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Abstract

Bacterial sepsis often precedes the development of the adult
respiratory distress syndrome (ARDS) and bacterial endotoxin
(LPS) produces a syndrome similar to ARDS when infused
into experimental animals. We determined in isolated, buffer-
perfused rabbit lungs, free of plasma and circulating blood
cells that LPS synergized with platelet activating factor (PAF)
to injure the lung. In lungs perfused for 2 h with LPS-free
buffer (< 100 pg/ml), stimulation with 1, 10, or 100 nM PAF
produced transient pulmonary hypertension and minimal
edema. Lungs perfused for 2 h with buffer containing 100
ng/ml of Escherichia coli 0111:B4 LPS had slight elevation of
pulmonary artery pressure (PAP) and did not develop edema.
In contrast, lungs exposed to 100 ng/ml of LPS for 2 h had
marked increases in PAP and developed significant edema
when stimulated with PAF. LPS treatment increased capillary
filtration coefficient, suggesting that capillary leak contributed
to pulmonary edema. LPS-primed, PAF-stimulated lungs had
enhanced production of thromboxane B, (TXB) and 6-keto-
prostaglandin F1 alpha (6KPF). Indomethacin completely in-
hibited PAF-stimulated production of TXB and 6KPF in con-
trol and LPS-primed preparations, did not inhibit the rise in
PAP produced by PAF in control lungs, but blocked the exag-
gerated rise in PAP and edema seen in LPS-primed, PAF-
stimulated lungs. The thromboxane synthetase inhibitor da-
zoxiben, and the thromboxane receptor antagonist, SQ 29,548,
similarly inhibited LPS-primed pulmonary hypertension and
edema after PAF-stimulation. These studies indicate that LPS
primes the lung for enhanced injury in response to the physio-
logic mediator PAF by amplifying the synthesis and release of
thromboxane in lung tissue. (J. Clin. Invest. 1990. 85:1135-
1143.) endotoxin ¢ thromboxane  platelet activating factor «
adult respiratory distress priming syndrome

Introduction

Acute lung injury occurring in association with the adult respi-
ratory distress syndrome (ARDS)' appears to result from an
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1. Abbreviations used in this paper: ARDS, adult respiratory distress
syndrome; IPL, isolated perfused lung; K., capillary filtration coeffi-

inflammatory reaction in the lung. Pulmonary capillaries are
occluded with aggregates of polymorphonuclear leukocytes
(PMN) and platelet-fibrin thrombi (1). The end result of this
local inflammatory process is damage to the endothelium of
the pulmonary capillaries with leakage of plasma and cellular
elements of blood across a normally impermeable barrier into
the interstitial and alveolar spaces of the lung. Physiologically
this injury is associated with pulmonary arterial hypertension
along with ventilation-perfusion mismatching, and severely
impaired gas exchange in the lung (2). Inflammatory media-
tors derived from plasma through activation of the comple-
ment and coagulation cascades as well as lipid mediators, pro-
tein cytokines, proteolytic enzymes, and reactive species of
oxygen released by leukocytes and platelets in the circulation
and resident inflammatory cells in the lung are thought to be
responsible for this injury (3). Release of these mediators may
initiate a self-perpetuating chain reaction through recruitment
of circulating leukocytes and platelets to the lung and by stim-
ulating the production of additional inflammatory mediators
by effector cells in the lung. It is likely that multiple inflamma-
tory mediators and cell types acting synergistically are neces-
sary to produce the degree of injury found in the lungs of
patients with ARDS.

In inflammatory shock syndromes like ARDS, complex
interactions between multiple cell types and mediators occur.
Attempts to implicate a single causative event, for example
complement activation (4), as the sole factor responsible for
these forms of injury have been unsuccessful. We and others
have shown that soluble mediators are capable of interacting
synergistically to amplify potentially injurious inflammatory
responses (5). In vitro experiments demonstrate that stimuli in
submaximal or even ineffective concentrations are able to
“prime” inflammatory cells for an enhanced response to a
second stimulus (6). On a subcellular level, priming is thought
to be mediated through the interaction of stimulus-response
coupling mechanisms such as the G-proteins, cyclic nucleo-
tides, intracellular calcium levels, activation of phospholi-
pases, and activation of protein kinases (7). A similar sequence
of events may occur in vivo to amplify the response of inflam-
matory cells to small concentrations of stimulatory mediators.
The explosive shock-like injury of sequential, nonlethal doses
of endotoxin in the Shwartzman reaction suggests this possi-
bility.

Bacterial sepsis, in particular infection with gram negative
bacilli, commonly precedes the development of ARDS (8).
Endotoxin (LPS), the lipopolysaccharide present in the outer
cell membrane of gram negative organisms, reproduces the
pathophysiologic manifestations of sepsis when administered
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parenterally (9), and in some species induces acute lung injury
resembling ARDS in humans (10). These adverse effects ap-
pear to result from the activation of inflammatory cells and the
production of secondary mediators rather than through direct
cellular toxicity of LPS (9).

In animal models of sepsis and septic lung injury the lipid
agonists platelet activating factor (PAF) and thromboxane A,
(TXA) may be important mediators of injury. These autocoids
are produced from membrane phospholipids upon cellular ac-
tivation (11, 12). Inhibitors of cyclooxygenase or thromboxane
synthetase ameliorate pulmonary hypertension and edema in
the early phases of LPS-induced lung injury in experimental
animals (10). PAF antagonists, which block PAF receptors,
markedly inhibit LPS-induced hypotension and reduce lung
injury in rats receiving LPS (13). These findings suggest that
TXA and PAF may act as distal mediators (i.e., directly injure
tissues) in the sequence of events induced by LPS.

The isolated perfused rabbit lung (IPL) provides a model to
investigate the pathogenesis of acute pulmonary injury (14).
The buffer perfused IPL is virtually free of plasma proteins and
cellular elements of blood, allowing manipulation of the sys-
tem to study the effects of individual circulating cell types and
mediators within the lung. In the present study we used the
IPL to test the hypothesis that LPS would prime the lung for
enhanced responses to PAF. While LPS produced little change
in pulmonary artery pressure and no edema by itself, and PAF
alone produced only mild pulmonary hypertension without
edema, LPS primed the lung for marked elevation of pulmo-
nary artery pressure and edema upon stimulation with PAF.
Capillary permeability was increased in LPS treated lungs. The
LPS-primed injury was associated with accentuated release of
TXB and prostacyclin. The cyclooxygenase inhibitor indo-
methacin, as well as the thromboxane synthetase inhibitor da-
zoxiben, and the thromboxane receptor antagonist SQ 29,548
completely inhibited the primed-stimulation response. These
findings indicate that LPS primes the lung for enhanced injury
in response to an endogenous inflammatory mediator. The
pulmonary hypertension in the early phases of septic lung in-
jury may occur through LPS-primed, amplified release of
TXA in response to mediators, which in the absence of LPS
are relatively benign.

Methods

Materials

Gentamicin sulfate, indomethacin, papaverine, E-TOXATE, and E-
TOXACLEAN were obtained from Sigma Chemical Corp., St. Louis,
MO. E. coli 0111: B4 endotoxin was purchased from DIFCO Labora-
tories, Detroit, MI. Sterile, pyrogen-free, lactated Ringer’s solution for
injection was produced by Kendall-McGaw Laboratories, Irvine, CA.
Ketamine HCl was from Parke-Davis Co., Morris Plains, NJ; xylazine
HCI from the Butler Co., Columbus, OH. Succinylcholine Cl was from
Abbott Laboratories, North Chicago, IL; heparin sodium from beef
lung was obtained from The Upjohn Co., Kalamazoo, MI. Sterile
pyrogen-free human serum albumin (Albuminar-25) was produced by
Armour Pharmaceuticals Co., Kankakee, IL. Dazoxiben HCl was a gift
from Pfizer Central Research, Kent, England. SQ 29,548 was a gift
from E. R. Squibb & Sons, Princeton, NJ. PAF (1-O-hexadecyl-2-ace-
tyl-sn-glycero-3-phosphorylcholine) was synthesized by Dr. Robert
Wykle of the Bowman Gray School of Medicine using previously de-
scribed methods (15) and stored in chloroform/methanol at —70°C
under nitrogen.
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Isolated perfused lung (IPL) preparation

New Zealand white rabbits weighing ~ 3 kg were purchased from
Franklin’s Rabbitry, Raleigh, NC. The animals were anesthetized with
an intramuscular injection of 20 mg of xylazine and 100 mg of keta-
mine and received supplemental intravenous ketamine to maintain a
comatose state with spontaneous respirations. Tracheostomy was per-
formed, the animal was paralyzed with 20 mg i.v. of succinylcholine
and the lungs were ventilated for the remainder of the experiment
using a small animal respirator (model 683; Harvard Apparatus Co.,
Millis, MA). The heart and lungs were exposed with a midline sternot-
omy and 500 U of heparin were injected into the right ventricle. The
pulmonary circulation was cannulated and perfused with catheters
inserted into the pulmonary artery via the right ventricle and left
atrium through the left ventricle. The heart and lungs were removed
from the thoracic cavity and suspended. The pulmonary circulation
was perfused with lactated Ringer’s solution containing 25 mg/liter of
gentamicin. Initially, 700 ml of buffer was perfused through the system
and discarded to remove the plasma and circulating blood cells from
the pulmonary circulation. After this 700-ml washout a recirculating
system was established with 300 ml of buffer at a constant flow of 125
ml/min through a reservoir thermostated to maintain the perfusate at
37-39°C for the duration of the experiment. The initial 700-m] wash-
out effectively removed the animal’s plasma and blood cells from the
pulmonary circulation. The recirculating buffer contained 50-250 red
blood cells/mm?, 1-2 white blood cells/mm?, and no detectable plate-
lets.

Measurements

Pulmonary arterial and venous pressures were monitored using
Gould-Statham model P23 pressure transducers (Statham Instru-
ments, Hato Rey, PR). The pulmonary venous pressure was set to 0 at
the beginning of each experiment by adjusting the height of the recir-
culating reservoir to that of that of the left atrium. Weight gain by the
lung was monitored by suspending the preparation from a force dis-
placement transducer (model FT03; Grass Instruments, Quincy, MA)
balanced to 0 at the start of each experiment. Pressure and weight gain
were recorded continuously on a Grass model 7 polygraph. In control
experiments perfused with buffer alone the IPL was stable over 3.5 h
without changes in pulmonary artery pressure and minimal weight
gain of 0-5 g.

Maintenance of endotoxin-free conditions

Endotoxin content of the perfusate in these experiments were mea-
sured using the limulus lysate assay (E-TOXATE; Sigma Chemical
Co.). We were able to maintain the perfusate essentially endotoxin-free
(< 100 pg/ml) for the duration of the experiment (3 h). The perfusion
buffer was pyrogen-free, sterile, lactated Ringer’s solution for injection.
Gentamicin sulfate, 25 mg/liter, was added to the buffer to prevent
bacterial growth during the experiment. All disposable equipment used
in the perfusion circuit was sterile and pyrogen free. Nondisposable
equipment was washed in laboratory detergent, washed in E-TOXA-
CLEAN, and rinsed with endotoxin-free deionized water before reuse.
In occasional experiments endotoxin concentrations in the perfusate
exceeded 100 pg/ml. Results from these experiments were not in-
cluded for data analysis.

Experimental design

The isolated perfused lung was prepared as described above. The lungs
were perfused for 15 min after the reperfusion circuit was established
before any experimental manipulations to ensure that the preparation
was stable.

PAF alone. In lungs receiving PAF alone, the IPL was perfused with
endotoxin-free buffer for 2 h with samples of the perfusate removed at
0, 60, and 120 min for endotoxin determinations. Immediately before
use, PAF was dried under a stream of nitrogen to remove the organic
solvent and was resuspended in buffer containing 2.5 mg/ml of sterile
pyrogen-free human serum albumin. PAF was added to the IPL in



amounts resulting in concentrations of 1 nM (0.157 ug), 10 nM (1.57
ug), and 100 nM (15.7 ug) in the 300-ml perfusion bath. The com-
pound was administered at 2 h by bolus injection into an injection port
just proximal to the pulmonary artery cannula. The IPL was moni-
tored for 1 h after PAF was given.

LPS and PAF. 30 pg of E. coli 0111:B4 LPS suspended in 0.9%
sterile saline was added to the perfusion bath at time 0, exposing the
lung to an LPS concentration of 100 ng/ml. The lungs were perfused
for 2 h with this LPS-containing buffer, then stimulated with PAF as
described above and monitored for an additional hour or until the lung
had gained 40 g of weight. '

Indomethacin treatment. Stock solutions of indomethacin were
prepared in DMSO at a concentration of 0.1 M. 30 ul was added to the
perfusion bath at the end of the 15-min warm-up period resulting in a
concentration of 10 uM in the perfusate. In LPS-treated experiments
endotoxin was added 15 min after indomethacin, and PAF 2 h later or
in 2 h and 15 min in LPS-free experiments.

Dazoxiben and SQ 29,548 treatment. The thromboxane synthetase
inhibitor, dazoxiben, or the thromboxane receptor antagonist SQ
29,548 were administered through the pulmonary artery cannula 5
min before PAF stimulation in amounts yielding concentrations in the
perfusate of 5 and 1 uM, respectively.

Determination of capillary filtration coefficient (K;.)

K;. was determined according to the method of Seeger et al. (16) by
measuring the rate of weight gain by the lung after a venous pressure
challenge of 5 mmHg. PAF-induced pulmonary hypertension was
blocked by adding 0.03 mg/ml of papaverine, a potent vasodilator, to
the perfusion bath to eliminate weight gain resulting from increased
capillary hydrostatic pressure. This concentration of papaverine pre-
vented the rise in PAP under all conditions. Papaverine was added at
110 min to all lungs in which Ky, was measured. Lungs were treated as
described above for PAF alone and LPS-PAF. At 125 min the venous
outflow was occluded to elevate venous pressure to S mmHg while the
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perfusate flow was maintained at 125 ml/min. This resulted in an
immediate small increment in lung weight due to increased vascular
filling, followed by a gradual increase in lung weight, which represents
capillary leak. The rate of weight gain was measured at 128-130 min
(3-5 min after PAF). K. was calculated using the formula: K
= weight change (g)/time (s) X 5 mmHg X wet lung weight (g) X 107*,
Wet lung weight was not directly measured but was calculated based on
the animal’s body weight (16): wet lung weight = 0.0024 X body wt
ing.

Measurement of arachidonic acid metabolites. The stable metabo-
lites of TXA, TXB, and prostacyclin, 6-keto-prostaglandin-F_ypna
(6KPF) were measured in the perfusate of the IPL. Samples of the
perfusate were removed from the perfusion bath immediately before
PAF administration and 3, 5, 10, 15, 20, and 30 min after PAF. These
samples were immediately centrifuged at 13,000 rpm for 30 s in a
Beckman Microfuge B (Beckman Instruments, Palo Alto, CA) and the
supernatant fluid was frozen for prostaglandin assay. TXB and 6-KPF
were measured by radioimmunoassay using kits obtained from Amer-
sham Corp. (Arlington Heights, IL). Using 0.1-ml samples these assays
have a lower level of sensitivity of 50 pg/ml for TXB and 140 pg/ml for
6-KPF.

Statistics

Data were expressed as meanz+standard error of the mean (SEM). Data
were subjected to one-way or two-way analysis of variance (ANOVA),
followed by Duncan’s New Multiple Range Test to determine differ-
ences between means. P values of < 0.05 were considered significantly
different. Statistical analyses were performed using the Number
Cruncher Statistical System, version 4.21 (J. L. Hintze, Kaysville, UT).

Results

Effects of LPS alone

LPS alone produced no immediate change in pulmonary ar-
tery pressure (PAP) or lung weight and very little change dur-
ing the subsequent 2-h perfusion. After 2 h of perfusion with
buffer containing 100 ng/ml of LPS, lungs gained a mean of
5.4%+1.2 g compared with 5.1+1.5 g in lungs perfused with
endotoxin-free buffer for the same length of time. At 2 h, PAP
was slightly higher in LPS exposed lungs (7.6+1.4 mmHg)
than those perfused with LPS-free buffer (3.2+0.7 mmHg).
These findings indicate that 100 ng/ml of LPS has minimal
effects in the buffer perfused IPL. ’

Effects of PAF alone

PAF produced an abrupt increase in PAP in lungs perfused for
2 h under LPS-free conditions (Fig. 1). PAP began to rise
within 30 s of PAF administration, reached its maximal level
by 3 min, and then declined toward baseline levels. The peak
PAP was dose dependent, attaining means of 9+6 mmHg,
17+4 mmHg and 25+8 mmHg for PAF concentrations of 1,
10, and 100 nM, respectively (Table I).

In lungs perfused with LPS-free buffer, PAF treatment in-
duced minimal weight gain (Fig. 2). Of six lungs given 100 nM
PAF alone, two reached 40 g of weight gain and the mean
weight gain for the group was 12+5 g in the hour after PAF
administration. There was minimal weight gain in the 60 min
after treatment with 1 nM (2+1 g) or 10 nM (105 g) PAF
alone, with none of these lungs attaining 40 g weight gain. In
the absence of LPS, PAF induced mild, transient pulmonary
hypertension, with little weight gain in the IPL.

Endotoxin priming of PAF-induced responses

In contrast to the mild changes in the IPL produced by PAF or
LPS alone, the combination of these stimuli resulted in dra-
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Table I. Peak Pulmonary Artery Pressure and Weight Gain
after PAF Administration

PAF 1 nM 10 nM 100 nM

-LPS +LPS -LPS +LPS -LPS +LPS

Peak PAP (mmHg) 9+6 29+5*
Weight gain (g) 2+1  27+4*

17+4  44+3*
105 34+2*

258 35+3
12+£5  31+£7*

Lungs were perfused for 2 h with endotoxin-free buffer (—~LPS) or
buffer containing 100 ng/ml of E. coli 0111:B4 endotoxin (+LPS)
then stimulated with PAF. Values are mean+SEM.

* P <0.05 for —LPS vs. +LPS.

matic increases in PAP and lung weight. Pretreatment with
100 ng/ml of LPS for 2 h enhanced the rise in PAP produced
by PAF (Fig. 1). The peak PAP in response to 1 nM (29+5
mmHg) and 10 nM PAF (44+3 mmHg) was significantly
greater in LPS-primed lungs compared with lungs treated with
LPS-free buffer receiving the same amount of PAF. In LPS-
pretreated lungs, 100 nM PAF also induced higher peak PAP
(35+3 mmHg) than with 100 nM PAF alone but this differ-
ence was not statistically significant. Although the mean peak
PAP in LPS-primed lungs was greater in lungs receiving 10 nM
PAF than 100 nM PAF this difference was also not significant.
This discrepancy in the dose-response relationship for PAF
could possibly be due to the reported vasodilatory effects of
PAF under conditions of intense vasoconstriction (17).
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Treatment with LPS for 2 h markedly enhanced the devel-
opment of lung edema after PAF injection. LPS potentiation
of PAF-induced weight gain was most evident with the two
lower concentrations of PAF examined which produced little
weight gain in lungs perfused without LPS (Fig. 2). The prepa-
rations given 10 nM PAF following LPS pretreatment devel-
oped dramatic edema, all reaching 40 g of weight gain within
10 min. Treatment with | nM PAF in LPS-primed lungs also
induced significant weight gain compared to unprimed lungs.
The net weight gain after PAF was significantly greater in lungs
perfused with 100 ng/ml of LPS compared with those treated
with LPS-free buffer for all three concentrations of PAF tested
(Table I). These findings indicate that pretreatment with LPS
markedly enhances or primes for pulmonary hypertension and
edema in response to a second inflammatory mediator, PAF.

Role of increased capillary permeability in
LPS-primed lung edema

The occurrence of lung edema in LPS-primed lungs led us to
study the mechanisms responsible for this effect. The possible
etiologies for this edema include: (a) purely hydrostatic edema
caused by increased microvascular pressures induced by PAF
in our model which employs a buffer that lacks oncotic pres-
sure, or (b) increased capillary permeability secondary to in-
flammatory lung injury produced by PAF and/or LPS. To
determine if increased capillary permeability contributes to
pulmonary edema in our model, K;. was measured in the IPL.
The vasodilator papaverine was added to the perfusate to block
increases in capillary microvascular pressure. The rate of
weight change following a 5-mmHg venous pressure challenge
was measured in lungs after 2 h of perfusion with LPS-free or
LPS (100 ng/ml) containing buffer with or without PAF (107%)
stimulation. The calculated K;. values are shown in Table II.
When these data were subjected to one-way ANOVA there was
no significant difference in K;. values among the four groups
(P = 0.085). However, when two-way ANOVA was per-
formed, examining the effects of LPS or PAF on K;., LPS
administration was found to have a significant effect (P
= 0.01) on K. independent of PAF (P = 1.00). The mean K,
of the eight lungs given LPS (6.70) was significantly greater
than lungs perfused with LPS-free buffer (1.81). These data
suggest that capillary permeability is increased in the IPL after

Table 11. Effect of LPS and PAF on K;. in the IPL

LPS-free buffer LPS-buffer*

Unstimulated 129+0.93 7.20+2.48
(n=3) (n=3)

PAF 108 M 2.33+0.65 6.19+1.97
(n=235) (n=235)

The IPLs were perfused for 2 h with LPS-free or buffer containing
100 ng/ml of LPS, papaverine 0.03 mg/ml was added, and K. mea-
sured at 125 min in PAF-stimulated and unstimulated lungs after a
venous pressure challenge of 5 mmHg. K;, is calculated as weight
change (g/s), per mmHg, per gram wet lung weight X 107, K,
values are mean+SEM.

* P = 0.01 when the effects on K;. of LPS vs. LPS-free buffer were
examined by two-way ANOVA.



a 2-h exposure to 100 ng/ml of LPS and that when pulmonary
hypertension is blocked, PAF has little or no effect on lung
edema. The explosive edema formation of the LPS-primed,
PAF-stimulated IPL probably occurs as a consequence of en-
hanced PAF-induced hydrostatic pressures by LPS in the pres-
ence of LPS-induced capillary permeability.

Prostaglandin production in the IPL

LPS-priming of macrophages in vitro enhances the production
of arachidonic acid metabolites (18). PAF-induced injury in an
isolated perfused guinea pig lung, free of platelets, has been
associated with release of thromboxane and prostacyclin (19).
We therefore studied the role of prostaglandins in the LPS-
primed, PAF-stimulated IPL, by measuring the stable metabo-
lites of TXA and prostacyclin.

Thromboxane. In lungs perfused with LPS-free buffer for 2
h, 10 nM PAF produced an increase in the amount of TXB in
the perfusate (Fig. 3). Immediately before PAF administration
(time 0) the concentration of TXB in the perfusate was
151+49 pg/ml. After PAF administration, TXB levels in-
creased rapidly to 180% of pre-PAF values at 3 min, the earli-
est time point sampled, then declined rapidly. At 5 min, TXB
returned to near baseline levels (119% of time 0) then contin-
ued to decrease below pre-PAF levels, reaching 28% of time 0
concentrations 30 min after PAF. In contrast, LPS-primed
lungs had more dramatic increases and persistent elevations of
TXB in the perfusate after stimulation with 10 nM PAF (Fig.
3). 3 min after PAF administration the concentration of TXB
in the perfusate rose to 264% of pre-PAF levels, however, un-
like the unprimed lungs, TXB in the perfusate of LPS-treated
lungs remained elevated for the duration of the experiment.
These findings indicated that LPS exposure amplified both the
magnitude and duration of TXB production by PAF-stimu-
lated lungs and suggested a role for TXA or related arachidon-
ate metabolites in the exaggerated increase in PAP that occurs
in LPS-primed lungs. In fact, the time course of TXB produc-
tion parallels PAP elevation in both LPS-primed and un-
primed lungs stimulated with 10 nM PAF (Fig. 4). This appar-
ent relationship between PAP and TXB production suggests
that TXA, a potent vasoconstrictor, may mediate the pulmo-
nary hypertension produced by PAF in the rabbit IPL.

Prostacyclin. The production of 6KPF, the stable metabo-
lite of prostacyclin, by the IPL also increased after PAF admin-
istration. In unprimed lungs receiving 10 nM PAF 6KPF in-
creased to 120% of pre-PAF levels at 3 min, peaked at 149% of
control at 10 min and remained above 130% for 30 min after
PAF (Fig. 5). LPS-priming enhanced the production of 6KPF

Figure 3. Thromboxane
B, production by the
PAF-stimulated isolated
perfused lung, effect of
LPS exposure. Lungs
were perfused for 2 h
with LPS-free buffer
(— e —), or with buffer
containing 100 ng/ml of
LPS(---a-- -) given
10 nM PAF at time 0.
Each point represents
mean+SEM. *P < 0.05.
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in the PAF-stimulated IPL. Unlike the rapid increase in TXB,
6KPF production increased gradually, reaching maximal
levels (190% of pre-PAF) 10 min after PAF. Mean levels of
6KPF in the perfusate of LPS-primed lungs were more than
twofold higher than those in unprimed lungs at 10 min
(2.3£0.61 ng/ml vs. 1.13+0.29 ng/ml) although these differ-
ences were not significant. These results suggest that LPS-
priming also enhanced PAF-induced production of the vaso-
dilator prostacyclin.

Effect of cyclooxygenase inhibition on LPS-priming. The
temporal relationship between PAP elevation and TXB pro-
duction suggested that PAF-induced production of the potent
vasoconstrictor, TXA, may mediate pulmonary hypertension
in the PAF-stimulated IPL, as has been suggested by others
(19). This led us to examine the effect of the cyclooxygenase
inhibitor indomethacin with 10 nM PAF in our model.
Thromboxane production was completely inhibited in lungs
treated with 10 uM indomethacin. All samples of perfusate
from these lungs contained < 50 pg/ml of TXB, below the
detection level of the assay, even in LPS-primed, PAF-stimu-
lated lungs. Prostacyclin production was also markedly inhib-
ited (Fig. 6). In indomethacin-treated lungs 6KPF levels did
not increase above time 0 levels after PAF stimulation in un-
primed lungs, and remained below 140 pg/ml in LPS-primed
lungs. These data indicate that indomethacin treatment effec-
tively inhibits the production of TXB and 6KPF in the PAF-
stimulated IPL.

Figure 5. 6KPF produc-

% tion by PAF-stimulated

2. l isolated perfused lungs,
s [ effects of LPS. Lungs

“z: 2.0 were perfused for 2 h

S 5 [ l LPS-free buffer

3 (— e —) or with buffer

g Lot '/n/l’\[——] containing LPS

T 0s (---a-++)and given

e _ ~ 10nM PAF at time 0.

I 5 0 15 0 = % Points represent

MINUTES POST-PAF mean+SEM. *P < 0.05.
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Figure 6. Effect of indo-
2.5 methacin, dazoxiben,

- and SQ 29,548 on PAF-
induced 6KPF produc-
tion. Open symbols and
solid lines represent
LPS-free buffer and 10
nM PAF, closed sym-
bols and broken lines
represent buffer with
100 ng/ml of LPS. m, no
inhibitor; 4, indomethacin 10 uM; ¢, dazoxiben 5 uM; o, SQ 29,548
I uM. 6KPF levels were undetectable (< 0.14 ng/ml) in indometha-
cin-treated lungs receiving LPS and PAF. Points represent mean
values. *P < 0.05 for indomethacin-PAF vs. PAF alone.
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&
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Despite its ability to inhibit TXB production, indometha-
cin had very little effect on the rise in PAP produced by 10 nM
PAF in unprimed lungs. As shown in Fig. 7, PAP rose to mean
peak pressure of 14+3.5 mmHg and rapidly decreased toward
normal in indomethacin-treated lungs similar to the response
of untreated PAF-stimulated lungs (mean peak pressure
17.5+3.8 mmHg). In contrast to this, indomethacin com-
pletely inhibited the accentuated rise in PAP produced by PAF
in LPS-primed lungs. The mean peak PAP produced by 10 nM
PAF in these lungs, 13.6+1.6 mmHg, was significantly less
than that in LPS-primed lungs without indomethacin (44+3
mmHg) but was similar to unprimed lungs with or without
indomethacin (Fig. 7). Indomethacin treatment also prevented
edema in LPS-primed lungs, while weight was unaffected in
unprimed lungs (Fig. 8). These data indicate that inhibition of
cyclooxygenase blocks LPS-priming of PAF-induced lung in-
jury in the IPL suggesting that priming may be mediated
through enhanced release of TXA or other prostaglandins.

Effect of specific inhibitors of thromboxane on LPS-prim-
ing. To more clearly define the role of thromboxane in the
LPS-primed response, we studied the effects of an inhibitor of

‘thromboxane synthetase, dazoxiben, and a thromboxane re-
ceptor antagonist, SQ 29,548. Dazoxiben in a concentration of
5 uM blocked TXB production in response to PAF in both

Figure 7. Effect of indo-

; > 301 methacin, dazoxiben,

£y and SQ 29,548 on 10

z ® nM PAF stimulated

) L-———\ PAP. (4) LPS-free

E : buffer, (B) buffer con-
010 2w 0 4 s w0 taining 100 ng/ml of

MINUTES POST-PAF

LPS. g, no inhibitor; A,
indomethacin 10 uM;
0, dazoxiben 5 uM; o,
SQ 29,548 1 uM. Points
represent mean values
of at least three experi-
ments. (4) *P < 0.05
for SQ 29,548 + PAF
vs. PAF alone. (B) *P

PULMONARY ARTERY PRESSURE

< 0.05 for LPS-PAF vs.
O 0 2 » o 0 oo all three inhibitors
MINUTES POST-PAF tested.
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MINUTES POST-PAF

40t

30

20r

WEIGHT (grams)

0 10 20 30 40 S0 60
MINUTES POST-PAF

LPS-primed and unprimed lungs (Fig. 9). In the presence of
thromboxane synthetase blockade, the LPS-primed PAP re-
sponse to PAF was completely inhibited (Fig. 7). The mean
peak PAP in lungs treated with LPS, 5 uM dazoxiben and 10
nM PAF was 19.8+2.1 mmHg, which was significantly less
than the LPS-primed response without the inhibitor, but not
different than the peak PAP in unprimed lungs stimulated
with 10 nM PAF. Dazoxiben had no effect on the PAP re-
sponse to PAF in unprimed lungs. Weight gain in LPS-treated
lungs was also inhibited by dazoxiben (Fig. 8).

The thromboxane receptor antagonist SQ 29,548 had simi-
lar inhibitory effects on the LPS-primed response. This com-
pound had little effect on the levels of prostanoids in the IPL
perfusates (Fig. 6, Fig. 9). Treatment with 1 uM SQ 29,548
blocked the LPS-primed increment in PAP after 10 nM PAF
resulting in a mean PAP of 12.7+3.1 mmHg (Fig. 7). Unlike
the other inhibitors tested, SQ 29,548 caused significant inhi-
bition of the mild pulmonary hypertension induced by 10 nM
PAF in unprimed lungs (mean peak PAP 5.3+3.6 mmHg)
(Fig. 7). As with dazoxiben and indomethacin, SQ 29,548 pre-
vented weight gain after PAF in the LPS-primed lung (Fig. 8).
These data indicate that LPS-priming in the IPL is dependent
upon enhanced production of thromboxane A, by the lung in
response to PAF stimulation.

. Figure 9. Effect of in-
5 400 I hibitors on TXB pro-
Ed 200 duction. TXB levels
~ I were undetectable (< 50
o . pg/ml) in lungs treated
ES 200 x with indomethacin or
§ ool 4 dazoxiben following
£ i PAF with or without

0 S5 10 15 20 25 30 lines with open symbols

MINUTES POST-PAF represent LPS-free
buffer and 10 nM PAF, broken lines with solid symbols represent
LPS buffer with 10 nM PAF. =, No inhibitor; e, SQ 29,548 1 uM.
Points represent mean values.

LPS treatment *. Solid




Discussion

We have shown that the buffer-perfused rabbit lung, depleted
of circulating blood cells and plasma, exhibits minimal change
in weight, PAP, and production of TXB and prostacyclin after
a 2-h incubation with buffer containing 100 ng/ml of E. coli
0111:B4 lipopolysaccharide. However, during this 2-h expo-
sure to LPS the lung becomes primed for an enhanced pulmo-
nary artery pressure response, lung edema, and prostanoid
production when stimulated with PAF compared to lungs per-
fused with LPS-free buffer. While inhibitors of cyclooxygen-
ase, thromboxane synthetase, or thromboxane receptor block-
ade had little effect on PAF-stimulated, unprimed lungs, these
compounds completely ablated the LPS-primed response.
These findings indicate that the marked elevation of pulmo-
nary artery pressure and secondary lung edema induced by
LPS-priming is dependent upon enhanced production of
TXA. Pulmonary edema in LPS-primed lungs is probably fa-
cilitated by enhanced capillary permeability induced by LPS.

The Shwartzman reaction is the classic example of hy-
perresponsiveness of organs and tissues to inflammatory in-
jury following sequential administration of relatively innocu-
ous doses of endotoxin. More recently, priming of tissues or
cells for an augmented response upon stimulation with soluble
agents has been described both in vitro and in vivo. Neutro-
phils obtained from patients with serious bacterial infections
display enhanced responses when stimulated in vitro (20).
Macrophages (21) or neutrophils (6) exposed to low concen-
trations of endotoxin in vitro produce increased amounts of
superoxide anion when stimulated with a second agonist.
Concentrations of soluble stimuli that fail to elicit a response
may prime neutrophils (22), macrophages (23), and other cells
(7) for functional responses. Thus, it appears that synergism
between soluble mediators, through a process of primed-stim-
ulation may be widely applicable in the functional responses of
many cell types. The concept of priming may be significant in
that the magnitude of a cellular response in the whole organ-
ism could be modulated through the action of multiple media-
tors.

Priming by LPS may be important in the pathogenesis of
inflammatory lung injury associated with sepsis and ARDS
(5). Worthen et al. (24) and Haslett et al. (25) reported that
LPS potentiated acute edematous lung injury in whole rabbits
given chemotactic factors intravenously. In these studies,
small doses of LPS (100 ng/rabbit) given intravenously caused
sequestration of PMNs in the pulmonary vasculature. Treat-

ment with LPS plus chemotactic factors induced prolonged V

PMN retention in the lung and resulted in edematous lung
injury in response to a second injection of chemotactic factor 6
h later. A role for PMNs was proposed in that PMNs incubated
with LPS in vitro were sequestered in the lung upon infusion
and edematous injury did not occur in neutropenic animals.
These observations suggest that LPS primes the lung for
PMN-dependent injury in the whole animal through its ability
to prime PMNs. In vitro studies have demonstrated that LPS
primes PMNs for enhanced adhesiveness, and release of lyso-
somal enzymes and toxic oxygen moieties after stimulation
with chemotactic factors (26).

The cell type(s) primed by LPS in our model that are re-
sponsible for the enhanced injury to PAF have not been iden-
tified. Although the buffer-perfused IPL used in our experi-
ments was essentially devoid of circulating PMNs (containing

< 2 WBCs/mm? the majority of which are mononuclear cells),
electron micrographs of the buffer-perfused lungs from the IPL
demonstrated a few PMNs marginated in the pulmonary vas-
culature (unpublished observations). Thus, we cannot entirely
exclude these marginated PMNss as effector cells in our model,
but the small numbers of PMNs present would argue against
this possibility.

An alternate explanation is that endotoxin priming in our
system may be mediated through the effects of LPS on resident
cells in the lung. Mononuclear phagocytes and macrophages
are profoundly affected by LPS. These cells become activated
when treated with LPS and are primed for increased produc-
tion of toxic oxygen radicals (21) and arachidonic acid metab-
olites upon stimulation with other agonists (18). LPS induces
synthesis and release of tumor necrosis-alpha (TNF-e), inter-
leukin 1 (IL-1), and interferon by macrophages. TNF-a in
particular may mediate much of the systemic toxicity pro-
duced by LPS (27).

Endotoxin also has direct effects on endothelial cells. In the
presence of serum, high concentrations of LPS (1 ug/ml) are
toxic to bovine, but not canine, goat, or human endothelial
cells in culture (28). Endothelial cells cultured with LPS in the
absence of serum produce IL-1 (29) and cyclooxygenase prod-
ucts of arachidonic acid (30) and increase expression of mem-
brane proteins that enhance PMN adherence (31) and proco-
agulant activity (32). Therefore, it is possible that endothelial
cells could participate in LPS-priming, either by direct effects
of LPS on these cells or secondarily through the production of
soluble mediators that affect other cells within the lung.

In our studies, PAF-induced pulmonary hypertension was
temporally related to TXB production in both unprimed and
LPS-primed lungs (Fig. 4). Inhibitors of cyclooxygenase and
thromboxane synthetase blocked TXB production but had no
effect on PAF-induced pulmonary hypertension in unprimed
lungs, suggesting that the rise in PAP was mediated by the
direct effects of PAF on the pulmonary vasculature (11). In
contrast to this, the marked elevation in PAP induced by PAF
in LPS-primed lungs was completely blocked by inhibitors of
TXB production or receptor binding. In LPS-primed. lungs
treated with these inhibitors, PAF elicited a rise in PAP that
was indistinguishable from that seen in unprimed lungs. These
findings suggest that TXA production is necessary to induce
enhanced pulmonary hypertension observed in LPS-primed
lungs.

Hamaski et al. found that PAF induced TXB production,
pulmonary hypertension, and edema in the cell-free, buffer
perfused guinea pig IPL, all of which were inhibited by indo-
methacin (19). TXB release by PAF-stimulated IPL and pa-
renchymal lung strips of guinea pigs is blocked by the PAF-re-
ceptor antagonist BN 52021, suggesting that PAF itself directly
stimulates TXA production in responsive cells (33). The cell
type responsible for TXB production in the lung has not been
identified. In the whole animal or in the presence of blood,
platelets are clearly the major source of thromboxane (34). The
lungs in our experiments and others (19) are platelet free.
Using mouse peritoneal macrophages, Aderem et al. found
that low concentrations of LPS (10 ng/ml) primed for en-
hanced release of arachidonic acid upon stimulation with par-
ticulate (zymosan or IgG-coated beads) or soluble (phorbol
myristate acetate or A23187) stimuli (18, 35). However,
thromboxane release by these LPS-primed cells was not re-
ported; the major cyclooxygenase products measured were
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PGE, and prostacyclin. TXB is produced in rat peritoneal
macrophages stimulated with high concentrations (50 ug/ml)
of LPS alone (36) and in human monocytes by 10 ug/ml of
LPS (37). PAF-stimulated guinea pig peritoneal macrophages
produce TXB as well (38). Endothelial cells also produce pros-
taglandins in response to LPS but in bovine and sheep cells
these are predominantly PGE, and prostacyclin (30), while
equine cells produce small amounts of TXB in response to
high concentrations (10 ug/ml) of LPS (39). In contrast, stimu-
lation of bovine endothelial cells with the calcium ionophore
A23187 induces significant TXB release (40). In addition,
rabbit pulmonary artery strips produce TXB in response to
exogenous arachidonic acid (41). Other connective tissue cells
in the lung could also be involved. Vascular smooth muscle
cells produce prostaglandins (12), while cultured human lung
fibroblasts have the capacity to synthesize TXB (42). Thus in
our model, any one of several cell types may be the source of
the enhanced TXB release that follows primed stimulation. In
preliminary studies, we do not detect amplified production of
TXB by rabbit alveolar macrophages obtained from LPS-
primed IPLs upon in vitro stimulation of these cells with PAF
(unpublished observations). .

Another question raised by our studies is the nature of the
subcellular mechanisms involved in LPS-priming. LPS in-
duces phosphoinositol turnover and protein kinase C activa-
tion (43) in macrophages, mechanisms that may mediate the
primed response in other cell systems (7). Phospholipase A,
(PLA),), a calcium-dependent enzyme that cleaves arachidonic
acid from membrane phospholipids, is increased in the lungs
of rats given LPS in vivo (44). It is conceivable that increased
levels of cytosolic calcium induced by PAF in the presence of
enhanced PLA, activity could augment the release of arachi-
donate in responsive cells. Another possible mechanism of
LPS priming could be through increased synthesis and/or ac-
tivation of the enzymes of the cyclooxygenase pathway or
TXA synthetase itself. Recently, Frazier-Scott et al. showed
that interleukin 2 induces the synthesis of prostaglandin H
synthetase in human and bovine endothelial cells (45). A simi-
lar enhancement of prostaglandin H synthetase activity might
be induced by LPS itself or LPS-induced cytokines in our
model, explaining the increased production of 6KPF as well as
TXB. Our finding of enhancement of both TXB and 6KPF
levels suggests that a proximal step in the cyclooxygenase
pathway such as increased availability of arachidonic acid may
be the rate-limiting step.

Macrophages stimulated with LPS produce large amounts
of the proinflammatory cytokines TNF-a and IL-1. In addi-
tion IL-1 is produced by TNF-a or LPS-stimulated endothelial
cells (29) and by fibroblasts in response to TNF-a (46). TNF-«
in particular may mediate many of the adverse systemic effects
of LPS in sepsis syndromes (27) and the combination of IL-1
and TNF-a may synergistically induce inflammatory injury
(47). Induction of these protein mediators could play a role in
LPS-priming through their ability to directly stimulate pros-
tanoid production (48) or by priming inflammatory cells. We
are now attempting to determine if the rabbit IPL produces
TNF-a during LPS-priming and if so whether TNF-a produc-
tion is necessary for LPS-primed, PAF-stimulated thrombox-
ane release.

In our studies we found that LPS exposure caused a signifi-
cant increase in capillary permeability in the IPL while PAF
had little effect in the presence of the vasodilator papaverine.
These data indicate another potentially important aspect of
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LPS-priming, and provide an explanation for the pulmonary
edema associated with the primed response. LPS-induced in-
creases in capillary permeability would allow rapid extravasa-
tion of edema fluid in response to increased microvascular
hydrostatic forces that follow enhanced release of TXA. A
similar sequence of events could occur in human (2) or animal
models (9) of septic lung injury in which pulmonary hyper-
tension, increased TXA production, and diffuse capillary leak
are common early manifestations of ARDS. ’

In summary, our findings indicate that LPS primes the
isolated perfused rabbit lung for enhanced pulmonary hyper-
tension and edema in response to the physiologic mediator
PAF. This primed-stimulation response requires enhanced
production of TXA. The underlying mechanisms responsible
for LPS-priming and the cells responding to primed-stimula-
tion in the lung are currently under investigation. A better
understanding of this phenomenon may provide insight into
the pathogenic mechanisms involved when multiple mediators
interact to induce severe inflammatory injury states such as
septic shock and the adult respiratory distress syndrome.
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