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Individuals with struvite uroliths are susceptible to recurrent urinary tract infections (UTI), sepsis, and
renal disease. Unfortunately, little is known about the host-specific factors that predispose to this disease. In
order to develop a rodent model that can address this problem, we inoculated female Fischer 344 (F344), Lewis
(LEW), Sprague-Dawley (SD), and Wistar (WIS) rats with a host-adapted strain of Ureaplasma parvum.
Animals were necropsied at 2 weeks postinoculation; 100% of F344, 42% of SD, 10% of LEW, and 10% of WIS
rats remained infected. Severe bladder lesions and struvite calculi were seen in 64% of F344 rats; in other rat
strains, bladder lesions were mild or absent. F344 rats with struvite uroliths had the highest urinary levels of
proinflammatory cytokines, such as GRO/KC, interleukin-1� (IL-1�), and IL-1�. F344 rats without struvite
stones at necropsy had milder bladder lesions and significantly lower urinary levels of proinflammatory
cytokines but a more prominent inflammatory response than did other rat strains. Based on our results,
struvite stone formation is linked to a robust inflammatory response that does not resolve UTI but instead
promotes damage to surrounding tissues.

Although struvite calculi constitute only 2 to 3% of stones
that are analyzed, they create greater clinical complications,
such as sepsis and renal disease (30), than any other stone type.
Not all factors that contribute to struvite stone formation are
known, but urinary tract infections (UTI) are usually a predis-
posing factor. Infections with urease-producing bacteria, such
as Klebsiella, Proteus, Pseudomonas, and Ureaplasma, signifi-
cantly increase the risk of struvite formation due to increases in
urine pH and direct damage of the uroepithelium by ammonia
(13, 29).

Host-specific factors also increase the risk of struvite forma-
tion during a UTI episode. Obvious examples of host-specific
factors are anatomic anomalies of the urogenital tract that
disrupt the capacity to void urine (13, 29). However, in most
patients a predisposing factor cannot be identified, and the
underlying cause of struvite stone formation remains unclear.
Since UTI is a prerequisite for struvite stone formation, risk
factors for UTI also need to be considered. In women, colo-
nization of the vagina with potential uropathogens combined
with impaired host defense mechanisms increases the risk of
UTI (7, 32, 38). In addition, genetic factors have been postu-
lated to play a role in susceptibility to UTI (37).

Although ureaplasmas are not the only urease-producing
bacteria known to cause struvite calculi (11, 12, 14), they are
uniquely considered opportunistic pathogens because they can
be readily isolated from the lower urogenital tract of healthy
humans as well as individuals with disease (26, 39). Epidemi-
ological studies show that women have much higher Urea-
plasma colonization rates (5) as well as higher rates of infec-

tion-induced calculi that are culture positive for Ureaplasma
(19) than do men. Since most diseases caused by mollicutes are
influenced by a variety of host and environmental factors (25,
31), it is reasonable to suggest that the host response to Ure-
aplasma-associated UTI plays a significant role in complicated
UTI and struvite stone formation. Thus, this microorganism
can be particularly useful in the development of an animal
model of struvite stone formation that focuses on the host
response factors that contribute to disease.

Although Ureaplasma is not a natural pathogen of rodents,
experimental infection of the rodent urinary tract with Urea-
plasma has been established by inoculation into the bladder
and/or renal pelvis (10, 22, 23, 27, 28). Experimental infection
in different rat strains produces a wide spectrum of disease
ranging from mild inflammation to predominantly hyperplastic
lesions of the bladder with varying degrees of pyelonephritis
and urolithiasis (10, 22, 23, 27, 29). These studies were done
under different conditions with different isolates of Ureaplas-
ma; therefore, direct comparisons cannot be made. Whether
differences observed in these studies represent true variability
in host susceptibility to infection with Ureaplasma and/or stru-
vite formation in the urinary tract, differences in ureaplasmal
strain virulence, or experimental confounders is unclear. If
such host susceptibility differences exist, then a rodent model
of UTI could be exploited to determine which host-specific
factors contribute to UTI and stone formation. Our intention
was to establish a rodent model of U. parvum infection of the
lower female urogenital tract. By using a standardized clone of
U. parvum that was host adapted in the female rat, we were
able to demonstrate that there are rat strain differences in
susceptibility to colonization with Ureaplasma and subsequent
struvite stone formation. Moreover, the development of stru-
vite calculi is tightly linked to a specific robust inflammatory
response that involves uroepithelial hyperplasia.
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MATERIALS AND METHODS

Animals. Specific-pathogen-free Fischer 344 (F344), Lewis (LEW), Sprague-
Dawley (SD), and Wistar (WIS) virgin female rats were purchased from a
commercial vendor (Charles River, Indianapolis, IN). All animals ranged in
weight from 178 to 200 g. Animal colonies were monitored and found free of the
following pathogens: Sendai virus, H-1 virus, rat corona virus, sialodacroadenitis
virus, reovirus type 3, Kilham rat virus, Hantaan virus, Mycoplasma pulmonis,
respiratory and enteric bacterial pathogens, endoparasites, and ectoparasites. All
animals were handled in accordance with procedures approved by the University
of Florida Institutional Animal Care and Use Committee.

In order to maintain barrier conditions, all animals were handled within a
laminar flow hood. Rats were housed in Microisolator (Lab Products, Inc.,
Maywood, NJ) cages in the same room under the same temperature and light
conditions. Control animals were always handled before infected animals and
housed in separate cages in order to prevent contamination with Ureaplasma. All
food, water, and caging were autoclaved before use.

Female rats were anesthetized with a ketamine (Ketaset; Bristol Laboratories,
Syracuse, NY)-xylazine (Rompun; Haver-Lockhart, Shawnee, Kans.) cocktail
(100 mg ketamine plus 150 mg xylazine) administered intraperitoneally at a
dosage of 0.1 ml/100 g of body weight. While anesthetized, each rat was specif-
ically identified with an ear notch code for identification purposes. The perineal
area was disinfected with 70% alcohol, and a 24-gauge, 3/4-in.-long intravenous
catheter (Terumo Medical Corp., Elkton, MD) lubricated with sterile KY jelly
was gently introduced into the urethra. One ml of inoculum containing sterile
10B broth or 109 CFU of U. parvum was slowly infused into the bladder through
the catheter. In order to adjust for any potential variability in inocula, all rat
strains used in the study were infected with the same inoculum at the same time.
Using a block experiment design, all rat strains within the same treatment group
were commingled with each other in order to adjust for any potential variables
in housing conditions. All infection experiments were repeated three times. For
each infection experiment, a minimum of two rats per rat strain were infected,
and all rat strains were represented in each experiment.

Necropsy. Rats were necropsied at 2 weeks postinfection. Prior to anesthesia,
free-catch urine was collected for cytokine analysis. All rats were deeply anes-
thetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg
body weight) and exsanguinated by transection of a femoral artery and vein.
Blood was collected for the detection of humoral immune responses specific to
Ureaplasma. Rats were cultured for the presence of Ureaplasma in the vagina,
bladder, and kidneys.

Ureaplasma preparation and culture. A clinical isolate of U. parvum was
obtained from the urine of a woman at the time of a recurrent symptomatic UTI
episode (protocol approved by University of Florida Institutional Review Board
and in full compliance with Health Insurance Portability and Accountability Act
regulations). One colony was selected and cultured in 10B broth. Species iden-
tification of U. parvum was confirmed through PCR (36). In order to host adapt
U. parvum to the rat, six in vivo passages were performed in SD rats. For each
passage, 109 CFU were inoculated into the bladder of two SD rats. Animals were
euthanized, and vagina, bladder, and urine were cultured for Ureaplasma 1 week
postinoculation. For each passage, the isolate was grown overnight and infused
into the bladder of a new animal. After six consecutive in vivo passages, the final
isolate was prepared as a working stock (in vitro passage 2), its speciation as U.
parvum was confirmed by PCR (34), and it was designated strain 257-48.

For infection studies, 1 ml of the working stock was grown in 45 ml of 10B
broth for 12 to 16 h at 37°C. The Ureaplasma culture was pelleted by centrifu-
gation at 10,000 � g, 4°C, for 50 min. Due to the delicate nature of Ureaplasma,
the pellet was resuspended in 15 to 20 ml of fresh 10B broth instead of saline, to
give a final concentration of 109 CFU per ml. The CFU of each inoculum was
confirmed by culture on A8 agar. Thus, each rat of each strain was inoculated
with the same broth culture at each experimental time. For each experiment, a
minimum of two rats per strain were infected, and all rat strains were represented
in each experiment.

Cultures obtained from animals at necropsy were serially diluted 10-fold in
10B broth to 10�5. Cultures for CFU determination of inoculum were serially
diluted 10-fold to 10�10. For CFU determination, 20 �l from each sample and its
corresponding dilutions (up to 10�5 for animal cultures and up to 10�8 for
inoculum cultures) were plated on A8 agar. Agar plates were incubated at 37°C
in 5% CO2; broth cultures were incubated at 37°C in ambient air. Broth tubes
were checked daily for a color change, and the reciprocal of the last dilution to
show growth was deemed the color-changing unit. Agar cultures were incubated
for at least 5 days before colonies were counted to determine CFU.

Detection of urinary cytokines. Urine from control and infected rats was
analyzed for the presence of cytokines with an antibody-immobilized bead im-

munoassay (Lincoplex kit; Linco Research, Inc., St. Charles, MO). The manu-
facturer’s protocol was followed for the detection of the following cytokines and
chemokines: granulocyte-macrophage colony-stimulating factor (GM-CSF), in-
terleukin-1� (IL-1�), IL-1�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, gamma
interferon (IFN-�), IL-18, GRO/KC (the rat analog for human IL-8), and tumor
necrosis factor alpha (TNF-�). Briefly, a standard cocktail was serially diluted in
order to develop a standard curve that ranged from 3.2 to 2,000 pg/ml. Concen-
trations less than 3.2 pg/ml cannot be detected. Urine samples were diluted in
assay buffer to obtain a total volume of 60 �l per well and run in duplicate. Urine
samples were combined with premixed anti-rat cytokine antibody-immobilized
beads and incubated overnight at 2 to 8°C. Samples were then incubated with 25
�l of detection antibody cocktail for 2 h at room temperature. Streptavidin-
phycoerythrin buffer (25 �l) was added to the sample mixture and allowed to
incubate at room temperature for an additional 30 min. The beads were washed
and resuspended in sheath fluid. Signal detection measurements of antibody-
immobilized beads were performed with a Luminex 100 machine (Luminex Co.,
Austin, Tex.). Concentrations of cytokines were determined by the intensity of
the signal that corresponded to the concentration on the standard curve. Cyto-
kine concentrations were corrected to reflect cytokine concentrations prior to
sample dilution.

Stone analysis. Bladder calculi were submitted to a commercial laboratory and
analyzed by integrated crystallography (Louis C. Herring and Co., Orlando, FL).

Histopathology. One-half of the bladder was fixed in 10% buffered formalin
for 18 to 24 h. After fixation in buffered formalin, tissues were trimmed and
transected so that a cross-sectional view of the bladder wall would be present on
each section. Tissues were processed routinely and stained with hematoxylin and
eosin. In order to develop a lesion scoring system, the pathologist was aware of
which samples came from control animals but was blinded as to identity of rat
strain. After development of the lesion scoring system, all slides were recoded so
that the pathologist was blinded to rat strain and experimental treatment (infec-
tion status). Five lesion categories were developed for assessing lesion scores.
Inflammation density of tissues was scored on the following scale: 0 for no
lesions, 1 for minimal, 2 for mild, 3 for moderate, and 4 for dense cellular
infiltrates. The primary location of inflammation was scored as follows: 1 for
subepithelial, 2 for mural, and 3 for transmural. The scoring system for total area
affected was as follows: 1 for less than 10%, 2 for 10 to 50%, and 3 for greater
than 50%. Scoring for cell types that comprised the inflammatory infiltrate was
1 for primarily mononuclear cells (lymphocytes, plasma cells and macrophages),
2 for mononuclear cells and neutrophils, and 3 for mononuclear cells, neutro-
phils, and fibrous infiltrates. Epithelial changes in bladder tissues were scored as
follows: 0 for none; 1 for minimal hyperplasia, ulceration, or effacement of
epithelium by inflammation; 2 for mild hyperplasia and rare dense inflammatory
infiltrates; 3 for the same changes noted for a score of 2 but accompanied with
marked erosion and/or ulceration of the epithelial surface.

ELISA for detection of antibodies specific for Ureaplasma. A minimum of five
rats per strain and per treatment group (control versus infected) were examined
for the presence of anti-Ureaplasma-specific antibodies. An OptEIA enzyme-
linked immunosorbent assay (ELISA) reagent kit B (BD Biosciences, San Diego,
CA) along with biotin-conjugated monoclonal mouse anti-rat immunoglobulin M
(IgM), IgG1, IgG2a, IgG2b, and IgG2c (BD Biosciences, San Diego, CA) were
used for the detection of anti-Ureaplasma antibodies in rat sera. Ureaplasma
antigen was prepared as previously described and used at a concentration of 20
�g of protein/ml (3). Wells designated as negative controls for each Ig subclass
were incubated with plain diluent buffer. Rat sera from control and infected rats
were serially diluted at a ratio of 1:2 (concentration range, 1:32 to 1:4,096) and
incubated overnight at 4°C. For each rat sample, all Ig subclasses were detected
on the same ELISA plate. Biotin-conjugated mouse anti-rat Ig subclass antibod-
ies were prepared at a concentration of 2 �g/ml, and ELISA plates were incu-
bated at 37°C for 4 h. Avidin-horseradish peroxidase conjugate was used at a
dilution of 1:1,000 and applied to each well for 30 min. After washing, 3,3�,5,5�-
tetramethylbenzidine substrate (BD Biosciences) was used to measure horserad-
ish peroxidase activity, and the substrate reaction was stopped with BD Opt EIA
stop solution. Absorbance values were measured at 450-nm wavelength with an
ELX 808 Ultra microplate reader (Bio-Tek Instruments, Inc., Winooski, VT).

The cutoff value for a true positive sample was determined for each Ig subclass
for each rat strain by averaging the absorbance values of the corresponding
control sera. For each control animal, the most dilute serum sample that had an
absorbance value greater than the background control was used as the cutoff
dilution value for that particular Ig subclass of that rat strain. Therefore, if the
absorbance values in infected sera did not exceed the cutoff value for the cor-
responding control, that sample was given a value of 0.

Data analysis. Data from multiple experiments were grouped together in
order to make statistical analysis possible. Wherever possible, data were analyzed
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by two-way analysis of variance. Fisher’s multiple comparison was used when the
analysis of variance indicated a significant difference among group means. An
unpaired Student’s t test was used for comparisons that were limited to two
groups. Contingency table analysis was used for comparisons among rat strains
involving nominal data (positive versus negative). Nonparametric data were
analyzed by the Kruskall-Wallis test, Mann-Whitney rank test, or Spearman
correlation. For all analyses, a probability of P � 0.05 was considered significant.

RESULTS

Colonization with Ureaplasma. Ureaplasma was not isolated
from any site from any control rat (data not shown). There
were no significant differences in the frequency of colonization
of the vagina and kidney among rat strains (Table 1). However,
statistically significant differences were observed for the blad-
der (Table 1). F344 rats had a significantly higher rate of
bladder colonization than other rat strains (P 	 0.001). Fur-
ther, F344 rats had significantly higher levels of U. parvum
isolated from the bladder than SD rats at 2 weeks postinocu-
lation (P 	 0.02) (Fig. 1); WIS and LEW rats were excluded
from the CFU analysis since only one animal per strain was
culture positive in the bladder.

Urinary calculi. Calculi were not isolated from any control
rats at any site. No experimentally infected SD or LEW rats
developed any bladder or renal calculi. One WIS rat that was
culture negative for Ureaplasma had a struvite calculus present
in the bladder but had minimal signs of inflammation in the
bladder (details discussed in “Histopathology,” below). There
was no microscopic evidence of a nucleus or nidus of bacteria,
cells, or inflammatory material, but the matrix did contain
blood and protein. Nine of 14 F344 rats (64%) that were
inoculated with Ureaplasma developed struvite calculi. Three
of these nine calculi had no microscopic evidence of a nidus,
but all nine stones had blood and protein in the matrix. The
presence of struvite calculi in F344 rats was not statistically
correlated with the log CFU of Ureaplasma recovered from the
urine or bladder (data not shown).

Histopathology. There were no detectable lesions in bladder
tissue from control rats (Fig. 2). U. parvum-inoculated LEW,
WIS, and SD rats did not show any qualitative or quantitative
differences in bladder histopathology (see Fig. 3, below, for
lesion score analysis). When present, lesions were limited pri-
marily to the subepithelial layer of the bladder (Fig. 2b). In the
bladder mucosa, the most consistent finding was spongiosis of
epithelial cells, with some necrosis. In rare instances there was
exfoliation of individual cells and a few foci of inflammatory
cells rarely scattered throughout the epithelial layer. Further,
this effect was more pronounced in the bladder tissue of SD
rats that were culture positive for Ureaplasma (Fig. 2b). The
inflammatory cell populations consisted of lymphocytes/
plasma cells, macrophages, mast cells, and neutrophils. The
lamina propria submucosa had mild to moderate vascular con-
gestion and edema with minimal to mild inflammatory infil-
trates, similar to what was present in the epithelial layer. The
external muscularis layer and adventitia had similar changes as
the lamina propria.

Lesions in the F344 rat bladder tissue were more extensive
and more severe than the other rat strains. In the nine F344
rats with struvite calculi, the primary location of inflammation
extended into the transmural layers of the bladder (Fig. 2c). In
struvite-positive F344 rats, the epithelium showed mild hyper-
plasia with varying degrees of marked erosion, ulceration, ne-
crosis of some individual cells, and occasional cytoplasmic vac-
uolization and spongiosis. Widespread vascular congestion and
diffuse edema were present in the submucosal layers as well as
the external muscularis. Dense multifocal aggregates of lym-
phocytes/plasma cells, neutrophils, macrophages, and mast
cells were common in the submucosa and also present in the
external muscularis layers. In F344 rats without struvite calculi,

TABLE 1. Animals culture positive for Ureaplasma in the vagina, bladder, and/or kidney at 2 weeks postinoculation
with 109 CFU of U. parvum in the bladder

Tissue site
No. of animals (%) culture positive for Ureaplasmaa

P valuea

F344 SD LEW WIS

Vagina 3/14 (21) 3/12 (25) 2/10 (20) 1/10 (10) NS
Bladder 14/14 (100) 5/12 (42) 1/10 (10) 1/10 (10) 0.0001
Kidney 3/14 (21) 1/12 (8) 0/10 (0) 0/10 (0) NS
Infected at multiple sites 5/14 (36) 2/12 (17) 1/10 (10) 1/10 (10) ND
Total (infected at any site) 14/14 (100) 7/12 (58) 2/10 (20) 2/10 (20) 0.0002

a Values were obtained by chi-square analysis. NS, not significant; ND, not done.

FIG. 1. Isolation of U. parvum from bladder tissue of F344 (n 
 15)
and SD (n 
 5) rats that were culture positive at 2 weeks postinocu-
lation. Samples were collected from four separate experiments. Data
were analyzed with Student’s t test and are presented as the mean log
CFU � standard deviation.
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the inflammation was less extensive and primarily localized
within the mural layer of the bladder. Most notably, these
animals had no to minimal epithelial hyperplasia, but ulcer-
ation and effacement of uroepithelium were still present.
The inflammation in these animals was less extensive. A
distinguishing feature was that fewer neutrophils and mast
cells were present in the submucosal and external muscu-
laris layers (Fig. 2d).

Lesion scores for location of inflammation and inflammatory
infiltrate were not significantly different between rat strains
(data not shown). However, bladder lesion scores (Fig. 3) were
significantly higher in infected F344 rats than in the other rat
strains for inflammation density (P 	 0.0001), total area af-
fected (P 	 0.0001), and degree of epithelial change (P 	
0.0003). Within the F344 infected group, animals with bladder
stones had significantly higher lesion scores for total area af-
fected (P 	 0.008), inflammatory cell type (P 	 0.01), and
epithelial change (P 	 0.02) (Fig. 4). Although not statistically
significant, F344 rats with bladder stones tended to have a
higher inflammation score and lesion location than their stru-
vite negative counterparts.

Urine cytokines in control animals. There were no detect-
able levels (3.2 pg/ml or higher) of IFN-�, IL-1�, IL-4, IL-6,
IL-10, IL-12, IL-18, or TNF-� in the urine of control rats.
Monocyte chemoattractant protein 1 (MCP-1), IL-1�, and
GRO/KC were present in detectable levels in the urine of all

strains, but there were no differences in levels among the
strains (data not shown). An unexpected finding was a signif-
icantly higher level (P 	 0.007) of GM-CSF in the urine of
control SD rats (642 � 442 pg/ml [mean � standard devia-
tion]). Although F344 rats also had detectable levels of GM-
CSF (188 � 147 pg/ml), this was significantly less than the
levels present in SD rats (P 	 0.007). GM-CSF was not de-
tected in the urine of LEW or WIS rats.

Urine cytokines in infected animals. WIS and LEW rats
were excluded from analysis because only one animal from
each group was culture positive. Prior to analysis, the data
from SD infected rats were stratified by urine culture re-
sults, i.e., culture positive versus culture negative. Because
there were no differences in the levels of cytokines between
these subgroups (data not shown), all of the samples within
the SD inoculated group were combined for statistical anal-
ysis. Stratification was not necessary for F344 rats, since all
were culture positive. When infected SD rats were com-
pared to all infected F344 rats, SD rats had significantly
higher levels of GM-CSF (P 	 0.02) and significantly lower
levels of both IL-6 (P 	 0.05) and TNF-� (P 	 0.006) than
F344 rats (Fig. 5). Increased levels of IL-1� in the urine of
F344 rats approached, but did not achieve, statistical signif-
icance (P 	 0.06). Although GRO/KC, IFN-�, IL-1�, IL-18,
and MCP-1 were detected in urine, there were no significant
differences in the levels among these rat strains (data not

FIG. 2. Rat bladder tissue obtained 2 weeks postinoculation. Bladders were inoculated with sterile medium (control) or 109 CFU of U. parvum
(infected; panels B to D). All images are at a magnification of �100, and the yellow arrow present on all figures is equivalent to 100 �m.
(A) Bladder section from a control rat; (B) bladder section from a culture-positive SD rat; (C) bladder section from a culture-positive,
struvite-positive F344 rat, with an arrow pointing to a dense infiltrate of inflammatory cells present within the subepithelial layer of the bladder;
(D) bladder section from a culture-positive, struvite-negative F344 rat.
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shown). IL-4, IL-10, and IL-12 were not detected in the
urine of these animals.

Since the presence of stones was associated with significant
differences in bladder lesions of F344 rats, the urine cytokine
levels in these subgroups were statistically analyzed. F344 rats
with uroliths had significantly higher levels of GRO/KC (P 	
0.05), IL-1� (P 	 0.05), IL-1� (P 	 0.03), and TNF-� (P 	
0.04) than did stone-negative counterparts (Fig. 6).

Correlations between bladder tissue lesion scores and urine
cytokines from F344 rats were analyzed by the Spearman cor-
relation test. There were no significant correlations between

the inflammatory infiltrate, density of inflammation, or loca-
tion of inflammation and levels of GRO/KC, IL-1�, or IL-1�
(data not shown). However, there was a significant correlation
between total area affected and urine GRO/KC (rs 
 2.40; P 	
0.02), IL-1� (rs 
 2.33; P 	 0.02), and IL-1� (rs 
 2.83; P 	
0.005). There was also a significant correlation between degree
of epithelial change and urine GRO/KC (rs 
 2.25; P 	 0.02)
and IL-1� (rs 
 2.05; P 	 0.04).

Correlations between bladder tissue lesion scores and

FIG. 3. Lesion scores for bladder tissues obtained from U. parvum-
inoculated rats: F344 (n 
 15), SD (n 
 12), LEW (n 
 10), and WIS
(n 
 10). Horizontal bars represent the median value for each rat
strain. Parameters for lesion scoring were as follows: density of inflam-
mation (A), total area of the bladder affected (B), and degree of
epithelial change (C). Samples were collected from four separate ex-
periments. Lesion scores were analyzed with the Kruskall-Wallis test,
and P values are presented within the corresponding graph.

FIG. 4. Lesion scores for bladder tissues obtained from U. parvum-
inoculated F344 rats. Horizontal bars represent the median value for
each group. Animals were separated into two groups based on the
presence of a struvite urolith (yes, n 
 9; no, n 
 5). Criteria were as
follows: density of inflammation (A), total area of the bladder affected
(B), and degree of epithelial change (C). Samples were collected from
four separate experiments. Lesion scores were analyzed with the
Mann-Whitney rank sum test, and P values are presented within the
corresponding graph.
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urine GM-CSF in SD rats were also analyzed. There were no
significant correlations between the levels of urine GM-CSF
and any of the lesion-scoring parameters (inflammatory in-
filtrate, density of inflammation, location of inflammation,
total lesion score, or degree of epithelial change) (data not
shown).

Humoral immune response to U. parvum. The relative dis-
tribution of anti-Ureaplasma Ig subclass titers in each rat strain
is summarized in Fig. 7. Regardless of Ig subtype, LEW rats
tended to have the lowest titers to U. parvum. F344 and SD rats
tended to have the highest titers, but their responses varied
with Ig subclass. For example, SD rats had the highest IgG1
(P 	 0.04), but F344 rats had the highest anti-U. parvum IgG2a
(P 	 0.01) and IgG2b (P 	 0.05) titers.

DISCUSSION

Animal models for Ureaplasma-induced struvite stone for-
mation have primarily been used for identifying the conditions

FIG. 5. Urinary cytokines GM-CSF (A), IL-6 (B), and TNF-�
(C) that were present in U. parvum-inoculated rats. Urine was col-
lected free catch at time of necropsy, and data are presented as the
mean � standard deviation from F344 (n 
 11) and SD (n 
 9) rats.
Samples were collected from four separate experiments, and data were
analyzed by using an unpaired Student’s t test. P values for each
analysis are presented within the corresponding graph.

FIG. 6. Association of uroliths with increased urinary cytokines
GRO/KC (A), IL-1� (B), IL-1� (C), and TNF-� (D) in U. parvum-
inoculated F344 rats. Urine was collected free catch at time of necropsy
from F344 rats, and data are presented as the mean � standard deviation
from rats with struvite calculi (n 
 8) and rats without struvite calculi (n 

5). Samples were collected from four separate experiments, data were
analyzed by using an unpaired Student’s t test, and P values for each
cytokine analysis are presented within the corresponding graph.

VOL. 74, 2006 UREAPLASMA-INDUCED UTI AND STRUVITE UROLITH 6661



and components in urine that contribute to calculogenesis (9,
10, 22, 23), with little emphasis on determining host-pathogen
relationships. Disease severity in most mycoplasmal infections
is intimately linked to the host immune response, and tissue
damage is usually due to an inappropriate immune response or
inflammatory response that harms the host without adequate
elimination of the infection (15, 18, 40). The rodent model of
struvite stone formation described in this report provides a
unique opportunity to determine the role of the host immune
response in disease pathogenesis.

One caveat of experimental infection using a human patho-
gen in a rodent host is that both the host immune response and
the colonization abilities of the microbe may be confounding
factors in interpretation of the data. In order to limit this
confounder in our study, a clinical isolate of U. parvum from a
woman with symptomatic UTI was adapted in vivo in the SD
rat. This standardized rat-adapted strain of U. parvum allowed
us to demonstrate that rat strains differ in susceptibility to both
UTI and struvite stone formation.

Although U. parvum was host adapted in the SD rat, it is
particularly interesting that it was the F344 rat strain that was
most susceptible to infection and struvite stone formation. In
this model, microbial load does not appear to affect struvite
stone formation, since F344 rats with or without struvites had
equivalent numbers of U. parvum cultured from bladder tissue.
What appears to be most critical to struvite stone formation in
this rat strain is an exuberant inflammatory response that is
also linked to uroepithelial hyperplasia. There were marked
differences in bladder lesion severity from struvite-positive rats
versus struvite-negative animals. Most notably, struvite-posi-
tive animals had more extensive inflammation that extended
further into the submucosa and external muscularis layers of
the bladder. Moreover, struvite-positive rats had significantly
greater amounts of neutrophils and fibrous infiltrates that are
consistent with an active inflammatory process. This inflam-
matory infiltrate also extended into the stuvite stone matrix
and may have contributed to stone formation, since it was also
present in the nuclei of most of the stones analyzed. The
marked hyperplastic changes in the uroepithelum in F344 rats
with uroliths are unlikely to be solely a response to mechanical
irritation of the stone (6). If epithelial hyperplasia were in-
duced by mechanical irritation alone, then the WIS rat with a
struvite urolith should have displayed similar bladder pathol-
ogy. Instead, this animal had mild changes that consisted only
of scant multifocal foci of uroepithelial erosion. Therefore, we
suggest that one key to urolith formation in the F344 rat is that
the infection remains unresolved in the presence of an active
inflammatory immune response (24).

The role of an overly exuberant inflammatory response in
susceptibility to uroliths is further supported by the proinflam-
matory profile observed in urinary cytokines. F344 rats with
uroliths had significantly greater amounts of GRO/KC, IL-1�,
IL-1�, and TNF-� in their urine. This proinflammatory profile
probably reflects a positive feedback loop through the stimu-
latory effects of IL-1 and TNF on IL-6 and GRO/KC secretion
from epithelial cells (41). GRO/KC, which is the rat analog of
IL-8 in humans, may be a critical component for the extensive
venous congestion and epithelial hyperplasia present in the
bladder tissue of F344 rats with uroliths. GRO/KC is a strong
chemotactic agent for neutrophils (41), and struvite-positive

FIG. 7. Immunoglobulin subclass responses to U. parvum infection:
IgM, IgG1, IgG2a, IgG2b, and IgG2c responses in U. parvum-inoculated
rats. Titer results are presented as the reciprocal of the last dilution with
an absorbance value greater than each rat strain’s corresponding control
value. Horizontal bars represent the median value for each rat strain.
Samples were collected from four separate experiments (n 
 5 for each
rat strain) and analyzed by using the Kruskall-Wallis test.
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rats had the highest density of neutrophils in the subepithelial
layers of the bladder. GRO/KC has angiogenic activity and can
serve as a tissue-remodeling factor (21). This activity is consis-
tent with the extensive venous congestion observed in our rat
model. GRO/KC is also capable of inducing hyperplasia in rat
epithelial cells (36). Epithelial hyperplasia was a hallmark le-
sion in the bladder of F344 rats, and GRO/KC urine levels
correlated with the degree of uroepithelial remodeling in these
animals, thus suggesting that GRO/KC may be important in
the pathogenesis of urolith damage to the bladder. In humans,
IL-8 may play a role in the pathogenesis of renal scarring and
vesicoureteral reflux (39). Therefore, it is even more intriguing
that in our model the rat counterpart to IL-8 is linked to
damage of the bladder epithelium and presence of stones.

Although SD rats were susceptible to infection with U. par-
vum, their incidence of infection was significantly less than for
F344 rats. Over half of SD rats were able to clear U. parvum
from the bladder. However, when infection was present, the
observed bladder lesions were substantively less severe and
extensive, the uroepithelium did not display hyperplastic
change or marked erosion, and uroliths were not present. Im-
portantly, unlike the intense proinflammatory response seen in
F344 rats, most of the urinary cytokines in SD rats were barely
detectable. An unexpected finding was the significantly ele-
vated levels of GM-CSF in the urine of control as well as
infected SD rats. The significance of this finding is unclear.
Typically, GM-CSF enhances microbicidal activity, oxidative
metabolism, phagocytic activity, and cytotoxicity in neutrophils
and macrophages (8). Unlike LEW and WIS rats, 5 of 12 SD
rats remained infected, and these rats exhibited signs that were
similar to asymptomatic bacteriuria (ABU). Since elevated
urinary GM-CSF was a unique feature in this rat strain, this
cytokine may be signaling an underlying defect in their innate
immune response, and this may be somewhat analogous to
what occurs in patients with ABU that fail to develop more
severe urinary complications (42).

Neither the LEW nor WIS rat strain had detectable levels of
proinflammatory cytokines in urine. Only 20% of LEW and
WIS inoculated rats were still colonized 2 weeks postinocula-
tion, indicating that these strains were capable of clearance of
U. parvum from the bladder. However, there was histological
evidence of resolving inflammation in the uroepithelium and a
humoral response to U. parvum, suggesting the microorganism
was able to colonize the host long enough to induce a humoral
immune response as well as a local inflammatory response
prior to clearance.

Little is known about the mechanisms by which the host
immune response may contribute to struvite urolith formation
in humans. However, the inflammatory response of the urinary
tract to injury and infection, along with the matrix components
of struvite stones, suggest immune dysregulation contributes to
stone formation. Patients with UTI have elevated levels of
IL-6, IL-1�, IL-1�, and IL-8 in their urine (4, 17, 20, 32), and
some of these cytokines also modulate epithelial differentia-
tion and morphology (21). In addition, proinflammatory cyto-
kines such as TNF-� and IL-6 also regulate expression of
calprotectin by leukocytes and epithelial cells (16). Calprotec-
tin is a primary protein constituent of struvite stones (1, 2) and
also is recognized as a marker of inflammation and immune
dysfunction (34, 35) because it is released by activated neutro-

phils and macrophages present at sites of inflammation (34,
35). Although we did not analyze F344 bladder tissue for the
presence of calprotectin, both the histologic lesions and urine
cytokine profile in these rats are similar to the profile observed
in humans (4, 17, 20).

We have defined a rodent model that will permit us to
address the early events of the innate immune system that
facilitate clearance of a uropathogen from the lower urinary
tract as well as the disruptions in the regulation of bladder
inflammation that lead to struvite stone formation. Each rat
strain described in our model system has specific strengths that
are applicable to defining host-pathogen interactions in the
urinary tract. For example, F344 rats will be particularly useful
to study susceptibility to urolith formation and bladder dam-
age, while SD rats will be amenable to study ABU in the
absence of severe bladder damage. WIS and LEW rat strains
can be used to elucidate the mechanisms required for success-
ful clearance of a uropathogen from the bladder. In this study,
our data support the concept that an exuberant host inflam-
matory response is associated with colonization and bladder
damage. In addition, a critical factor in stone formation is the
host local inflammatory response.
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