4:H5:K54)

(parent)
hlyA1

� hlyA2
� cnf1

� 56

CP9cnf1 hlyA1
� hlyA2

� cnf1 55
CP9�hlyA1::cat hlyA1 hlyA2

� cnf1
� 61

CP9cnf1�hlyA1::cat hlyA1 hlyA2
� cnf1 This study

CP9�hlyA1::cat(pKG8) hlyA1
� hlyA2

� cnf1
�, pKG8 This study

CP9�hlyA1::cat(pQE30) hlyA1 hlyA2
� cnf1

�, pQE30 This study

Plasmids
pQE30 Ampr, low-copy-number

E. coli expression vector
QIAGEN

pKG8 hlyA1 cloned into pQE30 This study
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concentrations of sonicated cellular protein (data not shown) (Fig. 2B, lanes 1, 2,
and 3, have been shown previously [61] and are included for comparison with
lane 4 [cnf1 hlyA1 double mutant]). Protein concentrations were determined by
using the methods described for a BCA protein assay kit from Pierce (Rockford,

IL). Western blot analysis was done as described elsewhere with goat polyclonal
anti-CNF1 serum as the probe (44).

A complementing clone of the CP9�hlyA1::cat mutant was constructed as
follows. The hlyA1 gene was amplified by PCR from the chromosome of UPEC

TABLE 2. Oligonucleotide primers

Primera Sequence Target Reference

KG01F 5�-CAGATTTCAATTTTTCATTAACAGGTTAAGAGGTAA
TTAAATGGAGAAAAAAATCACTGG-3�

40 bp upstream of hlyA1 and first 20 bp of cat 61

KG02R 5�-CAGCCCAGTAAGATTGCTATTATTTAAATTAATAAA
TTACGCCCCGCCCTGCC-3�

5� last 33 bp of cat and 20 bp downstream of
hlyA1

61

KG03F 5�-ATGGAGAAAAAAATCACTGG-3� cat 61
KG04R 5�-TTACGCCCCGCCCTGCC-3� cat 61
KG07F 5�-CCATTAGAGGTTCTTGGGC-3� Upstream of hlyA1 61
KG08R 5�-GGAATAAACCAGGTAAAGTC-3� Downstream of hlyA1 61
KG09F 5�-ATACTGTATCGGGTATTTTATC-3� hlyA1 61
KG09R 5�-TATGGTCATCACCATCCGC-3� hlyA1 This study
KG10R 5�-GATACCAACTCATTGTACTCA-3� cnf1 61
KG11F 5�-GATTAATGGTGATACTTATGAAG-3� cnf1 This study
KG11R 5�-GCCATGGTTATCAAAGCGATC-3� cnf1 This study
KG12F 5�-ATACTGTATCGGGTATTTTATC-3� Upstream of NcoI site, hlyA1 This study
KG13R 5�-TATGGTCATCACCATCCGC-3� Upstream of NcoI site, hlyA1 This study

a F, forward; R, reverse.

FIG. 1. Diagram of the CP9 hly operon upstream of cnf1 and Southern blot analyses. (A) The mutated or wild-type Hly operon, the intergenic
sequence (igs), and the cnf1 gene from the chromosome of strains CP9, CP9cnf1, CP9�hlyA1::cat, and CP9cnf1�hlyA1::cat are indicated by large
filled arrows. Promoter regions (open arrows) are also shown. Sites of NcoI cleavage (indicated by vertical arrows) of chromosomal DNA were
predicted from database sequences (J96 hly operon, GenBank accession no. M10133; cnf1, GenBank accession no. X70670; pACYC184 cat gene,
GenBank accession no. X06403; J96 igs, GenBank accession no. X70670). (B) Southern blot to detect the NcoI-NcoI cnf1 fragment. Lane 1, CP9;
lane 2, CP9cnf1; lane 3, CP9�hlyA1::cat; lane 4, CP9cnf1�hlyA1::cat. As expected, the fragment of the chromosome that contained the cnf1 gene
was discernible in strains CP9 and CP9�hlyA1::cat (lanes 1 and 3, respectively). The cnf1-specific band size (�7.7 kb) was reduced (�7.0 kb) in the
CP9�hlyA1::cat strain because hlyA1 was replaced by the smaller cat gene. A cnf1-specific band was absent in the cnf1 mutants (lanes 2 and 4)
because the cnf1 probe (KG11F and KG11R) binds to a region of cnf1 that is absent in the mutant strains (due to internal deletion of a 1.2-kb BclI
fragment). (C) Southern blot to detect the NcoI-NcoI hlyA fragment(s). Lane 1, CP9; lane 2, CP9cnf1; lane 3, CP9�hlyA1::cat; lane 4,
CP9cnf1�hlyA1::cat. As anticipated, two copies of hlyA were evident in strains CP9 and CP9cnf1 (lanes 1 and 2, respectively), but only one band
was apparent in the hlyA1 mutants (lanes 3 and 4) due to deletion of one hlyA gene locus.
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strain CP9 and then ligated into pQE30 (QIAGEN, Valencia, CA) at the KpnI
and BamHI enzyme sites. The clone was confirmed by restriction analysis and
PCR with primers for the hlyA1 gene (KG09F and KG09R). The resulting
plasmid, pKG8, was transformed into CP9�hlyA1::cat by electroporation and
selected by plating preparations on LB agar that contained ampicillin. That
complementation had occurred was evident from the zones of hemolysis sur-
rounding colonies of CP9�hlyA1::cat(pKG8) on blood agar plates supplemented
with ampicillin that were larger than the zones that were observed around
colonies of the mutant CP9�hlyA1::cat (Fig. 3) or colonies of a strain trans-
formed with the cloning vector pQE30 (not shown). On average, the hemolytic
halos around CP9�hlyA1::cat(pKG8) colonies appeared to be smaller than those
surrounding CP9 (Fig. 3), an observation that indicates that the mutant was
complemented at less-than-wild-type levels.

Mouse UTI model. The ascending UTI mouse model was used essentially as
previously described (26, 55), with the modifications summarized below. The
bacterial inocula used for infection of mice were prepared by culturing the strains
in static LB broth for 48 h at 37°C, growth conditions that have been reported to
enhance expression of type 1 pili (47). The extent of type 1 pilus expression was
confirmed by mannose-sensitive agglutination of 1% baker’s yeast suspended in
Dulbecco’s phosphate-buffered saline (PBS) (Cambrex BioSciences/Lonza,
Walkersville, MD) (41, 42). The bacterial concentration was then adjusted to an
A600 of �0.85, and 6 ml of each suspension was pelleted by centrifugation
(10,000 � g for 5 min at 4°C) and resuspended in 0.5 ml of sterile saline (Baxter
Healthcare Corporation, Deerfield, IL) to obtain a bacterial density of 109

CFU/ml. Each inoculum was pipetted into an adapter tube (6 in.) with a male/
female line (Edwards Lifesciences, Irvine, CA) connected to a 30-gauge sterile
needle (Becton Dickinson & Co, Franklin Lakes, NJ).

Four- to six-week-old C3H/HeOuJ female mice (Jackson Laboratory, Bar
Harbor, ME) were used in these experiments because we and other workers (11)
have previously found that this lipopolysaccharide-responsive strain of mice is
readily infected by UPEC strains (55). Animals were quarantined for at least 1
week after receipt and were allowed access to water and food ad libitum. Animals
were not given antibiotics to prevent loss of the hlyA1 complementing plasmid
from strain CP9�hlyA1::cat(pKG8). The reason for this omission was that in
preliminary experiments with antibiotic-free mice, the pKG8 plasmid was re-
tained in the bacterial strain, as ascertained by comparison of colony counts of
homogenates of CP9�hlyA1::cat(pKG8)-infected bladders on LB agar with and
without ampicillin.

Mice were anesthetized with isoflurane (Hospira, Inc., Lake Forest, IL), and a
1-in. (2.5-cm) sterile polyethylene catheter (inside diameter, 0.28 mm; outside
diameter, 0.61 mm; Intramedic, Becton Dickinson, Sparks, MD) was inserted
intraurethrally into each animal. Prior to infection, a urine sample was collected

FIG. 2. Long-range PCR. (A) Primers KG09 and KG10R (arrows above the hemolysin operon) were used to test for the presence of an
hlyA1-containing PCR fragment amplified from hlyA1 to the cnf1 gene on the chromosome of the following strains: CP9 (lane 1), CP9cnf1 (lane
2), CP9�hlyA1::cat (lane 3), and CP9cnf1�hlyA1::cat (lane 4). PCR products (�6.7 kb) were present for CP9 and CP9cnf1 but not for
CP9�hlyA1::cat and CP9cnf1�hlyA1::cat, as shown in the top panel of the ethidium bromide-stained agarose gel on the left. Primers KG03F and
KG10R were used to verify the replacement of hlyA1 with cat upstream of the cnf1 gene in mutant strains CP9�hlyA1::cat and CP9cnf1�hlyA1::cat
(�5.0-kb amplified PCR product from cat to cnf1 in the bottom panel of the ethidium bromide-stained agarose gel). (B) Western blot analysis with
polyclonal anti-CNF1 serum as a probe was used to verify that wild-type levels of CNF1 (lane 1) were produced by CP9�hlyA1::cat (lane 3) and
that, as expected, strains CP9cnf1 and CP9cnf1�hlyA1::cat did not produce CNF1 (lanes 2 and 4, respectively).

FIG. 3. Blood agar plate assay for hemolytic activity. (A) CP9 plate.
(B) Enlargement of the section indicated by a box on the CP9 plate.
(C) CP9�hlyA1::cat plate. (D) Enlargement of the section indicated by
a box on the CP9�hlyA1::cat plate. (E) CP9�hlyA1::cat(pKG8) plate.
(F) Enlargement of the section indicated by a box on the CP9
�hlyA1::cat(pKG8) plate. Strains were streaked on plates, incubated
overnight at 37°C, and photographed digitally with a Nikon Coolpix
995 camera.
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from each mouse to test for preexisting bacteriuria, and mice in which the
bacterial levels were 	102 cells/ml were excluded from the study. The needle
fitted to the inoculating apparatus was inserted into the catheter, and 25 �l of
each inoculum (2.5 � 107 CFU) was delivered over a 20-s period into the bladder
of an anesthetized animal. Immediately after inoculation, the catheter was with-
drawn from the mouse, and no further manipulations were carried out until
completion of the study. At 1, 3, or 5 days postchallenge, urine was collected by
catheterization, serially diluted in PBS, and plated on LB agar to determine the
bacterial load. Mice were then euthanized in groups of 10 by using an isoflurane
overdose. Kidneys and bladders were aseptically removed, homogenized in PBS,
and serially diluted for viable counting, and the number of bacteria was expressed
as the number of CFU per bladder or per kidney. Alternatively, some of the
samples were prepared for histological examination. Control animals were in-
stilled with PBS. In each experiment, at least one mouse was sacrificed imme-
diately after inoculation, and the kidneys were aseptically removed for assess-
ment of quantitative vesicoureteral reflux (32). All animal experiments were
performed in accordance with the principles outlined in the Guide for the Care
and Use of Laboratory Animals (49).

Histopathology. The bladder and kidneys from selected euthanized infected
and control mice were removed and immediately placed in 5% phosphate-
buffered formalin (Fisher Scientific, Pittsburgh, PA) for at least 12 h. The re-
sulting formalin-fixed tissues were then embedded in paraffin and cut into 5-�m
sections (Histoserv, Rockville, MD), and the resulting slides were stained with
hematoxylin and eosin or with Giemsa stain for better visualization of bacteria.
Four stained sections per organ per animal were prescreened, and then single
organ sections were graded in a blinded manner by one of us (R. Conran, a
pathologist) for each of the following histopathologic parameters: interstitial
edema, hemorrhage, leukocyte infiltration, and uroepithelial destruction. A
semiquantitative severity scale (0 to 5 for each parameter) was used for these
evaluations. For each of the four categories assessed, average scores (for five
samples) of less than 1 were considered a mild effect; scores of 2 to 3 were
classified as a moderate effect, and scores greater than 4 were categorized as a
severe effect of the strain on the histopathological feature.

In vitro alpha-hemolytic activity determination. Overnight cultures of CP9 or
CP9�hlyA1::cat were diluted 1:100 with LB broth (optical density at 600 nm,
�0.03) and incubated at 37°C (considered time zero). One-milliliter samples
were taken hourly from time zero to 48 h, and the bacterial cells were pelleted
by centrifugation (13,000 rpm, 10 min). The pellets were washed once with PBS
and resuspended in 1 ml PBS. Three hundred microliters of each pellet or
supernatant was mixed with 300 �l of 4% sheep RBCs (Hemostat Laboratories,
Dixon, CA). Each sample was then incubated at 37°C for 1 h, and the cells were
pelleted by centrifugation (13,000 rpm, 5 min). Two hundred microliters of each
resultant supernatant was carefully transferred into an untreated flat-bottom
96-well microtiter plate (Corning Incorporated, Corning, NY) and read at 405
nm (A405) using a plate reader (Bio-Tek Instruments, Winooski, VT). RBCs
mixed with water were used as a positive control, while RBCs with PBS or LB
medium served as negative controls. Images of the microtiter assay plates were
obtained, and the intensity of the red color in a well correlated with the A405

measurement. Samples were tested for alpha-hemolytic activity no more than 5 h
after the time of collection, and each determination was done in triplicate.

Western blotting. Bacterial pellets were obtained as described above for the
hemolysis assay. A Western analysis was carried out essentially as previously
described (43), with the following modifications. Pellets were concentrated two-
fold by resuspension in 0.5 ml PBS and then disrupted by sonication. Bacterial
extracts were then clarified by centrifugation. The protein concentrations of
clarified toxin extracts were determined by absorbance at 280 nm utilizing a
NanoDrop 1000 spectrophotometer (Nanodrop Technologies LLC, Wilmington,
DE), and the concentration of each extract was adjusted to 1 mg/ml. The CP9 or
CP9�hlyA1::cat pellet lysates were then subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (4 to 20% Tris-glycine gel; Invitrogen, Carls-
bad, CA). After electrophoretic separation, the proteins were transferred to
Optitran nitrocellulose membranes with a Trans-Blot SD semidry electro-
phoretic transfer cell (Bio-Rad), and the membranes were then blocked over-
night in 5% dry milk in PBS-0.1% Tween 20. Membranes were incubated with
polyclonal goat anti-CNF sera (1:10,000) (44), washed in PBS-0.1% Tween 20,
and then incubated with horseradish peroxidase-conjugated porcine anti-goat
sera (1:10,000) (Roche). Reactive proteins were detected by enhanced chemilu-
minescence (GE HealthCare, Buckinghamshire, United Kingdom).

HEp-2 cell multinucleation assay. HEp-2 multinucleation assays were per-
formed as previously described (44), with the following modifications. Cells were
seeded at a concentration of 5 � 104 cells well�1 into 96-well plates (Costar) and
incubated for 4 h at 37°C with 5% CO2. Dilutions (1:5) of clarified sonic lysates
from bacterial cells harvested at 2 to 48 h (see above) were applied to HEp-2 cells

at a starting concentration of 20 �g per well. Cells were incubated for 72 h at
37°C in the presence of 5% CO2, fixed, and stained with Hema-3 (Fisher Scien-
tific), and the degree of multinucleation was determined by light microscopy.

Immunofluorescence. Five-micrometer sections of infected or uninfected mu-
rine bladders were immunostained to determine the presence of uroplakin or E.
coli as previously described (61). Briefly, fixed tissue sections were deparaffinized
and then heated in a microwave oven to optimize antigen retrieval. Next, non-
specific binding sites on the treated sections were blocked with 1% bovine serum
albumin (Sigma, St. Louis, MO) and then incubated for 1 h at room temperature
with the appropriate primary antibody, either goat anti-uroplakin III antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit anti-E. coli antibody
(Biodesign, Saco, ME). The dilution used for each antibody was selected based
on the manufacturer’s recommendation. The slides were subsequently incubated
for 1 h at room temperature with AlexaFluor 488- or 555-conjugated secondary
antibody (Molecular Probes, Eugene OR) and mounted with Fluoromount-G
(Southern Biotechnologies Associates, Inc., Birmingham, AL). All samples were
analyzed with an Olympus BX60 microscope with a BX-FLA reflected-light
fluorescence attachment. Images were acquired with a SPOT RT charge-coupled
device digital camera (Diagnostic Instrument, Inc., Miami, FL) and assembled
for presentation using Adobe Photoshop.

Statistical analysis. One-way analysis of variance (ANOVA) was used to
identify statistically significant differences in the geometric mean numbers of
CFU/ml of bacteria among the groups of mice. When experiments were done in
triplicate, two-way ANOVA was used after adjustment for differences among
experiments. Separate ANOVA analyses were done for urine, bladder, and
kidney data for the different groups of mice. Statistical significance for his-
topathological analyses was also determined by one-way ANOVA, followed by
Tukey’s post hoc pairwise comparisons across the set of strains used in this
investigation. P values less than 0.05 were considered statistically significant.

RESULTS

CP9 colonization versus CP9�hlyA1::cat colonization in single-
and mixed-strain infection studies over time. The overall objec-
tive of these experiments was to assess the relative importance
of Hly and CNF1 individually and together in the urovirulence
of UPEC strain CP9. We began our investigation by evaluating
the importance of Hly in colonization because we previously
tested the impact of a mutation in cnf1 on bacterial coloniza-
tion and histopathology in a mouse UTI model (55) and in a
rat acute prostatitis system (54). As noted above, these previ-
ous studies revealed a significant role for CNF1 in the acute
inflammation of the mouse bladder (55) and rat prostate (54),
but the investigations did not reveal a statistically significant
effect of CNF1 on bacterial persistence in the mouse UTI
model or the rat prostrate after single-strain challenge. How-
ever, in mixed infections with wild-type strain CP9 and
CP9cnf1, CP9 outcompeted the mutant through day 9 of infec-
tion in the urine and in the bladder and kidney tissues of
C3H/HeOuJ mice (55). In contrast, the growth advantage of
CP9 over CP9cnf1 was not evident in rat prostates (54). Here,
we inoculated groups of 30 mice with CP9 or CP9�hlyA1::cat
intraurethrally using 2.5 � 107 CFU and then euthanized
groups of 10 animals/strain at days 1, 3, and 5 postinfection.
Bacterial counts in the urine and in bladder and kidney ho-
mogenates were obtained for five mice; kidneys and bladders
from the other five animals were prepared for histological
evaluation. The experiment was done three times. As shown in
Fig. 4, no statistically significant differences in colony counts
were observed in the urine, bladder, or kidneys of CP9-infected
mice and CP9�hlyA1::cat-infected mice.

Next, we asked whether coinoculation of CP9 and CP9�
hlyA1::cat would permit us to discern differences in fitness
between these strains that were not apparent in the single-
strain animal challenge studies described above. For this pur-
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pose, we introduced equal numbers of CFU/ml of the parent
CP9 strain and the hlyA1 mutant intraurethrally into C3H/
HeOuJ female mice as described in Material and Methods.
Urine and bladders from the challenged animals were col-
lected at 1 and 3 days postinfection, and colonies of the strains
in the mixture were distinguished by using the chloramphenicol
resistance of the hlyA1 mutant on antibiotic-supplemented LB
agar. We found that the CP9�hlyA1::cat counts were compa-
rable to the strain CP9 counts when the organisms were coin-
oculated and were at the levels observed in the single-strain
UTI model (Table 3 and data not shown). One caveat to
interpretation of the results of these mixed-infection studies is
that it is conceivable that the Hly made by the wild-type strain
could have complemented, and hence obscured, a defect in the
fitness of the mutant. Nevertheless, these results, together with
the results of the single-strain challenge experiments, strongly

indicate that expression of Hly does not influence the extent of
UPEC strain CP9 colonization.

Infection with hlyA1-complemented CP9�hlyA1::cat mutant.
To further define any possible role that Hly may play in the
pathogenesis of UPEC-mediated UTI, a CP9�hlyA1::cat com-
plemented mutant, CP9�hlyA1::cat(pKG8), was created by
subcloning the hlyA1 gene into the pQE30 vector. To ensure
that pQE30, the plasmid (Table 1) used for this complemen-
tation, was not itself the cause of the increase in the hemolytic
effect or any other unwanted effects, we transformed the clon-
ing vector alone into CP9�hlyA1::cat. The growth curves for
CP9�hlyA1::cat, CP9�hlyA1::cat(pKG8), and CP9�hlyA1::cat
(pQE30) in LB media were similar (data not shown). When we
tested CP9�hlyA1::cat(pKG8) and CP9�hlyA1::cat(pQE30) in
the mouse model of UTI, we observed no statistically signifi-
cant differences in bacterial counts in the urine samples or the
infected bladder homogenates at 1 day postinfection for the
mice given the different strains (Table 3). Moreover, the num-
bers of CFU/ml in the urine or bladder tissues were similar to
those seen 1 day after challenge with strain CP9 or CP9
�hlyA1::cat (Fig. 4 and Table 3).

Bacterial colonization of the bladder by CP9cnf1�hlyA1::cat
and CP9cnf1. Since our primary goal was to investigate the
relative contributions of CNF1 and Hly in the urovirulence of
UPEC strain CP9, we examined the impact of a cnf1 hlyA1

double mutant on colony counts in the urine and bladders of
C3H/HeOuJ mice 1 day after challenge. As a control, we in-
cluded a set of mice inoculated with the previously examined
CP9cnf1 isogenic mutant (55). We observed no statistically
significant differences in colony counts in the urine or bladder
homogenates of animals infected with CP9cnf1�hlyA1::cat and
animals infected with the CP9cnf1 mutant; moreover, the num-
bers were similar to those for the wild type at 1 day after
challenge (Table 3). In aggregate, these findings suggest that
virulence factors of UPEC strain CP9 other than Hly and
CNF1 are integral for bacterial colonization of the bladder, at
least as evaluated at 1 day after infection (we did not test all
strains after 3 and 5 days).

Histological examination of bladders. Next, we evaluated
the relative impact of Hly and CNF1 on acute inflammation
and damage using bladder sections from mice infected with
each of the members of the CP9 isogenic strain set. We used a
scoring system for coded sections that ranged from 0 to 5 for
each of the following histopathological parameters: interstitial
edema, hemorrhage, leukocyte infiltration, and uroepithelial

TABLE 3. Quantitative culture of CP9 UPEC strains in C3H/HeOuJ
mouse samples collected 1 day postchallenge

Strain n
Mean log10 CFU/ml (SD)a

Urine Bladder

CP9 (O4:H5:K54)
(parent)

15 5.81 (2.51) 8.12 (2.54)

CP9�hlyA1::cat 15 5.42 (2.91) 7.42 (2.37)
CP9cnf1 10 5.77 (2.09) 7.13 (1.32)
CP9cnf1�hlyA1::cat 10 5.75 (2.22) 7.33 (0.34)
CP9�hlyA1::cat(pKG8) 10 6.43 (2.57) 8.98 (1.29)
CP9�hlyA1::cat(pQE30) 10 5.51 (2.41) 7.59 (0.73)

a There were no statistically significant differences among urine counts or
among bladder counts as assessed by ANOVA.

FIG. 4. Kinetics of UTI of C3H/HeOuJ mice with CP9 and the
CP9�hlyA1::cat isogenic mutant. Fifteen female C3H/HeOuJ mice
were inoculated via the urethra with 2.5 � 107 CFU of either CP9 or
CP9�hlyA1::cat. After 1, 3, and 5 days, mice were euthanized and urine
samples, as well as bladders and kidneys, were collected, homogenized,
and plated on LB agar for bacterial enumeration. (A) Log CFU/ml for
1 day postinfection. (B) Log CFU/ml for 3 days postinfection. (C) Log
CFU/ml for 5 days postinfection. Each bar indicates the geometric
mean for a sample, and the error bars indicate one standard deviation
above the geometric mean.
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destruction. The pathologist evaluator of the slides was blinded
to the bacterial strain used to infect the animal from which the
bladder section slides were prepared. Five tissue blocks (one
block per animal) for 1 day after infection with CP9 or each
CP9-derived strain were analyzed. Additional sections from
bladders and kidneys harvested 3 and 5 days after infection
with CP9 or CP9�hlyA1::cat were also examined.

We found that bladders from CP9-challenged animals ex-
hibited the highest levels of interstitial edema among the mice
tested in this study (Fig. 5). The higher level of edema was
evident on a representative slide taken from the tissue set
scored (Fig. 6A). The fact that the interstitial edema was great-
est for the parental CP9 strain and was statistically significantly
different from the levels of the edema observed with the iso-
genic mutants CP9cnf1 and CP9cnf1�hlyA1::cat (Fig. 5) (P 

0.001 and P 
 0.028, respectively) indicates that the submuco-
sal swelling was largely due to CNF1 (Fig. 6, compare panels E
and I with panel A). Additionally, CP9-provoked submucosal
edema remained clearly apparent at day 3 after infection (Fig.
7, compare panel A with control panel E) and was still evident
at day 5 (Fig. 7C).

We also examined the extent of hemorrhage in the bladders
caused by the strains used in these experiments. We found that
loss of Hly, as exemplified by bladders from mice inoculated
with CP9�hlyA1::cat, resulted in the largest decrease in the
degree of hemorrhage in tissues (P 
 0.041) (Fig. 5). When we
assessed the slides obtained for sections of bladders infected
with the various strains for the extent of leukocyte infiltration
(Fig. 5), we noted that the tissue sections from mice inoculated
with CP9 and the equivalent strain CP9�hlyA1::cat(pKG8)
showed a higher influx of white cells than the tissue sections
from mice inoculated with any of the other isogenic mutants.

In particular, the differences were most apparent when we
compared the CP9 and CP9�hlyA1::cat(pKG8) strains to the
CP9cnf1�hlyA1::cat mutant, although the differences were not
statistically significant (P 
 0.278 and P 
 0.104, respectively)
(Fig. 5). Furthermore, histopathological examination also re-
vealed significantly greater damage to the urothelium in the
bladders of mice infected with CP9 than in the bladders of
mice infected with the CP9�hlyA1::cat and CP9cnf1�hlyA1::cat
mutants (P 
 0.0001 for each strain) (Fig. 5 and Fig. 6, com-
pare panel B with panels D and J). Additionally, we evaluated
bladder sections from mice infected with the hlyA1-comple-
mented CP9�hlyA1::cat mutant and the isogenic CP9�hlyA1::
cat(pQE30) mutant for uroepithelial damage at 1 day postin-
fection. We observed that after reinstatement of the capacity
of the hlyA1 mutant to produce Hly (Fig. 3), the complemented
mutant could cause extensive uroepithelial damage (Fig. 6G
and H). In contrast, markedly less destruction of the luminal
surface of the bladders of mice infected with the isogenic
CP9�hlyA1::cat(pQE30) mutant was detectable (data not
shown) (the appearance of sections was similar to the appear-
ance of sections in Fig. 6C and D). Moreover, all three strains
that did not make Hly [CP9�hlyA1::cat, CP9cnf1�hlyA1::cat,
and CP9�hlyA1::cat(pQE30)] caused statistically significantly
lower levels of damage to the murine urothelium than the
strains that produced Hly [CP9, CP9cnf1, and CP9�hlyA1::cat
(pKG8)] (Fig. 5). Overall, these in vivo results are in agree-
ment with our previous in vitro observations which showed that
a mutation in the hlyA1 gene of strain CP9 resulted in atten-
uation of the uroepithelial damage that was evident soon after
CP9 infection of 5637 bladder cells grown as monolayers or as
three-dimensional organoids (61).

Surprisingly, at 3 days postinfection, our histopathologic ob-
servations of the murine bladders revealed no apparent
urothelium injury in CP9-infected bladders (Fig. 7A and B). In
fact, when we evaluated the slides containing bladder sections
from mice infected with CP9 and mice infected with CP9
�hlyA1::cat at 3 and 5 days postinfection, the uroepithelia in all
sections appeared to be smooth and generally intact and much
like that of the PBS-inoculated control (Fig. 7; data not shown
for CP9�hlyA1::cat-infected sections). We concluded from
analyses of the day 1, 3, and 5 sections that Hly-mediated
effects on the bladder appeared to be limited to the first day of
infection, whereas edema, largely attributable to CNF1, at
least after 1 day of infection (Fig. 5), remained readily discern-
ible at day 3 after challenge and was still apparent at day 5
postinoculation (Fig. 7).

Alpha-hemolytic activity and CNF1 expression. We next
asked whether the differences in timing of the impact of Hly
and CNF1 on infected murine bladders reflected variations in
the kinetics of activity of these toxins in vitro. We observed that
the CP9 alpha-hemolytic activity in culture supernatants, as
determined by lysis of sheep RBCs, began at 2 h, remained
constant until approximately 19 to 20 h, when it started to
decrease, and then decreased to background levels by 22 h
postinoculation (Fig. 8A). As expected, the CP9�hlyA1::cat
mutant displayed little alpha-hemolytic activity throughout the
assay (Fig. 8A). Furthermore, no alpha-hemolytic activity was
seen in the PBS-resuspended pellets of the CP9 strain or its hly
isogenic mutant at any time (data not shown). In contrast,
CNF1 was detectable even at time zero and remained evident

FIG. 5. Effect of CP9 strains on the histology of murine bladders.
Groups of five female C3H/HeOuJ mice were inoculated via the urethra
with 2.5 � 107 CFU of CP9, CP9�hlyA1::cat, CP9cnf1, CP9cnf1�hlyA1::cat,
CP9�hlyA1::cat(pKG8), or CP9�hlyA1::cat(pQE30) and euthanized 1 day
later. Bladders were removed, fixed in formalin, and processed for histo-
logical examination. Each sample was examined by light microscopy. A
score of 0 to 5 was assigned to each bladder for edema, hemorrhage,
leukocyte presence, and urothelial damage. Scores for each group of mice
were combined, and the averages are indicated by the bars. An asterisk
indicates that the tissue response to a strain was statistically significantly
different from the response to the strain for which the response was
greatest for the specific effect, as determined by ANOVA assessment
followed by Tukey’s post hoc pairwise comparisons.
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until 48 h, as ascertained by Western blot analysis (Fig. 8B).
Moreover, the presence of the CNF1 protein coincided with
the presence of CNF1 activity, as measured by a HEp-2
multinucleation assay, up to 48 h after culture inoculation
(data not shown). Taken together, these data are consistent
with our conclusion based on the results obtained with the
murine UTI model that Hly has an impact only early in infec-
tion, while CNF1 effects are evident throughout the infection.

Immunofluorescence. To confirm our hematoxylin and eosin
and Giemsa stain observations concerning the impact of Hly
produced by CP9 on the uroepithelium after 1 day of infection,
we treated unstained bladder sections from mice infected with
CP9 and the isogenic CP9�hlyA1::cat mutant with antibodies
that recognize both the bacteria and the uroplakins, a group of
proteins that play a major role in the structure and physiology
of the urothelium. We found that at 1 day postinfection, the
parental strain had a direct detrimental effect on the structural
support indicated by immunoreactivity with antibodies to uro-
plakins (Fig. 9A). The damage was apparent even in phase-
contrast images (Fig. 9C). In contrast, no destructive effect of
the CP9�hlyA1::cat mutant on the uroplakin-labeled urothe-
lium was discernible (Fig. 9E and G). Lastly, CP9 seemed to be
shed into the lumen of the bladder and did not adhere as well
to the damaged uroepithelium (Fig. 9B and D) as the closely
uroepithelium-associated mutant CP9�hlyA1::cat (Fig. 9F and
H). Taken together, these immunofluorescence results and
histological data are suggestive of the significant role that Hly
may play in causing uroepithelial tissue damage and even in
the location of the bacteria in infected tissue at 1 day postchal-
lenge.

DISCUSSION

In this investigation, we created or used previously gener-
ated single, double, or complemented hlyA1 or cnf1 mutants
with the UPEC strain CP9 background. We evaluated the
relative impact of expression of CNF1 and Hly on bacterial
colonization and histopathology in C3H/HeOuJ mouse blad-
ders and kidneys after intraurethral challenge in a model of
ascending UTI. The major findings of this study were as fol-
lows. First, we observed no statistically significant impact of
either Hly or CNF1 on bacterial colonization in the bladder or
kidney in single-mutant infection studies or in a mixed infec-
tion with CP9 and CP9�hlyA1::cat. Second, we found that Hly
expression by CP9 caused extensive damage to the uroepithe-
lium and augmented tissue hemorrhage in murine bladders at
1 day after challenge. However, no Hly-evoked uroepithelial
damage was noted at day 3 or 5 after CP9 challenge. Third,
CNF1 was primarily responsible for the striking submucosal
edema that was evident in CP9-infected bladders (compared
with cnf1 mutant-challenged bladders) at days 1 and 3 and to a
much lesser extent at day 5 after intraurethral inoculation of

FIG. 6. Infection of female C3H/HeOuJ mice with CP9 UPEC
strains. Mice were inoculated with CP9 (A and B), CP9�hlyA1::cat (C
and D), CP9cnf1 (E and F), CP9�hlyA1::cat(pKG8) (G and H), and
CP9cnf1�hlyA1::cat (I and J) for 1 day, and then sections were cut,
fixed with formalin, embedded in paraffin, stained with Giemsa stain,
and analyzed by light microscopy. Images of a representative sample
for each infection are shown at a magnification of �4 on the left. The
rectangles in the images indicate the sections that are shown at a
magnification of �40 on the right. The stars in panels A, C, and G
indicate a high degree of edema. The asterisks in panels E and I
indicate the luminal space. Note the presence of many inflammatory
cells (arrow) in the luminal space in panel B. The arrowheads in panels
B and H indicate the intense damage to the urothelium caused by CP9

and CP9�hlyA1::cat(pKG8), respectively. In contrast, the minimal
damage caused by CP9�hlyA1::cat, CP9cnf1, and CP9cnf1�hlyA1::cat is
shown in panels D, F, and J, respectively. Panels K and L show a
murine bladder instilled with only PBS. U and S in panel L indicate the
murine urothelium and submucosa, respectively.
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bacteria. Fourth, both CNF1 and Hly contributed to leukocyte
infiltration into the bladder at day 1 after infection, which was
apparent from the lower (albeit not statistically significant)
histopathology score obtained with the double mutant.

We concluded that Hly production by strain CP9 had no
influence on bacterial colonization of the bladder or kidneys of
intraurethrally challenged mice based on the results of both
single-strain (CP9 versus CP9�hlyA1::cat) and mixed-strain
(CP9 plus CP9�hlyA1::cat) intraurethral infection studies. This
conclusion is consistent with several previous reports on the
effect of Hly on bacterial persistence at various body sites.
Most germane to this study, Haugen and colleagues (30) re-
cently reported that an hlyA mutation in wild-type UPEC
strain CFT073 (a strain that does not make CNF1) had no
effect on colonization of the urinary tract at 48 h after infec-
tion. Additionally, Sheshko et al. found that an hlyA knockout
mutation in an E. coli strain used as a probiotic for premature
and newborn pigs did not adversely effect colonization of the
gut of the animals (60). Lastly, Linggood and Ingram (40)
showed that when a mixture of an E. coli strain with an Hly-

encoding plasmid and an E. coli strain without the Hly-encod-
ing plasmid was inoculated intraperitoneally into mice, the
nonhemolytic isolate colonized as well as the hemolytic parent
strain. Together, our results and those of other workers suggest
that any putative (30, 60) or demonstrated (this study) damage
evoked by Hly does not translate into enhanced fitness of the
infecting E. coli strain.

Our observation that colony counts in the urine, bladders,
and kidneys of mice 1 day after intraurethral infection with
either CP9 or CP9cnf1 were not statistically significantly dif-
ferent is consistent with the results of our previous study (55).
Nevertheless, in the previous investigation, we did observe an
advantage for the wild type in a mixed infection, although no
enrichment for CP9 in competition with CP9cnf1 was evident
in the rat acute prostatitis model (54). Overall, we inferred
from these data that CNF1 synthesis provides an edge for
persistence of a UPEC strain in the mouse bladder but that the
effect is not apparent under the normal circumstances of a UTI
(i.e., single-strain infections of an otherwise sterile site [the
bladder or the kidney]). Based on our colonization studies with

FIG. 7. Infection of female C3H/HeOuJ mice with the CP9 UPEC strain after 3 and 5 days. Groups of five mice were inoculated with CP9, and
bladders were harvested after 3 days (A and B) and 5 days (C and D) and then processed as described in the legend to Fig. 6. Images of a
representative sample for each infection are shown at a magnification of �4 on the left. The rectangles in the images indicate the sections that
are shown at a magnification of �40 on the right. Panels E and F show a murine bladder instilled with only PBS and harvested after 3 days. U
and S in panel F indicate the murine urothelium and submucosa, respectively. The arrows in panels A and C indicate the degree of interstitial
edema at 3 and 5 days, respectively.
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the set of CP9 hlyA1 and cnf1 isogenic mutants, we surmised
that other UPEC virulence factors, such as fimbrial and afim-
brial adhesins (for a review, see reference 7), are largely re-
sponsible for maintenance of UPEC proliferation in organs of
the urinary tract.

In striking contrast to the lack of an impact on UPEC col-
onization, Hly and CNF1 each had a marked, but different,
major effect on the histopathology of the bladder (Fig. 5 and
6). Of particular note was the readily apparent destruction of
the uroplakin-containing uroepithelium of the bladder medi-
ated by Hly in tissue sections from bladders harvested after 1
day of infection (Fig. 9). The fact that this clear-cut Hly-
mediated effect in the bladder had not been previously docu-
mented may reflect several unique aspects of this investigation.
First, we constructed a mutation in the hlyA1 structural gene
that is in the hly operon linked to cnf1 and in the operon (of the
two operons in CP9) that we had previously shown was pri-
marily responsible for hemolysis and destruction of bladder
cells in vitro (61). Thus, we know that in CP9 the hly operon
associated with cnf1 is more active than the second, unlinked
hly operon. Second, we used a multicopy plasmid to comple-
ment the mutant and restored hemolysis in vitro and damage in
vivo. Third, we harvested bladders early in the infection (1
day). Fourth, we viewed cross sections of the entire infected
bladder at a magnification of �4 as a first step in the evaluation
of histopathology. This lower-power scan yielded a broader
field for examination of all features of acute inflammation.

The fact that we first assessed the entire infected bladder
section under low magnification made the extent of CNF1-
evoked edema much more apparent. Although we certainly
emphasized the impact of CNF1 on acute inflammation in our
previous investigations (54, 55), we did not focus on submuco-
sal edema as a prominent feature of the CNF1-augmented
immune response. The whole-bladder assessments made us
better able to evaluate relative levels of submucosal edema
evoked by CP9 on the various days after infection. Thus, we
feel comfortable with our conclusion that CNF1 imparts sim-
ilar degrees of pathology on the bladder at days 1 and 3 after
infection and, to a much lesser extent, at day 5. Exactly how
CNF1 promotes edema is not clear, but edema may reflect the

relationship between the mechanism of action of CNF1 (i.e.,
constitutive activation of small Rho-GTPases) and the capacity
of the toxin to stimulate transcription of cytokine genes in-
volved in acute inflammation (48).

The kinetics of the influence of Hly on the bladder uroepi-
thelium differed from the kinetics of the influence of CNF1
even though the two toxins are reported to be coexpressed in
vitro from wild-type UPEC strain J96 (37). Indeed, histological
observations revealed only clear Hly-mediated histological
damage at 1 day after infection. There are at least four possible
explanations for these findings. First, Hly may not be made
throughout the course of the infection, a possibility supported
by comments of Mobley et al. (46), while CNF1 continues to be
synthesized. Second, both Hly and CNF1 may be made only
early in infection, but Hly may act quickly (as a membrane-
active toxin) and then degrade, while CNF1 may act slowly (as
a toxin with an intracellular target) and then remain stable
throughout the course of the infection. Third, both Hly and
CNF1 may be produced throughout the course of infection,
but Hly may be fairly quickly neutralized by preexisting anti-
bodies known to be present in some human sera (18, 59).
Fourth, the uroepithelial cells that replace the cells exfoliated
during the first 24 h of infection may be resistant to Hly. Our
measurements of the kinetics of alpha-hemolytic and CNF1
activities expressed by the wild-type CP9 strain in vitro most
strongly support the first explanation. Nevertheless, the actual
expression patterns of the toxins in vivo remain to be deter-
mined.

In summary, in this report we addressed the relative roles
that CNF1 and Hly play in the pathogenesis of UPEC-con-
ferred UTIs. Although in previous reports workers associated
Hly production by UPEC strains with pyelonephritis (46, 63,
64), only a few studies focused on the biological and histolog-
ical impact of this toxin in cystitis. In this investigation, we
demonstrated for the first time (to our knowledge) that Hly
plays a major role in evoking damage in the uroepithelium and
in inducing hemorrhage in the bladder during the early stages
of E. coli-mediated cystitis in the mouse. We also extended our
previous discovery that CNF1 stimulates acute inflammation in

FIG. 8. Alpha-hemolytic activity and CNF1 expression in CP9 strains. Samples were prepared and assays were carried out as described in
Material and Methods. (A) Alpha-hemolytic activity of CP9 or CP9�hlyA1::cat supernatants collected hourly from 0 to 48 h was measured by
mixing the samples with sheep RBCs. Results for 9 to 17 and 25 to 48 h are not shown. C(�) and C(�) were the negative and positive controls,
respectively. (B) Western blot analyses of CP9 and CP9�hlyA1::cat bacterial cell lysates probed with polyclonal anti-CNF1 serum.
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the bladder by revealing the critical function of the toxin in the
elicitation of submucosa edema.
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uroplakin-lined urothelium caused by CP9, in contrast to the minimal effect on the uroplakin-stained uroepithelium of the CP9�hlyA1::cat-infected
bladder in panel H. The asterisks in panels D and H indicate the murine bladder luminal space. Magnification, �40.
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