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Virtually all uropathogenic strains of Escherichia coli encode filamentous sur- 
face adhesive organelles called type 1 pili. High-resolution electron microscopy 
of infected mouse bladders revealed that type 1 pilus tips interacted directly 
wi th  the lumenal surface of the bladder, which is embedded wi th  hexagonal 
arrays of integral membrane glycoproteins known as uroplakins. Attached pili 
were shortened and facilitated intimate contact of the bacteria wi th  the uro- 
plakin-coated host cells. Bacterial attachment resulted in exfoliation of host 
bladder epithelial cells as part of an innate host defense system. Exfoliation 
occurred through a rapid apoptosis-like mechanism involving caspase activation 
and host DNA fragmentation. Bacteria resisted clearance in  the face of host 
defenses within the bladder by invading into the epithelium. 

Urinary tract infections (UTIs) are among the 
most common infectious diseases acquired by 
humans, affecting over 7 million people an- 
nually in the United States alone and account- 
ing for substantial morbidity (1). Escherichia 
coli, the primary causative agent of UTIs, 
including cystitis, encodes surface adhesive 
organelles called type 1 pili (1, 2). These 
fibrous extensions consist of a 7-nm-thick 
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helical rod composed of repeating FimA sub- 
units joined to a 3-nm-wide distal tip struc- 
ture containing the adhesin FimH (3). Bind- 
ing of the FimH adhesin to mannosylated 
host receptors present on the bladder epithe- 
lium (urothelium) is critical to the ability of 
E. coli to colonize the bladder and cause 
cystitis (2, 4, 5) .  The lumenal surface of the 
bladder is lined by a layer of superficial 
umbrella cells that deposit on their apical 
surfaces a quasi-crystalline array of hexago- 
nal complexes made up of four integral mem- 
brane glycoproteins known as uroplakins (6). 
In vitro binding assays have shown that two 
of the uro~lakins. UPIa and UPIb, can s~ecifi- 
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1-piliated E. coli and the uroplakin-coated 
host superficial bladder cells. C57BL16 mice 
were infected by transurethral inoculation 
with the E. coli cystitis isolate NU14 grown 
in static broth (81, a growth condition that 
specifically induces the expression of type 1 
pili by this strain. The type 1 pili produced by 
h'Li14 have been well characterized (2, 5, 9). 
Two hours after infection, mouse bladders 
were removed and processed for EM (10). As 
determined by scanning EM (SEM), numer- 
ous bacteria adhered randomly across the 
bladder lumenal surface, both singly and in 
large, biofilmlike microcolonies, some of 
which contained several hundred bacteria 
(Fig. 1A). The bacteria were often situated in 
grooves and niches formed by the apical 
membrane of the superficial cells (Fig. 1B). 
This uroalakin-embedded membrane has 
been termed the asymmetric unit membrane 
(AUM) because of its appearance in cross 
section ( 6 ) .  In contrast to NU14-infected 
bladders, almost no bacteria were found at- 
tached to bladders taken from mice infected 
with the isogenic finzH- mutant NU14-1 (2, 
I l ) ,  confirming the role of the FimH adhesin 
in colonization of the bladder. 

Examination of infected mouse bladders 
with high-resolution, freeze-fracture, deep- 
etch EM revealed the tips of type 1 pili 
making direct contact with the AUM (Fig. 1, 
C to H) (12). Type 1 pili spanned the distance 
between the bacterial outer membrane and 
the AUM directly, with seemingly little slack 
along their lengths (Fig. 1H). The molecular 
architecture of these pili was identical to the 
type 1 pili present on the inoculated hTU14 
bacteria (3, 9), except that they were shorter. 
Of 70 pili measured from 23 individual bac- 
teria, the average pilus length from the bac- 
terial outer surface to the host cell membrane 
was 0.12 i 0.07 pm. In contrast, type 1 pili 
present on bacteria in broth culture are typi- 
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cally 1 to 2 pm long (13) but can vary from 
a few fractions of a micrometer to greater 
than 5 pm in length. It has been proposed that 
some types of pili expressed by E. coli and 
other species are able to retract (14). Thus, it 
is possible that the shorter type 1 pili ob- 
served in the electron micrographs are the 
result of pilus retraction, which could poten- 
tially pull the bacterium closer to the AUM 
after attachment to host receptors. In addi- 
tion, contact of type 1 pilus tips with the 
AUM would potentially impede the growth 
of any nascent pili (IS), and this could also 
account for some of the shortened pili ob- 
served. Either hindrance of pilus growth or a 
pilus retraction mechanism could result in a 
buildup of unassembled pilin subunits in the 
periplasm, a condition that is known to acti- 
vate signal transduction cascades regulating 
gene expression (16). This could provide a 
means for the infecting bacteria to sense at- 
tachment and facilitate their survival. 

At higher magnifications, the hexagonal ar- 
ray of uroplakin complexes embedded within 
the AUM was distinguishable (Fig. 1, E and G). 
FimH-containing tips were identified (Fig. lE, 
arrow) and often appeared to be buried among 
the uroplakin complexes (Fig. 1G). Each hex- 
agonal complex of uroplakins has a 3.7-m- 
wide central cavity that is proposed, on the 
basis of cross-linking studies, to be lined by one 
or the other of the putative FimH receptors 
UPla or UPlb (17). These cavities could con- 
ceivably accommodate the 3-m-wide adhesive 
tips of type 1 pili during bacterial attachment. In 
some cases, the AUM appeared to be "zipper- 
ing" around and enveloping the attached bacte- 
ria (Fig. IF). Superficial bladder cells can in- 
ternalize uropathogenic strains of E. coli (la), 
and the image shown in Fig. 1F may represent 
an initial step in this process. 

One consequence of bacterial colonization 
of the bladder is the exfoliation and excretion 
of infected and damaged superficial cells (18, 
19). This process of cell elimination is pro- 
posed to be an innate host defense mecha- 
nism of the urinary tract. Terminally differ- 
entiated superficial cells have distinctive pen- 
tagonal or hexagonal outlines and a charac- 
teristic pattern of ridges on their apical 
surface and are among the largest cells found 
in mammals (Fig. 2A) (20). Two hours after 
inoculation with NU14, the bladder epitheli- 
um appeared mostly intact, with only a few 
areas showing signs of exfoliation (Fig. 2B). 
Six hours after NU14 inoculation, massive 
exfoliation of the superficial cells had oc- 
curred, exposing the underlying, less differ- 
entiated urothelial cells (Fig. 2C). Occasion- 
ally, regenerating host cells were seen ad- 
vancing across ulcerated areas where the 
basement membrane had been exposed as a 
consequence of infection (Fig. 2D). Such ul- 
cerated areas could also be detected at 12,24, 
and 48 hours after infection. However, at 

these later time points, urothelial cells that 
were more rounded and substantially smaller 
than the terminally differentiated superficial 
cells covered most of the lumenal surface of 
the bladder (Fig. 2E). In many instances, the 
small exposed cells appeared to be differen- 
tiating, obtaining the outline, flattened pro- 
file, and ridged surface pattern associated 
with mature superficial cells (Fig. 2, E and F). 
The recombinant strain AAEC185lpSH2 
(type 1 +), which is derived from a laboratory 
K-12 strain MM294 (21), also caused mas- 

sive exfoliation of urothelial cells within 6 
hours after inoculation (11). In contrast to 
NU14 and AAEC 185IpSH2, the jmH- mu- 
tants NU14-1 and AAEC 185lpUT2002 
caused no obvious alteration of the bladder 
urothelium. In addition, AAEC185 express- 
ing P pili (21), which are adhesive organelles 
more closely associated with upper UTIs, 
caused no exfoliation of the bladder epitheli- 
um. These results indicate that bacterial at- 
tachment mediated by the type 1 pilus FimH 
adhesin is a critical step leading to exfoliation 

Fig. 1. Type 1 pilus-mediated bacterial adherence to the bladder epithelium. Mouse bladders were 
processed for (A and 8) SEM (70) or for (C to H) high-resolution EM (72) at 2 hours after infection 
with NU14. The boxed areas in (C) and (D) are shown magnified in (D) and (E), respectively. The 
arrow in (E) indicates a FimH-containing tip. In (H), type 1 pili span from the host cell membrane 
on the right to the bacterium on the left. Scale bars indicate 5 p,m (A and B), 0.5 pm (C and F), 
and 0.1 pm (D, E, C, and H). 

Fig. 2. Progressive ex- 
foliation and regenera- 
tion of the urothelium 
after FimH-mediated 
bacterial attachment 
SEM images were taken 
of the apical surface of 
bladders at 48 hours af- 
ter inoculation with 
PBS (mock infected) 
(A) and at 2 (B), 6 (C 
and D), 12, 24, and 48 
hours (E and F) after 
inoculation with NU14 
(8, 70). Scale bars, 50 
p,m. 
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of bladder cells during UTIs. 
Host eukaryotic cells may undergo apopto- 

sis as a means of hindering the progression of 
an invading pathogen (22). To test the hypoth- 
esis that bladder cell exfoliation might be part 
of a bacterially induced apoptotic mechanism, 
we performed terminal deoxytransferase-medi- 
ated deoxyuridiie triphosphate nick end label- 
ing (TUNEL) assays with frozen infected 
mouse bladder sections to probe for fragmen- 
tation of host bladder cell DNA, a hallmark of 
apoptosis (23) (Fig. 3, A to F). Two hours after 
infection with NU14, many of the epithelial 
cells lining the lumenal surface of the bladder 
reacted positively in TUNEL assays (Fig. 3, B 
and C), in contrast to mock-infected controls 
(Fig. 3A). At this time point, only a small 
amount of exfoliation is evident, as determined 
by SEM, suggesting that mechanisms resulting 
in DNA fragmentation are initiated before or 
concurrent with exfoliation. Like NU14, the 
type l-piliated recombinant strain AAEC1857 
pSH2 also induced fragmentation of host cell 
DNA within 2 hours after infection (Fig. 3E), 
whereas the JimH- mutants NU14-1 and 
AAEC1857pUT2002 did not (Fig. 3, D and F). 
The speed with which DNA fragmentation oc- 
curred after inoculation suggests that urothelial 
cells may be sensitized to undergo rapid pro- 
grammed cell death in response to infection by 
type 1-piliated pathogens. 

Accumulating evidence indicates that 
many forms of programmed cell death re- 
quire the activation of proteolytic enzymes 
known as caspases (cysteine-containing as- 
partate-specific proteases) (23). We found 
that treatment of mice with the cell-perme- 
able pan-caspase inhibitor Boc-aspar- 
tyl(0Me)-fluormethylketone (BAF) inhibited 
exfoliation of urothelial cells in response to 
infection (24). At 6 hours after infection, the 
bladder epithelium from BAF-treated mice 

Fig. 3. Bacterially in- 
duced exfoliation of 
urothelial cells occurs 
through an apoptosis- 
like mechanism. Mice 
were mock infected 
with (A) 50 pI of PBS or 
infected with (B and 
C) NU14, (D) NU14-1 
(type lClfimH-), (E) 
AAEC185lpSH2 (type 
I f ) ,  or (F) AAEC1851 
pUT2002 (type I+/ 
fimH-) (8). A t  2 
hours after inocula- 
tion, bladders were 

remained mostly intact, as determined by 
SEM, with superficial umbrella cells cover- 
ing most of the lumenal surface (11), in con- 
trast to controls (similar to Fig. 2, C and D). 
Massive exfoliation of superficial cells even- 
tually occurred in the BAF-treated mice by 
24 hours after infection (11). In addition, at 
12 hours after infection with NU14, control 
mouse bladders had an average of 85% fewer 
bacteria in comparison with BAF-treated 
mice (Fig. 3G). These results support a role 
for exfoliation in clearance of bacteria and 
further implicate a caspase-mediated apopto- 
sis-like mechanism in the shedding of urothe- 
lial cells in response to bladder infections. 

Increased exfoliation of the bladder epithe- 
lium correlated temporally with an initial 16- 
fold decrease (an average 94% reduction) in 
bacterial titers between 2 and 6 hours after 
infection with NU14 (Figs. 2 and 4A) (25). 
However, despite bladder host defense mecha- 
nisms, substantial numbers of bacteria persisted 
within the bladder up to 48 hours after infection 
(Fig. 4A), although few, if any, bacteria were 
detected by SEM on the bladder surface at or 
beyond 6 hours after infection. SEM of blad- 
ders at 2 hours after infection showed signs of 
bacterial invasion. The AUM enveloped some 
bacteria (Fig. 4, B to E), perhaps through con- 
tact points with type 1 pili as seen in Fig. 1F. 
These bacteria were often situated at the center 
of distinct star-shaped distortions formed by the 
AUM (Fig. 4B), suggesting substantial cy- 
toskeletal alterations in areas surrounding bac- 
terial internalization. In in vitro assays, we have 
found that FimHf, but not FimH-, type l-pili- 
ated bacteria can invade and survive within 
cultured human bladder carcinoma epithelial 
cells (11). To address whether invasion of the 
urothelium is advantageous to the survival of 
NU14 in whole bladders, we determined the 
number of intracellular bacteria at various time 

l1@u 104 (-) BAF (+) BAF 

removed and frozen 
in  Tissue-Tek O.C.T. embedding medium. Five-micrometer-thick frozen cross sections were 
stained with the Apoptag Fluorescein Kit (Intergen, Purchase, NY), counterstained with 
propidium iodide, and observed by immunofluorescence microscopy with a X 4  (B) or X2O 
(A and C to F) objective lens. Random sections from two or more mice were examined 
qualitatively for each type of sample. (C) Inhibition of bacterial clearance from bladders by 
BAF treatment. Groups of four mice were inoculated with NU14 with or without 
administration of BAF (24). The mean titers ( tSD)  recovered from BAF-treated versus 
control bladders at 12 hours after infection are shown. 

points after infection by incubating bladders ex 
vivo with the host membrane-impermeable an- 
tibiotic gentamicin so as to kill all extracellular 
bacteria (25). The number of bacteria protected 
from gentamicin killing amounted to less than 
0.5% of the total number of bacteria within the 
bladder at 2 hours after infection (Fig. 4A). 
However, by 48 hours after infection, the num- 
ber of gentamicin-protected bacteria often ac- 
counted for the vast majority of the total num- 
ber of bacteria remaining in the bladder. 

Taken together, these data suggest that 
type 1-piliated organisms induce pro- 
grammed cell death and exfoliation of blad- 
der epithelial cells but that they can resist this 
innate host defense mechanism by invading 
into deeper tissue. This may account for the 
high amount of disease recurrence, despite 
antibiotic treatment, in many patients with 
UTIs. Recurrent UTIs are a common prob- 
lem, frequently affecting women with ana- 
tomically and functionally normal urinary 
tracts (I). Studies have shown that 32 to 68% 
of recurrent UTIs are caused by uropatho- 

'@A' ' ' 'rb' " 'A' " .3b.' ' ' 40 ' .  ' .A 
Time (hours) 

Fig. 4. Kinetics of bacterial reduction in NU14- 
infected bladders and the persistence of intra- 
cellular bacteria. (A) The total numbers of bac- 
teria per gram of'mouse bladder (black circles) 
and the numbers of gentamicin-protected bac- 
teria (open boxes) were determined at various 
times after infection (25). At least four bladders 
were examined per time point. (B t o  E) Bacteria 
in various stages of internalization into super- 
ficial cells at 2 hours after infection with NU14 
were detected by SEM. Scale bars indicate 10 
p m  (B) and 1 p m  (C to  E). 
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genic strains previously identified in the pa- 
tient (26). The ability of type l-piliated uro- 
pathogens to invade the urothelium suggests 
that recurrent UTIs may, in some cases, be a 
manifestation of a lingering chronic infection 
and not necessarily a reinoculation of the 
urinary tract. 
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Requirement for p53 and p21 
to Sustain G, Arrest After 

DNA Damage 
F. Bunz, A. Dutriaux, C. Lengauer, T. Waldman, S. Zhou, 
J. P. Brown, J. M. Sedivy, K. W. Kinzler, B. Vogelstein* 

After DNA damage, many cells appear to enter a sustained arrest in the G, phase 
of the cell cycle. It is shown here that this arrest could be sustained only when 
p53 was present in the cell and capable of transcriptionally activating the 
cyclin-dependent kinase inhibitor p21. After disruption of either the p53 or the 
p21 gene, y radiated cells progressed into mitosis and exhibited a G, DNA 
content only because of a failure of cytokinesis. Thus, p53 and p21 appear to 
be essential for maintaining the G, checkpoint in human cells. 

DNA damaging agents in the form of y radi- 
ation and chemotherapeutic drugs are the 
mainstays of most current cancer treatment 
regimens. This has stimulated much research 
to understand the cellular responses to DNA 
damage. After DNA damage, cells arrest at 
the transition from GI  to S phase (GI-S) or 
from G2 to M phase (G,-M) of the cell cycle, 
with DNA complements of 2n or 4n, respec- 
tively (I). Arrest at these checkpoints pre- 
vents DNA replication and mitosis in the 
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presence of unrepaired chromosomal alter- 
ations. The proportion of cells that arrest at 
GI-S or G,-M depends on cell type, growth 
conditions, and the checkpoint controls oper- 
ative in the cell (2). The GI-S arrest results, at 
least in part, from p53-regulated synthesis of 
the cell cycle inhibitor p21""F''C1P' (3-3, 
which leads to inhibition of the cyclin-cdk 
complexes required for the transition from G, 
to S phase. However, arrest in G, after DNA 
damage occurs in both murine and human 
cells in the absence of p2 1 or p53 (3-6). This 
arrest is thought to result from activation of a 
protein kinase, Chkl, that phosphorylates and 
inhibits the function of the protein phospha- 
tase Cdc25C (7). Inhibition of Cdc25C pre- 
vents the removal of inhibitory phosphates 
from Cdc2, a protein kinase that complexes 
with mitotic cyclins and is required for mi- 
totic entry (8). 

The integrity of the Chkl-Cdc25C-Cdc2 
pathway in p21- or p53-mutant cells would 
appear to explain the prolonged G2-M arrest 
that occurs in such cells (3-7). However, 
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