






bacteria throughout (Fig. 3C and D). Interestingly, although an
examination of lung sections from mice infected with the cyaB,
cyaAB, vfr, or exsA mutant showed very little LPS staining of
intact bacteria, as was seen with Gram-stained sections, there
were significant amounts of staining associated with the infil-
trating cells (Fig. 3E to H). When lung sections from mice
infected with the cyaAB mutant were examined by electron
microscopy, bacteria in the airways were seen infrequently;
however, those that were detected were often found to be
engulfed by what appeared to be neutrophils (Fig. 4D to F).
This suggests that the pattern of LPS staining seen with the
cyaB, cyaAB, vfr, and esxA mutants may reflect phagocytosed
bacteria or ingested bacterial membrane components.

Expression of exsA in a cyaAB mutant induces wild-type
levels of inßammation and dissemination. We have previously
demonstrated that Vfr and its coactivator cAMP regulate the
expression of the TTSS and that overexpression of exsA by-
passes this regulatory pathway and restores the expression and
function of the TTSS. Moreover, we have also shown that
cAMP, with Vfr, controls the expression of over a hundred P.
aeruginosa genes (27). For determination of whether the at-
tenuated virulence associated with mutations in the cAMP
signaling pathway is due to their regulatory effects on the TTSS
or to the activation of another gene(s), exsA was overexpressed
in the cyaAB mutant. The expression plasmid pPa-exsA, in
which the exsA gene is regulated by the IPTG-inducible tac
promoter, was conjugated into the cyaAB mutant, and this
strain was used to infect mice. Bacteria in homogenates of
lungs, spleens, and livers from infected mice were enumerated
by plating on L-agar or L-agar with 150 �g of carbenicillin/ml,
which allowed us to determine if the pMMB67EH (vector
control) or pPa-exsA plasmid was maintained during infection
in the absence of antibiotic selection. In all experiments, there
were no considerable differences in the numbers of bacteria

obtained on plates with or without the addition of carbenicillin
(data not shown). When mice were infected with the cyaAB
mutant strain containing the pMMB67EH vector control, the
number of bacteria observed in the lungs of infected animals
was similar to that with the cyaAB mutant without the plasmid
(Fig. 5A). These numbers did not change dramatically when
this strain was grown in IPTG-containing medium prior to
inoculation into mice given IPTG in their drinking water. Sim-
ilarly, omitting the IPTG inducer during the growth of the
cyaAB mutant containing the pPa-exsA expression plasmid and
from the water of infected mice resulted in equally low num-
bers of bacteria obtained from the lungs, livers, or spleens of
infected mice (Fig. 5A and B). However, when the expression
of the tac-regulated exsA gene was induced by first growing the
bacteria in the presence of IPTG and including IPTG in the
drinking water of mice, the number of bacteria observed in the
lungs of these animals was over 5 � 108 CFU, a level equal to
that found with wild-type PAK infections (Fig. 5A). These
mice also had disseminating infections, with high numbers of
bacteria being isolated from their livers and spleens (Fig. 5B).
Interestingly, when exsA was induced by the addition of IPTG
to bacterial cultures (in vitro) and mice were infected without
providing IPTG in the drinking water, the numbers of bacteria
found in the lungs, livers, and spleens were equal to those
obtained with wild-type infections (Fig. 5A and B). This indi-
cates that the continued induction of exsA is not essential once
the bacteria have established an infection. Additionally, when
mice were given IPTG in their drinking water and then in-
fected with uninduced cultures, the number of bacteria in the
lungs of these animals was only slightly reduced from that
found with fully induced strains. However, when livers and
spleens from these mice were examined, there was a substan-
tial decrease in the number of bacteria that could be detected
(Fig. 5B). These data indicate that although the delay in the

FIG. 2. Differential inflammatory cell migration and lung pathology were observed when mice were infected with various PAK mutants. Mice
were infected with either no bacteria (PBS) (A) or 5 � 107 CFU of wild-type PAK (B) or a strain containing a deletion of cyaA (C), cyaB (D),
cyaAB (E), vfr (F), exsA (G), or pscC (H). At 16 h postinfection, lungs from infected mice were removed, fixed, sectioned, and stained with
hematoxylin and eosin. Images were taken with a 20� objective.
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activation of exsA and thus type III secretion was not substan-
tial enough to significantly alter the lung infection, there was a
considerable effect found on the ability of the bacteria to dis-
seminate and induce systemic infections. For evaluation of
whether the addition of IPTG in vitro to cultures or the feeding
of IPTG to mice did indeed regulate exsA expression during
infection, exsA transcript levels in lung tissues from infected
mice were examined by RT-PCR. Lungs from mice infected
with the cyaAB mutant containing the pMMB vector control or
pPa-exsA without the addition of IPTG showed no detectable
transcript for exsA, although there were abundant levels of
transcript for the Pseudomonas 16S ribosome. However, when
IPTG was added to cultures prior to infection or was fed to
mice, exsA was readily detected (Fig. 5C). These data demon-
strate that the addition of IPTG regulated the expression of
exsA and thus the induction of the TTSS during infections. As

a control, the pPa-exsA expression plasmid was also conjugated
into a pscC mutant. Because PscC is a structural component of
the TTSS, its deletion prevents the formation of the secretion
apparatus, regardless of exsA overexpression. When exsA was
induced in this strain with IPTG and IPTG-fed mice were
infected with the resultant strain, the number of bacteria that
could be isolated from the lungs, spleens, or livers of these
animals was similar to those from infections with uninduced
cultures (Fig. 5A and B). This demonstrates that the overex-
pression of exsA does not have secondary effects on the bac-
teria independent of the TTSS.

DISCUSSION

P. aeruginosa respiratory infections are becoming more prev-
alent in patients with compromised immune defense mecha-
nisms. Several studies have demonstrated that expression of
the TTSS is correlated with the severity of Pseudomonas infec-
tions in humans (11, 21). Additionally, by using various models
of infection, a number of reports have highlighted the role that
the TTSS plays in the virulence of P. aeruginosa. We have
recently described a signaling pathway in P. aeruginosa that
utilizes cAMP and the cAMP binding protein Vfr for the
regulation of multiple genes, including those encoding the

FIG. 3. Localization and growth of bacteria in the lungs of infected
mice. Mice were infected with a wild-type PAK (A and C), cyaA deletion
(B and D), cyaB deletion (E), cyaAB deletion (F), vfr deletion (G), or exsA
deletion (H) strain, and at 16 h postinfection, lungs were removed and
fixed and sections were stained with either Gram’s stain (A and B) or an
anti-LPS polyclonal antibody (C to H). LPS staining is indicated by a
brown precipitate, and cells were stained with hematoxylin.

FIG. 4. Electron microscopy of lungs infected with wild-type P.
aeruginosa or a cyaAB mutant. Mice were infected with wild-type PAK
(A to C) or the cyaAB mutant (D to F). Infected lungs were removed
and fixed in glutaraldehyde. (A) A 0.5-�m-thick section was cut, and
the bacteria were stained with Gram’s stain. The image was taken with
a 100� objective. (B to F) Approximately 60-nm-thick sections were
cut and stained with uranyl acetate and lead citrate. Samples were
examined in an electron microscope. (E) The image is a higher mag-
nification of panel D and shows the intracellular bacteria.
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TTSS (27). Remarkably, the P. aeruginosa genome encodes
two adenylate cyclases (CyaA and CyaB), both of which are
expressed under most laboratory conditions. By utilizing a
mouse model of acute pneumonia infection, we examined the
consequences of cyaA, cyaB, and vfr gene deletions on the
colonization of the lung and systemic dissemination. In this

study, we demonstrated that the cyaB, cyaAB, and vfr mutants
are strongly attenuated during lung infections, a phenomenon
comparable to that observed with strains lacking expression of
the TTSS due to mutations in exsA or pscC (Fig. 1). Although
cyaA and cyaB mutants were demonstrably attenuated, the loss
of cyaB resulted in significantly lower numbers of bacteria in
the lungs than the modest effect observed with the cyaA mu-
tant. The bacterial load in the lungs of mice infected with the
cyaA or cyaB mutant also correlated with the severity of lung
pathology associated with the infection (Fig. 2C and D). Sim-
ilar differences between these two strains were found upon
dissemination into the liver and spleen after infection (Fig. 1).
Although the effects of a cyaA deletion on P. aeruginosa viru-
lence were modest compared to those of a cyaB deletion, there
was a synergistic response with the deletion of both adenylate
cyclases. We therefore conclude that during the course of
infection both adenylate cyclases are expressed, but CyaB is
responsible for the production of the majority of the cAMP,
which is essential for the activation of the transcriptional path-
way leading to the expression of the TTSS. An examination of
the cAMP levels produced in vitro by the cyaA, cyaB, and
cyaAB mutants demonstrated the predominance of CyaB for
the production of cAMP in P. aeruginosa, with the cyaAB mutant
producing only background levels of cAMP (27). Therefore, the
virulence phenotype of the various cya mutants in the mouse
acute pneumonia model accurately reflects the availability of
cAMP, a cofactor for the transcriptional regulator Vfr.

This work and our previous studies point to a significant
difference in the utilization of cAMP signaling pathways
among different bacteria. Escherichia coli expresses a single
adenylate cyclase, a close homologue of P. aeruginosa CyaA.
The production of cAMP in E. coli is important for the acti-
vation of the global regulator CRP, which is homologous to Vfr
in P. aeruginosa (26). Although there is significant homology
between these two systems, they appear to have evolved to
regulate distinctly different bacterial functions. In E. coli and
other enteric bacteria, the adenylate cyclase and the produc-
tion of cAMP are activated by the detection of an environmen-
tal signal such as a carbon source; however, this does not seem
to be the case for P. aeruginosa (24). The cAMP signaling
system in P. aeruginosa seems to respond to environmental
calcium concentrations and potentially host cell contact (27). A
further difference between these systems is highlighted by the
fact that cAMP signaling in P. aeruginosa depends primarily on
CyaB, a class III adenylate cyclase, rather than the E. coli
homologue CyaA. CyaB contains multiple putative transmem-
brane domains, which suggests that it is localized to the inner
membrane. It is therefore conceivable that environmental or cell
contact signals activate the P. aeruginosa adenylate cyclases.

The induction of the TTSS system via the overexpression of
exsA in an adenylate cyclase mutant (cyaAB) was sufficient to
restore wild-type levels of infection and dissemination (Fig. 5),
thus demonstrating that the expression of the TTSS in our
model was sufficient for virulence. Although the activation of
the TTSS by the cAMP pathway played a predominant role in
acute infections, we cannot exclude the possibility that this
pathway plays a broader role in regulating the virulence traits
of this organism in other infection models or during human
infections. Transcriptional profiling using cyaAB and vfr mu-
tants has shown that the expression of 163 genes is controlled

FIG. 5. Overexpression of exsA restores the wild-type phenotype in
the cyaAB mutant. Mice were infected with the mutant cyaAB strain
containing either the pMMB67EH vector or the exsA expression plas-
mid pPa-exsA. As a control, the pPa-exsA plasmid was also expressed
in the pscC mutant. For in vitro induction, cultures were induced with
500 �M IPTG prior to mouse infections. For in vivo induction, mice
were given water that contained IPTG. At 16 h postinfection, mice
were sacrificed and the numbers of bacteria in their lungs (A) or
spleens (gray bars) and 300 mg of liver (white bars) (B) were deter-
mined by growing dilutions of homogenates on L-agar plates and
L-agar plates with 150-�g/ml carbenicillin. Error bars represent stan-
dard deviations. Each group consisted of three to five mice. (C) Ex-
pression of exsA and P. aeruginosa 16S rRNA as evaluated by RT-PCR
with infected lungs. RNAs were extracted from the lungs of mice
infected with the cyaAB mutant containing the pMMB67EH vector
(lanes 1) or pPa-exsA (lanes 2 to 4). PCR samples were resolved on
ethidium bromide-stained agarose gels.
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by this regulatory mechanism (27). We also demonstrated that
the controlled regulation of exsA and thus the TTSS in the
cyaAB mutant greatly altered the outcome of P. aeruginosa
infections. The activation of exsA prior to infection was suffi-
cient to induce wild-type levels of bacterial infection in the
lungs, livers, and spleens of mice, even in the absence of ad-
ditional in vivo activation. However, when exsA expression was
turned on only after intranasal infection in mice, colonization
of the lungs was not greatly altered from that of wild-type
infections, but reduced bacterial dissemination was observed
(Fig. 5). These data suggest that the induction of the TTSS
during infection, which may occur only after adherence to a
cell surface or detection of an environmental signal, is suffi-
cient for colonization and thus allows P. aeruginosa to establish
an environmental niche, induce tissue damage, and dissemi-
nate. However, if expression of the TTSS is delayed, the host
may have a selective advantage and thus prevent significant
lung pathology and bacterial dissemination.

Bacterial LPS staining of lung sections from mice infected
with wild-type P. aeruginosa demonstrated that the bacteria
were in intimate contact with both epithelial and inflammatory
cell surfaces, thus implicating the role of cell contact in bacte-
rial activation. Observations of lung sections revealed that
wild-type P. aeruginosa formed microcolonies, while no such
bacterial communities were visible in the cyaB, cyaAB, vfr, and
exsA mutants, all of which lack expression of the TTSS (Fig. 3
and 4). However, when mutant bacteria were observed in the
lung, they were often found engulfed by what appeared to be
polymorphonuclear cells. It has been proposed that P. aerugi-
nosa grows as a biofilm during infections and that this mode of
growth is instrumental in bacterial resistance to antibiotics and
host immunity (6, 23). The observed microcolonies of wild-type
P. aeruginosa may represent a distinct phase in biofilm forma-
tion. The absence of such structures from the various TTSS
mutants may further highlight the interplay of various bacterial
factors in the establishment of infections in a biological system,
as opposed to in vitro models. In a well-defended organ, such
as the respiratory tract, inflammatory responses play an impor-
tant role in bacterial clearance. It would be particularly infor-
mative to compare an acute infection model to a model that more
closely resembles chronic infections in order to define the full
range of the activities of the cAMP regulatory network. It is
conceivable that cAMP produced in P. aeruginosa by any one of
the adenylate cyclases during chronic infections may regulate
some of the same functions observed during acute infections, such
as biofilm formation and resistance to host defense mechanisms,
while coordinating the expression of novel genes involved in pro-
longed persistence in the infected host.
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