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The effects of Pseudomonas aeruginosa cytotoxin on the pulmonary microvasculature were studied in
blood-free, perfused, isolated rabbit lungs. Cytotoxin was administered to the recirculating Krebs Henseleit
albumin (1%) buffer during two consecutive 30-min-perfusion phases (phases 1 and 2) at a concentration of 13
,ug/ml, followed by a third perfusion phase (phase 3) without toxin. After perfusion phases 2 and 3, the capillary
filtration coefficient (Kf,c) and vascular compliance were determined gravimetrically from two-step microvas-
cular pressure increments under zero-flow conditions. Cytotoxin caused a continuous release of K+ and lactate
dehydrogenase, which started within the first 5 min and amounted to about 50% of the total lung cellular K+
and 5 to 7% of the total lactate dehydrogenase by the end of the experiment. The toxin caused the continuous
generation of prostaglandin 12, which was detectable in the perfusates of all perfusion phases at maximum
values five times above the control values and which was measured in the bronchoalveolar lavage fluid at the
end of the experiment. Thromboxane generation in toxin-treated lungs did not significantly exceed that of
control lungs or of lungs with mechanically induced edema. Cytotoxin caused a gradual increase in pulmonary
vascular resistance, to maximum values 2.5 times above the control, starting within 1 min; the increase was

partially reversible after washout of the toxin. After a lag period of 20 to 30 min, the lungs gained weight,
amounting to a mean gain of 9.1 g at the end of the experiments. After perfusion phases 2 and 3, an almost
fourfold increase in Kf1,, which was not reversible after washout of the toxin, was measured, whereas the values
of vascular compliance were not altered. We conclude that pseudomonal cytotoxin may be an important factor
in the pathogenesis of prolonged microvascular injury, encountered in states of P. aeruginosa sepsis or acute
lung failure with secondarily acquired P. aeruginosa pneumonia.

Clinical studies have repeatedly shown that bacterial
sepsis is the most consistent factor associated with the acute
respiratory distress syndrome (ARDS) of the adult (16, 22,
24, 33, 39, 57). During the past 30 years, Pseudomonas
aeruginosa has become an increasingly important pathogen
in septicemia and septic organ failure, including that of the
lung (1, 2, 13, 32, 38). Moreover, in the course of ARDS,
primarily started by different underlying diseases, lung in-
jury is often complicated by the invasion of tissue by
bacteria and by nosocomial pneumonia, for which P. aeru-
ginosa was frequently found to be responsible and which is
associated with high mortality (12, 19, 23, 38, 52, 53).
Bacterial colonization and microvascular lung injury appear
to be related in a vicious circle: increased rates of clearance
of circulating P. aeruginosa from the lungs and a steady
increase of the number of bacteria in serial lung biopsy
specimens have been demonstrated in experimental models
of ARDS (7, 49, 51), whereas the infusion of live Pseudomo-
nas organisms itself is known to mimic ARDS in sheep and
pigs (5, 7, 18). A rise in pulmonary artery pressure (PAP) and
a prolonged increase in lung vascular permeability were
especially noted in those experiments; these are purportedly
the key alterations in the pathogenesis of ARDS. These lung
microvascular lesions have been closely associated with
pulmonary sequestration and stimulation of circulating gran-
ulocytes. A careful review of the role of granulocytes in
increased pulmonary permeability edema shows, however,
that in animal models with infusion of bacteria, intrapul-
monic neutrophil trapping accounts for part, but not
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all, of the noted increase in lung vascular permeability (17).
In general, a multitude of insults leads to pulmonary granu-
locyte entrapment, but in several models this may be tem-
porally related to rather than causative of the noted lung
lesions (17, 33, 59). There are thus several reasons to search
for bacterial products that might contribute to lung micro-
vascular injury independent of granulocytes. Concerning P.
aeruginosa, different factors have been implicated as impor-
tant pathogens, and one of these is an acidic cytotoxic
protein with a molecular mass of 25,100 daltons (26, 42),
from which destructive effects on most eucaryotic cells were
observed (30). No enzymatic activities are known for this
protein, and it probably acts primarily on target cell mem-
branes to create transmembrane lesions, which allow the
passage of small molecules (3, 27-30, 41, 43, 54). In the
present study, the effects of P. aeruginosa cytotoxin on the
pulmonary microvascular bed were studied in blood-free,
perfused, isolated rabbit lungs. When administered to the
perfusion fluid, the toxin caused a moderate and partially
reversible increase in vascular resistance and a delayed but
irreversible increase in the capillary filtration coefficient
(Kf,c) up to four times greater than base-line levels. These
alterations were both preceded and accompanied by a
marked release of K+ greater than that of lactate dehydro-
genase (LDH) and by an augmented generation of prosta-
glandin I2 (PGI2). Thus, cytotoxin appears to be an important
factor of P. aeruginosa, which may initiate or amplify lung
microvascular injury in states of P. aeruginosa sepsis and
lung tissue invasion. This work was presented in part at the
7th World Congress on Animal, Plant, and Microbial Toxins,
Brisbane, Australia, July 1982 [Toxicon 20(Suppl. 3):257-
260].
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MATERIALS AND METHODS

Source of materials. Thromboxane B2 (TxB2) was gra-
ciously supplied by Ono Pharmaceutical (Osaka, Japan).
6-keto-prostaglandin Flc. (6-keto-PGFia) was obtained from
Sigma Chemical Co. (Munich, Federal Republic of Ger-
many). Rabbit anti-TxB2 and anti-6-keto-PGFi,, as well as
bovine albumin (92% purity; reduced in free fatty acids to <5
,ug/g), were purchased from Paesel (Frankfurt, Federal
Republic of Germany). [3H]TxB2 and [3H]6-keto-PGFi, were
obtained from New England Nuclear Corp. (Dreieich,
Federal Republic of Germany). All other biochemicals were
obtained from E. Merck AG (Darmstadt, Federal Republic of
Germany) and were of p. a. quality.

P. aeruginosa cytotoxin. Cytotoxin from P. aeruginosa was
prepared as described previously by Lutz (30). The prepa-
ration contains no lipid and no carbohydrate moieties, and
no enzymatic activities could be measured. The absence of
protease, lipase, lecithinase, alkaline phosphatase, sphin-
gomyelinase, and phospholipase C and D activities espe-

cially has been shown (30). There is only one protein band
upon sodium dodecyl sulfate-polyacrylamide gel electropho-
resis. Portions of the toxin were stored at -20°C in phos-
phate-buffered saline, pH 7 (0.01 M sodium phosphate, 0.1
M sodium chloride).
Radioimmunoassay of TxB2 and 6-keto-PGFj,,. Thrombox-

ane A2 and PGI2 were assayed serologically from the perfu-
sion fluid and from the bronchoalveolar lavage fluid as their
stable hydrolysis products, TxB2 and 6-keto-PGFi,a, as de-
scribed previously (38). The limit of detection was 5 pg for
TxB2 and 10 pg for 6-keto-PGFia, and 50% binding occurred
at 50 pg for TxB2 and at 170 pg for 6-keto-PGFia. Cross-
reactivity with other prostaglandins was <0.05% in both
assays.
LDH was measured photometrically, and K+ was mea-

sured by flame photometry by standard methods.
Model of isolated lungs-general procedure. The isolated-

lung model has been described previously (45, 46, 48; W.
Seeger, H. Radinger, and H. Neuhof, submitted for publi-
cation). Briefly, rabbits of either sex (body weight of be-
tween 2.2 and 2.6 kg; mean weight, 2.35 kg) were deeply
anesthetized with 60 to 90 mg of pentobarbital per kg of body
weight and were anticoagulated with 1,000 U of heparin per

kg. The lungs were excised while being perfused with
ice-cold Krebs Henseleit albumin buffer (KHAB) through
cannulas in the pulmonary artery and the left atrium. The
buffer contained 132.8 mM NaCl, 4.3 mM KCl, 1.1 mM
KH2PO4, 24.1 mM NaHCO3, 2.4 mM CaCl2, 1.3 mM
MgPO4, 240 mg (wt/vol) of glucose per 100 ml, and 1 g

(wt/vol) of albumin per 100 ml. Ice-cold perfusion fluid was

used to slow down possible biochemical events stimulated
by the onset of artificial circulation. The lungs were then
placed in a temperature-equilibrated housing chamber at
0°C, freely suspended from a force transducer. As soon as

the artificial perfusion was started, the lungs were ventilated
with 4% C02-17% 02-79% N2. After equilibration with this
C02-containing gas mixture, the pH of the perfusion fluid
ranged between 7.35 and 7.45. The temperatures of the
perfusion fluid and of the chamber were then raised to 37°C
within 30 min, and the lungs were recirculatingly perfused
during another 30-min steady-state period with a pulsatile
flow of 100 ml/min. At constant flow, alterations of PAP are

interchangeable with alterations of vascular resistance. The
alternate use of two separate perfusion circuits, each con-

taining 180 ml of KHAB, allowed the repetitive exchange of
perfusion fluid. Pulmonary venous pressure was set at 0 mm

Hg (1 mm Hg = 133.3 Pa), referenced at the hilum. Perfusion
pressure, ventilation pressure, and the weight of the isolated
organ were registered continuously. Lungs selected for the
study were those that (i) had a homogeneous white appear-
ance without signs of hemostasis or edema formation, and
(ii) had lost lung weight during the phase of temperature
increase and were completely isogravimetric in the 37°C
steady-state period. Random examination of these lungs by
light microscopy revealed virtually no adherence of erythro-
cytes, platelets, or leukocytes to the vascular wall and no
evidence of interstitial edema or alveolar flooding.

Gravimetric estimation of the Kf,, and vascular compliance.
The Kf,c. of a vascular bed represents the hydraulic conduc-
tivity of the (micro)vascular walls times the surface area. It
is thus a convenient parameter of the "leakiness" of the
capillary bed, allowing the extravasation of fluid. The Kf,C
values were determined from the slope of lung weight gain
(A W/At) induced by a sudden increase in microvascular
pressure (9-11, 50, 58; G. M. Greenberg, W. R. Henderson,
D. L. Luchtel, R. J. Guest, and R. K. Albert, Am. Rev.
Respir. Dis. 131:420; Seeger et al., submitted); such a step
rise in capillary pressure is followed by an initial phase of
rapid weight gain (AW), which is generally accepted to
represent vascular volume increase and is used for the
calculation of vascular compliance, followed by a slower
phase of weight gain due to filtration of fluid into extravas-
cular spaces. The steepness of the slower phase is used for
the calculation of Kf,,. The use of KHAB with only 1%
albumin minimizes osmotic buffering, which interferes with
the pressure-step-induced fluid filtration, and avoids alter-
ations of vascular permeability, described for isolated organs
perfused in the total absence of circulating protein (20, 21).
The determinations of Kf,C and vascular compliance were
performed under zero-flow conditions to avoid any ambigu-
ity in the height of the capillary filtration pressure. Immedi-
ately after stoppage of the perfusion flow, both the catheters
to the pulmonary artery and to the left atrium were succes-
sively connected to KHAB reservoirs at 0 cm H20 (60 s), 10
cm H20 (60 s), 20 cm H20 (30 s), -10 cm H20 (60 s), and
again at 0 cm H20 (30 s). Thereafter, the perfusion fluid was
exchanged, and the flow was again increased to 100 ml/min
within 5 min. Thus, the entire maneuver of Kf, measurement
lasted about 10 min and was performed without interruption
of ventilation. KfC was calculated from the rate of lung
weight gain (AW/At) during the slow phase of fluid filtration,
which was taken to begin 15 s (25, 35, 56) after onset of the
sudden microvascular pressure increments (AO to 10 cm H20
and A10 to 20 cm H20), and was expressed in cm3 per cm
H20 per s per g (wet weight) of the lung x 10-4. The vascular
compliance (40), which is the change in the vascular volume
per microvascular pressure step, was determined from the
initial, rapid phase of AW induced by the AO to 10 and 10 to
20 cm H20 pressure increments. The rapid weight change
was read by extrapolating the slope of the slower phase of
AW to the zero time of pressure increment.
The total AW induced by one maneuver of hydrostatic

challenge was determined by the difference in lung weight
between the two phases of 0 microvascular pressure.

Protocol of stimulation. In 12 isolated lungs, cytotoxin was
administered to the KHAB in a concentration of 13 ,g/ml in
two consecutive 30-min-perfusion phases (Fig. 1, phases 1
and 2). After a stop-flow maneuver for the determination of
Kf,C and vascular compliance (7 out of 12 lungs), another
perfusion phase without cytotoxin followed (Fig. 1, phase 3).
This was interrupted when the the total AW exceeded 8 to 12
g (range, 15 to 30 min), and was followed by a second
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FIG. 1. PAP and AW after application of Pseudomonas cytotoxin. The toxin was administered to KHAB during two 30-min perfusion
phases (1 and 2; the bars indicate change of perfusion fluid). After a stop-flow maneuver for the measurement of Kf c, another perfusion phase
without toxin was performed (phase 3). The modest and partially reversible increase in PAP and the marked AW are evident.

stop-flow maneuver. Five control lungs underwent the same

time schedule and stop-flow procedure without application
of the toxin.

In five separate experiments without toxin, edema forma-
tion was induced mechanically (after termination of the
steady-state period) by elevating the left atrial pressure to
values between 20 and 35 cm H20. This procedure took 10 to
25 min before a total increase in lung weight of 10 to 20 g was
achieved (measured during intermittent phases of 0 left atrial
pressure), mimicking the AW that the cytotoxin-treated
lungs showed at the end of the experiment.

Bronchoalveolar lavage. After termination of the experi-
ments, the bronchoalveolar trees of the lungs were lavaged
twice with 30 ml of saline as described previously (46). The
total recovery of lavage fluid was about 90%.

Statistical methods. Data were analyzed by the two-tailed
Student t test for unpaired samples.

RESULTS
Control lungs. The control lungs showed virtually no

change in PAP and lung weight throughout the experiments
(Fig. 1; Table 1). The values of Kf,c and vascular compliance
(Table 2) corresponded to those previously described for this
model (Seeger et al., submitted) and were in the same range
as the values given from other laboratories for similar
isolated-lung preparations (0.8 [31], 1.2 [58], 3.4 [37], and 4.7
cm3 per cm H20 per s per g [wet weight] of the lung x 10-4
[D. F. Kern, C. Kilven, and A. G. Malik, Microvasc. Res.
27:248]). The lungs showed only minimal release of LDH
and no release of K+ into the recirculating buffer (Table 3).
There was very little generation of TxB2 detectable after 30
min of recirculating perfusion. Some release of 6-keto-PGF1(.

TABLE 1. PAP and AW after application of P. cytotoxin in
isolated lungsa

Cytotoxin-treated lungs Control lungs
Phase/time (n = 12)b (n = 5)

postapplication
(min) PAP '&W() PAP

g(mm Hg) AW (g) (mm Hg) AW (g)

0 7.9 1.5 0 6.4 ± 0.7 0

1
2 8.7 ± 1.5 6.4 ± 0.6
10 10.8 ± 1.8c 6.4 ± 0.6
30 15.0 ± 2.6c 0.3 ± 1.0 7.1 ± 1.4 0

2
2 13.5 ± 1.8c 6.9 ± 0.8
10 15.0 ± 4.1c 7.3 ± 0.8
30 19.0 ± 7.9d 1.8 ± 1.3 7.5 ± 1.0 0

3
2 19.3 ± 9.4e 8.0 ± 0.9
10 17.8 ± 8.2e 8.0 ± 0.9
15-30f 17.8 ± 8.1e 9.1 ± 5 .5d 8.0 ± 0.9 < 1

a The table gives the mean ± standard deviation of PAP and AW before (O
min) and at different times after (2, 10, and 15 to 30 min) the onset of each
perfusion phase.
bPseudomonas cytotoxin was administered to the perfusion fluid at a

concentration of 13 p.g/ml during phases 1 and 2.
c P < 0.001.
d p < 0.01.
e p < 0.05 (versus control, by the two-tailed Student t test for unpaired

samples).
f Perfusion phase 3 was stopped in the cytotoxin group when the total lung

weight exceeded 8 to 12 g. Therefore, the last values of PAP and AW between
15 and 30 min after onset of this phase are given.

I.R,
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TABLE 2. Kf,C and vascular compliance after application of Pseudomonas cytotoxin in isolated lungsa

Stop-flow Cytotoxin-treated lungs (n = 7)b Control lungs (n = 5)

phase/u a Vascular Vascular AW
pressure Kf compliance Awst0p nOw Kf,c compliance stop flowpressure~ ~ ~ ~ ~ (l)(g) (ml)

g

1
AO-10 6.9 ± 4.0 5.1 ± 0.6 3.2 ± 1.2 5.9 ± 1.7

A1O-20 18.0 ± 7.0c 4.8 ± 0.7 3.4 ± 2.9d 4.7 ± 0.9 5.4 ± 1.0 0.4 ± 0.6

2
AO-10 11.7 ± 8.4 5.8 ± 1.0 3.3 ± 1.0 6.6 ± 1.9
A10-20 18.5 ± 5.5c 4.7 ± 0.6 5.6 ± 1.7e 4.8 + 1.8 5.0 ± 1.0 0.4 ± 0.4

a The table gives the mean + standard deviation of Kfc (cm3 per cm H20 per s per g [wet weight] of the lung x 10-4) and vascular compliance, detected from the
microvascular pressure steps AO to 10 and A10 to 20 cm H20 in two stop-flow maneuvers. /Wstop flow gives the net AW induced by the two pressure steps.

b Pseudomonas cytotoxin had been administered to the perfusion fluid at a concentration of 13 p.g/ml in two preceding 30-min perfusion phases.
C p < 0.01.
d p < 0.05 (versus control, by the two-tailed Student t test for unpaired samples).
e P < 0.001.

was measurable 10 and 30 min after the onset of a new
perfusion phase, which corresponds to previous investiga-
tions with the present model (44, 45, 47).

Application of P. aeruginosa cytotoxin. Perfusion with
cytotoxin containing KHAB resulted in a gradual rise ofPAP
to a maximum of about 2.5 times greater than that of the
control (Fig. 1; Table 1). The increase in vascular resistance
started within the first 5 min of phase 1 and was partially
reversible in phase 3 in the absence of toxin. There was
virtually no AW within the first 30 min of perfusion, and only
a moderate AW (mean, 1.8 g) was found after 60 min of

perfusion in the presence of toxin. The first stop-flow ma-
neuver performed at this time did, however, already reveal a
twofold increase of Kf, determined from a hydrostatic
challenge of 10 cm H20 and a fourfold increase of Kf,
determined under a hydrostatic stress of 20 cm H20 (Table
2). Corresponding to this marked increase in vascular per-
meability, there was a steady increase in lung weight in
perfusion phase 3, even though the PAP decreased. The
second stop-flow maneuver again detected an approximately
fourfold increase in the capillary filtration coefficient. The
values of vascular compliance did not differ between the

TABLE 3. Release of LDH, potassium (AK'), 6-keto-PGFj,, and TxB2 into the recirculating perfusate after application of Pseudomonas
cytotoxin in isolated lungs'

Cytotoxin-treated lungs (n = 12)b Control lungs (n = 5)
Phase/time Release of: Release of:

post- _ _ _ _ _ _ _of:_Release_of:
application

LDH (U/) K' (mM)
TxB2 6-keto-PGF10 LDH (U/I) AK' (mM) TxB2 6-keto-PGF,,(mi)LHnUi Am) (pg/ml)c (pg/ml)c (pg/ml) (pg/ml)

1
2 10 5 0.05 ± 0.02 <25 149 ± 161
5 23 9 0.12 ± 0.09 35 ± 10 238 ± 201
10 35 12 0.26 ± 0.14 39 ± 16 274 ± 192 <25 170 ± 83
20 47 15 0.48 ± 0.21 36 ± 19 361 ± 142
30 57 15d 0.67 ± 0.24d 43 ± 31 487 ± 278e 13 3 <0.1 60 ± 14 200 ± 43

2
2 12 5 0.14 ± 0.12 <25 227 ± 209
5 19 3 0.23 ± 0.15 41 ± 38 298 ± 171
10 24 5 0.31 ± 0.17 46 ± 41 361 ± 147f <25 148 ± 79
20 33 7 0.43 ± 0.17 48 ± 40 540 ± 204
30 44 lld 0.52 0.16d 52 ± 40 1,103 ± 609f 11 2 <0.1 51 ± 42 237 ± 78

3
2 13 ± 5 0.12 ± 0.12 32 ± 14 289 ± 191
5 18 ± 6 0.18 ± 0.15 32 ± 8 405 ± 137
10 24 ± 6 0.23 ± 0.16 35 ± 12 604 ± 408e <25 125 ± 79
20 33 ± 11 0.27 0.15 42 ± 18 832 ± 264
30 36± 11f 0.26 0.08f 64 ± 25 1,043 ± 372f 11 ± 3 <0.1 72 ± 18 222 ± 91

a The table gives the mean ± standard deviation at different times (2, 5, 10, 20, and 30 min) after the onset of each perfusion phase.
b Pseudomonas cytotoxin was adniinistered to the perfusion fluid at a concentration of 13 p.g/ml during phases 1 and 2.
C TxB2 and 6-keto-PGFIa were determined in 7 out of 12 experiments with application of cytotoxin. In phase 3, perfusion was stopped in the cytotoxin group

when the total AW exceeded 8 to 12 g; therefore, only (n = 5) lungs remained at 20 min, and (n = 3) lungs remained at 30 min in this group.
dp < 0.001.
' P < 0.05 (versus control, by the two-tailed Student t test for unpaired samples.
fp < 0.01.
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control lungs and the cytotoxin-treated lungs in both stop-
flow maneuvers.

Cytotoxin application caused a continuous release of K+
and LDH into the recirculating KHAB. Both events started
within the first 5 min and continued during perfusion phases
1 and 2 in the presence of toxin, as well as during perfusion
phase 3, performed in the absence of toxin (Table 3).
Summing up the amounts of K+ and LDH released into the
three perfusates gives a mean of 0.26 mmol and 25 U,
respectively. The total K+ and LDH contents of lungs in the
size used (determined after complete rinsing of the vascular
bed) ranged from 0.45 to 0.52 mmol and 350 to 500 U,
respectively. Thus, about 50% of the lung cellular K+ and
about 5 to 7% of the lung cellular LDH was released into the
circulating buffer after pseudomonal cytotoxin exposure.

In contrast to the control lungs, there was some TxB2
generation detectable 10 min after cytotoxin application.
This ranged only slightly above the detection limit, however,
and the TxB2 levels measured in the three perfusates after 30
min of recirculation showed no difference between the
cytotoxin-treated lungs and the control lungs. In contrast,
there was a marked and continuous release of 6-keto-PGF1,,
into the three perfusates of the cytotoxin-treated lungs, up to
maximum values five times above that of the control. As
with K+ and LDH release, PGI2 formation was already
detectable within the first 5 min after cytotoxin application.

In seven cytotoxin-treated lungs, in the five control lungs,
and in the five separate lungs with mechanically induced
edema, thromboxane and PGI2 were measured in the
bronchoalveolar lavage fluid at the end of the experiments.
The TxB2 values were 721 + 320 (cytotoxin-treated), 418 +
157 (mechanically induced edema), and 43 ± 28 pg/ml
(control) (mean ± standard deviation). The corresponding
values of 6-keto-PGFi, were 3,680 ± 1,810, 1,614 ± 408, and
147 ± 73 pg/ml. With both parameters, the edematous lungs
thus differed significantly from the control lungs (P < 0.01
and P < 0.001, respectively). Additionally, the amount of
6-keto-PGFia released from the cytotoxin-treated lungs into
the lavage fluid significantly exceeded the amount found in
the lungs with mechanically induced edema (P < 0.05).

DISCUSSION
The effects of P. aeruginosa cytotoxin on the pulmonary

microvascular bed observed in the present study can be
categorized under three aspects: (i) evidence for lung cell
membrane damage, (ii) induction of PGI2 generation, and
(iii) increase of vascular resistance and permeability.

Evidence for lung cell membrane damage. P. aeruginosa
cytotoxin effects have been studied on a variety of eucary-
otic cells, including granulocytes (3, 43), endothelial cells
(54, 55), liver and hepatoma cells (14), splenocytes (34), and
tumor cells (27-29). The earliest symptom of toxification in
these cells is an increased permeability of the plasma mem-
brane to small ions and molecules, such as K+, Na+, Ca2+,
glucose, ATP, and ruthenium red. The loss of cellular K+
especially may amount to a total of greater than 70%.
Swelling of the cells due to the colloid osmotic pressure of
the cellular macromolecules is assumed to cause subsequent
larger membrane defects, allowing the loss of larger mole-
cules such as LDH or protein-bound 51Cr after an initial lag
period. The K+ loss noted in the present study, which
amounts to nearly 50% of the total lung cellular K+ within 90
min, is well in accordance with these results from isolated
cells. There is also a clear quantitative gap between K+ loss
and LDH release; LDH release amounts to only 5 to 7% of
the total lung cellular LDH during the time of the experi-

ment. In contrast to the findings from isolated cells, how-
ever, no time gap was seen between K+ release and LDH
release, but the time courses of both were nearly parallel
over the 90-min period. This may be partly explained by the
limited accessibility to cells within an intact organ structure
after acute toxin application; both the time course of toxin
access to the different cells and the time course of cellular
events upon toxin attack superimpose and may thus obscure
discrete differences in the sequence of cellular events. The
K+ losses and LDH losses in the present study clearly
precede the edema formation and are not the consequence of
tissue hydration. The first signs of edema formation start
only after 20 to 30 min; severe pulmonary edema caused
mechanically or by other agents, such as arachidonic acid, is
not accompanied by any release of these cellular markers
(45). A similar K+ release in isolated lungs has been noted
after the application of staphylococcal alpha-toxin (45). This
toxin oligomerizes on target membranes to form annular
transmembrane pores with an inner diameter of 2 to 3 nm

(15). Owing to this limited inner pore size, the release of K+
was not accompanied by any release of LDH in the isolated
lung experiments with administration of staphylococcal al-
pha-toxin. It is not clear from the available data why the
same degree of K+ loss, indicative of a similar degree of
primary membrane attack, is accompanied by significant
LDH release as an indicator of colloid osmotic cell swelling
after addition of Pseudomonas cytotoxin but not Staphylo-
coccus alpha-toxin. It must kept in mind, however, that the
total amount of LDH release was only about 10% of the total
K+ loss. Differing toxin accessibility to the different lung
cells may be relevant, and the cytotoxin-induced LDH
release may originate only from types of lung cells not
affected by alpha-toxin. Cytotoxin-treated pulmonary
endothelial cells in vitro revealed marked K+ loss without
any LDH release over an incubation period of 75 min (54).

Induction of PGI2 generation. In addition to their K+ loss,
these cells generated large amounts of PGI2. Accordingly,
there was marked and continuous release of PGI2 into the
three perfusates of the cytotoxin-treated lungs in the present
study to maximum values five times above that of the
control. This PGI2 generation is not a secondary event
caused by AW or increase in PAP, since it was already
detectable within the first 5 min, when these physical param-
eters were unaltered or only minimally altered. The PGI2
levels in the bronchoalveolar lavage fluid, determined at the
end of the experiment, were found to be about 25 times
above that of the control. These levels significantly exceeded
those found in the lungs in which the same amount of edema
was induced purely mechanically (values about 10 times
above that of the control). The marked PGI2 generation
induced by cytotoxin is indicative of toxin attack on the
endothelial cells in the present study. This is in accordance
with experiments with rats, in which deposition of cytotoxin
in the endothelial cells of nearly all organs, including the
lung, could be demonstrated immunohistologically (60). Cor-
respondingly, a significant release of angiotensin-converting
enzyme, an endothelial cell marker, into the lung lymph fluid
could be demonstrated during Pseudomonas bacteremia in
sheep (18). Though PGI2 generation in the lung was detected
early in the present study, it cannot account for the other
described cytotoxin effects. Application of high doses of
PGI2 in isolated rabbit lungs does not increase vascular
resistance or permeability and does not cause K+ loss or

LDH loss (48). The time course and the maximum amount of
PGI2 released into the perfusate after cytotoxin administra-
tion were similar to those observed after application of

INFECT. IMMUN.
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staphylococcal alpha-toxin in the same model system (45). In
contrast to alpha-toxin, however, only small and insignifi-
cant levels of thromboxane were detectable in the perfusion
fluid after cytotoxin administration, and the markedly in-
creased amounts of TxB2 found in the bronchoalveolar
lavage fluid (about 17 times above that of the control) did not
differ significantly from those found in the lungs with me-
chanically induced edema (10 times above that of the con-
trol). The cellular origin of thromboxane in blood-free iso-
lated lungs is still unsettled, and different accessibility or
sensitivity of the responsible cell(s) to cytotoxin and to
alpha-toxin may be responsible for the noted difference.

Increase of vascular resistance and permeability. In rabbit
lungs, toxins such as eledoisin, melittin, and staphylococcal
alpha-toxin cause a severalfold acute increase in pulmonary
vascular resistance via stimulation of the pulmonary arachi-
donic acid cascade and formation of the vasoconstrictive
agent thromboxane A2 (45, 47). In contrast, the pressure
response evoked by pseudomonal cytotoxin was only mod-
erate and, at least in part, reversible. The very low levels of
TxB2 in the perfusion fluid argue against a major contribu-
tion of this agent to the pressure increase. The predominat-
ing microvascular response to P. aeruginosa cytotoxin was a
fourfold increase in the KfX, which was detectable after a lag
period of 20 to 30 min and was not reversible during a
subsequent perfusion phase in the absence of the toxin. In
contrast to Kf,C, the values of vascular compliance were not
altered. This strongly suggests that the capillary surface area
was not significantly increased (36), and thus the severalfold
rise of Kfc appears to be entirely due to an increased
hydraulic conductivity of the pulmonary microvessels, i.e.,
an increased leakiness of the capillary bed, allowing
extravasation of fluid. The time course of pressure response
and Kf,c increase and the severity of the alteration of lung
vascular permeability after application of cytotoxin are
reminiscent of the effects described for P. aeruginosa bac-
teremia in sheep (5, 7, 18, 49). The present results are also in
accordance with recent experiments in intact rabbits, in
which P. aeruginosa cytotoxin infusion caused an early
increase in lung vascular resistance, pulmonary edema for-
mation, and severe disturbances of pulmonary gas exchange
(H. Neuhof, E. Meier, A. Reichwein, W. Seeger, and F.
Lutz, manuscript in preparation). The effects of P. aerugi-
nosa or its cytotoxin in these two animal species are thus
similar to those repeatedly described after application of
endotoxin in animal models (4). Endotoxin, however, is
ineffective in isolated lungs perfused in the absence of
plasma and circulating cells (6; W. Seeger, unpublished
data), whereas it is a salient feature of the present study that
the microvascular lesions were evoked by cytotoxin in the
primary absence of circulating leukocytes and plasma com-
ponents such as complement. As the cytotoxin is known to
be also effective on granulocytes (3, 43), these alterations
might even be amplified in the presence of lung leukocyte
sequestration. The concentration of cytotoxin used in the
present study is similar to that usually used in other systems
(range, 1 to 60 pug/ml). This concentration is probably higher
than can be expected in the circulation in vivo, even in states
of severe P. aeruginosa sepsis. It has to be kept in mind,
however, that lung tissue invasion by P. aeruginosa will
create local toxin concentrations far exceeding those in the
systemic circulation. Thus, pseudomonal cytotoxin may be
an important factor in the pathogenesis of prolonged pulmo-
nary microvascular injury, encountered in states of P. aeru-
ginosa sepsis or in the course of ARDS with secondarily
acquired P. aeruginosa pneumonia.

ACKNOWLEDGMENTS

We are grateful to C. Ernst, H. Michnacs, and R. Volk for skillful
technical assistance, to P. Muller for graphic illustration, and to W.
McDowell and R. Schulz for critical proofreading.

This work was supported by the Deutsche Forschungsgemein-
schaft (SPP: Grundmechanismen des progressiven posttrau-
matischen Lungenversagens, Ne-194/4-2 and Lu-252/2-2).

LITERATURE CITED
1. Andriole, V. T. 1979. Pseudomonas bacteremia: can antibiotic

therapy improve survival? J. Lab. Clin. Med. 94:196-200.
2. Baltch, A. L., and P. E. Griffin. 1977. Pseudomonas aeruginosa

bacteremia: a clinical study of 75 patients. Am. J. Med. Sci.
274:119-129.

3. Baltch, A. L., M. C. Hammer, R. P. Smith, T. G. Obrig, J. V.
Conroy, M. B. Bishop, M. A. Egy, and F. Lutz. 1985. Effects of
Pseudomonas aeruginosa cytotoxin on human serum and gran-
ulocytes and their microbicidal, phagocytic, and chemotactic
functions. Infect. Immun. 48:498-506.

4. Brigham, K. L., and B. Meyrick. 1984. Interactions of granulo-
cytes with the lung. Circ. Res. 54:623-635.

5. Brigham, K. L., W. C. Woolverton, L. H. Blake, and N. C.
Staub. 1974. Increased sheep lung vascular permeability caused
by Pseudomonas bacteremia. J. Clin. Invest. 54:792-804.

6. Cintora, I., S. Bessa, R. L. Goodale, G. W. Motsay, and J. W.
Borner. 1973. Further studies of endotoxin and alveolocapillary
permeability: effect of steroid pre-treatment and complement
depletion. Ann. Surg. 179:372-375.

7. Crocker, S. H., D. 0. Eddy, R. N. Obenauf, B. L. Wismar, and
B. D. Lowery. 1981. Bacteremia: host-specific lung clearance
and pulmonary failure. J. Trauma 21:215-223.

8. Cruyz, S. J. 1985. New insights into the epidemiology, patho-
genesis and therapy of Pseudomonas aeruginosa infections.
Eur. J. Clin. Microbiol. 4:153-155.

9. Drake, R., K. A. Gaar, and A. E. Taylor. 1978. Estimation of
the filtration coefficient of the pulmonary exchange vessels. Am.
J. Physiol. 234:266-274.

10. Drake, R. E., and J. C. Gabel. 1981. Comparisons of techniques
to measure pulmonary filtration coefficients in dogs. Microvasc.
Res. 21:133-141.

11. Drake, R. E., J. H. Smith, and J. C. Gabel. 1980. Estimation of
the filtration coefficient of intact dog lungs. Am. J. Physiol.
238:430-438.

12. Dunn, M. M., D. H. Toews, and A. K. Pierce. 1985. The effects
of systemic immunization on pulmonary clearance of Pseu-
domonas aeruginosa. Am. Rev. Respir. Dis. 131:426-431.

13. Flick, M. R., and L. E. Cluff. 1976. Pseudomonas bacteremia:
review of 108 cases. Am. J. Med. 60:501-508.

14. Frimmer, M., J. Homann, E. Petzinger, U. Rufeger, and W.
Scharmann. 1976. Comparative studies on isolated rat
hepatocytes and AS-30D hepatoma cells with leucocidin from
Pseudomonas aeruginosa. Naunyn-Schmiedeberg's Arch.
Pharmacol. 295:63-69.

15. Fussle, R., S. Bhakdi, A. Sziegoleit, J. Tranum-Jensen, T. Kranz,
and H. J. Wellensiek. 1981. On the mechanism of membrane
damage by Staphylococcus aureus alpha-toxin. J. Cell. Biol.
91:83-94.

16. George, H. A., M. F. Clowes, E. Hirsch, L. Williams, E.
Kwasnik, T. F. O'Donnell, P. Cuevas, V. K. Saini, I. Monradi,
M. Farizan, C. Saravis, M. Stone, and J. Kuffler. 1975. Septic
lung and shock lung in man. Ann. Surg. 181:681-692.

17. Glauser, F. L., and R. P. Fairman. 1985. The uncertain role of
the neutrophil in increased permeability pulmonary edema.
Chest 88:601-607.

18. Gorin, A. B., G. Hasagawa, M. Hollinger, J. Sperry, and J.
Zuckerman. 1981. Release of angiotension-converting enzyme
by the lung after Pseudomonas bacteremia in sheep. J. Clin.
Invest. 68:163-170.

19. Graybill, J. R., L. W. Marshall, P. Charache, C. K. Wallace,
and V. B. Melvin. 1973. Nosocomial pneumonia: a continuing
major problem. Am. Rev. Respir. Dis. 108:1130-1140.

20. Haraldsson, B., and B. Rippe. 1984. Increase in albumin clear-

VOL. 52, 1986 851



852 SEEGER ET AL.

ance in perfused rat hindquarters by removal of cell serum from
the perfusate, with no change in vascular resistance, CFC or PS
for CrEDTA. Int. J. Microcirc. Clin. Exptl. 3:353.

21. Hofman, W. F., and I. C. Erhart. 1984. Permeability edema in
dog lung depleted of blood components. J. Appl. Physiol.
57:147-153.

22. Kaplan, R., S. Sahn, and T. Petty. 1979. Incidence and outcome
of the respiratory distress syndrome in gram-negative sepsis.
Arch. Intern. Med. 129:867-873.

23. LaForce, F. M. 1981. Hospital-acquired gram-negative-rod
pneumonia: an overview. Am. J. Med. 70:664-669.

24. Lind, T., J. A. McDonald, and L. V. Avioli. 1981. Adult respi-
ratory distress syndrome. Arch. Intern. Med. 141:1749-1753.

25. Lunde, P. K. M., and B. A. Waaler. 1969. Transvascular fluid
balance in the lung. J. Physiol. (London) 205:1-18.

26. Lutz, F. 1979. Purification of a cytotoxic protein from Pseu-
domonas aeruginosa. Toxicon 17:467-475.

27. Lutz, F. 1986. Interactions of Pseudomonas aeruginosa
cytotoxin with plasma membranes from Ehrlich ascites tumor
cells. Naunyn-Schmiedeberg's Arch. Pharmacol. 332:103-110.

28. Lutz, F., S. Grieshaber, and K. Schmidt. 1982. Permeability
changes of Ehrlich mouse ascites tumor cells induced by a
cytotoxin from Pseudomonas aeruginosa. Naunyn-Schmie-
deberg's Arch. Pharmacol. 320:78-80.

29. Lutz, F., and M. Maurer. 1984. Formation of hydrophilic pores
in Ehrlich ascites tumor cell membrane by a cytotoxic protein
from Pseudomonas aeruginosa. Hoppe-Seyler's Z. Physiol.
Chem. 365:1031-1036.

30. Lutz, F., W. Seeger, B. Schischke, R. Weiner, and W.
Scharmann. 1983. Effects of a cytotoxic protein from Pseu-
domonas aeruginosa on phagocytic and pinocytic cells: in vitro
and in vivo studies. Toxicon 20(Suppl.):35-38.

31. Magno, M., B. Atkinson, A. Katz, and A. P. Fishman. 1980.
Estimation of pulmonary interstitial fluid space compliance in
isolated perfused rabbit lungs. J. Appl. Physiol. 48:677-683.

32. McManus, A. T., A. D. Mason, W. F. McManus, and B. A.
Pruitt. 1985. Twenty-five-year review of Pseudomonas bactere-
mia in a burn center. Eur. J. Clin. Microbiol. 4:219-223.

33. Meyrick, B. O., and K. L. Brigham. 1984. The effect of a single
infusion of zymosan-activated plasma on the pulmonary
microcirculation of sheep. Am. J. Pathol. 114:32-45.

34. Obrig, T. G., A. L. Baltch, T. P. Moran, S. P. Mudzinski, R. P.
Smith, and F. Lutz. 1984. Effect of Pseudomonas aeruginosa
cytotoxin on thymidine incorporation by murine splenocytes.
Infect. Immun. 45:756-760.

35. Oppenheimer, L., H. W. Unruh, C. Skoog, and H. S. Goldberg.
1983. Transvascular fluid flux measured from intravascular
water concentration changes. J. Appl. Physiol. 54:64-72.

36. Parker, J. C., P. R. Kvietys, K. P. Ryan, and A. E. Taylor. 1983.
Comparison of isogravimetric and venous occlusion capillary
pressures in isolated dog lungs. J. Appl. Physiol. 55:964-968.

37. Perry, M. A. 1980. Capillary filtration and permeability coeffi-
cients calculated from measurements from interendothelial cell
junctions in rabbit lung and skeletal muscle. Microvasc. Res.
19:141-157.

38. Reynolds, H. Y., A. S. Levine, R. E. Wood, C. H. Zierdt, D. C.
Dale, and J. E. Pennington. 1975. Pseudomonas aeruginosa
infections: persisting problems and current research to find new
therapies. Ann. Intern. Med. 82:819-831.

39. Rinaldo, J. E., and R. M. Rogers. 1982. Adult respiratory
distress syndrome: changing concepts of lung injury and repair.
N. Engl. J. Med. 306:900-909.

40. Rippe, B., R. C. Allison, J. C. Parker, and A. E. Taylor. 1984.
Effects of histamine, serotonin and norepinephrine on circula-
tion of dog lungs. J. Appl. Physiol. 57:223-232.

41. Sasaki, T., and F. Lutz. 1985. Action of a cytotoxin from
Pseudomonas aeruginosa on human leukemic cell lines. FEBS

Lett. 189:33-36.
42. Scharmann, W. 1976. Formation and isolation of leucocidin

from Pseudomonas aeruginosa. J. Gen. Microbiol. 93:283-291.
43. Scharmann, W. 1976. Cytotoxic effects of leukocidin from

Pseudomonas aeruginosa on polymorphonuclear leukocytes
from cattle. Infect. Immun. 13:836-843.

44. Schulz, R., and W. Seeger. 1986. Release of leukotrienes into the
perfusate of calcium-ionophore stimulated rabbit lungs: influ-
ence of 5-lipoxygenase inhibitors. Biochem. Pharmacol.
35:183-193.

45. Seeger, W., M. Bauer, and S. Bhakdi. 1984. Staphylococcal
alpha-toxin elicits hypertension in isolated rabbit lungs. Evi-
dence for thromboxane formation and the role of extracellular
calcium. J. Clin. Invest. 74:849-858.

46. Seeger, W., G. Stohr, H. R. D. Wolf, and H. Neuhof. 1985.
Alteration of surfactant function due to protein leakage. Special
interaction with fibrin monomer. J. Appl. Physiol. 58:326-338.

47. Seeger, W., H. Wolf, H. Neuhof, and L. Roka. 1983. Release and
oxygenation of arachidonic acid: nonspecific triggering and
pathophysiological consequences in isolated rabbit lungs. Adv.
Prostaglandin Thromboxane Leukotriene Res. 12:99-105.

48. Seeger, W., H. Wolf, G. Staihler, H. Neuhof, and L. Roka. 1982.
Increased pulmonary vascular resistance and permeability due
to arachidonate metabolism in isolated rabbit lungs. Prostaglan-
dins 23:157-173.

49. Shennib, H., R. Chu-Jeng, D. S. Mulder, G. K. Richards, and J.
Prentis. 1984. Pulmonary bacterial clearance and alveolar mac-
rophage function in septic shock lung. Am. Rev. Respir. Dis.
130:444 449.

50. Snashall, P. D., K. Nakahara, and N. C. Staub. 1979. Estimation
of perimicrovascular fluid pressure in isolated perfused dog lung
lobes. J. Appl. Physiol. 46:1003-1010.

51. Sordelli, D. O., B. J. Zelligs, M. C. Cerquetti, A. M. Hooke, and
J. A. Bellanti. 1985. Inflammatory responses to Pseudomonas
aeruginosa and Staphylococcus aureus in the murine lung. Eur.
J. Respir. Dis. 66:31-39.

52. Stamm, W. E., S. M. Martin, and J. V. Bennett. 1977. Epide-
miology of nosocomial infections due to gram-negative bacilli:
aspects relevant to development and use of vaccines. J. Infect.
Dis. 136(Suppl.):151-160.

53. Steven, R. M., D. Teres, and I. J. Skillman. 1974. Pneumonia in
an intensive care unit: a 30-month experience. Arch. Intern.
Med. 134:106-111.

54. Suttorp, N., W. Seeger, J. Uhl, F. Lutz, and L. Roka. 1985.
Pseudomonas aeruginosa cytotoxin stimulates prostacyclin
production in cultured pulmonary artery endothelial cells: mem-
brane attack and calcium flux. J. Cell. Physiol. 123:64-72.

55. Thilo-Korner, D. G. S., B. Kaufer, F. Lutz, D. Heinrich, and
H. G. Lasch. 1984. Funktionelle und morphologische
Schadigung humaner Endothelzellen durch Pseudomonas aeru-
ginosa-Zytotoxin. Verh. Dtsch. Ges. Inn. Med. 90:830-834.

56. Unruh, H. W., H. S. Goldberg, and L. Oppenheimer. Pulmonary
interstitial compartments and tissue resistance to fluid flux. J.
Appl. Physiol. 57:1512-1519.

57. Vito, L., R. C. Denis, and H. B. Hechtman. 1974. Sepsis
presenting as an acute respiratory insufficiency. Surg. Gynecol.
Obstet. 138:896-901.

58. Wangensteen, 0. D., E. Lysaker, and P. Savaryn. 1977. Pulmo-
nary capillary filtration and reflection coefficients in the adult
rabbit. Microvasc. Res. 14:81-97.

59. Webster, P. O., G. L. Larsen, C. Mitchell, A. J. Goins, and
P. M. Henson. 1982. Absence of inflammatory lung injury in
rabbits challenged intravascularly with complement-derived
chemotactic factors. Am. Rev. Respir. Dis. 125:335-340.

60. Weiner, R. N., and M. Reinacher. 1982. Lower nephron toxicity
of a highly purified cytotoxin from Pseudomonas aeruginosa in
rats. Exp. Mol. Pathol. 37:249-271.

INFECT. IMMUN.


