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Rationale: Most models of acute lung injury in mice have yet to be
fully characterized. Objectives: To directly compare and contrast
endotoxin and oleic acid models of acute lung injury in mice in
terms of their physiologic, biochemical, histopathologic, and im-
aging manifestations. Methods: Survival studies, lung weights, x-ray
computed tomographic scanning, light and electron microscopy,
bronchoalveolar lavage, lung uptake of (18F)fluorodeoxyglucose,
tissue myeloperoxidase, arterial blood gases, mean arterial pres-
sure, and lung tissue prostanoids were measured in separate groups
of C57Bl/6 mice (normal animals, endotoxin only [20 �g/g], oleic
acid only [0.15 �l/g], or endotoxin � oleic acid). Results: Endotoxin
alone caused only mild pulmonary neutrophilic inflammation with
little functional or structural damage to the alveolar architecture.
In contrast, oleic acid caused severe alveolar damage with the devel-
opment of alveolar edema of the increased-permeability type with
associated abnormalities in gas exchange. When given together,
endotoxin and oleic acid acted synergistically to increase pulmonary
edema and to worsen gas exchange and hemodynamics, thereby
increasing mortality. This synergism was significantly attenuated
by the prior administration of the endotoxin antagonist E5564
(eritoran). Conclusions: Under the conditions of these studies, only
mice exposed to oleic acid showed both structural and functional
characteristics of acute lung injury. Nevertheless, endotoxin had
potent synergistic physiologic effects that increased mortality.
Overall, these models, which can be translated to genetically altered
mice, are amenable to study with state-of-the-art imaging tech-
niques, and with experimental interventions that can probe the
underlying mechanisms of injury.
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Animal models of acute lung injury (ALI) are important tools for
studying mechanisms relevant to the acute respiratory distress
syndrome (ARDS) in humans. Many methods, in a variety of
different animal species, can generate ALI, each with its own
set of advantages and limitations (1–3). Importantly, however,
there are relatively few mouse models of ALI, despite the obvi-
ous value of being able to manipulate the genetic background
of mice as a means of understanding the pathogenesis of ALI.
In many cases, the models that do exist have yet to be fully
characterized, often because of the difficulties in obtaining rele-
vant physiologic or similar data from such small animals. Recent
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developments in microinstrumentation (4), however, make it
possible to now address these deficiencies.

Because one of the most common causes of ALI is bacterial
sepsis, many investigators have used intraperitoneal or intratra-
cheal administration of endotoxin (Etx) as a method of pro-
voking ALI. Recently, Kabir and colleagues (5) and Rojas and
coworkers (6) both reported that intraperitoneal Etx adminis-
tered to C57Bl/6 mice caused increased expression of various
inflammatory mediators, increased lung water, and increased
neutrophil accumulation in lung tissue. However, the reported
changes were mild and transient, resolving over 48 hours.

In contrast, oleic acid (OA)–induced ALI is another standard
and widely used model, with significant histopathologic changes
similar to those observed in ARDS (7). Furthermore, in our
own studies, we have used low-dose Etx in dogs to modify the
physiologic and biochemical expression of OA-induced ALI
(8, 9), further enhancing its resemblance to human ARDS (10).
OA-induced ALI is neutrophil-independent (11–13), providing
a useful contrast to many other models of ALI.

The purpose of the present study, then, was to directly com-
pare and contrast the Etx and OA models of ALI in mice in terms
of their physiologic, biochemical, histopathologic, and imaging
manifestations, providing an important database for future stud-
ies with these models.

METHODS

The methods for these studies are described in detail in an online
supplement.

Reagents

Wild-type C57Bl/6 mice, 8 to 11 weeks old, were used. All experiments
were approved by the Animal Studies Committee of Washington Uni-
versity. The Etx antagonist E5564 (eritoran) (14) was a generous gift
of the Eisai Research Institute. (E5564 is a synthetic Etx antagonist
with a structure similar to that of lipid A, derived from the noninfectious
gram-negative bacteria Rhodobacter sphaeroides. E5564 blocks Etx trig-
gering of the inflammatory response by binding to toll-like receptor
4, thereby inhibiting its activation [14, 15].) Lipopolysaccharide from
Escherichia coli 055:B5 was used in these studies; OA was prepared as
a 7.5% solution in 0.1% bovine serum albumin (16). (18F)Fluorodeoxyg-
lucose ([18F]FDG) was manufactured on-site, as previously described
(17).

Experimental Groups

In general, four groups of mice were studied at a time. These group
clusters included a control group (no interventions), a group adminis-
tered Etx only (20 �g/g, intraperitoneally), a group administered OA
only (0.15 �l/g body weight, intravenously), and a group administered
Etx � OA (OA given 30 minutes after Etx). E5564 (eritoran; 4 �g/g
bw) was administered 30 minutes before Etx. Mice were monitored for
24 hours for survival studies. For physiologic and biochemical or im-
aging studies, the measurements were obtained 60 minutes after OA.
To measure lung (18F)FDG uptake, the tracer was injected 60 minutes
after OA, the mice were killed 60 minutes later, and tissue radioactivity
was measured in a well counter in harvested lungs.
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Instrumentation

For studies involving mechanical ventilation, mice were orally intubated
and connected to a rodent ventilator set at Vt 23.5 �l/g and rate 110/
minute. A high-fidelity micromanometer catheter was placed into the
right carotid artery. At the end of the study, blood was drawn from
the abdominal aorta for blood gas measurements.

Gravimetrics, Histology, and Electron Microscopy

After mice were killed, the left lungs of some mice were harvested,
weighed, and then dried to constant weight in an oven at 60�C for 3
to 4 days. In other mice, the lungs were flushed to remove blood, then
inflated with 10% buffered formalin (20 cm H2O) before processing
for routine light microscopy with hematoxylin–eosin. For electron mi-
croscopy, the lungs were inflation-fixed (20 cm H2O) with a 3% solution
of glutaraldehyde in cacodylate buffer (0.1 M, pH 7.4) for 1 hour.
Blocks (1 mm3) were cut from each lung and immersed in additional
fixative until preparation for routine electron microscopy.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed in situ; the recovered
BAL fluid was centrifuged, the pellet was resuspended in phosphate-
buffered saline, and the total leukocyte count was determined using
a hemocytometer. The differential cell count was performed on the
cytocentrifuge preparation stained with hematoxylin–eosin. Protein
measurements were performed by the bicinchoninic acid method.

Computed Tomography Imaging

Mice were anesthetized with isoflurane gas. Micro–x-ray computed to-
mography images were obtained using a MicroCAT II scanner (ImTek,
Inc., Knoxville, TN). Lung density measurements were obtained by re-
cording mean and pixel-by-pixel Hounsfield units within an image region
of interest, where a value of 0 � density of water and �1,000 � density
of air.

Lung Glucose Uptake

The pulmonary uptake of (18F)FDG was measured as the tissue–blood
radioactivity ratio, as previously described (18).

Biochemistry Assays

Lung tissue myeloperoxidase (MPO) activity and measurements of the
stable metabolites of thromboxane (TxB2) and prostacyclin (6-ketoPGF1�)
were measured by standard techniques, as described previously (18–20).

Statistics

Kaplan-Meier curves were analyzed by the log-rank test. Group data
were expressed as the mean � SD. Standard one-way analysis of variance
tests were used to compare results among groups. Post hoc comparisons
were done using the Holm-Sidak multiple comparison test. Statistical
significance was set at p � 0.05.

RESULTS

In pilot studies (not shown), we determined that an intravenous
dose of 0.15 �l/g body weight OA resulted in an approximate
24-hour survival rate of 75%. Using this dose of OA, we then
compared the 24-hour survival rates (n � 20 each) of mice
administered 20 �g/g body weight Etx alone, OA alone, or the
combination of Etx and OA (Figure 1A). Mortality was mark-
edly increased by the combination of both agents (24-hour sur-
vival only 30%).

The group given the combination of Etx and OA was also
compared with two other groups given 10- and 100-fold lower
doses of Etx (Figure 1B). Survival was related to the dose of
Etx. All deaths occurred within the first 6 hours after OA.

Postmortem measurements showed that only the animals that
received OA had significant increases in lung weight (Figure 1C;
a group of mice that received no intervention [n � 9] was in-
cluded to establish normal values for lung weight). The lung
weights of mice that received Etx � OA were higher than those

that received OA only, but the difference was not statistically
significant. However, an Etx effect on lung weight (when com-
bined with OA) is suggested by a progressive increase in lung
weight depending on the dose of Etx given (Figure 1D).

Additional groups of mice were studied to obtain imaging,
physiologic, and biochemical data. Examples of micro–x-ray
computed tomography scans of mice from the normal and OA-
only groups are shown in Figure 2. A mean increase in lung density
(Figure 3A) after OA, manifested as lung consolidation with air
bronchograms (Figure 2), is clearly visible. A more complete
image analysis is given in Figure 3B, showing a rightward shift in
the lung density histograms in animals receiving OA.

Examples of light micrographs from all four experimental
groups are shown in Figure 4. Neutrophil sequestration in small
parenchymal vessels was the only abnormal finding in mice that
received Etx only. In contrast, inflammatory infiltrate, alveolar
hemorrhage, and proteinaceous alveolar edema were all promi-
nent in mice that received OA.

A similar disparity was seen in the electron micrographs ob-
tained from similarly treated mice (Figure 5). Alveolar linings
were intact in mice receiving Etx only (although interstitial
edema was identified in some sections), whereas alveolar epithe-
lial damage and fibrin and other cellular debris in the alveolar
spaces were evident in mice that received OA.

Protein and cell counts from mice (n � 3–4 in each group) that
underwent BAL (Figure 6) were consistent with the histologic
findings. The protein concentration and neutrophil counts were
higher than in normal mice only in the groups given OA.

Measurements of neutrophil activation and infiltration per-
formed on whole lungs (n � 10–13 in each group) gave a different
picture from the BAL or histologic data (Figure 7). Glucose
uptake by the lungs (assayed as the tissue-to-blood radioactivity
ratio for [18F]FDG) was increased only in the Etx-only group of
mice. In contrast, tissue MPO activity was increased in both
groups that received Etx, but not in the group that received OA
only.

Physiologic effects during, or at the end of 90 minutes of
mechanical ventilation for all four experimental groups (n �
5–6 mice each), are shown in Figure 8. As in the survival studies,
postmortem lung weight increased significantly only in mice that
received OA. In addition, wet-to-dry (W/D) weight ratios were
determined in lung tissue samples from these mice: 4.8 � 0.26,
4.8 � 0.39, 5.6 � 0.37, 6.5 � 0.96 for the normal, Etx only, OA
only, and Etx � OA groups, respectively. Only the Etx � OA
group W/D ratio was significantly increased statistically.

PaO2 (Figure 8B) decreased significantly only in mice given
OA, and the fall in PaO2 was greatest in mice that received the
combination of Etx and OA. Additional blood gas data are
shown in Table 1. Mice that received Etx � OA showed a sig-
nificant respiratory acidosis and concomitant decrease in arterial
pH.

Mean arterial pressure tended to fall in all groups over time
(Figure 8C), but by analysis of variance, the decrease was only
statistically significant at the end of the 90-minute observation
period in animals that received Etx � OA (Figure 8D).

Lung tissue prostanoid measurements from all four experi-
mental groups are shown in Figure 9 (same mice as in Figure
8). None of the groups showed any significant differences in
tissue TxB2 concentrations. In contrast, all three experimental
groups showed significant increases in the tissue concentration
of 6-ketoPGF1� compared with the normal group, but these were
not different from one another.

Finally, the effects of the toll-like receptor 4 antagonist E5564
(eritoran) are shown in Figure 10. These mice (n � 26 in each
group) all received Etx � OA and, in addition, either a placebo
or E5564 30 minutes before Etx. Mice that received E5564
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Figure 1. (A ) Kaplan-Meier survival curves for three groups of
mice (n � 20 each): oleic acid only (OA), endotoxin only (Etx),
and Etx � OA. Both the OA-only and Etx � OA survival curves
are statistically different (p � 0.05) from the Etx-only curve. (B )
Kaplan-Meier survival curves for three groups of mice (n � 20
each) given both Etx and OA. The group given the lowest dose
of Etx had a significantly different survival curve from the group
given the highest dose of Etx. (C ) Lung weights in the three
groups of mice from A compared with a group of normal mice
(n � 9). (D ) Lung weights in the three groups of mice from B
compared with the same group of normal mice as in C. *p �

0.05 compared with the normal group; �p � 0.05 compared
with the Etx-only group.

showed a nonsignificant trend toward improved 24-hour survival.
However, lung weights and MPO activity after Etx � OA were
lower in the E5564 group, indicating less pulmonary edema and
pulmonary inflammation, although both were higher than nor-
mal control lungs.

DISCUSSION

The main findings of this study, under the conditions used in this
study, are as follows: (1) Etx alone causes only mild pulmonary
neutrophilic inflammation with little functional or structural
damage to the alveolar architecture, (2) OA causes severe al-
veolar damage with the development of alveolar edema of the
increased-permeability type with associated abnormalities in oxy-
genation, and (3) Etx and OA act synergistically to increase
pulmonary edema and worsen gas exchange and hemodynamics,
thereby increasing mortality. Furthermore, we demonstrate that
the models are amenable to study with state-of-the-art imaging

Figure 2. Examples of micro–x-ray computed tomog-
raphy scans of mice from the normal and OA-only
groups. Both coronal and transverse images are shown.
After OA, there is an increase in pulmonary parenchy-
mal infiltrates with air bronchograms, consistent with
acute diffuse pulmonary edema.

techniques and with experimental interventions that can probe
the underlying mechanisms of injury.

Definition of ALI

In patients, ARDS is usually defined as a particularly severe
subset of ALI, which in turn is defined as “a syndrome of in-
flammation and increasing permeability that is associated with
a constellation of clinical, radiologic, and physiologic abnormali-
ties that cannot be explained by, but may coexist with, left atrial
or pulmonary capillary hypertension” (21). Accordingly, charac-
teristic radiographic and gas exchange abnormalities, together
with clinical information about timing and associated “risk fac-
tors,” are generally used as criteria to establish the diagnosis of
ARDS. Although the performance of these criteria in the clinical
setting (e.g., sensitivity and specificity) is a matter of ongoing
debate, we are unaware of any similarly agreed-on criteria for
ALI in experimental animals. We have previously argued that
ARDS should be considered a specific form of lung injury (not
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Figure 3. Lung density as measured by x-ray computed tomog-
raphy in all four experimental groups (n � 3–4 mice/group).
(A ) Mean lung density obtained from analysis of a single tomo-
graphic slice, as in Figure 2. *p � 0.05 compared with the normal
(Nls) or Etx-only groups of mice. H.U. � Hounsfield units, where
0 � density of water and �1,000 � density of air. (B ) Histograms
of lung density when sorting the pixel-by-pixel data from the
same regions of interest used to obtain mean data in A into 30
separate “bins.” The density pattern after Etx only is virtually
identical to that in normal mice, whereas there is a rightward
shift toward higher densities in mice administered OA.

simply the most severe form of any lung injury)—one in which
structural changes and functional abnormalities are causally
linked (22). The structural, histopathologic hallmark of ALI is
diffuse alveolar damage (DAD) (23, 24), and the functional
abnormalities associated with ALI are a direct consequence of
the breakdown in the pulmonary endothelial and epithelial bar-
rier that is characteristic of DAD, leading to proteinaceous alve-
olar edema and other physiologic effects (e.g., altered respiratory
system mechanics and gas exchange).

Thus, we consider DAD to be the sine qua non of ALI of
the ARDS type. The distinguishing features of DAD are alveolar
epithelial cell necrosis, inflammatory cell infiltration, protein-
aceous alveolar and interstitial edema, alveolar hyaline mem-
branes, and, eventually, type II pneumocyte proliferation and
varying degrees of alveolar/interstitial fibrosis (23, 24). In the
current study, animals in the OA groups clearly showed the early
features of DAD (Figures 4 and 5). Using doses of OA that
were up to approximately 1.5 times the dose used here, Ulrich

Figure 4. Examples of light micrographs from all four experimental
groups. Arrows in the Etx-only panel point to neutrophils that are adher-
ent to small parenchymal vessels (see enlargement in inset), indicative
of sequestration. The micrographs of both OA panels show evidence
of inflammatory infiltrate, alveolar hemorrhage, and proteinaceous alve-
olar edema. Original magnification, 	40.

and coworkers (25) recently reported similar histologic and elec-
tron micrographic findings. In contrast, in the current study,
animals given Etx alone showed virtually no structural evidence
of DAD.

Etx and OA models of ALI

Mice are known to be highly resistant to Etx (2), and the rela-
tively mild nature of the lung injury associated with Etx adminis-
tration to mice has been repeatedly observed and reported by
others (5, 6). Kabir and colleagues (5) reported a 17% increase
in lung weight within 6 hours of Etx administration, but no
increase in the W/D ratio. Rojas and colleagues (6) reported a
10% increase in the W/D ratio. In the present study, lung weight
increased 17% in nonventilated mice (Figure 1) and 12% in
mice that were ventilated for 1 hour after OA administration
(Figure 8). In the latter group, however, there was no significant
difference from normal mice in the W/D ratio. The imaging data
(Figure 3) are consistent with these gravimetric results in that
lung density was found to be increased only in groups given OA.
As noted by Parker and Townsley (26), the W/D ratio accounts

Figure 5. Electron micrographs from all four experimental groups. The
alveolocapillary membranes in the panels from normal and Etx-only
mice are normal, although mild interstitial edema (IE) is present in the
Etx-only panel. In contrast, there is widespread epithelial membrane
damage (ED) and denudation (Den), fibrin and other cellular debris
(CD), and proteinaceous edema in the alveolar space in the panels from
mice given OA. Original magnification, 	3,000.
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Figure 6. Bronchoalveolar lavage (BAL) protein and cell counts from all
four experimental groups (n � 3 each except for the Etx � OA group
where n � 5). The protein concentration and neutrophil counts were
higher only in the groups given OA. *p � 0.05 compared with the
normal or Etx-only groups. PMN � polymorphonuclear white cells (i.e.,
neutrophils).

for any simultaneous increases in lung dry weight and therefore
is the more specific measure of increases in lung water per se.
Given the increase in MPO activity associated with Etx adminis-
tration (Figure 7) coupled with the lack of change in the W/D
ratio in both this and the Kabir study (5), we believe the relatively
modest increases in total lung weight (in the current as well as
other studies) may simply reflect the additional water content
of the inflammatory cell infiltrate. We cannot exclude, however,
a minor component due to increased interstitial edema (Figure
5), which would imply an increase in endothelial permeability
caused by Etx, as previously shown to occur in sheep (27).

An increased protein concentration in pulmonary edema fluid
suggests increased capillary permeability as the cause of the
pulmonary edema and is a major criterion of ALI. In the current
study, BAL protein concentrations were only markedly elevated
in animals that received OA (Figure 6), confirming recent mea-
surements by others (16, 25).

Alveolar neutrophilia is another universal finding in ALI/
ARDS, and like the BAL protein concentrations, alveolar neu-
trophilia was only documented in animals that received OA
(Figure 6). Guimaraes and others (16) also reported the presence
of alveolar neutrophilia after OA in mice. These observations
are to be contrasted with the whole-lung MPO data (Figure 7).

Figure 7. Lung (18F)fluorodeoxyglucose ([18F]FDG) uptake and neutro-
phil burden in animals from all four experimental groups (n � 10–13
mice/group). (A ) Lung (18F)FDG uptake was measured as the tissue-
to-blood radioactivity ratio (TBR; see METHODS). *p � 0.05 compared
with all three other groups. (B ) Lung neutrophil burden measured as
myeloperoxidase (MPO) activity. *p � 0.05 compared with the normal
and OA-only groups. OD � optical density.

Figure 8. Physiologic effects during or at the end of 90 minutes of
mechanical ventilation for all four experimental groups (n � 5–6 mice
each). (A ) Lung weights. Only mice given OA showed a significant
increase in lung weight. (B ) PaO2 at the end of the ventilation period.
Only mice given OA showed a significant decrease in PaO2. (C ) Mean
arterial blood pressure (BP) at the times indicated. Only mice given
Etx � OA showed a significant fall in BP 90 minutes after Etx (or placebo)
compared with the baseline pressure at 0 minutes. (D ) Example of an
arterial BP tracing from one mouse in the Etx � OA group. Solid arrow:
time of intraperitoneal Etx injection. Dotted arrow: time of tail vein
injection of OA. Note progressive decrease in BP after OA. *p � 0.05
compared with normal mice or at baseline (C ); �p � 0.05 compared
with Etx group.

As have others (5, 28), we observed a significant increase in lung
tissue MPO after Etx. Because neutrophils did not appear in
the BAL of mice given Etx alone (Figure 6), and given that
neutrophils were frequently found to be adherent to the endothe-
lium of small parenchymal vessels (Figure 4), we believe these
findings suggest that Etx-induced neutrophil influx into the lungs
was limited to vascular sequestration. Using a dose of Etx that
was 1/20th that used in our study, Ghosh and coworkers (29)
recently arrived at a similar conclusion. In contrast, neutrophil
penetration into the alveolar space after OA (with or without
Etx) appears to be the result of either a breach in the alveolocapi-
llary barrier or the establishment of a chemokine gradient caused
by epithelial tissue damage. A similar disparity between the Etx
and OA models with respect to the development of alveolar
neutrophilia was recently reported by us in dogs (30) and by
Ghosh and colleagues (29) in mice.

Interestingly, the overall MPO content of the lungs was only

TABLE 1. ARTERIAL pH, PaCO2, AND BICARBONATE VALUES
90 MINUTES AFTER OLEIC ACID AND/OR ENDOTOXIN

pH PaCO2
HCO3

�

Normal 7.32 � 0.03 43 � 3 22 � 2
Etx only 7.34 � 0.03 33 � 6 18 � 2
OA only 7.29 � 0.01 38 � 2 18 � 1
Etx � OA 7.16 � 0.01*† 50 � 10† 19 � 3

Definition of abbreviations: Etx � endotoxin; OA � oleic acid.
* Compared with the normal group.
† Compared with the Etx-only and OA-only groups.
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Figure 9. Lung tissue prostanoid measurements from all four experi-
mental groups (same mice as in Figure 8). None of the groups showed
any significant differences in tissue thromboxane (TxB2) concentrations
from one another. In contrast, all three experimental groups showed
significant increases in the tissue concentration of the stable metabolite
of prostacyclin (6-ketoPGF1�) compared with the normal group, but
were not different from one another. *p � 0.05 compared with the
normal group.

minimally elevated in mice that received OA alone (Figure 7),
suggesting that the overall influx of neutrophils was less in this
group of mice (despite the degree of alveolar neutrophilia). A
similar observation has also recently been reported in dogs (30).

An additional disparity is revealed by the measurements of
glucose uptake (tissue–blood radioactivity ratio; Figure 7A). The
pulmonary uptake of radiolabeled FDG has repeatedly been
linked to neutrophil activation and infiltration (30–33). In the
current study, mice in the Etx-only group showed an increase
in tissue–blood radioactivity ratio, whereas mice in the OA-only

Figure 10. Effects of the toll-like receptor 4 antagonist E5564. All mice
received Etx � OA and either a placebo (Plcb) or E5564, 30 minutes
before endotoxin. (A ) Twenty-four-hour survival rates. The trend in
improved survival in the E5564 group was not statistically significant
(p � 0.36). (B ) Lung weights. Lung weights after Etx � OA were lower
in the E5564 group, indicating less pulmonary edema. Horizontal bar
indicates normal range in lung weight (from Figure 1). (C ) MPO activity.
MPO activity was lower in the E5564 group, indicating less neutrophil
recruitment to the lungs. Horizontal bar indicates normal range in MPO
(from Figure 7B). *p � 0.05 compared with the Plcb group.

group showed no significant increase, consistent with previous
reports. However, mice in the Etx � OA group also showed no
increase in tissue–blood radioactivity ratio, which is different
from a previous report in dogs. This observation suggests that
injury in mice resulted in deactivation of neutrophils (and/or lung
parenchymal cells otherwise activated by Etx). Similar disparities
between neutrophil infiltration into the lungs and neutrophil
activation have been reported by Jones and colleagues (32) in
the clinical setting of chronic bronchitis versus acute pneumonia,
and by others in mouse models of bleomycin-induced lung injury
(34, 35). Thus, in future studies, it should be possible to exploit
these different patterns of neutrophil burden (MPO), alveolar
neutrophilia (BAL), and neutrophil activation (tissue–blood ra-
dioactivity ratio) among the different experimental groups to
study the role of neutrophils in the development and/or exacer-
bation of ALI.

Acute refractory hypoxemia requiring ventilatory support is
yet another universal marker of clinical ARDS. For this reason,
we obtained arterial blood gas measurements in mice after 90
minutes of mechanical ventilation (Figure 8). Only mice that
received OA showed a significant decrease in PaO2. Ghosh and
colleagues (29) recently compared intravenous Etx (1/20th the dose
used here) with intravenous OA (one-half the dose used here) in
mice; again, only mice treated with OA showed hypoxemia.

The Combination of Etx with OA

In a series of previous studies (8, 9, 11, 30, 36, 37), we have used
low-dose Etx in dogs to modify the physiologic and biochemi-
cal expression of OA-induced ALI. Low-dose Etx during OA-
induced ALI produces severe systemic hypotension, the ablation
of hypoxic vasoconstriction, and a failure for pulmonary perfu-
sion to be distributed away from edematous lung regions, which
causes profound hypoxemia. These hemodynamic effects do not
occur, and the effects on gas exchange are much less severe, when
either Etx or OA are administered alone (8). The synergistic
hemodynamic effects of low-dose Etx with OA-induced ALI are
associated with dramatic increases in prostacyclin production
within the lungs, mediated primarily by cyclooxygenase 2 (9).
They are not due to “priming” by Etx per se (36) nor can they
be ablated by experimentally induced neutropenia or inhibition
of two likely biochemical mediators (platelet-activating factor
and secretory phospholipase A2 [11]).

The combination of Etx � OA in the current study produced
similar effects, although with some potentially notable excep-
tions. For instance, only animals that received Etx � OA showed
a statistically significant decrease in arterial blood pressure
(Figure 8C), and the decrease in PaO2 was greatest in animals
that received Etx � OA. As in dogs (8), lung tissue prostacyclin
production was markedly increased compared with normal con-
trol mice (Figure 9). However, unlike our data in dogs, the
increase in prostacyclin production was not greater than in ani-
mals given either agent alone. And, although animals that re-
ceived Etx � OA were hypotensive relative to the other groups,
the differences were small and unlike the shock state that devel-
ops in dogs.

These observations are probably important when trying to
explain why mortality was so greatly affected by the addition of
Etx to OA (Figure 1) or why the synergistic effects of Etx �
OA could be partially attenuated by the use of an Etx antagonist
(Figure 10). As in previous dog studies, we found, as discussed
above, that the dose of Etx used here, when administered alone,
was relatively benign. However, mortality was much greater
when this same dose of Etx was used in combination with OA
than when either agent was used alone. Because oxygenation
was also worse in the Etx � OA group (and undoubtedly would
have been even greater in the absence of mechanical ventilatory
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support with supplemental oxygen), we initially expected to find
that prostacyclin levels would also be much higher in the Etx � OA
group as well (leading then, as in dogs, to systemic hypotension,
impaired hypoxic vasoconstriction, and lethal hypoxemia). In-
stead, we found no synergistic effect on prostacyclin production
and little synergistic effect on systemic blood pressure (Figures
8 and 9).

A key, and probably crucial, difference among the groups
was that severe respiratory acidosis developed only in the group
of mice given Etx � OA (Table 1). In addition, pulmonary
edema was more severe in this group (Figures 1 and 7), and all
deaths occurred within the first 6 to 8 hours after OA (Figure
1). These observations lead us to speculate that the most likely
explanation for the excess mortality associated with the combina-
tion of Etx and OA was an increase in pulmonary edema that
crossed a critical threshold, leading to excessive work of breath-
ing in the nonventilated animal. The combination of ventilatory
failure with oxygenation failure produced by alveolar flooding
proved highly lethal.

Figure 1 shows that the observed effects of Etx on OA-
associated mortality were dose related. The bacterial source of
Etx, serotype, route of administration, and strain of mouse may
also each affect the manifestations of ALI due to Etx (2, 38).
Likewise, varying the dose of OA (25, 29) or observation period
will likely affect the expression of ALI in these models. Varying
these factors may provide useful new information and insights
about the pathogenesis of ALI produced by either of the two
agents used in the current study.

Conclusions

In summary, mice given Etx alone showed an increase in lung
tissue MPO, an increase in the rate of glucose uptake, and slight
increases in lung weight (all consistent with the vascular seques-
tration of activated neutrophils), but no other significant physio-
logic, biochemical, or histopathologic abnormalities. In contrast,
animals that received OA showed less overall pulmonary inflam-
mation but had severe alveolar edema, epithelial cell damage,
and arterial hypoxemia. Despite the lack of significant structural
or functional abnormalities associated with Etx administration
alone, the combination of Etx with OA-induced lung injury
was highly lethal. The synergistic effects of Etx with OA were
significantly attenuated by the prior administration of an Etx
antagonist. These lung models, combined with the availability
of noninvasive imaging methods, can be used to provide new
insights into the pathogenesis of ALI and ARDS.
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