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Abstract

Although intravenous Escherichia coli endotoxin has been used
extensively in experimental studies to increase lung endothelial
permeability, the effect of E. coli endotoxin on lung epithelial
permeability has not been well studied. To examine this issue in
sheep, bidirectional movement of protein across the lung epithe-
lial barrier was studied by labeling the vascular space with
13"I-albumin and-by instilling 3 ml/kg of an isosmolar protein
solution with `-I-albumin into the alveoli. E. coli endotoxin
was administered according to one of three protocols: intrave-
nous alone (5-500 ug/kg), intravenous (5 pg/kg) plus low-dose
alveolar endotoxin (10 pg/kg), and high-dose alveolar endo-
toxin alone (50-100 pg/kg). Alveolar liquid clearance was esti-
mated based on the concentration of the instilled native protein.
Sheep were studied for either 4 or 24 h. Although intravenous
E. coli endotoxin produced a marked increase in transvascular
protein flux and interstitial pulmonary edema, there was no
effect on the clearance of either the vascular ("3'I-albumin) or
the alveolar (1251-albumin) protein tracer across the epithelial
barrier. High-dose alveolar E. coil endotoxin caused a 10-fold
increase in the number of leukocytes, particularly neutrophils,
that accumulated in the air spaces. In spite of the marked che-
motactic effect of alveolar endotoxin, there was no change in
the permeability of the epithelial barrier to the vascular or al-
veolar protein tracers. Also, alveolar epithelial liquid clearance
was normal. Morphologic studies confirmed that the alveolar
epithelial barrier was not injured by either intravenous or al-
veolar E. coli endotoxin. Thus, the alveolar epithelium in sheep
is significantly more resistant than the lung endothelium to the
injurious effects of E. coli endotoxin. (J. Clin. Invest. 1991.
88:864-875.) Key words: E. coli endotoxin * alveolar epithe-
lium - lung endothelium * alveolar liquid clearance * acute lung
injury

Introduction

Intravenous endotoxin has been used in many studies to pro-
vide an experimental model of acute lung injury. In several
small animal studies, E. coli endotoxin has been shown to initi-
ate an inflammatory cascade, both by a direct effect on neutro-
phils as well as on microvascular endothelium, with accumula-
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tion of inflammatory cells in the microcirculation, intersti-
tium, and the air spaces of the lung (1-3). Also, intravenous E.
coli endotoxin in anesthetized and awake sheep produces pul-
monary hypertension, bronchoconstriction, hypoxemia, in-
creased protein-rich lymph flow, and neutrophil sequestration
in the lung (4). Although the effects of intravenous E. coli endo-
toxin on lung endothelial permeability and morphology have
been well studied (5, 6), the effect of E. coli endotoxin on alveo-
lar epithelial permeability and function has not been well in-
vestigated. Yet, the integrity of the alveolar epithelium may be
critical in determining the extent of alveolar flooding and gas
exchange abnormalities.

Therefore, the overall purpose of our studies was to exam-
ine the effects of intravenous and alveolar E. coli endotoxin on
lung epithelial permeability to protein as well as the capacity of
the alveolar epithelium to remove excess liquid and solutes
from the air spaces of the lung. Wehypothesized that alveolar
edema would occur with intravenous E. coli endotoxin only if
a substantial quantity of interstitial edema developed and over-
flowed into the air spaces, or if the alveolar epithelial barrier
were injured. Therefore, we first evaluated the effect of intrave-
nous E. coli endotoxin (5-50 ,ug/kg) and intravascular volume
expansion with a crystalloid solution on lung lymph flow and
extravascular lung water accumulation. There was a marked
increased in protein-rich lung lymph flow, but only interstitial
edema developed.

Therefore, to more precisely assess the effect of E. coli en-
dotoxin on the alveolar epithelium, we measured two well-de-
scribed properties of the epithelial barrier in vivo: the relative
impermeability of the barrier to protein flux and the capacity of
the epithelium to actively transport solutes (liquid) from the air
spaces of the lung (7, 8). Studies were carried out over both 4
and 24 h with one of the following protocols. First, E. coli
endotoxin was administered intravenously to increase lung en-
dothelial permeability. Second, the combination of intrave-
nous and low dose alveolar E. coli endotoxin was studied.
Third, the effect of high doses of intraalveolar E. coli endotoxin
over 4 and 24 h was examined to determine whether there was
a dose-dependent or a time-dependent epithelial or endothelial
injury secondary to the instillation of E. coli endotoxin adja-
cent to the alveolar epithelium. Positive control studies using
oleic acid over 4 h and live Pseudomonas aeruginosa bacteria
over 24 h have been included to provide a quantitative compari-
son with the effects of E. coli endotoxin on the epithelial
barrier.

Methods

Surgical preparation and ventilation
A total of 47 female and wethered yearling sheep (36±6 kg; mean±SD)
were studied. All of the sheep were initially given pentothal (30 mg/kg),
intubated, and ventilated with a constant-volume pump (Harvard,
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Millis, MA) at a tidal volume of 400-500 ml (13-15 ml/kg) with a peak
inspiratory pressure of 15-20 cm H20 and a positive end-expiratory
pressure of 5 cm H2O. The respiratory rate was adjusted to achieve a
PaCO2 between 30 and 40 mmHg. Anesthesia was maintained with
1.0-1.5% halothane mixed with supplemental oxygen (40-60%). Ofthe
47 sheep, 30 remained anesthetized for the duration of the experiment,
and were then exsanguinated at the termination of the experiment. The
remaining 17 sheep were allowed to recover from anesthesia, and were
extubated when they were awake and spontaneously breathing. They
remained unanesthetized for 24 h and then were given intravenous
ketamine (10 mg/kg) and exsanguinated.

The 30 sheep that remained anesthetized had vascular catheters
inserted to measure pulmonary and systemic hemodynamics. All 30
sheep had catheters inserted via a right thoracotomy into the efferent
duct of the caudial mediastinal lymph node to measure lung lymph
flow. The preparative surgery required 1.5-2 h and then the 30 anesthe-
tized sheep were placed in a prone position with their head and thorax
elevated at a 50 angle. All transducers (PD-23 ID transducers; Gould
Inc., Oxnard, CA) were zeroed to midchest level.

The 17 sheep that were studied for 24 h had carotid arterial and
external jugular venous catheters inserted while anesthetized. Of these
17 sheep, four had lung lymph catheters. All 17 spontaneously breath-
ing sheep were placed in a metabolic cart, with free access to food and
water.

All experiments were done in compliance with the UCSFAnimal
Care Committee rules and all protocols were approved.

Preparation of serum instillate
Autologous serum was used as the instillate in 35 experiments. In these
studies, the sheep had 250 ml of blood drawn the day before the experi-
ment to prepare autologous serum. The blood was withdrawn using
sterile technique, clotted, and centrifuged to obtain serum. The serum
was refrigerated overnight and the next morning 20 mgof anhydrous
Evan's blue and 20 jACi of 'I-albumin-labeled human serum albumin
(Merck-Frosst, Quebec, Canada) were added to the sheep's serum, as
we have done in prior studies (7, 8). Evan's blue was used to be certain
that the instilled serum was confined to the instilled lower lobe. We
saved a sample of the labeled serum for total protein measurements
and wet/dry ratio measurements so that we could subtract the dry
weight of the serum from the final lung water calculation. In the 35
experiments in which serum was instilled into one caudal lobe, 3 ml/kg
of serum was instilled.

Wechose autologous serum as our primary instillate for several
reasons. Previously, we have compared heparinized plasma, autolo-
gous serum, and 5%ovine albumin in Ringers lactate and found that all
three were comparable in terms of the quantity of plasma and leuko-
cyte influx into the air spaces (8). Furthermore, E. coli endotoxin is
only a modest neutrophil stimulus in vitro in the absence of serum and
the presence of plasma has been shown to be necessary for optimal
neutrophilic degranulation and superoxide generation (9). Also, endo-
thelial cell injury is potentiated in vitro by the presence of serum, possi-
bly because of complement activation (10). Therefore, we used serum
as the primary instillate to maximize the injury from E. coli endotoxin.

Although serum was used as the instigate in the majority of the
experiments, three experiments were also done over 24 h with E. coli
endotoxin (100 gg/kg) added to 5% ovine albumin dissolved in
Ringer's lactate (3 ml/kg) to investigate the effect of E. coli endotoxin
in the airspaces without the presence of serum or plasma factors. Also,
the four positive control studies with alveolar Pseudomonas aeruginosa
over 24 h (see below) were done in 5% ovine albumin dissolved in
Ringer's lactate.

Alveolar liquid sampling and time course of experiments
To obtain a sample of alveolar liquid from the serum-instilled lung at
the end of the experiment after removal of the lungs, we obtained 2-5
ml of alveolar liquid by passing a 3-mm-diameter catheter into the
distal airways as we have done before (7, 1 1). A total and differential
leukocyte cell count was done on this alveolar liquid sample; then, the

sample was centrifuged and the total protein concentration and radioac-
tivity of the alveolar liquid sample was measured. In a prior study, we
reported that the concentration of the native protein in the liquid sam-
pled by a 3-mm catheter wedged into the distal airways was the same as
in a directly obtained alveolar micropuncture sample (1 1).

Alveolar liquid sampling was done at the end of the 4- and 24-h
experiments after the lungs were removed. These time intervals were
selected for several reasons. First, our prior experiments in normal
sheep indicated that by 4 h - 30% of the instilled liquid volume was
removed from the air spaces and the lung, whereas only 5-6% of the
instilled alveolar protein tracer was removed (7, 8). Also, only a small
quantity of circulating plasma enters the air spaces in the normal sheep
lung over 4 h (7, 8). Thus, we reasoned that the 4-h time interval would
be useful for detecting significant early changes in bidirectional flux of
the alveolar and vascular protein tracers across the epithelium. The 4-h
protocol was designed so that the intravenous E. coli endotoxin was
given 2 h before serum instillation so that the alveolar test solution
would be present in the air spaces 2-6 h after E. coli endotoxin was
infused during the period when increased lung endothelial permeabil-
ity is usually maximal in sheep (6). Also, wewanted to examine an early
time interval in the high-dose alveolar E. coli endotoxin studies to be
certain that we maximized the opportunity to measure a change in
epithelial permeability to protein shortly after E. coli endotoxin had
chemoattracted large numbers of neutrophils to the air spaces of the
lung.

The longer time interval, 24 h, was selected to examine the effects of
E. coli endotoxin beyond the acute phase in sheep that were spontane-
ously ventilating without anesthesia or recent surgery. Also, our prior
studies in normal sheep over 24 h also established that by 24 h - 75%
of the liquid volume of the instilled serum was removed from the air
spaces and the lung, whereas only 25% of the alveolar protein tracer is
normally cleared 24 h (8). Thus, these 24-h studies would be completed
well before the T 1/2 for normal alveolar protein clearance (40±6 h)
was reached ( 12), and a later alteration in epithelial protein permeabil-
ity could be detected, as in fact was the case in the positive control
studies over 24 h with alveolar Pseudomonas aeruginosa (see Results).

Specific protocols
Control sheep with serum instillation alone (n = 10). Westudied six
anesthetized sheep for 4 h and four unanesthetized sheep for 24 h. On
the day of the experiment, the six anesthetized sheep were surgically
prepared, as described above, including placement of a lung lymph
cannula. Lymph flow was measured for a 1-h stable baseline period,
before human '31I-albumin (Merck-Frosst) was injected intravenously.
Then the autologous serum was instilled into either a right or left cau-
dal lobe of the sheep using a fiberoptic bronchoscope (Machida Amer-
ica, Inc., Norwood, NJ). By using a three-way t-piece adapter on the
endotracheal tube, we maintained ventilation during bronchoscopy.
Systemic, pulmonary, and left atrial pressures, cardiac output, and lung
lymph were measured every 15 min. Blood and lymph samples were
taken every 30 min for total protein concentration measurements and
for '25I-albumin and '3'I-albumin counts. After 4 h, the sheep were
exsanguinated and the lungs were removed for sampling of alveolar
liquid. This final alveolar liquid sample was counted for '25I-albumin
that remained in the air spaces from the blood; the total protein con-
centration and the number of leukocytes was also determined. Extra-
vascular lung water was measured on both lungs separately (see Mea-
surements).

After anesthesia and intubation, the four other control sheep to be
studied for 24 h underwent instillation of autologous serum into a
caudal lobe using the bronchoscope. These four sheep also received
'3'I-albumin intravenously. The sheep were then allowed to awaken,
extubated when breathing normally, and then placed in a metabolic
cart for 24 h. After this interval, the sheep were anesthetized, exsangui-
nated, and processed as in the 4-h experiments.

Group 1: intravenous endotoxin with raised left atrial pressure (n
5). In all of these sheep, no autologous serum was prepared. After 1 h

of stable lymph flow, four sheep received S ,ug/kg of E. coli endotoxin
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(DIFCO) intravenously over 30 min. The hemodynamic pressures and
lymph flow were monitored as described for 6 h. During this time
period, the sheep received Ringer's lactate solution to maintain a mean
left atrial pressure above 12 cm H2O. Left atrial pressure was elevated
to increase the possibility of developing alveolar edema. After 6 h, the
sheep were exsanguinated and their lungs were removed for extravascu-
lar lung water determination (see Measurements). One additional
sheep received 50 ,g/kg of intravenous E. coli endotoxin plus lactated
Ringer's solution to evaluate the effects of a large dose of E. coli endo-
toxin on the formation of alveolar edema. This sheep was followed as
the other four sheep had been and was processed similarly.

Group 2: intravenous endotoxin with serum instillate (n = 5). Five
sheep had their blood drawn for preparation of autologous serum. After
1 h of stable baseline measurements, three sheep received '31I-albumin
and 5 gg/kg of E. coli endotoxin intravenously over 30 min; the other
two sheep received 500 ,ug/kg of E. coli endotoxin intravenously over
30 min. Systemic and pulmonary hemodynamics and lung lymph flow
were measured, as in the control experiments. 2 h after the administra-
tion of E. coli endotoxin, autologous serum, labeled with the Evans
blue dye and "'I-albumin, was instilled into one caudal lobe. The sheep
were then followed for 4 h, exsanguinated, and processed as described.

Group 3: intravenous and low-dose alveolar endotoxin with serum
instillate (n = 3). These sheep also had their blood drawn for prepara-
tion of autologous serum. After 1 h of stable lymph flow, the sheep
received '31I-albumin and 5 ag/kg of E. coli endotoxin intravenously
over 30 min. 2 h after the administration of the intravenous E. coli
endotoxin, 10 Ag/kg of E. coli endotoxin was added to the autologous
serum along with the Evans blue dye and '25I-albumin, which were
then instilled into one caudal lobe. The sheep were then followed for 4
h and processed as described above.

Group 4: high-dose alveolar endotoxin with serum instillation (n
= 12). The effect of instillation of high dose E. coli endotoxin into the
air spaces was examined in 12 sheep. Six sheep were studied for 4 h
(three sheep received 50 ,ug/kg E. coli endotoxin and three sheep had
100 gg/kg of endotoxin added to the instilled autologous serum). The
remaining six sheep were studied for 24 h, all six of these sheep had 100
Ag/kg of E. coli endotoxin added to the instilled autologous serum. The
serum was prepared and instilled as described in the control serum
alone experiments. All sheep received '31I-albumin intravenously as a
plasma marker. Two of the six sheep who were studied for 24 h had
lung lymph fistula placed during sterile surgery 1 wk before the experi-
ments. The six sheep studied for 24 h were allowed to awaken; the other
six sheep remained anesthetized and were studied as previously de-
scribed. All 12 sheep were handled as described for the control serum
alone experiments.

Group 5: intravenous oleic acid (n = 3) and left atrial hypertension
(n = 2). To provide positive controls over 4 h for an injury delivered by
the bloodstream, oleic acid (0.8-0.12 ml/kg) (Sigma Chemical Co., St.
Louis, MO) was given, as we have done in prior studies (13), 15 min
after the instillation of autologous serum (3 ml/kg) into one lower lobe
with the same protocol for labeling of the vascular and alveolar spaces
with "1'I-albumin and '25I-albumin, respectively, and removing the
lung after 4 h, sampling the alveolar space, and processing the lungs as
described.

Because oleic acid was associated with an alteration in epithelial
permeability to protein, we thought it was important to include con-
trols for the elevation of pulmonary vascular pressure that occurred in
the oleic acid experiments. There was a mean increase of 7 cmH20 in
the calculated pulmonary microvascular pressure in the oleic acid stud-
ies, based primarily on a rise in pulmonary arterial pressure. Therefore,
we studied two sheep in which left atrial pressure was increased by 7 cm
H20 with a left atrial balloon, as we have done before (14), and then
instilled serum into one lower lobe. The same variables were measured
as in the other experiments.

Group 6: alveolar Pseudomonas aeruginosa (n = 4) and additional
alveolar endotoxin studies (n = 3). To provide positive controls over 24
h for an injury delivered from the air space side of the epithelial barrier,
live Pseudomonas aeruginosa bacteria (4±3 x 109) were instilled with

5% ovine albumin in Ringer's lactate (3 ml/kg) and the sheep were
studied and the lungs processed as in the other 24-h experiments. Also,
in order to provide additional data regarding the effect of using an
instillate other than serum, we did three additional 24-h studies in
which E. coli endotoxin was instilled in a 5% albumin and Ringer's
lactate solution to be certain that the serum did not inhibit an injurious
effect of endotoxin on the epithelial barrier.

Measurements of hemodynamics and protein concentration
Systemic arterial, pulmonary arterial, left atrial, and airway pressures
as well as cardiac output by thermodilution (model 3500; Mansfield
Scientific, Mansfield, MA) were measured at 15-min intervals in all
anesthetized sheep. Arterial blood gases were measured hourly. The
total protein concentration of plasma, lymph, instilled, and final sam-
ples from the air spaces were measured using an automated analyzer
(AAII; Technicon, Tarrytown, NJ). Albumin concentration was deter-
mined by the bromocresol green-binding method.

Alveolar epithelial barrier protein permeability
Two different methods were used to measure the bidirectional flux of
albumin across the alveolar epithelial barrier (7, 8, 11). The first
method required measurement of the residual 125I-albumin (the alveo-
lar protein tracer) in the lung as well as the accumulation of '25I-albu-
min in the plasma. The second method required measurement of 13I-
albumin (the vascular protein tracer) in the air space compartment of
the lung.

The total quantity of 125I-albumin (the alveolar protein tracer) in-
stilled into the lung was determined by measuring duplicate samples of
the instilled serum for total counts (cpm/g) and then multiplying this
data by the total volume instilled into the lung. To calculate the resid-
ual '25I-albumin in the lung after 4 or 24 h, the average of two 0.5-g
samples obtained from the lung homogenate (see below) was multi-
plied by the total volume of the lung homogenate. The lung homoge-
nate data was added to the recovered counts in the aspirated alveolar
fluid to provide the data for the recovery of the instilled 1251-albumin
remaining in the lung after 4 or 24 h. The 12'I-albumin in the circulat-
ing plasma was measured from a sample of plasma obtained at the end
of the experiment. The plasma fraction was accounted for by multiply-
ing the counts per milliliter times the plasma volume (body weight
X 0.07 [l-Hct]).

The early appearance of the alveolar protein tracer (251I-albumin) in
the lymph and plasma was examined hourly in the 4-h experiments to
detect a change in the rate of appearance of the alveolar protein tracer
in either the lung interstitium (i.e., lymph) or the vascular space.

The second method required measurement of the vascular protein
tracer, "1'I-albumin, in the final alveolar liquid sample. Then, the "'1I-
albumin counts in the plasma over the course of the experiment were
averaged, and the "1'I-albumin counts in the air spaces were expressed
as a ratio to the plasma counts. This ratio provides a good index of
equilibration of the vascular protein tracer into the alveolar compart-
ment, as other investigators have shown in prior experimental studies
of epithelial permeability (15).

Also, the accumulation ofthe vascular protein tracer in the extravas-
cular space of the lung as a whole was used as an additional index of
endothelial permeability. In the experiments with intravenous endo-
toxin, left atrial hypertension, and controls, the extravascular accumu-
lation of "1'I-albumin was used in the 4-h studies to measure the endo-
thelial permeability in addition to the changes in lung lymph flow. The
accumulation of the vascular protein tracer, 13I-albumin, is expressed
as milliliters and is calculated by determining the total extravascular
counts of 131I-albumin in the lung divided by the average counts in the
plasma over 4 h.

Estimate of alveolar liquid (solute) clearance
As in our prior studies, alveolar liquid (solute) clearance was estimated
by measuring the increase in the total protein concentration of the
instilled serum or 5% ovine albumin over 4 or 24 h (7, 1 1). This in-
crease in alveolar total protein concentration provides a good estimate
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of the quantity of liquid that has been removed from the air spaces of
the lung, as we have established in several prior experimental studies (7,
8, 1 1), providing there has not been a major injury to the epithelium.
Thus, in the positive control studies with oleic acid over 4 h, alveolar
volume cannot be accurately estimated; however, if the protein in the
instilled serum protein does not concentrate or is diluted, then this
provides additional evidence for injury to the epithelial barrier. When
injury to the epithelium is less severe, as in the 24-h positive control
studies with Pseudomonas, it would be expected that the instilled al-
veolar protein would not concentrate as much as in the control studies,
partly because of a greater loss of protein from the air spaces of the lung.
In this circumstance, the alveolar protein concentration should not be
used to make an estimate of alveolar liquid clearance because the calcu-
lation would include too much uncertainty regarding the quantity of
instilled protein that had escaped from the air spaces.

Lung liquid clearance (extravascular lung water
measurement)
After each experiment, we obtained a 40-ml blood sample to measure
hemoglobin concentration and the wet/dry ratio of blood for the extra-
vascular lung water calculation (16). The lungs were removed from the
thorax and after an alveolar liquid sample was obtained from the
serum-instilled lung, the lungs were frozen in liquid nitrogen. The next
day, each lung was examined in a cryostat at -20° to determine the
distribution of the Evans blue-labeled serum. Wethen homogenized
each lung separately and determined the extravascular lung water.

Weused two methods for expressing the wet/dry weight ratio data,
depending on the experimental protocol. For example, for the five
sheep in group 1 who received intravenous E. coli endotoxin and crys-
talloid solution, we made the calculation directly for each lung. For the
remaining 42 sheep who had serum or 5%albumin with Ringer's lac-
tate instilled into one lung, the excess water in the instilled experimen-
tal lung was calculated as the difference between the wet-to-dry weight
ratios of the experimental and contralateral control lung times the dry
weight of the experimental lung. The dry weight of the serum-instilled
lung was corrected for the dry weight of the instilled protein remaining
in the lung at the end of the experiment. To determine the mass of
protein remaining, the dry weight of the instillate was multiplied by the
fraction of "2'I-albumin remaining in the lung. This value was then
subtracted from the total dry weight of the experimental lung. The
equation is E= [ WJ(D. - P) - WJDC] X (De - P), where Eis the excess
water in the experimental lung, WandDare wet and dry weights of the
contralateral control (c) and experimental (e) lungs, and P is the weight
of the protein instilled into the lung multiplied by the fraction of "2'I-al-
bumin left in the lung (I 1). The excess water was then used to calculate
the percent of lung liquid clearance by subtracting the excess water
after 4 or 24 h from the volume of water instilled divided by the total
volume instilled. In previous control studies, we found that the method
was accurate for recovering instilled volume; the method has a coeffi-
cient of variation of 11% (7, 8). This method can also be used for the
oleic acid injury experiments (group 5) because the injury should be
equally severe in both lungs, as we have reported before (13). The
calculation of the blood volume with hemoglobin after oleic acid re-
sults in a modest underestimate of extravascular lung water because
oleic acid causes hemolysis but this effect should be similar in the two
lungs. However, in the presence of severe injury, as with oleic acid, the
accuracy of the lung liquid clearance calculation is likely to be less than
in normal lungs or in the presence of mild to moderate lung injury.

Lung morphology
For the group 1 sheep, the extent of extravascular lung water was evalu-
ated morphologically with the following methods. After the lungs were
removed, they were inflated to 20 cm H20 and immersed in liquid
nitrogen. Then, the next day, the frozen lung specimens (2 cm3) were
examined in a -20°C cryostat. Weevaluated tissue blocks for the pres-
ence of interstitial fluid cuffs and flooding of the air spaces. This mor-
phologic method has an excellent correlation with independent mea-
surements of extravascular lung water (17).

For groups 2-4, we evaluated lung morphology in the 4-h anesthe-
tized sheep experiments in four sheep from each group. The observer
(KA) did not know the nature of the experiment at the time of the
initial morphologic observations. Lung biopsies were obtained by a
double clamping procedure, whereby a free margin (2 x 5 cm) of the
right or left caudal lobe was excised. Fixative (2% glutaraldehyde-I%
paraformaldehyde in Millong's phosphate buffer, pH 7.45, 320 mos-
mol) was injected at several locations along the lung biopsy, immedi-
ately after which it was immersed in fresh fixative. Several tissue sam-
ples were taken from each biopsy for both light microscopy and trans-
mission electron microscopy. The tissue for light microscopy was
dehydrated through a graded ethanol series and embedded in glycol
methacrylate (Polysciences, Inc., Warrington, PA). Random 2-am-
thick sections were cut from all embedded blocks and stained with 1%
toluidine blue (18). For transmission electron microscopy, the lung
samples (0.5 X 1 x 1 mm)were postfixed in 1%osmium tetroxide, en
bloc stained with 4%uranyl acetate, dehydrated through a graded series
of acetone, and embedded in Polybed 812 (Polysciences, Inc.). Ran-
dom thin sections (80 mm)were cut from all embedded blocks with a
diamond knife and counterstained with uranyl acetate and lead citrate
(18). A Zeiss Axioplan light microscope was used for photomicroscopy
and an Hitachi H-7000 was used for transmission electron microscopy.

Statistics
All data are presented as mean±SD. The hemodynamic, lymph flow,
protein concentrations, lung liquid clearance, and radioactivity data in
groups 2-6 were compared with the serum alone controls and to each
other by analysis of variance. A Fisher's exact test was used to test for
significance between groups. Weaccepted a P < 0.05 as statistically
significant (19).

Results

The group 1 sheep received intravenous E. coli endotoxin (5
,gg/kg) plus sufficient intravenous crystalloid solution
(3,075±2,299 ml) to maintain a left atrial pressure of 17±5 cm
H20 for the 6 h after the administration of the intravenous E.
coli endotoxin. In all sheep, the well-described hemodynamic
response to intravenous E. coli endotoxin occurred with an
initial brisk rise in pulmonary arterial pressure followed by a
substantial increase in pulmonary vascular resistance over the
6-h time interval. Lung lymph flow rose in all sheep with a
marked increased in lymph protein clearance over 6 h. Alveo-
lar edema could not be aspirated from the air spaces when the
lungs were removed after 6 h. Also, examination of the frozen
lungs in a cryostat revealed only interstitial fluid cuffs without
evidence of edema in the air spaces of the lung. Extravascular
lung water was 4.6±0.8 g water/g dry weight which was signifi-
cantly higher than the value of 3.8±0.2 g water/g dry weight (P
< 0.05) for the lungs of the 10 control sheep. This 21% increase
in extravascular lung water was consistent with the conclusion
that only interstitial pulmonary edema was present in these
group 1 sheep.

For the rest of the results, the data are organized to demon-
strate the effects of E. coli endotoxin in the groups 2-4 studies
on (a) lung endothelial permeability, (b) lung epithelial perme-
ability, (c) alveolar and lung liquid clearance, and (d) the cellu-
lar response in the air spaces of the lung. In each instance, the
results are compared with the control sheep that had serum
alone instilled into one lobe. Also, the data for the group 2
(intravenous E. coli endotoxin) and the group 3 (intravenous
E. coli endotoxin plus low dose alveolar E. coli endotoxin)
experiments have been combined because there were no signifi-
cant differences between the results from the two groups. The
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Table I. Effects of Intravenous and Alveolar E. coli Endotoxin
on Lung Lymph Dynamics over 4 h

Lymph flow

After Serum Lung Lymph
Condition No. Baseline Instillation Protein Clearance

mi/h ml/h ml/h

Control sheep
Serum alone 6§ 4.4±2.4 7.3±4.8* 4.4±2.2

Group 2 (IV Endo) &
Group 3 (IV + Alv
Endo) 80 6.6±5.5 14.2±3.3*t 8.7±2.0*

Group 4 (Alv Endo) 6§ 4.8±1.7 7.5±2.8* 4.8±0.2

Data as mean±SD. * P < .05 compared to baseline. tP < .05
compared to lymph flow changes after serum instillation in control
and alveolar endotoxin (100 jg/kg) studies. § Lymph flow available
in 5/6 control sheep and in 6/8 group 2 and 3 sheep.

group 5 experiments with oleic acid are included as positive
controls for the 4-h endotoxin studies, and the group 6 experi-
ments with alveolar Pseudomonas aeruginosa are included as
positive controls for the 24-h endotoxin studies.

Lung endothelial permeability. In the control sheep with
serum alone as the instillate, the lymph always increased with a
decline in the lymph/plasma protein concentration ratio (Ta-
ble I). In prior studies, we have reported that this small increase
in lung lymph flow reflects both absorption of the excess alveo-
lar liquid and local changes in microvascular filtration pro-
duced by protein in the air spaces of the lung (12, 20).

In the group 2 and 3 experiments in which E. coli endo-
toxin was administered intravenously alone (5-500 tg/kg) or
in combination with low-dose alveolar E. coli endotoxin, there
was a significant increase in lung lymph protein clearance com-
pared to control sheep (Table I).

To be certain that the increase in lung lymph flow in the
intravenous endotoxin studies reflected a real increase in lung
vascular permeability and not just a hemodynamic effect, we
calculated the extravascular accumulation of the vascular pro-
tein tracer ("3II-albumin) as plasma equivalents (milliliters). In
the group 2 and 3 studies with intravenous endotoxin, the
mean accumulation of plasma equivalents was 29±19 ml/lung
compared with only 2±2 ml/lung in the control experiments
and 2±1 ml/lung in the two left atrial hypertension studies.

In the group 4 experiments with high dose alveolar E. coli
endotoxin, there was no change in lung lymph flow or lung
lymph protein clearance compared to control studies over 4 h
(Table I). In addition, the effect of high dose alveolar E. coli
endotoxin (100 ,ug/kg) was examined in two sheep with lung
lymph flow over 24 h. Lymph flow increased from a baseline
flow of 5.6±1.8 to 9.4±3.1 ml/h, but this result is similar to our
recently published data on the effect of serum alone on lung

Table II. Effect of Intravenous and Alveolar E. coli Endotoxin
on Bidirectional Protein Permeability across the Alveolar
Epithelial Barrier over 4 h

Alveolar fluid/
1251I-Albumin '25I-Albumin plasma

Condition No. in lung in blood '3'I-albumin

% instilled

Control sheep
Serum alone 6 93±7 2±2 0.10±0.08

Group 2 (IV Endo) and
Group 3 (IV + Alv
Endo) 8 95±6 1±2 0.08±0.0

Group 4 (Alv Endo) 6 95±5 1±1 0.16±0.03
Group 5 (oleic acid) 3 89±1* 4±2* 0.67±0.06*

Data shown as mean±SD. * P < 0.05 compared to other groups.

lymph flow over 24 h (12). Thus, high doses of alveolar E. coli
endotoxin had no significant effect on lung endothelial perme-
ability.

Lung epithelial protein permeability. There was no signifi-
cant effect of E. coli endotoxin in the 4-h studies on the re-
moval of the alveolar protein tracer, '25I-albumin, from the
lung compared with the control studies (Table II). Also, the
accumulation of the vascular protein tracer, '31I-albumin,
across the epithelium into the air spaces was not significantly
altered in the 4-h E. coli endotoxin studies (Table II). The
mean accumulation of the vascular tracer in the alveolar endo-
toxin studies was slightly higher than controls but did not reach
statistical significance. In contrast, in the oleic acid experi-
ments, there was a significant fourfold increase in the accumu-
lation of the vascular protein tracer, 13'1-albumin, in the air
spaces over 4 h (Table II). Oleic acid also resulted in a small but
significant increase in the clearance of the alveolar tracer, 125i-
albumin, into the blood with a correspondingly significant re-
duced recovery of the 251I-albumin tracer in the lung (Table II).

To provide a control for the modest microvascular pressure
elevation with oleic acid, we performed two studies with left
atrial hypertension over 4 h. There was no effect on the clear-
ance of the alveolar tracer. The ratio of the vascular tracer in
the alveolar fluid compared to the plasma after 4 h was
0.15±0.04, similar to the serum control experiments and the
endotoxin studies.

The morphologic studies confirmed the physiologic data.
Although there was morphologic evidence of lung endothelial
injury when E. coli endotoxin was given intravenously, there
was no evidence of alveolar epithelial cell or barrier injury in
these 4-h studies (Fig. 1, A and B). Weand others have reported
morphologic evidence of endothelial and epithelial injury with
oleic acid injury in sheep (13, 21).

Figure 1. Ultrastructural appearance of lung taken 4 h after instillation of autologous serum and the intravenous infusion of 5 ug/kg E. coli en-
dotoxin in one sheep (A) compared with ultrastructural appearance of lung taken 4 h after the instillation of serum with alveolar endotoxin
(100 Ag/kg) (B). (A) Air spaces (A) are filled with instilled serum. The endothelial cells (EN) and interstitial cells (IC) have developed numerous
pinocytotic vesicles (arrow). In contrast, alveolar epithelial cells (EP) retained their normal pale staining characteristics and did not have increased
numbers of pinocytotic vesicles (arrows). (B) The air spaces (A) are filled with serum and intraalveolar endotoxin. Note increased numbers of
pinocytotic vesicles (arrows) in alveolar capillary (c) endothelial cells (EN). Alveolar epithelial cell (EP) ultrastructure was not affected by instilled
E. coli endotoxin.
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In the 24-h studies, there was no effect of high-dose alveolar
E. coli endotoxin on the movement across the alveolar epithe-
lial barrier of either the alveolar ('25I-albumin) or the vascular
('31I-albumin) protein tracer (Table III). The instillation of al-
veolar endotoxin in 5%albumin and Ringer's lactate instead of
in serum resulted in no change in clearance of the vascular or
alveolar protein tracers across the epithelium. The quantity of
'25I-albumin in the blood was 8±4 (percent of instilled alveolar
tracer) (n = 3) and the ratio of the vascular tracer, '31I-albumin,
in the air spaces to the plasma concentration after 24 h was
0.18±0.02. In contrast, with live Pseudomonas aeruginosa bac-
teria in the air spaces (group 6), there was a significant increase
in the clearance of the alveolar protein tracer from the lung and
into the blood after 24 h (Table III). Also, the accumulation of
the vascular protein tracer into the air spaces was significantly
increased compared with the serum control experiments or the
alveolar endotoxin experiments.

Alveolar and lung liquid clearance. Alveolar liquid clear-
ance, as estimated by the concentration of the instilled native
protein, was similar in the control and all the endotoxin experi-
ments over 4 h (Table IV). In the oleic acid studies, the final
alveolar protein concentration declined, indicating that the in-
stilled serum was diluted by the influx of circulating plasma, as
confirmed by the fourfold increase in the vascular protein
tracer concentration in the air spaces (Table II). Because there
was a marked change in epithelial protein permeability, the
alveolar volume cannot be estimated by comparing the final to
the initial protein concentration. However, calculation of lung
liquid clearance based on the total excess liquid volume in the
serum-instilled versus the contralateral lung suggested that
there was no net clearance of the instilled serum from the lung
in the oleic acid experiments, whereas lung liquid clearance
was normal in all the studies with endotoxin (Table IV).

In the 24-h studies, alveolar and lung liquid clearance with
alveolar endotoxin were similar to the control studies with
serum alone. Also, there were no pleural effusions found in the
24-h endotoxin studies. However, with alveolar Pseudomonas
aeruginosa, there was a modest (25%) but significant decline in
the calculated lung liquid clearance (Table V). Alveolar and
lung liquid clearance appears to have been reduced proportion-
ally on the basis of a 20% reduction in the magnitude of alveo-
lar protein concentration over 24 h (Table V), but this estimate
may be less reliable because of the more rapid clearance of the
protein from the air spaces in the 24-h Pseudomonas studies, as
shown in Table III.

Table III. Effect of Alveolar E. coli Endotoxin on Bidirectional
Protein Permeability across the Alveolar Epithelial Barrier
over 24 h

Alveolar fluid/
251I-Albumin 125I-Albumin plasma

Condition No. in lung in blood '31I-albumin

% instilled

Control sheep
Serum alone 4 74±9 8±3 0.32±0.10

Group 4 (Alv Endo) 6 74±8 8±2 0.26±0.13
Group 6 (Alv Pseudo) 4 65±2* 12±1* 0.47±0.14*

Mean±SD. * P < 0.05 compared to other groups.

Table IV. Alveolar Protein Concentrations and Lung Liquid
Clearance over 4 h

Alveolar protein
Lung liquid

Condition No. Instilled Final clearance

g/O00 ml % instilled

Control sheep
Serum alone 6 6.2±0.5 7.6±0.4 25±16

Group 2 (IV Endo) &
Group 3 (IV ANv + Endo) 8 6.0±0.5 7.9±0.9 25±19

Group 4 (Alv Endo) 6 6.0±0.6 7.9±1.0 28±7
Group 5 (oleic acid) 3 7.1±0.2 5.4±1.1* 0

Mean±SD. * P < 0.05 compared to other final protein concentrations.

Cellular response in the air spaces. Serum alone was che-
motactic for leukocytes (Fig. 2), as we have previously reported
(8). The addition of high doses of alveolar E. coli endotoxin in
the 4-h studies in group 4 sheep resulted in a 10-fold increase in
the number of leukocytes entering the air spaces, most of which
were neutrophils (Fig. 2). However, when intravenous E. coli
endotoxin was administered first followed by instillation of
serum with or without E. coli endotoxin (groups 2 and 3), the
number of neutrophils entering the air spaces was statistically
less (P < 0.05) compared with the serum alone studies (Fig. 2).
The light microscopy confirmed this result by demonstrating
fewer intraalveolar neutrophils when E. coli endotoxin was
given intravenously compared with the studies in which E. coli
endotoxin was administered only in the air spaces (Fig. 3, A
and B). Finally, by 24 h, there was no statistical difference
between the number of leukocytes or neutrophils present in the
air spaces in the high dose alveolar E. coli endotoxin studies
compared with the serum alone studies (Fig. 4).

Discussion

The overall objective of these experiments was to examine the
effect of E. coli endotoxin on the alveolar epithelial barrier in
sheep. Although prior investigators have reported a marked
increase in lung endothelial permeability in a variety of in vivo
and in vitro studies with E. coli endotoxin, there has been very
little work on the effects of E. coli endotoxin on the alveolar
epithelium. The normally tight alveolar epithelial barrier pre-
vents filling of the air spaces with interstitial fluid unless the
capacity of the interstitial space is overwhelmed with intersti-
tial edema fluid and/or there is injury to the epithelial barrier.

The first objective of these studies was to determine if intra-
venous E. coli endotoxin (5 ,g/kg) in the presence of modest
volume expansion (left atrial pressure, 17±5 cm H20) would
cause alveolar edema. Our data indicated that only interstitial
edema developed with a 20% increase in extravascular lung
water. These results are similar to data reported by Allen et al.
(22) who elevated both left atrial and cranial vena caval pres-
sure in unanesthetized sheep that had received 4 ,ug/kg of intra-
venous E. coli endotoxin. When left atrial pressure was raised
to 13 mmHgand cranial vena caval pressure to 17 mmHg,
extravascular lung water increased only to 5.2±0.1 g H20/g dry
lung. This 25% increase in extravascular lung water also did not
cause alveolar edema.
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Table V. Alveolar Protein Concentrations and Lung Liquid
Clearance over 24 h

Alveolar protein
Lung liquid

Condition No. Instilled Final clearance

g/100 ml % instilled

Control sheep
Serum alone 4 6.3±0.6 11.5±1.4 67±14

Group 4 (Alv Endo) 6 6.3±0.6 11.7±3.3 66±8
Group 6 (Alv Pseudo) 4 6.1±0.5 9.5±3.4 48±4*

Mean±SD. * P < 0.05 compared to other lung liquid clearance data.

There is one report of intravenous E. coli endotoxin (5 jig/
kg) causing alveolar edema. Esbenshade et al. (23) infused 2-5
Ag/kg of E. coli endotoxin into 11 unanesthetized sheep over
20-60 min and then studied the sheep for 2-10 h. Only four of
the 11 sheep developed alveolar edema with a postmortem ex-
travascular lung wet/dry ratio of 6 or greater. On the other
hand, Gabel et al. (24) studied unanesthetized sheep for 3 h
after intravenously infusing 1 leg/kg of E. coli endotoxin. The
average extravascular lung water ratio in these sheep was
4.5±0.6. Likewise, investigators who have used anesthetized
pigs (25) have reported that extravascular lung water increased
only modestly from 4.3±0.1 to 5.0±0.2 after a total of 1 1 ug/kg
of E. coli endotoxin was intravenously infused. Studies in dogs
have provided similar results. For example, Welsh et al. (26)
infused 4 Ag/kg of intravenous Salmonella enteriditis endo-
toxin into anesthetized dogs and measured an extravascular
lung water ratio of only 4.0±0.6. Therefore, most investigators
have only been able to produce interstitial edema with intrave-
nous endotoxin.

Why does E. coli endotoxin not cause alveolar edema?
There are two likely explanations. First, the quantity of intersti-
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Figure 2. The number (mean±SD) of leukocytes and neutrophils in
the alveolar liquid after 4 h is shown for serum alone control sheep
and for groups 2 and 3 (i.v. + i.v. and low-dose alveolar E. coli endo-
toxin), and group 4 (high-dose alveolar E. coli endotoxin). Serum
alone caused some leukocytes and neutrophils to enter the alveolar
liquid as we previously reported (8). Intravenous and the combination
of i.v. plus low-dose alveolar E. coli endotoxin caused a similar influx
of leukocytes into the alveolar liquid; however, the number of neu-
trophils entering the alveolar liquid was significantly less than in
serum alone control sheep (P < 0.05). High-dose alveolar E. coli en-
dotoxin caused the largest influx of leukocytes and neutrophils into
the alveolar liquid, significantly greater compared with the other
groups including the serum alone studies (P < 0.01).

tial edema produced may be insufficient to cause an overflow
phenomenon into the air spaces (27), or E. coli endotoxin does
not alter alveolar epithelial permeability sufficiently to allow
entry of interstitial edema fluid into the air spaces. Thus, the
rest of our studies were designed to determine the effect of E.
coli endotoxin on lung epithelial permeability and the capacity
of the epithelium to remove excess alveolar liquid. Westudied
several routes for delivering E. coli endotoxin: intravenous,
intravenous plus low-dose alveolar, and high-dose alveolar E.
coli endotoxin over both 4 and 24 h. There was no evidence in
any of the experiments that E. coli endotoxin significantly al-
tered alveolar epithelial permeability to protein or the ability of
the alveolar epithelium to remove excess liquid and solutes
from the air spaces. Moreover, our ultrastructural results indi-
cated that alveolar epithelial cell structural integrity was not
compromised. These coordinated structure-function analyses
done in the same experiments argue against an injurious effect
of E. coli endotoxin on the alveolar epithelium.

However, before discussing the significance of these results,
it is important to consider critically our methods for measuring
alveolar epithelial permeability to protein in vivo. Weused
albumin to test for altered epithelial barrier permeability for
several reasons. Albumin has been the standard molecule for
studying alterations in endothelial permeability in the lung and
other organs (27). Secondly, by using '31I-albumin that is ini-
tially injected into the vascular space, it is possible to study
endothelial and epithelial permeability to the same molecule.
Third, we have studied the kinetics and mechanisms responsi-
ble for movement of albumin across the epithelial barrier of
normal lungs in dogs, sheep, and rabbits over time periods
ranging from 1 to 144 h (7, 8, 11, 12). Fourth, other investiga-
tors have recently reported that albumin is the superior mole-
cule for quantifying alterations in epithelial permeability in
sheep (28). In that study, a smaller molecule (diethylenetri-
amine-pentaacetate, DTPA, mol wt 492) and a larger molecule
(aggregated albumin, mol wt 383,000) were compared to hu-
man serum albumin (mol wt 69,000). The small molecule,
DTPA, did not discriminate lung injury from lung inflation
and the aggregated albumin did not discriminate the degree of
lung injury (28).

Also we have reported that the '25iodine and the "1'iodine
labels remain tightly bound to albumin in both our prior stud-
ies (8, 12) and in these studies. Finally, we have recently re-
ported on the clinical value of sequential albumin concentra-
tions in the edema fluid of patients with acute lung injury as a
prognostic indicator of recovery from alveolar edema and
acute respiratory failure (29).

Although albumin is a good indicator of changes in epithe-
lial protein permeability, there are other issues to be considered
with a method designed to measure a change in epithelial per-
meability. First, are changes in the alveolar or vascular surface
area likely to produce significant changes in clearance in either
direction of the test molecule across the epithelium under the
conditions of these studies? In our studies, alveolar surface area
should be reasonably constant because the alveolar protein
tracer is instilled into the same 20-30% of one lower lobe in all
studies, as verified by prior studies of alveolar surface area (as
quantified by Evans blue) and pulmonary blood flow, as mea-
sured by microspheres (7). The pattern of ventilation or the
absolute transpulmonary pressure could theoretically influ-
ence alveolar protein clearance, but we have not found any
difference in the rate of alveolar protein clearance in dogs or
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Figure 3. Histologic appearance of lung taken 4 h after instillation of serum in a group 2 sheep (A) compared to sample taken 4 h after instillation
of serum with 100 ,ug/kg E. coli endotoxin in a group 4 sheep (B). (A) Air spaces (A) are filled with instilled serum and contain alveolar macro-
phages (M) and very few neutrophils. (B) Alveolar air spaces (A) are filled with alveolar macrophages (M) and numerous neutrophils (arrow)
which are not adjacent to the alveolar epithelium.
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Figure 4. The number (mean±SD) of leukocytes and neutrophils en-
tering the alveolar liquid after 24 h is shown for serum alone and
group 4 sheep (high-dose alveolar E. coli endotoxin). With serum
alone, the number of leukocytes and neutrophils present in the al-
veolar fluid is greater at 24 h compared to the 4-h studies (Fig. 2).
However, by 24 h, there is no difference between the number of leu-
kocytes and neutrophils in the alveolar fluid in the serum alone com-
pared with the high-dose alveolar E. coli endotoxin experiments.

sheep in whomthe mode of ventilation was spontaneous or by
positive pressure (8, 12, 20). Also, Peterson et al. (28) did not
find an effect of 10 cmH20 positive end-expiratory pressure on
albumin clearance from the air spaces in sheep. Could an alter-
ation in pulmonary blood flow affect alveolar protein clear-
ance? Interestingly, alveolar and lung protein clearance is not
increased by augmenting pulmonary blood flow (7) or by elimi-
nating pulmonary blood flow (30), probably because of the
presence of lung lymphatics and bronchopulmonary anasto-
matic flow. Finally, the concentration of the alveolar protein
tracer, 1251I-albumin, remains high in the air spaces relative to
the vascular compartment in the normal lung. The T1/2 for
clearance from the alveoli is 40 h (12). In the presence of mod-
est epithelial injury delivered from the air spaces, as in the 24 h
group six Pseudomonas studies, more of the alveolar tracer
escapes into the vascular compartment and the residual quan-
tity in the lung will be less, as occurred in the positive control
studies with Pseudomonas (Table III). Other investigators have
reported that an alveolar protein tracer will appear more rap-
idly in the vascular space after alloxan was instilled into the air
spaces of dogs ( 15).

Is the use of a vascular protein tracer, "3'I-albumin, useful
and reliable as an index of epithelial permeability into the air
spaces? A vascular protein tracer has been used, of course, in
many prior studies as an index of altered endothelial permeabil-
ity in the lung and other organs. However, surface area, hydro-
static pressure, and equilibration of the vascular protein tracer
can confound interpretation of the data (27). In our studies, we
have demonstrated, first of all, that accumulation of the vascu-
lar protein tracer in the lung was five- to sixfold greater with
intravenous endotoxin than in control studies with serum
alone or with modest left atrial hypertension, thus indicating
that the data in this study with intravenous endotoxin did in-
crease lung endothelial permeability in sheep. However, is it a
sensitive and useful indicator of altered epithelial permeability?
In the oleic acid 4-h experiments, there was a fourfold increase
in the accumulation of the vascular tracer in the air spaces,
which did not occur after left atrial hypertension matched to
the elevation of lung microvascular pressure in the oleic acid
studies. Secondly, in the setting of a milder epithelial injury
with Pseudomonas, there was a twofold increase in equilibra-
tion of the vascular tracer (Table III), which matches well with
the data on the modest increase in the clearance of the alveolar

tracer ('251-albumin) and the modest reduction in lung liquid
clearance (Table V). Other investigators (31) as well as work
from our own laboratory (12) have shown that a vascular pro-
tein tracer equilibrates slowly across the normal alveolar epithe-
lial barrier so this tracer should be useful in both short term
studies (4 h) as well as in somewhat longer studies (24 h).

Also, it is apparent that the protein movement across the
epithelial barrier may not be altered to the same degree in both
directions. In the Pseudomonas studies, there was an equiva-
lent change in bidirectional protein permeability with Pseudo-
monas, but after oleic acid injury in the 4-h experiments, the
primary change in protein transfer was predominantly a unidi-
rectional influx into the air spaces. Thus, by utilizing both a
vascular and alveolar protein tracer, the magnitude of the bidi-
rectional protein flux after lung injury can be compared.

Finally, although we have primarily relied on labeled albu-
min to quantify bidirectional changes in alveolar epithelial per-
meability, our results also provide data regarding net alveolar
solute and liquid clearance. If there were a significant alteration
in epithelial permeability to small molecules, then it is unlikely
that alveolar solute and liquid clearance would be normal. In
fact, alveolar liquid clearance was normal in the endotoxin
experiments, as demonstrated by the increase in alveolar pro-
tein concentration to levels well above the plasma protein con-
centration in the endotoxin experiments (Tables IV and V).

Our data regarding the resistance of the alveolar epithelial
barrier to endotoxin-induced injury may seen somewhat unex-
pected. Conceivably, alveolar epithelial cell transport mecha-
nisms might be-expected to be altered by endotoxin. Rats given
intravenous E. coli endotoxin develop active ion transport ab-
normalities in liver slices (32) and dogs given E. coli endotoxin
have an impaired Na'-Ca2' exchange in cardiac sarcolemma
(33). Also, in vitro work has suggested that alveolar epithelial
cells exposed to phagocytosing neutrophils develop a change in
permeability (34). Furthermore, monolayers of rat alveolar epi-
thelial cells exposed to stimulated human neutrophils are killed
by the neutrophils when the latter are tightly adherent to the
monolayers (35). In our experiments, particularly in the alveo-
lar E. coli endotoxin experiments, we found neutrophils adja-
cent to but not resting on the alveolar epithelium (Fig. 3 B),
suggesting that the consequences of epithelial cell neutrophil
interaction in vitro may not apply to in vivo circumstances.
Also, Meyrick has reported some morphologic changes of type
I pneumocytes 60 min after 1.25 ,ug/kg of E. coli endotoxin was
infused intravenously into anesthetized sheep. She found in-
creased electron density of the epithelial cells and in a few re-
gions there was disruption and loss of the type I pneumocytes
leaving areas of bare basement membrane (5). Indeed, Meyr-
ick's pathologic study in part stimulated us to physiologically
test the hypothesis that E. coli endotoxin might injure the al-
veolar epithelial barrier. However, we found no morphologic
or physiologic evidence of injury to the alveolar epithelial
barrier or change in its ability to remove excess liquid from the
air spaces of the lung in either 4- or 24-h studies. Conceivably,
an injurious effect of E. coli endotoxin on lung epithelial
barrier function might occur with a more prolonged exposure
to intravenous E. coli endotoxin. However, one study of 24 h of
continuous infusion of intravenous E. coli endotoxin (24 ng/kg
per h) did not report the development of alveolar edema; in
that study, the major deleterious effects of the continuous en-
dotoxin infusion seemed to be on the pulmonary and systemic
endothelium with increased lung lymph flow and reductions in
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systemic vascular resistance (36). Also, we did administer 500
,gg/kg intravenously to two sheep with no alteration in epithe-
lial protein flux.

Some experimental data supports the concept that the al-
veolar cells may be more resistant to injury than lung endothe-
Hal cells. Onestudy found the concentration of hydrogen perox-
ide required to kill alveolar epithelial cells was 14 times higher
than the concentration required to kill bovine pulmonary ar-
tery endothelial cells (35). Furthermore, the alveolar epithe-
lium appears to be more resistant to hyperoxic-induced injury
than the lung endothelium (37). However, our study is the first
one to compare the effects of E. coli endotoxin on the lung
endothelium and alveolar epithelium in vivo simultaneously in
one species and to demonstrate that the alveolar epithelium is
resistant to the injurious effects of both intravenous or alveolar
E. coli endotoxin.

There was an impressive chemotactic effect of E. coli endo-
toxin recruiting leukocytes and neutrophils into the air spaces
in the 4-h high-dose alveolar E. coli endotoxin studies (Fig. 2).
However, this effect was not associated with increased influx of
the vascular protein tracer ("3'I-albumin) nor an increase in the
clearance of the alveolar protein tracer ("25I-albumin) (Table
II). This is an interesting result because it demonstrates that the
alveolar epithelium has the ability to permit the influx of large
numbers of inflammatory cells without a concomitant change
in epithelial permeability to protein. Wereported a similar find-
ing in sheep studies in which either sterile autologous serum,
heparinized plasma, or 5% ovine albumin in Ringer's lactate
had been instilled into the air spaces (8). Also, a recent clinical
study demonstrated that very large numbers of neutrophils can
be attracted to the air spaces by instillation of 5 x l-7 M
leukotriene B4 into normal human lungs without any increase
influx of albumin or immunoglobulins into the air spaces (38).
Therefore, our finding that alveolar E. coli endotoxin can cause
large numbers of leukocytes to migrate across a tight epithelial
barrier without changing alveolar epithelial permeability to
protein is consistent with both prior experimental and clinical
work.

Finally, a novel finding in this study is that when intrave-
nous E. coli endotoxin was administered before instilling
serum alone or serum plus E. coli endotoxin (group 2 and 3
sheep), the number of neutrophils that entered the air spaces
was less than in control studies (Figs. 2 and 3). The explanation
for this finding may relate in part to increased trapping or ad-
herence of the activated neutrophils in the pulmonary capillar-
ies after intravenous E. coli endotoxin. Recent studies have
suggested that alterations in the physical characteristics of acti-
vated neutrophils may mediate neutrophil sequestration in the
pulmonary capillaries (39, 40). Enhanced expression of adhe-
sion molecules may also contribute to neutrophil sequestra-
tion, although the data supporting this mechanism in the lung
endothelium are inconclusive (41). Our results imply that the
location and sequence of appearance of chemoattractants may
be important determinants of neutrophil migration.

In conclusion, E. coli endotoxin, administered intrave-
nously or in high doses in the air spaces of the lung, does not
increase alveolar epithelial permeability to protein or alter nor-
mal alveolar epithelial solute and liquid clearance. The resis-
tance of the alveolar epithelial barrier to E. coli endotoxin in-
jury is one important mechanism that prevents the develop-
ment of alveolar edema in the presence of endotoxin-induced
lung endothelial injury.
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