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Abstract Nosocomial infections often cause lethal pneu-
mogenic sepsis. Information on early bacteria-host interac-
tion in the lung is limited. In the present study, mice were
sacrificed 60 min and 4 h after Pseudomonas aeruginosa
(PA) infection to investigate lung morphology by using
electron microscopy and light microscopy. After 1 h,
bacteria were found in the alveoli partly in contact with
surfactant. Alveolar macrophages were seen with up to 10
intracellular bacteria close to protrusions of alveolar
epithelial type I cells and the gas/blood barrier. A rare but
surprising finding was bacteria and even replicating
bacteria in alveolar epithelial type II cells (AEI). No
bacteria were seen in capillaries. Neither engulfment of
bacteria by neutrophils nor structural damage of the
pulmonary barrier was visible. After 4 h, many neutrophils
were found within the capillaries, but also in the alveolar
space. Thus, we hypothesize that, in early stages of
infection, the uptake of PA even by single AEIl can
influence the course of the disease.
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Introduction

Nosocomial pneumonia is a severe problem in clinical
medicine. It often causes pneumogenic sepsis and has a
high mortality (Veesenmeyer et al. 2009). The gram-
negative bacterium Pseudomonas aeruginosa (PA) is an
opportunistic human pathogen causing chronic infections of
the lung, for example, in cystic fibrosis. It is the most
common bacillus in nosocomial infection of critically ill
patients, particularly in intensive care units (Trautmann
et al. 2005). PA infections vary from local to systemic and
from acute to chronic infections. Nosocomial pneumonia in
intensive care units is a significant medical problem
responsible for high mortality and elevated costs in
intubated and mechanically ventilated patients (Vonberg
et al. 2008). Mortality rates reach 30%-60% for pneumonia,
27%-50% for bacteremia, and 80%-100% for bacteremic
pneumonia. Therapeutic approaches are limited by the rapid
multidrug resistance of PA. The most critical step is the
translocation of bacteria from the air space into the
circulation. This can be prevented by an intact pulmonary
barrier of epithelial and endothelial cells and controlled by
immune cells and surfactant (Herzog et al. 2008).

So far, the early interaction between PA and the
pulmonary barrier has not been documented by using
electron microscopy. We have investigated the initial
bacteria-host interaction. Therefore, the time point of 60
min after inoculation has been chosen for electron-
microscopic evaluation.
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Fig. 1 Bacteria in the alveolar
space partly in contact with
tubular myelin figures (tm), the
active surfactant subtypes, 1 h
after infection with colony-
forming units of the PA strain
(arrowheads). The alveolar
space is bounded by alveolar
epithelium type I (thin arrows).
A capillary endothelial cell (£)
with nucleus is also visible

Materials and methods stationary phase. The bacteria were centrifuged at 5000g for

10 min and washed twice with sterile phosphate-buffered
PA (cystic fibrosis airway isolate TBCF10839) were grown  saline (PBS). The optical density of the bacterial suspension
in medium (LB) overnight at 37°C (230 rpm) to the  was adjusted by spectrophotometry at 578 nm. The number

alveolar space (a/v) and
engulfed by alveolar
macrophages at 1 h after
infection with colony-forming
units of the PA strain

(thick arrows). No bacteria are
visible within the capillaries (C)
of the alveolar septa. Active
(tubular myelin figures, small
arrow) and inactive
(uni-lamellar vesicles, arrow)
subtypes of the intra-alveolar
surfactant are seen near the
bacteria and the alveolar
macrophages

Fig. 2 Bacteria lying in the p > : ) :
£ 3 s o = . w <
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of colony-forming units (CFU) was extrapolated from a
standard growth curve, and appropriate dilutions with
sterile PBS were made to prepare the inoculum for the
mice. To verify the correct dilution, an aliquot was serially
diluted on LB agar plates. Ten- to 12-week-old female
BALB/c mice (Charles River, Sulzfeld, Germany) were
inoculated with 30 pl of this bacterial suspension contain-
ing 1.0x10° CFU or 5x10° CFU via view-controlled
intratracheal instillation as previously described (Herzog
et al. 2008; Munder et al. 2002). At 1 h or 4 h after the
infection, mice were killed by an overdose of normal
anesthesia, and then the thorax was opened. Mice lungs
were fixed by instillation (#=3) or perfusion (n=3) at each
time point. Experiments were approved by the local
governmental authorities and met the NIH Guidelines for
the Care and Use of Laboratory Animals (NIH Publication
No. 85. reprint 2002).

Fixation of lungs

A fixative consisting of 1.5% glutaraldehyde and 1.5%
paraformaldehyde in 0.15 M HEPES buffer (with a total

Fig. 3 Alveolar epithelial cell
type II (AEII) with engulfed
bacteria at 1 h after infection.
Vacuoles with partially digested
bacteria (arrowheads) lie in the
epithelial cytoplasm. One
vacuole contains a dividing
bacterium (long arrow). The
AEII is sitting on the basal
lamina. Profiles of interstitial
cells (IS) are seen in the
interstitial space of the alveolar
septum. Prolongations of
alveolar epithelial cells

(short arrows) and the alveolar
space (alv) are also visible

osmolarity of 800 mosmol/l and a vehicle osmolality of 300
mosm/kg at pH 7.35) was used.

Instillation fixation

A cannula was inserted into the trachea via tracheotomy. The
chest was opened, and the heart-lung block was removed. The
lungs were fixed by tracheal instillation at a constant pressure
of 20 cm H,O in a special instillation device.

Perfusion fixation

After thoracotomy, the pericardial cavity was opened, and a
cannula pushed forward into the pulmonary artery via the
right ventricle. The cannula was then connected to a
reservoir containing perfusion solutions. Lung perfusion
was carried out at 20 cm H,O hydrostatic pressure. It was
started with isotonic saline at room temperature to remove
blood, and the left atrium was opened for volume relief.
Immediately after 2-3 min pre-perfusion, the lung was
inflated to prevent alveolar collapse, and perfusion fixation
was carried out.
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Tissue processing for electron microscopy

At the end of instillation or perfusion fixation, the trachea
was tightened, and the heart-lung block was excised and
immersed in the same fixative solution overnight at 4°C
before further processing. After fixation, lungs were
separated into right and left lungs, and each was cut into
equidistant slices from apical to basal. The slices were taken
for light and electron microscopy in an alternating manner. For
electron microscopy, lung slices were cut into specimens sized
1 mm?®. After repeated rinses in 0.1 mmol/l HEPES buffer
and 0.1 mmol/l cacodylate buffer, samples were osmicated
for 2 h in 1% osmium tetroxide in 0.1 mmol/l cacodylate
buffer and rinsed again in 0.1 mmol/l cacodylate buffer
repeatedly. After being rinsed twice in distilled water,
specimens were stained en bloc overnight (12-18 h) in half-
saturated aqueous uranyl acetate solution (1:1) at 4-8°C.
Dehydration in an ascending series of acetone (70%, 90%,
100%) and embedding in Epon followed. Semi-thin (1 pm)
and ultra-thin sections (70 nm) were cut by using an ultra-
microtome (Reichert Ultracut S, Leica Microsystems,
Wetzlar, Germany). Semi-thin sections were stained with
toluidine-blue and with methylene-blue according to
Loeffler (0.5 ml methylene-blue, 30 ml ethanol, 1 ml 1%
potassium hydroxide solution, 99 ml twice-distilled water).
Ultra-thin sections were stained with lead citrate and uranyl
acetate. Qualitative investigations were carried out by

Fig. 4 Alveolar septum with
capillaries (C) and a small
vessel (ve) without bacteria at

1 h after infection. Bacteria and
a macrophage engulfing bacteria
are visible closely to the
blood-air barrier (arrows). The
small vessel contains a
neutrophil granulocyte
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using an electron microscope (EM 10, Zeiss, Oberkochen,
Germany), and representative areas were documented. In
addition, lung tissue was embedded in methacrylate, after
which 2-um-thick sections were stained according to
Gram.

Results

Mice were investigated 1 h after intratracheal infection with
1x10* CFU of the PA TBCF10839. Alveoli were found to
be filled only sporadically with bacteria at this time point.
The bacteria were seen preferentially in the hypophase of
the alveoli close to active surfactant components (Fig. 1).

Many bacteria had been engulfed by alveolar macro-
phages. A number of alveolar macrophages were found
with up to 10 intracellular bacteria (Fig. 2). Unexpectedly,
no neutrophils were seen with ingested PA.

Surprisingly, alveolar epithelial type II cells (AEIl) had
taken up PA. The bacteria were observed to be replicating
within the AEII, demonstrating the ongoing activity of the
infection within these cells (Fig. 3). The frequency of this
rare observation was clearly less than 1% (two AECII with
bacteria and/or degradation products in 1000 AECII
without visible bacteria).

In contrast, no AEI were found bearing intracellular PA.
Cytoplasmic protrusions of alveolar macrophages contain-
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Discussion

Pneumonia is the leading cause of sepsis and mortality in
intensive care medicine (Herzog et al. 2008; Tsai and
Grayson 2008). Gram-negative bacteria such as PA are the

Fig. 5 Lung parenchyma 4 h after infection (Gram-staining of
methacrylate semi-thin sections). a Numerous neutrophils (long
arrow) and bacteria (short arrow, arrowhead) are present in some
alveoli. However, alveoli without any bacteria and/or neutrophils are
also visible. b Alveolar septa without bacteria in capillaries. Bacteria
(short arrow) and an alveolar macrophage with intracellular bacteria
(arrowheads, shown at higher magnification in the inset) are visible
within the alveolar space

ing PA-filled phagosomes were sometimes discovered close
to the gas-blood barrier (Fig. 4, arrow). Even as early as 1 h
after infection, nearly 50% of the observed alveolar
macrophages contained bacteria. No PA were seen in
capillaries or vessels (Fig. 4). Furthermore, no damage of
the pulmonary barrier was detected (Fig. 4).

Abundant neutrophils were found at 4 h after the
inoculation. No AECI or AECII were seen with intracellu-
lar bacteria. Again, no PA were seen within capillaries or
vessels. Some of the intraalveolar neutrophils (15%) had
also taken up bacteria.

PA were only poorly seen by light microscopy. A few PA
could however be found in the lung parenchyma by light
microscopy, as documented in preparations stained accord-
ing to Gram (Figs. 5, 6).

Fig. 6 Lung parenchyma at 4 h after infection (methylene-blue staining
of semi-thin sections; staining according to Loeffler). a Bacteria are
clearly seen in the alveoli (arrowheads). AEIl are also recognizable
(arrows), because their lamellar bodies have in a different color when
stained with methylene-blue (metachromasia). No bacteria are visible in
capillaries. b Alveolar macrophages containing engulfed bacteria
(arrows, insets) are visible in the alveolar space
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most common causes of death, especially in ventilator-
associated pneumonia. Pulmonary defense extends from the
structural barriers and multiple agents of the innate immune
system up to cellular innate and adaptive immune
responses. The course of infection is complex. Direct
pathogen-induced host cell killing occurs (Hauser and
Engel 1999; Rajan et al. 2000), but in parallel, the release
or secretion of endo- and exotoxins induces a cytokine
storm and a systemic inflammatory response (Marra et al.
2006). The host reaction and inflammation can lead to
“collateral” damage, which itself is harmful (van der Poll
and Opal 2008). The mechanisms of acute, subacute, and
chronic infectious courses can vary with respect to bacteria-
host interactions. Quorum sensing and the development of
biofilms might be more important in chronic courses, e.g.,
during artificial ventilation for days and weeks (Kohler
et al. 2009). The focus of this study has been to unravel
morphologically the first steps of this cascade in an acute
model of PA lung infection in mice, since this has not yet
been described, to the best of our knowledge.

When mice were infected intratracheally with a supra-
lethal inoculation dose, interestingly, only a few PA could
be found in the lung parenchyma at 1 h after inoculation, as
documented by using Gram stains (Fig. 5). This raised the
question of immune evasion of the bacteria. The results
showed intact structural barriers at 1 h after the beginning
of the infection. An unexpected and rare finding was the
infection of the AEII cells, which also contained replicating
bacteria. Whether the bacteria were ingested by the AEII
cells or had actively invaded them is unknown. The latter
mechanism is more likely because of the effective secretion
systems of the PA bacteria. Moreover, other workers have
demonstrated the invasion of AEI and AEII cell cultures by
bacteria (Keig et al. 2001; Zaas et al. 2005). This
observation is interesting with respect to two main aspects.
AEII are not “professional” phagocytes or defense cells and
could enable the bacilli to escape from the alveolar
“battleships”, viz., the alveolar macrophages. Furthermore,
the infection of the AEIIl cells might impair surfactant
homeostasis and the production of collectins as a result of
the loss/death of AEII, or as a result of the functional
disturbance of the surfactant secretion and reuptake
machinery.

By 4 h after inoculation, the picture has changed.
Abundant neutrophils are present. In contrast, bacteria can
rarely be found. Infected AEII have not been observed. The
results indicate an effective clearance by alveolar macro-
phages immediately after inoculation, followed by neutro-
phils within the next few hours. No bacteria are detected
within the walls of vessels or capillaries at this stage,
suggesting that the penetration of the lung blood barrier
happens at later time points. However, if these are rare
events, then they might have been missed.
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The important role of AEII cells and their contribution to
the immunological network in PA infection have been
investigated during the last few years (Kannan et al. 2009).
In the present study, we have demonstrated that AEII
activates alveolar macrophage functions such as phagocy-
tosis, a process that is mediated by the cytokine monocyte
chemoattractant protein-1, which is released from AEII
cells. The data indicate that AEII cells serve as an immune
booster for fighting bacterial infections. Taken together, the
results suggest that the overwhelming infection of the AEII
results in a significant decrease of host defense in the
alveoli. The measurement of surfactant function and the
content of collectins should elucidate this problem.

PA elastase is known to degrade surfactant protein A
(SP-A) and SP-D, which are both involved in antibacterial
host defense (Mariencheck et al. 2003). In this context, the
data from SP-A and SP-D knockout mice are important and
clearly demonstrate the significant function of both collec-
tins in PA infection (Giannoni et al. 2006).
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