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The virulence of a urease-negative mutant of uropathogenic Proteus mirabilis and its wild-type parent strain
was assessed by using a CBA mouse model of catheterized urinary tract infection. Overall, catheterized mice
were significantly more susceptible than uncatheterized mice to infection by wild-type P. mirabilis. At a high
inoculum, the urease-negative mutant successfully colonized bladders of catheterized mice but did not cause
urolithiasis and was still severely attenuated in its ability to ascend to kidneys. Using confocal laser scanning
microscopy and scanning electron microscopy, we demonstrated the presence of P. mirabilis within the
urease-induced stone matrix. Alizarin red S staining was used to detect calcium-containing deposits in bladder

and Kkidney tissues of P. mirabilis-infected mice.

Proteus mirabilis, a gram-negative rod-shaped species in the
Enterobacteriaceae, is a common cause of urinary tract infec-
tion in individuals with long-term urinary catheters in place or
individuals with complicated urinary tracts (24, 27). The or-
ganism causes a significant bacteriuria, infecting the bladder,
but also has a propensity for the kidneys, as demonstrated by
bladder washout localization studies (4, 15). Proteus infections
are perhaps most noted for their association with formation of
debilitating kidney and bladder stones (2, 9). In individuals
with catheters in place, the catheters often become encrusted
with mineral deposits and the lumina become obstructed with
crystals, which block the flow of urine (16, 19, 25). In an
individual with a complicated urinary tract in which there is a
structural abnormality that prevents the normal flow or elim-
ination of urine, stones can form in the lumen of the bladder or
within the calices of the kidneys (1). The stones in the kidneys
must often be removed surgically or by shockwave lithotripsy
(6, 23). P. mirabilis, despite its antibiotic sensitivity, can be
difficult to clear by antibiotic treatment. It has been hypothe-
sized that bacteria within a stone matrix are protected from
antibiotic treatment.

Stones are formed due to the action of the cytoplasmic
nickel metalloenzyme urease (7, 19). This enzyme hydrolyzes
urea, which is present in urine at concentrations of 0.4 to 0.5
M, generating ammonia and carbon dioxide. Ammonia raises
the pH, and normally soluble ions precipitate to form stones,
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usually composed of magnesium ammonium phosphate (stru-
vite) and calcium phosphate (apatite) (6). Genes involved in
urease production in P. mirabilis reside on a 6.5-kb DNA
fragment that has been cloned and sequenced in our labora-
tory previously (14). UreR induces transcription of the urease
operon, which includes genes encoding the structural subunits,
ureABC, and genes required for incorporation of Ni** into the
apoenzyme, ureDEFG (17, 18).

Previously, was constructed an isogenic urease-negative mu-
tant from P. mirabilis wild-type strain HI4320 by disrupting
ureC through homologous recombination (13). Virulence stud-
ies with the murine model of ascending urinary tract infection
showed that this urease-negative mutant is severely attenuated
in its ability to colonize and persist in bladders and kidneys
(12). More importantly, no bladder stone (urolithiasis) or
death was observed in any mouse challenged with the urease-
negative mutant. In this study, the urease-negative mutant was
further characterized and examined by using a CBA mouse
model of ascending urinary tract infection involving a long-
term indwelling catheter. The presence of bacteria in the stone
matrix was investigated by using (i) green fluorescent protein
(GFP)-expressing P. mirabilis and confocal laser scanning mi-
croscopy and (ii) scanning electron microscopy. Finally, aliza-
rin red S stain was used to visualize calcium-containing crystal
deposits in bladder and kidney tissues.

Assessment of virulence of the urease-negative mutant
(ureC) of P. mirabilis in catheterized mice. Because P. mirabilis
is a uropathogen commonly associated with long-term-cathe-
terized patients rather than the general population, we exam-
ined the urease-negative mutant and its parental strain by
using catheterized CBA mice. Surgical implantation of 4-mm-
long long-term catheter segments in the bladders of CBA/J
mice was performed as described by Johnson et al. (10, 11).
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TABLE 1. Virulence assessment in CBA mouse model of ascending urinary tract infection
Inoculum No. of No. with Bladder Kidney
Catheter deaths/ urolithiasis/
Strain Dose (CFU/mouse) total no.” total no.? Infection® Colonization? Infection® Colonization”
Wild type 10% No 1/14 0/5 0/5 2.00 = 0.00 0/10 2.00 = 0.00
Yes 0/19 1/10 2/10 3.01 =2.14 4/20 2.59 = 1.29
10* No 0/15 0/5 0/5 2.00 = 0.00 4/10 2.81 = 1.12
Yes 2/27 7/12 11/12 6.44 = 1.58 18/24 497 £1.94
10° No 0/14 1/5 1/5 297 = 2.16 3/10 3.04 = 1.88
Yes 2/24 8/11 10/11 6.76 = 1.62 21/22 5.80 £ 1.39
108 No 12/71 15/20 18/20 6.41 = 1.94 34/40 6.27 = 2.44
Yes 5/13 2/4 4/4 6.53 = 0.70 8/8 6.24 = 0.94
10° No 33/106 10/31 29/31 6.50 = 1.83 52/62 5.70 £ 2.30
Yes 11/45 3/12 12/12 7.32 £0.72 24/24 6.68 = 1.47
ureC mutant 10° No 0/40 0/20 12/20 3.94 =2.19 17/40 334+ 1.74
Yes 0/61 0/30 30/30 6.33 = 1.46 22/60 2.83 = 1.26

“ Number of mice that died before 7 days after challenge/total number of mice.

> Number of mice with macroscopically visible bladder stones/total number of mice that survived and were sacrificed on day 7. Statistical differences between groups

are indicated in the text.

¢ Number of samples with detectable levels of colonization/total number of samples.
@ The data are expressed in log,, CFU per gram of tissue and are means * standard deviations. The level for samples with undetectable colonization was defined
as 2 log;, CFU/g of tissue. Statistical differences between groups are indicated in the text.

Two weeks after surgery, the bladders were histologically nor-
mal and the mice were transurethrally challenged with either
the urease-negative mutant or the wild-type strain. For a com-
parison of the catheterized model with an uncatheterized
model, P. mirabilis wild-type strain HI4320 was used to chal-
lenge both catheterized and uncatheterized mice at doses of
10%, 10%, 10°, 108, and 10° CFU/mouse. Seven days after chal-
lenge, the mice were sacrificed, and bacteria in the urine,
bladders, and kidneys were quantitatively cultured as previ-
ously described (12). As shown in Table 1, the catheterized
mice were more susceptible than the uncatheterized mice to
ascending urinary tract infection by the wild-type P. mirabilis
strain. At doses of 10* and 10° CFU/mouse, P. mirabilis wild-
type strain HI4320 colonized the catheterized mice at signifi-
cantly higher levels than it colonized the uncatheterized mice;
the levels in the bladder were >5,000-fold greater, and the
levels in the kidney were >100-fold greater (P < 0.007, as
determined by the Mann-Whitney test). Increased colonization
in the bladder also led to a higher incidence of urolithiasis. At
a dose of 10* CFU/mouse, 7 of 12 catheterized mice developed
urilithiasis, compared with none of the five uncatheterized
mice examined (P = 0.04, as determined by the Fisher exact
test); at a dose of 10° CFU/mouse, 8 of 11 catheterized mice
developed urolithiasis, compared with one of five uncatheter-
ized mice (P = 0.08, as determined by the Fisher exact test).

When challenged with the urease-negative mutant at a dose
of 10° CFU/mouse, the catheterized mice were more suscep-
tible than the uncatheterized mice to bladder colonization but
not to kidney colonization (Table 1). The level of bladder
colonization by the urease-negative mutant was >200-fold
higher in the catheterized mice than in the uncatheterized mice
(P = 0.0002, as determined by the Mann-Whitney test). De-
spite the successful colonization of the bladders of the cathe-
terized mice by the urease-negative mutant, urolithiasis or
death was never observed. Although we have shown previously
that the urease-negative mutant is severely attenuated in its
ability to colonize the urinary tract or cause urolithiasis in
uncatheterized CBA mice, we were unable to attribute the lack

of urolithiasis directly to the lack of urease because it could
have been due to the absence of infection. In the catheterized
mice, the level of colonization of the bladder by the mutant was
similar to the level of colonization by the wild-type strain. Even
so, no bladder stone was ever detected, demonstrating the
direct contribution of urease to stone formation in the bladder.
The successful colonization of the bladders of the long-term-
catheterized mice by the urease-negative mutant raised some
concern about the effectiveness of urease-inhibiting drugs for
preventing bladder colonization by P. mirabilis. As mentioned
above, P. mirabilis frequently causes urinary tract infections in
long-term-catheterized patients. Urease-inhibiting drugs may
be very effective in preventing the infection from ascending to
the kidneys and eliminating urolithiasis, as indicated by our
data. Treatment with such drugs, however, may not completely
eradicate bladder colonization by P. mirabilis in catheterized
patients.

Visualization of GFP-expressing P. mirabilis in a bladder
stone by confocal laser scanning microscopy. Urease-induced
stone formation in patients infected with P. mirabilis is detri-
mental because it often causes persistence and reoccurrence of
the infection. It is hypothesized that bacteria within a stone
matrix are protected from antibiotic treatment and clearance
by the host immune system. To identify the bacteria in a blad-
der stone, we constructed GFP-expressing P. mirabilis. A
760-bp promoterless gfp-mut2 (3) was excised from pKEN
(generously provided by Brendon Cormack, Johns Hopkins
University) by Xbal-Pst] digestion and cloned into Xbal-PstI-
digested pBluescript SK (Stratagene, La Jolla, Calif.), resulting
in construct pXL7301. P. mirabilis HI4320 transformed with
pLX7301 constitutively expresses GFP-mut2 from a lac pro-
moter on the vector, because Proteus species are Lac™. A
bladder stone from an uncatheterized mouse that was chal-
lenged with 10° CFU of the GFP-expressing P. mirabilis and
sacrificed on day 4 after challenge was cryogenically fixed, cut
into 20-pm sections, and examined with a Carl Zeiss laser
scanning microscope (Axiovert 100). Optical planes were
scanned with a 488-nm argon laser by using a 515-nm barrier



VoL. 70, 2002

NOTES 391

FIG. 1. Confocal images of GFP-expressing P. mirabilis in a bladder stone. GFP-expressing P. mirabilis in a mouse bladder stone were revealed
by confocal laser scanning microscopy. Two representative images are shown. Bar, 25 pm.

filter to detect GFP fluorescence. As shown by two represen-
tative micrographs of the stone, abundant GFP-expressing bac-
teria were present in the bladder stone (Fig. 1).
Visualization of P. mirabilis and host immune cells in blad-
der stones by scanning electron microscopy. Bladders from
two uncatheterized mice that developed severe urolithiasis
upon experimental urinary tract infection by P. mirabilis wild-
type strain HI4320 were fixed by instillation of 4% formalde-
hyde—1% glutaraldehyde for 18 h at room temperature, which
kept the bladders in a balloon shape. After fixation, the blad-
ders were sectioned longitudinally in quarters, processed for
scanning electron microscopy as described previously (8), and
then examined with an AMR model 1000 scanning electron
microscope. In most cases of urolithiasis, the bladder stone
settles at the inferior end of the bladder, blocking the urethral
opening; this was the case for the two bladders analyzed by
scanning electron microscopy (Fig. 2A). An infected bladder
displayed gross pathological effects, including thickening of the
bladder wall and distension of the epithelium. Each bladder
stone was compact in its core and had a relatively loose struc-
ture in the peripheral layers (Fig. 2B). A significant number of
bacteria was not observed on the bladder epithelium or in the
core of a bladder stone exposed after sectioning. Most bacteria
resided in the loose peripheral layers of the stone (Fig. 2C to
E). The surface of the stone was covered with fragments of
host cells and an enormous number of bacteria. The majority
of the bacteria were short rod-shaped vegetative cells; how-
ever, some cells appeared to be elongated swarmer cells.
Bacteria reside within the matrix of bladder and kidney
stones in urinary tracts infected with P. mirabilis. Using con-
focal laser scanning microscopy and scanning electron micros-
copy, we identified bacteria residing within the matrix of stones
formed as a result of infection. We observed both short vege-

tative cells and long swarmer cells in the stone matrix. How-
ever, the significance of the presence of the swarmer cells in
the stones has not been determined. Is swarmer cell differen-
tiation in a stone merely a surface-induced phenomenon? Do
swarmer cells play an active role in the bacterial community
living in a stone? Answers to these questions await further
investigation. Electron micrographs showed that most bacteria
appeared to reside in the peripheral layers of the stone matrix,
suggesting that during the development of a stone, bacteria
may move out towards the surface of the stone to gain access
to nutrients. The deep crevices of the stone may shield bacteria
from clearance by host immune cells while allowing access to
nutrients. Takeuchi et al. reported the presence of P. mirabilis
in areas ranging from the nuclei to the peripheral layers in
struvite stones (26). Bacteria encased in stones may be pro-
tected from antibiotic killing and thus cause persistent or re-
current infections. On the other hand, while the bacteria on the
surface have better access to nutrients, they seem to be expos-
ing themselves to killing by antibiotics. It is possible that bac-
teria living on a stone surface reside in a biofilm and thus are
relatively resistant to antibiotic treatment.

Visualization of bladder stones and calcium deposits in kid-
ney tissue with alizarin red S stain. Histochemical staining of
bladder stones and calcium deposits in kidney tissue was in-
vestigated by using alizarin red S stain. Alizarin red S stain has
been used for diagnosis of calcium deposits in tissue (5, 20, 22).
Bladder and kidney tissues of uncatheterized mice, infected
with wild-type P. mirabilis, were fixed in 10% formalin (pH
7.2), embedded in paraffin, and cut into 5- to 7-wm sections.
Consecutive sections were stained with a 2% aqueous solution
of alizarin red S stain (adjusted to pH 5.6 to 5.8 with 0.1%
NH,) to observe calcium deposits or with hematoxylin and
eosin stain to assess the histological damage due to infection.
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FIG. 3. Sections of P. mirabilis-infected mouse bladders stained with hematoxylin and eosin stain and alizarin red S stain. (A and B) Consecutive
sections of a mouse bladder that developed a macroscopically visible stone after infection by P. mirabilis, stained with hematoxylin and eosin stain
and alizarin red S stain, respectively. (C and D) Consecutive sections of a mouse bladder that developed mild urolithiasis due to P. mirabilis
infection, stained with hematoxylin and eosin stain and alizarin red S stain, respectively. (E and F) Magnified views of areas in panel B, showing
mineral deposits on the bladder epithelium stained with alizarin red S stain. Bars, 400 wm for panels A to D and 100 wm for panels E and F.

Samples were examined by light microscopy. As shown in Fig.
3A and B, alizarin red S stained a macroscopically visible
bladder stone brick red, creating a drastic contrast to the light
pink bladder tissue. Stained mineral deposits were also ob-
served on the bladder epithelium (Fig. 3E and F). Figures 3C
and D show a smaller developing bladder stone which was still
in close contact with the bladder epithelium. The bladder ep-
ithelium in close contact with the stone was strongly stained
with hematoxylin, which indicated that severe inflammation
and focal necrosis occurred. Similarly, necrotic areas in a kid-
ney with early calcification were stained red with alizarin red S
stain (Fig. 4).

Stones appear to form first in association with the surface of

necrotic, infected epithelium in both the bladder and the kid-
ney, as revealed by alizarin red S stain. Alizarin red S stain has
been used to identify calcium oxalate crystals in the kidneys of
patients with familial hyperoxaluria, ethylene glycol poisoning,
or chronic renal failure (21, 28). It should be noted that alizarin
red S stain is not strictly specific for calcium, and other cations,
such as magnesium, manganese, and iron, may interfere with
staining. Urease stones are composed of magnesium ammo-
nium phosphate (struvite) and calcium phosphate (apatite) (6).
Alizarin red S stain stained bladder stones brick red and
stained the tissue very light pink. Using alizarin red S stain, we
were able to observe the early stages of bladder stone devel-
opment, which indicated that stones appear to form first in
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FIG. 4. Sections of P. mirabilis-infected mouse kidney stained with
hematoxylin and eosin stain (A) and alizarin red S stain (B). A severely
necrotic area in the kidney, indicated by the heavy infiltration of host
immune cells shown in panel A, was stained with alizarin red S stain,
as shown in panel B. Bars, 100 pm.

close association with the bladder epithelium. Alizarin red S
staining also revealed calcification of kidney tubules in P. mira-
bilis-infected mice. To correlate alizarin red S staining with
infection, we stained consecutive sections of the sample with
hematoxylin and eosin stain. In the bladder, alizarin red S-
stained calcium deposits correlated well with infection, as in-
dicated by necrosis of the bladder epithelium underneath the
stone. In the kidney, however, it was rather difficult to pinpoint
the exact location of the calcified tubule in the section stained
with hematoxylin and eosin stain due to weak staining of the
tissue in the alizarin red S-stained section. Nonetheless, calci-
fication of kidney tubules also correlated well with severe in-
fection in the same area. Further investigation is needed to
determine whether the observed calcification of kidney tubules
is urease induced.
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