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Urinary tract infections (UTIs) are among the most common bacterial infections acquired by humans, par-
ticularly in catheterized patients. A major problem with catheterization is the formation of bacterial biofilms
on catheter material and the risk of developing persistent UTIs that are difficult to monitor and eradicate. To
better understand the course of UTIs and allow more accurate studies of in vivo antibiotic efficacy, we devel-
oped a catheter-based biofilm infection model with mice, using bioluminescently engineered bacteria. Two
important urinary tract pathogens, Pseudomonas aeruginosa and Proteus mirabilis, were made bioluminescent
by stable insertion of a complete lux operon. Segments of catheter material (precolonized or postimplant in-
fected) with either pathogen were placed transurethrally in the lumen of the bladder by using a metal stylet
without surgical manipulation. The bioluminescent strains were sufficiently bright to be readily monitored
from the outside of infected animals, using a low-light optical imaging system, including the ability to trace the
ascending pattern of light-emitting bacteria through ureters to the kidneys. Placement of the catheter in the
bladder not only resulted in the development of strong cystitis that persisted significantly longer than in mice
challenged with bacterial suspensions alone but also required prolonged antibiotic treatment to reduce the
level of infection. Treatment of infected mice for 4 days with ciprofloxacin at 30 mg/kg of body weight twice a
day cured cystitis and renal infection in noncatheterized mice. Similarly, ciprofloxacin reduced the bacterial
burden to undetectable levels in catheterized mice but did not inhibit rebound of the infection upon cessation
of antibiotic therapy. This methodology easily allows spatial information to be monitored sequentially through-
out the entire disease process, including ascending UTI, treatment efficacy, and relapse, all without exogenous

sampling, which is not possible with conventional methods.

Urinary tract infections (UTI) are one of the most common
bacterial infections in humans (9, 35). The majority of these
infections follow instrumentation of the urinary tract, mainly
urinary catheterization, with the development of catheter-as-
sociated bacteriuria being directly related to the duration of
implant (6, 18, 37, 44). Thus, it is commonplace for the inci-
dence of bacteriuria to be as high as 95% in catheterized pa-
tients with implants present for 30 days or more (6, 44). Com-
plications with such infections can lead to fever, cystitis, acute
pyelonephritis, bacteremia, and death (44). Catheter-associat-
ed urinary tract infections are caused by a variety of uropatho-
gens, including Escherichia coli, Klebsiella, Proteus, Enterococ-
cus, Pseudomonas, Enterobacter, Serratia, and Candida (6, 44).

Typically, the bacterial biofilm growth on urinary catheter
and adjacent mucosa accounts for the pathophysiology of cath-
eter-associated UTI (25, 26, 31). Diseases involving bacterial
biofilms are generally chronic and difficult to treat, because
bacteria in the biofilm mode of growth are more resistant to
antimicrobial agents than their planktonic counterparts (5, 21,
29). Most often, catheter infections require removal of the
device before a cure is achieved (6, 32). In order to prevent and
treat these catheter-associated infections, new approaches to
screen candidate therapeutic agents, especially in vivo, are
needed to accelerate their development.
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To this end, recent advances in biophotonic imaging tech-
nology together with bioluminescent reporters provide a sen-
sitive and simple detection method for the study of biological
processes in live animal models of human biology and disease.
The use of luciferase to tag pathogens has proved to be a
valuable tool to provide an in vivo tracking system. Light-
emitting bacteria and virus can be detected within the animal
by noninvasive optical biophotonic imaging (3, 4, 7, 10, 15, 20,
24, 30, 47, 48). Recently we demonstrated the application of
this technology to study chronic soft-tissue biofilm infections
and the therapeutic efficacy of several antibiotics in a mouse
model (20-22). This technique has also been demonstrated to
work particularly well for monitoring catheter-associated en-
dovascular infections, such as endocarditis, in rats and mice
(42, 45). Here, we developed an animal model of catheter-
associated UTI for direct visualization of infection from out-
side intact live animals. In vivo bioluminescence imaging was
employed to determine the initial location of the infection and
the spatial migration of two important bioluminescently engi-
neered uropathogens, Pseudomonas aeruginosa and Proteus
mirabilis, over time in live animals. Using this approach, we
were able to follow the processes of infection over a period of
days in diseased animals as well as animals with no clinical
signs. In addition, we demonstrated the utility of the model in
assessing the in vivo efficacy of antibiotic therapy for UTI in
real time in living animals.

(Parts of the present study were presented at the 104th
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General Meeting of the American Society for Microbiology
[28], New Orleans, La., 2004).

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this study were Pseudomonas
aeruginosa ATCC 19660 (20) and Proteus mirabilis ATCC 51286. These strains
were engineered for bioluminescence by inserting a Photorhabdus luminescence
luxCDABE operon as described previously and subsequently designated P. aeru-
ginosa Xen 5 (20) and P. mirabilis Xen 44.

Generation of bioluminescent P. mirabilis. P. mirabilis strain ATCC 51286 (a
clinical isolate from a patient suffering from a urinary catheter infection) was
made bioluminescent by the random insertion of a transposon, mini-Tn5 luxC-
DABE kan’, into the chromosome. A highly bioluminescent colony was selected
from the transposon recipients, identified, and designated P. mirabilis Xen 44.
Chromosomal DNA of bioluminescent P. mirabilis Xen 44 was digested with the
restriction enzyme Sspl and then self ligated. The ligated fragment served as a
template for inverse PCR amplification using Pfu DNA polymerase (Stratagene,
La Jolla, CA) and the primers UTCF1 (5'GTG CAA TCC ATT AAT TTT GGT
G 3') and UTCR (5" CAT ACG TAT CCT CCA AGC C 3') to amplify the
region upstream of the transposon insertion site. The resulting PCR fragments
were purified using a PCR purification kit and sequenced with UTCF1 and
UTCR as primers. The sequencing results were BLAST searched against the
National Center for Biotechnology Information database.

Catheter-associated biofilms. Biofilms of P. aeruginosa and P. mirabilis were
allowed to grow on PE50 (outside diameter, 0.965 mm; inside diameter, 0.58
mm) catheter material (Braintree Scientific) as described previously (20). This
catheter material is routinely used clinically.

Antibiotic susceptibility testing. (i) MIC assays. MICs were determined by the
broth dilution method using an inoculum of 10° CFU/ml P. aeruginosa or P. mira-
bilis in Miieller-Hinton broth (MHB) by the procedures recommended by the
National Committee for Clinical Laboratory Standards as described previously (21).

(ii) Biofilm susceptibility testing. The biofilms that formed on 6-mm catheter
segments were transferred to tubes containing dilutions of the antibiotic in
MHB. Following 18 h of incubation at 37°C in the presence of this antimicrobial
agent, the catheters were rinsed twice in MHB, and the viability and metabolic
activity of the biofilm were determined by measurement of viable counts and
reading the bioluminescence using an IVIS imaging system (100 series) (Xeno-
gen Corp., Alameda, CA), as described previously (21). The minimal biofilm
eradication concentration was defined as the lowest concentration of antibiotic
that reduced =99.9% of the biofilm cell numbers after 24 h of incubation at 37°C,
with respect to the cell numbers for the untreated controls.

Experimental mouse model of UTIL The experimental catheter-associated UTI
in a rat model developed by Kurosaka et al. (26) was established in mice with the
following modifications. All experimental procedures for the animals were per-
formed in accordance with guidelines of the Institutional Animal Care and Use
Committee. Six-millimeter-long segments (outside diameter, 0.965 mm; inside
diameter, 0.58 mm) of polyethylene tube (PES50 Braintree Scientific, Inc.) were
fitted onto a flexible metal wire, spiraled around a similar metal wire, and placed
in boiling water for 1 min. The tubing was removed, and each piece was sterilized
with 70% ethanol and air dried. Bacterial biofilms were grown on the tubing as
described previously (20). The metal stylet of a 24-gauge Teflon catheter (Ab-
bocath-T; Burns Vet Supply, Vancouver, WA) that has been cut to approxi-
mately 5 cm was then fitted with polyethylene tubing that had been colonized
with bacteria or a segment of sterile tubing. CF-1 female mice (Charles River,
Wilmington, Mass) weighing 26 to 30 g were maintained in an anesthetized state
with 2.5% isoflurane gas and placed on their backs. After cleansing of the
periurethral area with 70% ethanol, the papilla was grasped with light pressure
using forceps and lifted away from the abdomen. While the papilla was main-
tained in this position, the end of the stylet bearing the 6-mm-long tubing was
advanced into the urethral opening until the leading end was in the bladder. The
Teflon catheter was advanced until the shorter segment was pushed off the stylet,
thereby leaving the 6-mm-long polyethylene catheter tubing free in the bladder
lumen. Subsequently, the stylet with the Teflon catheter was removed. The
6-mm-long catheter tubing in the bladder reverted spontaneously to its spiral
shape and remained in place until the end of the monitoring period. Infection
was induced by either implanting a precolonized catheter segment carrying a
defined inoculum or by implanting a segment of sterile catheter in the bladder
and inoculating the bladder immediately with defined quantities of pathogen in
50 pl phosphate-buffered saline (PBS) over 30 s by insertion of the Teflon cath-
eter into the bladder through the urethra. The Teflon catheter was removed imme-
diately after inoculation. Previous studies have shown that this procedure does not
induce vesicoureteral reflux of the inoculum (14, 18, 23). In some studies the UTI
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was induced in uncatheterized mice by transurethral inoculation of defined quanti-
ties of bacterial suspension in 50 ul of PBS directly into the bladder via urethral
catheter. The inoculating doses were prepared as described previously (20). The
doses for P. aeruginosa Xen 5 and P. mirabilis Xen 44 were 1.6 X 10° CFU/cath-
eter or 2.0 X 10° CFU/50-ul suspensions and 7.1 X 10° CFU/catheter or 1.3 X
10* CFU/50-pl suspensions, respectively (20). Inoculum studies indicated the
above challenge doses produced optimal success in generating chronic UTIs.

Antimicrobial therapy. Ciprofloxacin (USP, Rockville, MD), which has been
shown to have unique activity against UTI infections due to gram-negative
uropathogens, was selected for treatment (38, 43, 46). Treatment of animals with
catheter-associated infection commenced 2 days after bacterial challenge with a
dose of 30 mg/kg of body weight ciprofloxacin given orally in 0.2 ml of water twice
daily for four consecutive days. This dose of ciprofloxacin was previously shown
to have bactericidal effect against several uropathogens in mouse models of
experimental UTI (13, 39, 46). A second group of animals served as an untreated
infection control group by being implanted with infected catheters and treated
with saline. In another control group, animals were implanted with sterile cath-
eters and served as a negative control. The antibiotic was readministered for four
consecutive days to a group of animals with reestablished infection after 3 days
of cessation of the initial therapy.

Bacteriological examination. At the indicated times, the urine was pressed out
from the animal by gentle compression of the bladder through the abdominal wall.
Samples of urine were collected from the external urethral meatus by using a
micropipette. Bacterial titers in urine were determined by plating serial dilutions on
tryptic soy broth or MacConkey agar plates. The lower limits of detection of bacteria
by bioluminescence and conventional methods in mouse bladder and urine for P.
aeruginosa Xen 5 and P. mirabilis Xen 44 were <10? and <10?> CFU/ml, respectively.

Imaging procedure. Prior to imaging, mice were anesthetized with 2 to 2.5%
isoflurane gas, and the entire animal was imaged for a maximum of 5 min at
various times following catheter implantation and treatment using an IVIS im-
aging system (100 series) (Xenogen Corp., Alameda, CA). During the imaging,
mice were maintained in an anesthetized state with 2.5% isoflurane, using an
IVIS manifold placed inside the imaging chamber. Total photon emissions from
defined regions of interest within the images of each mouse were quantified using
the Living Image software (Xenogen Corporation, Alameda, CA) as described
previously (20). The photon signals were quantified from the dorsal and ventral
images of each mouse. During the treatment, and after the final imaging time
point, mice were euthanized; the kidneys and infected catheters were harvested.
Organ homogenates and bacteria detached from catheters were enumerated by
both bioluminescence imaging and the conventional viable count method as
described previously (20). Bacteria recovered at the end of the experimental
period were analyzed with the inoculating strain for comparative biolumines-
cence to ensure stability of the fux construct during the procedure.

Scanning electron microcopy. Catheter segments were washed with PBS and
placed in 2.5% glutaraldehyde fixative overnight at room temperature and pre-
pared for Scanning electron microcopy at Southern Illinois University (Inte-
grated Microscopy and Graphics Expertise, Carbondale, IL).

RESULTS

Characterization of P. mirabilis Xen 44. The chromosomal
integration site of the P. mirabilis Xen 44 construct determined
by inverse PCR indicated that the transposon had inserted at
position 397 of a 460-amino-acid putative mating-pair forma-
tion protein, Trbl, which is involved in the conjugal transfer of
plasmid DNA. The growth characteristics of parental P. mira-
bilis and its bioluminescent derivative, P. mirabilis Xen 44,
were compared and found to be identical.

Antimicrobial susceptibility studies. The MICs of ciproflox-
acin for P. aeruginosa Xen 5 and P. mirabilis Xen 44 were 0.125
and 0.03 pg/ml, respectively. The corresponding minimal biofilm
eradication concentrations were 4 and 1 pg/ml, respectively.

Biophotonic monitoring of UTI due to P. aeruginosa Xen 5
and P. mirabilis Xen 44 in mice. Bioluminescence monitoring
of the course of infection following inoculation of mice tran-
surethrally either with bacterial suspensions or by placement of
a segment of precolonized catheter with P. aeruginosa Xen S or
P. mirabilis Xen 44 is shown in Fig. 1A and B, respectively. The



Mean Photons/Sec

Mean Photons/Sec

108

107

106 —

105 -

104 -

103

I T I T I I
8 12 16 20 24

Day

O -
i

- Pre-colonized -¥ Non-infected
-8- Suspension Control

108

107

108 o

10° -

104 -

103

T T T T T T
8 12 16 20 24

Day

O -
1Y

- Pre-colonized -¥- Non-infected
-8- Suspension Control

FIG. 1. (A and B) Growth and bioluminescence curves of (A) P. aeruginosa Xen 5 and (B) P. mirabilis Xen 44 UTI in mice infected with
precolonized catheters or bacterial suspensions. UTI was induced by implanting a precolonized catheter in the bladder or by transurethral
inoculation of the bladder with a bacterial suspension. The total photon emissions from the infected sites were quantified using Living Image
software (cumulative results are shown). Each data point is the mean *+ standard error for 13 to 19 mice. Results for postimplant infection were
similar to those for precolonized infection except that the bioluminescence signal peaked 2 days after infection.
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TABLE 1. Mortality and infection rate in mice infected with P. aeruginosa Xen 5 and P. mirabilis Xen 44

% Mortality

No. of animals with bladder No. of animals with kidney

Mode of infection Ii)nigcézif(t;r infection/total no. (%) infection/total no. (%)
XENS XEN44 XENS XEN44 XENS XEN44
Suspension 1 0 0 6/14 (43) 3/15 (20) 0/14 (0) 1/15 (7)
2 0 0 2/14 (14) 5/15 (33) 0/14 (0) 1/15(7)
7 0 0 1/14 (7) 8/15 (53) 0/14 (0) 4/15 (27)
9 0 7 1/14 (7) 5/14 (36) 0/14 (0) 3/14 (21)
15 0 7 0/14 (0) 4/14 (29) 0/14 (0) 3/14 (21)
Postimplant infection 1 8 8 10/11 (91) 9/11 (82) 2/11 (18) 2/11 (18)
2 17 8 8/10 (80) 9/11 (82) 2/10 (20) 6/11 (55)
7 33 75 7/8 (88) 0/3 (0) 2/8 (25) 0/3 (0)
9 42 75 5/7 (71) 0/3 (0) 1/7 (14) 0/3 (0)
15 42 75 7/7 (100) 0/3 (0) 1/7 (14) 0/3 (0)
Precolonized infection 1 0 0 17/19 (90) 13/13 (100) 1/19 (5) 0/13 (0)
2 0 0 16/19 (84) 13/13 (100) 2/19 (11) 5/13 (39)
7 21 92 12/15 (80) 1/1 (100) 4/15 (27) 1/1 (100)
9 32 100 11/13 (85) 2/13 (15)
15 42 100 10/11 (91) 4/11 (36)

“ % Animals with infection.

infection of animals due to different modes of inoculations is
summarized in Table 1. At day 1 postinfection, the bladder
signal increased to 10° photons/s in mice inoculated with a
bacterial suspension of P. aeruginosa Xen 5 (Fig. 1A). The
signal intensity declined steadily thereafter to undetectable
levels by day 10, thus indicating spontaneous clearance of the
infection from these animals. The bladder signals in mice in-
oculated with a suspension of P. mirabilis Xen 44 were higher
than those with P. aeruginosa Xen 5 and reached levels of 107
photons/s by day 3. Thereafter, the signal began to decrease,
disappearing completely from some animals only to reappear
at various times later, indicating the transitory nature of this
infection (Fig. 1B and Table 1). These fluctuations in biolumi-
nescence from the bladder correlated with bacterial counts in
urine from these animals (Table 2). We observed a strong

correlation between the intensity of bladder bioluminescence
and the viable bacteria in urine samples collected from indi-
vidual animals infected with suspensions of P. mirabilis Xen 44
or P. aeruginosa Xen 5, with correlation coefficients of 0.95 and
0.88, respectively. No bacteria could be cultured from urine of
animals that did not have a bioluminescent signal in the blad-
der, suggesting that monitoring of infection via biolumines-
cence is a reasonable measure of bacterial burden. Overall, the
percentage of animals with a bladder infection following inoc-
ulation with a suspension of P. mirabilis Xen 44 remained
higher than that with P. aeruginosa Xen 5 over the study period
(Table 1).

In contrast to those mice inoculated with bacterial suspen-
sions, the bladder signal of mice with catheter-induced infec-
tion increased exponentially during the first 24 h after infec-

TABLE 2. Results of bacterial counts in urine after infection®

Range of bacterial counts in urine

Geometric mean of bacterial

Mode of infection No. of days after (CFU/ml) counts in urine (CFU/ml)
infection
XENS5 XEN44 XENS5 XEN44
Suspension 1 =1.9 X 10>1 x 10° N/A* 6.8 X 10° N/A*
2 =1.9 X 10>-5 x 10° =1.9 X 10>-5 x 10° 5.7 X 10° 3.8 X 10°
6 4.8 X 10*-7 x 10* 4.8 X 10*-1.2 x 108* 1.1 x 103 2.4 X 10
9 N/A* =1.9 X 10>-2.8 X 10® N/A* 6.4 x 10*
16 =1.9 X 10? =1.9 X 10>-4 X 107 1.9 X 10? 6.6 X 10*
Postimplant infection 1 =1.9 X 10*8 x 107 =1.9 X 10>4 x 108 1.3 x 10° 4.1 x 107
2 =1.9 X 10>-1.4 x 10° =1.9 X 10%>-5 x 10° 1.9 x 10° 2.9 X 10°
6 N/A* N/A*T N/A™* N/A*H
9 5 % 10°-3 x 10° N/A*H 1.2 x 10° N/A*H
16 =1.9 X 10>-6 X 10° N/A*T 2% 10° N/A*T
Precolonized infection 1 =1.9 X 10>-4 x 10° 5 X 10°-4.6 X 108 33 x10° 4.7 x 107
2 =1.9 X 10>-1.8 x 107 8 x 107-1 x 10° 7.9 X 10° 3% 108
6 =1.9 X 10>-3.3 x 107 1.6 X 10%* 1.8 X 10° 1.6 X 108*
9 =1.9 X 10>-1.7 X 107 N/A*H 2.1 x 10* N/A
16 =1.9 X 10>-1.4 x 107 N/A*TH 1.3 x 10° N/A

“ Symbols: *, number of urine samples less than three due to unsuccessful urine sample collection; N/A™, no data available; N/A* ¥, no data available because animals

with infection died.
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FIG. 2. Monitoring the spread of P. acruginosa Xen 5 infection from the bladder to the kidney by bioluminescence. Mice were infected by
placement of a precolonized catheter in the bladder through the urethral meatus, and the infection was monitored by recording photon emission
over time. Bacteria ascending from the bladder up the ureters and to the kidney can be clearly visualized (dorsal view) in live animals, using a

luciferase tag pathogen and bioluminescence imaging.

tion, reaching ~10° to 107 photons/s for both P. aeruginosa
Xen 5 and P. mirabilis Xen 44. Catheter-induced infections
were not only prolonged but ascended through the ureter to
the kidneys (Fig. 2 and Table 1). Persistent infection of the
bladder, with the subsequent spontaneous infection of the kid-
neys, was a feature of foreign body placement in the bladder.
The percentage of animals that went on to develop kidney
infection tended to be higher with P. mirabilis Xen 44 than
P. aeruginosa Xen 5 (Table 1). Additionally, the bacterial bur-
den required for inducing a coherent infection with P. mirabilis
Xen 44 (suspension or catheter) was approximately two logs
less than that for P. aeruginosa Xen 5 (10* CFU as oppose to
10° CFU). Moreover, all precolonized catheter-infected ani-
mals developed cystitis 1 day after infection with P. mirabilis
Xen 44, and all animals died by day 7. Lowering the inoculum
to as low as 10> CFU/catheter produced a 54% infection rate
in the bladder within a day after placement of the catheter.
This suggests that P. mirabilis Xen 44 was more virulent in the
mouse urinary tract than P. aeruginosa Xen 5 (Table 1). The
bacterial properties contributing to the difference in infectivity
are under investigation. Similar to the bioluminescent signal,
the bacterial counts in urine consistently remained elevated
over the period of study in catheterized mice, corroborating
the bioluminescence data (Table 2). In contrast to those mice
inoculated with bacterial suspensions, groups of mice im-
planted with precolonized catheters maintained a moderately
stable bioluminescent signal until termination of the experi-
ment, indicating the chronic nature of foreign body-associated
infections.

The progression, morbidity, and persistence of infection pro-
duced by different modes of inoculation for both pathogens
appeared to be highest when precolonized catheters were used.
This was followed by postimplant infection. The lowest levels
of progression, persistence, and morbidity for both patho-
gens were noted in animals infected with a bacterial suspen-
sion. This difference in the degree of infection seen between
the catheterized and noncatheterized groups clearly indicates
the importance of the catheter in potentiation of the infec-
tion.

Effect of antimicrobial therapy on P. mirabilis Xen 44 infec-
tion. To determine whether real-time bioluminescence imag-
ing can be used to evaluate the therapeutic efficacy of antibi-
otic in real time in the urinary tract, we tested the effect of
ciprofloxacin in a group of mice infected with P. mirabilis Xen
44. The bioluminescent signal recorded in the bladders of mice
challenged with a bacterial suspension or the placement of a
precolonized catheter reached approximately 107 photons/s 1
day after inoculation. This reasonably intense signal allowed
the efficacy of antibiotic treatment to be effectively monitored.
The in vivo bioluminescent imaging revealed kidney infection
in 39% of P. mirabilis Xen 44-catheterized mice after 2 days
following inoculation with an average photon flux of 7.8 X 10°
photons/s from infected kidneys. The average number of bac-
teria recovered from kidney homogenates with biolumi-
nescent signal was estimated at 6 X 107 CFU/g kidney. The
treatment regimen with ciprofloxacin commenced 2 days after
initiation of infection and continued for an additional 4 days.
No animals that were left untreated survived beyond 7 days in
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FIG. 3. In vivo bioluminescence monitoring of P. mirabilis Xen 44 in the mouse model of UTI during treatment with ciprofloxacin. Effect of
ciprofloxacin treatment 2 days after infection and readministration of ciprofloxacin for four additional days after the infection was reestablished.
The total number of photons detected per second over the infected bladder was quantified using Living Image software and plotted with respect
to time. Each data point is the mean * standard deviation for 6 to 13 mice. Arrows indicates the days of antibiotic administration. Data are
averages of results from three experiments. The viable counts in each catheter were determined immediately after removal from the bladder and

are shown in the upper quadrants of the plot.

the group of mice infected by placement of precolonized cath-
eters.

Compared to the untreated control groups, the treated an-
imals inoculated with bacterial suspension showed a rapid de-
cline in bioluminescent signal that was observed by day 1 with
an almost 50% reduction and nearly to undetectable levels
after 2 days of treatments (data not shown). No bacteria could
be cultivated from urine samples of animals that lacked a signal
that was above background, suggesting the eradication of in-
fection. A reduction in bioluminescence following treatment in
catheterized animals was also observed. However, the decline
appeared to be much slower than those seen in animals in-
fected with bacterial suspensions (Fig. 3). Moreover, two ad-
ditional days of treatments were necessary for the biolumines-
cent signal to reach background levels. Furthermore, despite
completion of a 4-day course of therapy, a weak signal per-
sisted in two of the catheterized animals, demonstrating the
difficulty in treating catheter-associated infections. Once re-
duced, the bioluminescent signal and viable cell numbers re-
mained undetectable for the duration of the study in groups of
mice infected with bacterial suspension and treated with cip-
rofloxacin (data not shown). In contrast, in catheterized mice,

the intensity of the residual bioluminescent signal began to
increase in 66% of animals approximately 2 days after discon-
tinuing ciprofloxacin treatment, reaching approximately pre-
treated levels by 8 days postinfection (Fig. 3 and 4), suggesting
significant bacterial regrowth in this group of mice. As pre-
dicted by the bioluminescent signal, viable bacterial cell num-
bers also corresponded in urine in these animals. Similar
ciprofloxacin data were seen with P. aeruginosa Xen 5 infec-
tion. However, four additional consecutive days of treat-
ment were required for the bioluminescent signal intensity
to reach undetectable levels in catheterized mice (data not
shown).

To determine whether the above-described relapses of in-
fection were due to the failure of the antibiotic to completely
eradicate the bacteria from the catheter or whether they were
due to cells becoming resistant to ciprofloxacin, the antibiotic
was readministered for four consecutive days following two
days of cessation of initial therapy to mice with reestablished
infection (Fig. 3 and 4). Notably, the second attempt to treat
the infection again resulted in reduction in bioluminescent
signal and the corresponding bacterial count, which was unde-
tectable after 3 days of ciprofloxacin treatment. This demon-
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FIG. 4. Real-time monitoring of the effects of ciprofloxacin on P. mirabilis Xen 44 UTI. A representative animal from the group receiving
antibiotic is shown. Note that the response to treatment, including relapse and renal infection, can be monitored noninvasively within the same

animal throughout the study period.

strated that bacterial regrowth was not a result of the cells
becoming resistant to the antibiotic but more likely was due to
a small proportion of the cells surviving and dividing once the
antibiotic was no longer present. Indeed, bacteria recovered
from catheters from mice with recurring infection following
ciprofloxacin treatment were confirmed to be sensitive to the
antibiotic by MIC. The bioluminescent signal in animals with
kidney infections also declined with therapy and returned to
background levels after 4 days of treatment (Fig. 4). No bac-
teria could be cultivated from kidney homogenates of these
animals at the time of sacrifice, indicating that biolumines-
cence is a convenient method of monitoring infection and
response to treatment. Interestingly, after the second treat-
ment, the signals in the bladder and kidney rebounded again,
this time in 50% of animals, and reached levels seen in those of
pretreated mice. Paralleling the bioluminescence data, the bac-
terial counts in urine also started to increase after cessation of
ciprofloxacin treatment (Fig. 4). Compared to real-time biolu-
minescence monitoring, conventional methods for estimating
the number of viable bacteria present in vivo and the efficacy of
drug treatment were considerably longer.

Electron microscopy of catheter from mouse bladder. Scan-
ning electron microscopic examination of catheters harvested
from the mouse bladders after 2 days demonstrated that the
lumen and the surface of the catheter were covered with thick
biofilm and rod-shaped bacterial cells mostly buried within the
matrix (Fig. 5). This encrustation may have protected the bac-
teria from antibiotic killing and thus caused persistent or re-
current infections. It also demonstrated that the implanted
device constitutes a particularly attractive surface for bacterial
colonization and biofilm development in vivo.

DISCUSSION

In the present study, we have demonstrated the application
of biophotonic imaging to monitor catheter-associated UTI in
living mice. Two common human uropathogens, P. aeruginosa
and P. mirabilis, were made bioluminescent by the insertion of
a complete lux operon into their chromosomes, and these en-
gineered strains were used to study the infection process in real
time from outside of the infected animals, using a low-light
optical imaging system. We adapted the rat model of foreign
body-associated UTI developed by Kurosaka et al. (26) to
demonstrate that placement of a foreign body in the bladder of
a mouse without surgical manipulation allows establishment of
a reproducible persistent chronic infection. We also demon-
strated the use of this model to study the therapeutic response
of these uropathogens to ciprofloxacin, a commonly used an-
tibiotic in treatment of UTI. We were able to visualize the
entire course of the infection, including subsequent disease
relapse, which was seen to occur following termination of treat-
ment in animals with catheters implanted. This procedure en-
sured that a minimal number of animals were used and that
little manipulation of the urinary tract was necessary. In this
respect, our model is comparable to the clinical situation, in
which relapse and the recalcitrant nature of the infection even
with treatment are commonly seen. The phenomenon probably
contributes significantly to the frequent failures of antibiotic
therapy on biofilm infections in humans. An important and
unique aspect of the present study was the capacity to monitor
ascending UTI in catheter-associated infections, demonstrat-
ing this murine model to closely resemble the natural human
condition that frequently leads to pyelonephritis.
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FIG. 5. Scanning electron micrograph of a longitudinal section of a catheter from the bladder of a mouse 2 days after infection. Cross-section
of catheter at low magnification (left) shows the lumen of the catheter filled with a thick biofilm. Also note a thin film outside the surface of the
catheter. Numerous rod-shaped bacterial cells mostly embedded within the intracellular material are clearly seen at higher magnification (right).

Another feature of the present study was the capacity to
mimic the clinical situation of intraoperative or postoperative
contamination. We examined this by either implanting a pre-
coated catheter with a defined inoculum of bacteria or by
infecting the bladder with a defined inoculum of bacteria after
placing a sterile catheter in the bladder. Both approaches are
clinically relevant and we found that the infection rate was
highest when implanting a precolonized catheter followed by
postimplant infection. The lowest incidence of morbidity and
mortality was recorded after inoculation of bacterial suspen-
sion in the absence of a foreign body in the bladder. The model
is therefore useful for studying foreign body-associated infec-
tions and pathologies within the urinary tract. Interestingly,
P. mirabilis Xen 44 was shown to have a high virulence even at
doses as low as 10> CFU per catheter in this model. Despite
this high morbidity and mortality, we were able to establish a
chronic infection in catheterized mice by administering antibi-
otic treatment to the animals at an early stage of infection. This
way, we were able to monitor the disease in catheterized mice
until the termination of the study on day 21.

Urinary tract infections induced with bacterial suspensions
were shown to respond rapidly to ciprofloxacin and were effi-
ciently eradicated by this therapy. In contrast, despite plank-
tonic P. mirabilis Xen 44 and P. aeruginosa Xen 5 sensitivity to
ciprofloxacin, both pathogens induced a persistent and recur-

rent infection following treatment in catheterized animals,
demonstrating the difficulty associated with resolving biofilm
infections on implanted bodies. Microscopically, both patho-
gens were seen to grow as a biofilm on the inside and the
outside of the catheter, and it is likely that this mode of growth
in some way impeded the effectiveness of the drug, although
the exact mechanism behind this impedance was not identified.
The therapeutic efficacy of ciprofloxacin against UTT including
foreign body-associated UTI caused by several uropathogens
has been shown previously (13, 39, 46). Our results are consis-
tent with previous observations. However, the relapse of infec-
tion in catheterized mice following cessation of treatment
shown in the present study has not been reported in studies
conducted with conventional ex vivo methods (39). These
methods require the sacrificing of animals for sampling and
therefore will not permit longitudinal monitoring of infection
in the same animal. This indeed may have prevented the de-
tection of regrowth of bacteria in foreign body-associated UTI
following the termination of ciprofloxacin treatment. This
highlights the importance of monitoring therapeutic efficacies
and relapse of infection in the same animal following the
termination of treatment regimens. By the method described
here, it was possible to evaluate regrowth of bacteria without
the limitations associated with death as an end point for sam-

pling.
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Relapse of infection following treatment, a condition fre-
quently seen with catheterized animals during this study and in
similar studies conducted previously using optical imaging (21,
22, 45), resembles the clinical conditions. In this respect, our
model is well suited for evaluating antibacterial activity with
chronic biofilm infections in the urinary tract. A plausible ex-
planation for relapse is that although the antibiotic was able to
kill planktonic swarmer cells shed into the urine from the
catheter surface, a small proportion of the bacteria within the
biofilm were protected and survived killing by the antibiotic
treatment, only to subsequently proliferate and produce new
swarmer cells that went on to cause a recurrence of the infec-
tion. Why a small proportion of these cells should survive the
antibiotic therapy is not known (growth phase or location in
the biofilm matrix); however, antibiotics frequently work in
combination with the host’s immune system, and it is possible
that the physical barrier generated by the biofilm acts to inhibit
immune cells from effectively penetrating and eradicating
straggling bacterial cells that are not immediately killed by the
ciprofloxacin. Our bioluminescence data support such an in-
terpretation of events in catheterized mice, since with each
treatment there was a dramatic decline in the luminescent
signal from the bladder of these animals and a corresponding
reduction in the number of viable bacteria in urine, followed by
a staggered rebound of this signal over time.

In a few cases the bioluminescent signal persisted longer on
the catheters in some animals even after ciprofloxacin treat-
ment. We were able to confirm that the signal was indeed em-
anating from catheter by ex vivo imaging of harvested catheters
after these animals had completed 3 days of treatment. Fur-
thermore, we were able to culture viable bacteria from these
catheters. We also noticed a high incidence of renal infections
and mortality in mice with catheter-induced (precolonized or
postimplant) infection. This frequency of morbidity and mor-
tality appeared to be even greater with P. mirabilis Xen 44.
Kurosaka et al. (26) observed similar results with P. aeruginosa
foreign body-associated urinary tract infection in rats and pro-
posed that the biofilms on the catheters acted as a reservoir for
the bacteria, constantly releasing cells into the bladder, thereby
allowing the ascending infection into the kidneys throughout
the experimental period. Another possibility is that the bacte-
ria are able to invade the bladder epithelium and subsequently
grow to form a mature biofilm, as shown for E. coli (1, 36).
Unlike free-floating pathogens, those bacteria within the blad-
der mucosa are known to reemerge and eventually establish
a persistent, dormant bacterial reservoir that may serve as a
source for recurrent infections. However, our electron micro-
scopic examination of the bladder surface did not show pod-
like structures as shown for E. coli.

Several models of UTIs have been described (14, 18, 19, 26,
27, 34, 37, 41, 49). A number of these studies were conducted
to investigate the pathogenesis of various uropathogens and
for the evaluation of different antibiotics for UTIs in labora-
tory animals (2, 8, 11, 12, 17, 23, 33, 39, 40, 43, 46). However,
monitoring the infections in these animal models using con-
ventional methods is cumbersome, laborious, and time con-
suming. Conventional methods estimate the pathogen burden
by estimating the numbers of recovered CFU from organs and
urine samples. Monitoring the infection based on bacteriuria
has been shown to be inconsistent in confirming the true in-
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fection in the bladder or kidney (14, 16, 17). Because the distal
urethra is normally colonized with large numbers of different
bacterial species, the diagnosis of clinically significant bacteri-
uria is difficult. In this respect our approach is attractive, be-
cause our bioluminescent bacteria can be easily distinguished
from contaminating bacteria in the urethral meatus. Moreover,
using conventional methods it is crucial to sacrifice animals and
excise tissues to determine progression of the infection, patho-
genesis, or therapeutic efficacy.

Antibiotic efficacy is determined in conventional studies by
looking for a reduction in the pathogen burden during sam-
pling or by counting the number of surviving animals following
treatment. Such methods require large numbers of animals,
lengthy incubation periods, and removal and processing of tis-
sue to locate and quantify the infecting pathogen. A major draw-
back with these ex vivo methods is the difficulty in extracting
the bacteria, animal-to-animal variations in experimental data,
problems of antibiotic carry-over, phenotypic conversion from
sessile to planktonic, and performance of the experiment in
the absence of animal host defense mechanisms. Using op-
tical imaging, we were able to overcome these limitations by
visualizing the disease process from outside intact infected an-
imals. With this simple, nonintrusive technique, we were able
to streamline and refine a foreign body-associated urinary tract
infection in a mouse model, allowing repeated imaging of the
same animal over time to provide more information per animal
while using significantly fewer animals overall.
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