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Abstract Introduction

(TNFj-induced sequestration of neutrophils (PMN) in lungs
and of the resultant PMN-dependent pulmonary edema.
Guinea pig lungs perfused with Ringers-albumin were chal-
lenged with TNFa (1,000 U/ml) for 90 min, followed by addi-
tion of fresh perfusate containing 2 X 107 human PMN. TNFa
challenge caused sequestration of PMNin the pulmonary vas-
cular bed as indicated by a threefold increase in lung tissue
myeloperoxidase activity (MPO). The activation of the seques-
tered PMNwith phorbol 12-myristate 13-acetate (PMA; 5
X 10-9 M) produced threefold increases in pulmonary artery
(Pj5) and pulmonary capillary hydrostatic (Pa,) pressures, and
twofold increases in lung wet-to-dry weight (W/D) ratio and
capillary filtration coefficient (KO) over baseline. TNFGpresti-
mulation was required for these responses since activation of
PMNwith PMAin control lungs produced smaller increases in
Pig and Pa,, (P < 0.01) and did not change the W/D and Kf
TNFa prestimulation also induced the expression of intercellu-
lar adhesion molecule (ICAM-1) on pulmonary vascular endo-
thelial cells. Monoclonal antibodies (mAbs) to the neutrophil
CD18 integrin (f-chain of CD11/CD18 complex) (mAb IB4)
and to its endothelial cell ligand ICAM-1 (mAb RR1/1) were
used to examine the role of PMNadhesion in the TNFa-
induced responses. Pretreatment of PMNwith mAbIB4 pre-
vented PMNuptake and increases in P., P*;, Kf,, and W/D
ratio. Addition of mAbRR1/1 to the perfusate reduced PMN
uptake by 58%, and prevented the increases in P., Pjp, Kf,,
and W/D ratio, as with mAb1B4. The findings indicate that
TNFa prestimulation of lungs mediates PMNuptake and that
this requires the expression of ICAM-1 and its interaction with
CD18 integrin on PMN.The activation of PMNsequestered by
ICAM-1-dependent mechanism contributes to the development
of pulmonary vascular injury and edema. (J. Clin. Invest. 1992.
89:981-988.) Key words: vascular permeability * endothelial
adhesion molecules * neutrophil activation * pulmonary capil-
lary pressure * CD18 integrin
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The release of tumor necrosis factor-alpha (TNFG)1 during sep-
ticemia (1) has been linked to neutrophil (PMN)-mediated vas-
cular injury in the septic shock syndrome (2). The bacterial
product, lipopolysaccharide (LPS), causes the release of TNFG
from monocytes (3), which may in turn induce endothelial
hyperadhesivity towards leukocytes (4, 5, 6) by expression of
cell surface adhesion molecules such as the intercellular adhe-
sion molecule (ICAM-1) and endothelial adhesion molecule
(ELAM- 1) (6, 7). Expression ofthese endothelial adhesion mol-
ecules is a critical factor in the binding of leukocytes to the
vessel wall at sites of inflammation (8, 9). Neutrophils (PMN)
activation can injure the endothelial cells and cause tissue
edema (8, 9, 10, 1 1). Adhesion of PMNto the endothelial cell
monolayer appears to be the essential requirement for the me-
diation of endothelial injury, because the adherent cells are
capable of producing greater amounts of oxidants than nonad-
herent PMN(12).

In the present study, we examined whether expression of
endothelial cell adhesivity is a determinant of PMNuptake in
the pulmonary microcirculation, and whether activation of en-
dothelial cells by this mechanism contributes to PMN-me-
diated lung vascular injury and edema. The results indicate
that TNFa prestimulation of lungs causes sequestration of
PMNin lungs such that subsequent PMNactivation increases
lung vascular permeability and tissue water content. The PMN
uptake in pulmonary microvessels is the result, in part, of the
interaction of the expressed ICAM-l ligand with the PMN
CDl8 integrin.

Methods

Materials. mAbs IB4 (anti-CD18) and OKM-I (anti-CDI Ib) were sup-
plied by Dr. S. D. Wright (The Rockefeller University, NewYork), and
the anti-ICAM-I mAb (RRI/l) was supplied by Dr. R. Rothlein
(Boehringer-Ingelheim, Ridgefield, CT). MAb OKM-1, directed
against an irrelevant epitope on CDl Ib, was used as a control mAb
since it does not prevent neutrophil adhesion to endothelial cells (13).
Recombinant human TNF, (specific bioactivity of 25 x 106 Uof TNF/
mg of protein) was obtained from Cetus Corp. (Emeryville, CA). A
TNF unit was defined as the amount producing 50% cytotoxicity of
L929 cells seeded at 2 x 101 cells per ml after an 18-h incubation at

1. Abbreviations used in this paper: ABC, avidin-biotin-peroxidase
complex; ICAM- 1, intercellular adhesion molecules; MPO, myeloper-
oxidase; PMA, phorbol 12-myristate 13-acetate; TNF, tumor necrosis
factor-alpha.
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370C (10). Endotoxin contamination was < 20 pg /ml by Limulus
amebocyte lysate assay. Phorbol 12-myristate 13-acetate (PMA) and
cycloheximide were purchased from Sigma Chemical Co. (St.
Louis, MO).

Lung perfusion preparation. The isolated-perfused guinea pig lung
preparation was used as described ( 14). This preparation allows simulta-
neous measurements of pulmonary artery (P-a) and capillary hydro-
static pressures (Pap-), lung wet weight, and transvascular water perme-
ability (capillary filtration coefficient, Kf,), under controlled flow con-
ditions. Hartley guinea pigs were anesthetized with pentobarbital
sodium (50 mg/kg i.p.; Abbott Laboratories, North Chicago, IL). The
trachea was cannulated before opening the thorax, and sodium heparin
(700 U/kg) was administrated via intracardiac injection to prevent
blood clotting. The heart and lung were removed en bloc and sus-
pended from a counterweighted beam balance. Catheters were placed
in pulmonary artery and left atrium. Left atrial pressure and airway
pressure transducers were adjusted to 3 and 1 cm H20, respectively,
and held constant at these values during the experiment. Perfusion of
the lung was begun with a peristaltic pump (model 1215; Harvard
Apparatus Co., Inc., Millis, MA) within minutes of removal of the
lung. The perfusate consisted of a phosphate-buffered Ringer's-albu-
min (0.5 g/ I00 ml) solution (no difference was noted with higherperfus-
ate albumin concentrations). The perfusion rate was set at 28 ml/min
for all experiments, with a reservoir volume of 300 ml. Pap- was deter-
mined using the double-occlusion method as described (14). The Kf,
was also determined during isogravimetric periods as described (14)
(the Kf C values were expressed in units of ml/min per cmH20 per g dry
wt). In separate experiments, the time-dependent changes in lung wet
weight were used to quantify the time course of lung water accumula-
tion (14). At the end of experiments, lungs were drained and dissected
free of nonpulmonary tissue, and the tissue was dried to a constant
weight at 50°C for 2 d. Pulmonary edema was determined by the lung
wet/dry weight ratio.

PMNisolation. HumanPMNwere isolated using Ficoll-Hypaque
method (15). Purity of PMNwas > 99%by Wright's stain, and viability
of PMNwas > 98% as determined by trypan blue exclusion.

Experimental protocols. The general experimental protocol is indi-
cated in Fig. 1. The lungs were treated with TNFa for 90 min by inject-
ing TNFG(1,000 U/ml) into the perfusate after the initial baseline mea-
surements. TNFa challenge alone did not produce significant changes
in the lung weight and hemodynamic parameters monitored during the
experimental period (n = 5). Fresh perfusate was added to replace cir-
culating TNFa at the end of the 90-min period. Freshly isolated PMN
(2 X 107 cells) were then infused into the pulmonary artery catheter
within 5 min; phorbol 12-myristate 13-acetate (PMA; 5 X I0- M) was
administered within 2-5 min after the PMNinfusion (n = 6) (group I).
In other groups, lungs were perfused with TNFa for 5 min, and then
PMNwere added to the perfusate 85 min later, followed by the PMA
challenge (n = 4) (group II), or lungs were challenged with TNFa for 5
min before the addition of the PMNand the PMAchallenge (n = 5)
(group III). The times of these interventions followed the general proto-
col outlined in Fig. 1.

Control experiments for group I examined the effects of 90-min
TNFa challenge alone (n = 5), PMAalone (n = 5), PMNalone (n = 5),

PMN PMA

90 MIN 30 ...N

[1 TNFc /90'/Wash
[11] TNFa /5'/Wash

I
[1111 TNFa /5'/Wash A Lung Wt.
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MPO
W/D
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Figure 1. The general protocol of the outlined experiments.

TNFa (90 min) plus PMA(n = 5), TNFU(90 min) plus PMN(n = 5),
and PMAplus PMN(n = 5).

The role ofCD18 integrin (,-chain of CDI l/CD18 glycoprotein) of
PMNwas studied by incubating isolated PMN(2 X 107 cells) with
either mAbIB4 (0.7 mg/ml) (n = 5) or with control mAbOKM-1 (0.7
mg/ml [n = 5]) for 20 min on ice, before injection of the treated PMN
into the pulmonary circulation as above. The role of ICAM-I was stud-
ied, using anti-ICAM- l mAbRRl/ l (0.7 mg/ml) injected into the per-
fusate just before infusion of PMN(n = 5). In another experiment (n =

4), the effects of cycloheximide (10 jg/ml) added to the perfusate 10
min before 90-min TNFG challenge period was studied to assess
whether the response required protein synthesis.

ICAM-1 immunostaining. mAbRRl/l reactivity with guinea pig
lung tissue was tested after fixing lung sections with freshly prepared 4%
paraformaldehyde in PBS (0.01 M, pH 7.3) for 3 h, followed by wash in
PBS containing 14% sucrose overnight. The samples were then dehy-
drated through graded alcohols and xylene, and embedded in paraffin.
Consecutive sections (7-ju thick) were cut and mounted on poly-L-ly-
sine coated glass slides (16). After dewaxing, two sections from each
region were stained with hematoxylin and eosin to assess the general
morphology. Four slides from each region were immunostained with
mAbRRl/l (diluted 1:40 in PBS). The avidin-biotin-peroxidase com-
plex (ABC) method (17) was used with an ABC immunostaining kit
from Vector Laboratories, Inc. (Burlingame, CA). The primary anti-
body was incubated for 24 h at room temperature. After washing in
PBS (three times) for 5 min, the sections were reacted with biotin-la-
beled rabbit antimouse antiserum (diluted 1:100 in PBS) for 40 min at
room temperature. The sections were then incubated with freshly pre-
pared ABC solution for 40 min at room temperature. The labeling
peroxidase was colorized with chromogen diaminobenzidine (DAB)
and hydrogen peroxide. The slides were counterstained with hematox-
ylin and coverslipped. Controls for the immunostaining included nor-
mal mouse serum (instead of the mAbRRl/l), and a preabsorption
test. For the latter, the human cell line (U-937, monocyte-like histocy-
tic lymphoma obtained from ATCC, CRL 1593), known to contain the
ICAM-l antigen on the cell membrane, was preincubated with mAb
RRl/l at 4°C overnight (diluted 1:40). The supernatant was used as
the first layer of immunostaining. The preincubation was intended to
deplete the antibody, thereby establishing whether the positivity de-
tected with the mAbwas due to RRl/l binding to the expressed anti-
gen in lung tissue.

Myeloperoxidase activity. Lung tissue myeloperoxidase (MPO) ac-
tivity was assayed, as modified from the procedure of Goldblum et al.
(18). At the end of the experiment, the lungs were washed with sterile
saline and blotted dry. The tissue was homogenized on ice for 30 s in
0.5% hexadecyltrimethylammonium bromide (HTAB) in 50 mMphos-
phate buffer (pH = 6.0) and centrifuged at 40 X 103 g for 10 min. The
homogenate was decanted, and the pellet was resuspended in HTAB.
Samples were freeze-thawed (for 20 min at 70°C), followed by homoge-
nization with polytron for 30 s, and centrifugation at 40,000 g for 10
min at 4°C. The supernatant MPOactivity was assayed by mixing a

0. l-ml aliquot of the sample with 2.9 ml of 50 mMPBS containing
0.167 mg/ml O-dianibidine dihydrochloride (Sigma Chemical Co.)
and 0.0005% hydrogen peroxide (Mallinckrodt, Paris, KY) to a final
volume of 3 ml. Absorbance change was measured at 400 nmover a

3-min period, with the data derived by using a kinetic program. The
unit of MPOis expressed as AAbsorbance/min per g tissue.

Statistics. Data are expressed as means±SEM. Differences from
baseline values were determined by the one-way repeated measures
analysis of variance followed by multiple comparisons utilizing Tu-
key's test (19). Statistical significance was accepted at P < 0.05.

Results

ICAM-J expression following TNFa challenge. Increased bind-
ing of the anti-ICAM-l mAbRRl/l binding was detected on

the pulmonary vascular endothelial cell membranes after 90
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min of TNFa stimulation (Fig. 2). RRl/l immunoreactivity
was not present in control lungs. The immunoreactivity de-
tected by RRl/l immunostaining was not the result of nonspe-
cific RRl/I binding, since the preabsorption control gave nega-
tive results (see Methods).

Effects ofprestimulation with TNFGon lung PMNuptake.
Lung tissue MPOactivity in control lungs (n = 5) perfused with
Ringer's-albumin was minimal. MPOincreased (P < 0.05) in
lungs perfused with freshly isolated PMN(n = 5) (Fig. 3). Chal-
lenge of PMNwith PMAdid not enhance the MPOactivity.
However, TNFa stimulation (1,000 U/ml for 90 min) increased
MPOactivity threefold over values of lungs perfused with
PMNalone (from 3.62±1.06 A/min per g to 9.31±2.28 AA/
min per g) (Fig. 3). In contrast, TNFa stimulation of lungs for 5
min, followed by addition of PMNor TNFa stimulation for 5
min, followed by addition of PMN85 min later, did not in-
crease the lung tissue MPOactivity (MPOvalues of 3.06±1.2
and 3.42±1.2 A/min per g, respectively) (Table I).

Treatment of PMNwith mAbIB4 (anti-CD18) prevented
the increase in MPOactivity, whereas treatment with the con-
trol mAbOKM-l (anti-CDl lb) produced a similar increase in
MPO, as in lungs challenged with TNFa, for 90 min (Fig. 3).
Treatment of lungs with mAb RRl/l (which recognized
ICAM-1 on endothelial cells) reduced the MPOactivity by
58%, an effect less (P < 0.05) than 98%reduction observed with
IB4 treatment (Fig. 3).

Effect of TNFaprestimulation on pulmonary edemaforma-
tion. Challenge with PMA(5 x 10-9 M) of the 90-min TNFa-
prestimulated lungs (in which PMNhad been sequestered) pro-

duced significant increases in pulmonary artery pressure (PR
(Fig. 4), pulmonary capillary hydrostatic pressure (PW) (Fig.
4), and lung wet weight (Fig. 5) over the 30-min study period
following challenge with PMA. The final lung wet-to-dry
weight ratio was increased in this group over others (P < 0.05)
(Fig. 6). The increases in Pap and PRwere threefold over base-
line values (Fig. 4). The increase in lung wet weight of - 120%
over the control lung wet weight values (3.48±0.11 g) (Fig. 5)
was accompanied by edema fluid in the airways.

The increases in Pw, Pap-, and lung wet weight after PMA
challenge in the 90-min TNF.-prestimulated lungs perfused
with PMNwere significantly greater (P < 0.01) than in the
other PMN-perfused groups (Figs. 4 and 5); that is, in (a) lungs
perfused with PMN(2 X 107) alone; (b) lungs perfused with
PMNand then challenged with PMA; and (c) lungs prestimu-
lated for 5 min with TNFG, perfused with PMN,and challenged
with PMA(group III, Table I). The effects of TNFa in the latter
group were not delayed, in that 5-min TNFG treatment, fol-
lowed by a wait of 85 min, did not produce the effects observed
with the 90 min of continuous TNFa treatment (group II, Ta-
ble I).

The increases in PR, Pjr, and lung wet weight following
PMAchallenge in the 90-min TNFa-stimulated lungs perfused
with PMNwere also greater (P < 0.05) than in the control
groups (Figs. 4 and 5); i.e., (a) control (time-control lungs); (b)
addition of PMAalone to Ringer's-albumin perfuised lungs; (c)
90-min TNFa challenge followed by addition of PMAto the
perfusate; and (d) 90-min TNFa challenge followed by addi-
tion of PMNto the perfuisate.
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Figure 2. mAbRRI/I immunostaining of pulmonary vascular endothelial cells (arrow) in guinea pig lung treated with TNF,, for 90 min. Large
arrow indicates an adherent PMN. The section was counterstained with hematoxylin. x 550. Bar, 0.5 ;im.
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Figure 3. Lung tissue myeloperoxidase activities in
the following groups: (a) control lungs (i.e., guinea
pig lungs perfused with Ringer's-albumin); (b)
lungs perfused with 2 X 107 neutrophils (PMN);
(c) lungs perfused with PMNfollowed by PMA
challenge (2 X I0-' M); (d) 90-min TNF0-chal-
lenged lungs perfused with PMN; (e) 5-min
TNF0-challenged lungs perfused with PMN; (f)
90-min TNF0-challenged lungs perfused with
mABIB4-treated PMN; (g) 90-min TNF0-chal-
lenged lungs perfused with mAbOKM-l-treated
PMN; and (h) 90-min TNF.-challenged lungs per-
fused with mAbRRl/l perfused with PMN. Val-
ues are shown as mean±SEM. *Significant in-
crease from other groups (P < 0.05); ISignificant
increase from control groups (P < 0.05).

10U

s5 ...EuE
10 MINUTES

30 -

25 -

20 MINUTES

30-

25-

ia
XE 20 -

n

30 f

25ii

i0

30 MINUTES

a

*1 0

PMN "0TNF W0TNF 90TNF S TNF
+ + + + +.

PMA PMA PMN PMN PMN

PMA Pow

90-TNF "0-TNF
+ (RR/IM

PMN +
I14) PMN

PMA PMA

PMN
(OKM-I)

PMA

Figure 4. Time course of changes in pulmonary capil-
lary hydrostatic pressure (Pap-) and pulmonary arterial
pressure (Pp.) in (a) control lungs; (b) lungs perfused
with neutrophils (PMN)(2x I0' cells); (c) control lungs
challenged with PMA(5X 10-' M); (d) lungs perfused
with PMNfollowed by PMAchallenge; (e) 90-min
TNF,-pretreated lungs followed by PMAchallenge; (f)
90-min TNF.-pretreated lungs followed by perfusion
with PMN; (g) 90-min TNF,-pretreated lungs, followed
by PMNperfusion, and then PMAchallenge; (h) 5-min
TNF. pretreated lungs, followed by PMNperfusion,
and then PMAchallenge; (i) 90-min TNF. pretreated
lungs, followed by perfusion with mAbIB4-treated
PMN, and then PMAchallenge; (j) 90-min TNF,-pre-
treated lungs, followed by perfusion with mAbOKM-
1-treated PMNand then PMAchallenge; and (k) 90-
min TNF,-pretreated lungs treated with mAbRRl/l,
followed by PMNperfusion, and then PMAchallenge.
Values are shown as means±SEM. *Significant change
from 0 time point (P < 0.05). Significant changes from
other groups (P < 0.05).
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Figure 5. Time course of alterations in lung weight
from baseline (A lung weight) in (a) control lungs; (b)
lungs perfused with neutrophils (PMN) (2 x I0' cells);
(c) control lungs challenged with PMA(5 X I09 M);
(d) lungs perfused with PMAfollowed by PMAchal-
lenge; (e) 90-min TNF.-pretreated lungs followed by
PMAchallenge; (f ) 90-min TNFa-pretreated lungs
followed by perfusion with PMN; (g) 90-min TNF0-
pretreated lungs, followed by PMNperfusion, and
then PMAchallenge; (h) 5-min TNFa pretreated
lungs, followed by PMNperfusion, and then PMA
challenge; (i) 90-min TNFa-pretreated lungs, followed
by perfusion with mAbIB4-treated PMN, and then
PMAchallenge; (j) 90-min TNF0-pretreated lungs,
followed by perfusion with mAbOKM-l-treated
PMN, and then PMAchallenge; and (k) 90-min
TNFa-treated lungs treated with RRl/l, followed by
PMNperfusion, and then PMAchallenge. Values are
shown as means±SEM. *Significant change from 0
time point (P < 0.05). Significant changes from other
groups (P < 0.05).

Increased lung vascular permeability in TNFa-prestimu-
lated lungs. Pulmonary edema formation after PMAchallenge
in the 90-min TNF.-prestimulated lungs perfused with PMN
was the result of increased lung vascular permeability, since
raising P~ap in control lungs (by increasing the pulmonary ve-

nous pressure) to the same level as in TNFa-prestimulated
lungs produced only a 20% increase in lung wet weight above
control, whereas the lung wet weight increased 120% after
PMNactivation in the TNFa-prestimulated lungs (Fig. 7). The
increase in lung vascular permeability was also evident from

the doubling of the capillary filtration coefficient (Kf j, ob-
served after PMNchallenge of PMNin the TNF,-prestimu-
lated lungs (Table II).

Effects of anti-CD18 and anti-ICAM-I mAbs on pulmo-
nary edema formation. Pretreatment of PMNwith mAb IB4
(0.7 mg/ml) prevented the increases in Pp, Pap-, and pulmo-
nary edema formation, whereas the control mAbOKM-1 (0.7
mg/ml) was ineffective (Figs. 4 and 5). Treatment of lungs with
mAb RRl/l (0.7 mg/ml; anti-ICAM-l) before addition of
PMNto the perfusate also prevented the increases in Pp, Pap,

16- Figure 6. Wet-to-dry lung weight ratios in the

(a) controls; (b) following neutrophil (PMN)

n: 12- m t>,it,,=','. perfusion of lungs; (c) following PMAchal-,t. ;.Xz *.-f\=t,3.,. lenge of control lungs; (d) following PMN*;T . z.^ss-.teZ>:perfusion followed by PMAchallenge; (e) 90-

A min TNFG challenge following PMAchallenge;
... ...... ~~~~~(f) 90-mmn TNFG challenge followed by PMN

ControlPMNPMAPMN 90TNF 90 TNF 'TtelF 90'NF 90 TNF 9 TNF then -hlegdwt MA(in 90-michllnge

pMA... PMA PN PM PMN PMN MN + chalerfusion of lungs; (g) 5

followed by PMNperfusion of lungs, and then
challenged with PMA; (h)90-mmn TNFG chal-
lenge followed by PMNperfusion of lungs and

Control PMN PMA PMN9ndTNF 9TNF 5TNF 90'TNF 9OTNF 0OTNF 90TNF then challenged with PMA; (i)90-mmnTNFf,
+ + + + + + + (RRI/1)

PMA PMA PMN PMN PMN PMN PMN + challenge, followed by perfusion of lungs with

+ + (184) (0KM-1) PMN mAb 1B4-treated PMN, and then challenged

with PMA; (j) 90-mmn TNFG challenge of lungs

followed by perfusion of lungs with mAb

OKM-lI-treated PMNand then challenged with PMA; and (k) 90-mmn challenge of lungs with TNF. followed by addition of mAbRRlI/l1, per-

fusion of lungs with PMN, and then challenged with PMA. Values are shown as mean±SEM. *Significant change from other groups (P < 0.05).
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Table I. Pulmonary Hemodynamics, Lung Wet Weight, Wet-to-Dry Lung Weight Ratio, and MyeloperoxidaseActivity after Activation of
PMNwith PMAin the Following Groups: (a) TNF0 Challengefor 90 Min, Followed by Addition ofPMNto the Perfusate (Group I); (b)
TNF0 Challenge for S Min Followed by Addition of PMNto Perfusate at 90 Min (Group II); and (c) TNFa Challenge of the Pulmonary
Vascular Bedfor 5 Min, Followed by the Immediate Addition of PMNto Perfusate (Group III)

pie pap
cm H20 cmH20 AWtfrom W/D MPO

Baseline (g) (g*g1) (CAA min' * g'l)
0 30 0 30 30 30 30

min

Group I
90-min TNF/PMN+ PMA 8.0 26.8* 5.6 18.2* +5.31* 13.32* 5.87*
(n = 6) ±0.31 ±2.4 ±0.3 ±0.7 ±0.38 ±0.69 +1.16

Group II
5-min TNF/PMN(at 90 min) 6.8 16.8 4.4 12.4 +1.41 7.33 3.42
+ PMA(n = 4) ±0.7 ±1.6 ±0.5 ±1.2 ±0.40 ±0.50 +1.18

Group III
5-min TNF/PMN+ PMA 8.2 21.6 4.6 14.5 +1.67 7.33 3.06
(n = 4) ±0.4 ±0.8 ±0.2 ±0.3 ±0.25 ±0.38 +1.20

The values for the pressures are indicated for 0 time (baseline) and 30 min after challenge with PMA, and the other values are indicated at 30 min
after the PMAchallenge. Values are shown as mean±SEM; * P< 0.05 from other groups. Pp., mean pulmonary artery pressure; Pp pulmonary
capillary pressure; W/D, wet/dry weight ratio; MPO, lung tissue myeloperoxidase activity.

and pulmonary edema to the same degree as mAbIB4 (Figs. 4
and 5). Both mAbsIB4 and RR1/1 also prevented the increases
in KfC (Table II).

Effect of cycloheximide. Cycloheximide (10 gg/ml) pre-
treatment of lungs inhibited the rises in Ppa, Pap-, lung weight
change (AW), wet-to-dry lung weight ratio (W/D), and lung
tissue MPOactivity occurring with 90-min TNFUstimulation,
with the results identical to those with mAbRRl/l pretreat-
ment (Table III). A lower concentration of cycloheximide (5
gg/ml) was only partially protective, compared with 10 ,gg/ml.
Cycloheximide alone did not produce significant alterations in
pulmonary hemodynamic and weight parameters.

Discussion -

Bacterial LPS causes TNFa release from monocytes and macro-
phages in septic patients (1, 3). Studies have indicated that
plasma TNFaconcentrations as high as 0.2 ng/ml can occur for
periods up to 3 h in normal subjects challenged with endotoxin
(1). In the present study, we used a TNF. concentration of 40
ng/ml perfusate infused over 90 min, which is in the range of
what may be encountered in septicemia (1, 3). The findings
indicate that TNFa prestimulation of lungs mediates neutro-
phil-dependent pulmonary edema, because activation of neu-
trophils (with phorbol 12-myristate 13-acetate [PMA]), seques-
tered as a result of the TNF0, produced fulminant pulmonary
edema. This permissive effect of TNF0was secondary to neutro-
phil uptake in the lungs, mediated by expression of vascular
endothelial ICAM-l "counter-receptor" for the CD18 integrin
on neutrophils.

TNF0-induced upregulation of ICAM-1 is an important
mechanism responsible for neutrophil uptake in the intact mi-
crocirculation. TNFa stimulation resulted in binding of the
anti-ICAM- I mAb(RRI/ 1) to the pulmonary vascular endo-
thelial cell indicating ICAM-I expression. Moreover, treat-
ment of the lungs with mAbRRI/I prevented 58% of the in-

crease in lung tissue myeloperoxidase activity, indicating that a
primary component of lung neutrophil uptake was mediated
by ICAM-l expression. Upregulation of ICAM-I by the treat-
ment of pulmonary vasculature with TNFG for 90 min may
involve de novo ICAM-I protein synthesis, since a relatively
short 60-120 min stimulation period with TNF0 and IL-l has
been shown to induce ICAM-l synthesis, and to mediate
ICAM-1-dependent neutrophil adhesion to cultured vascular
endothelial cells (20, 21). The finding that effects of cyclohexi-
mide were identical to those of mAbRRl/l suggests that de
novo ICAM- 1 protein synthesis occurred secondary to TNF0
stimulation. The lung uptake of neutrophils required a continu-
ous 90-min exposure period with TNF0, as there was no re-
sponse with the 5-min period of TNF0 exposure.
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Figure 7. Change in lung wet weight (ALung Weight) following in-
crease in pulmonary capillary hydrostatic pressure (P.p-) by raising
pulmonary venous pressure (n = 3), compared with the weight gain
in TNF.-challenged lungs after PMNactivation with PMA(TNF
+ PMN+ PMAgroup) over the same increments in Pap. Bar, ±SEM.
*Significant difference.
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Table II. Pulmonary Capillary Filtration Coefficients (KfX) in the Different Experimental Groups

TNF + PMN TNF + PMN
TNF+ PMN (mAb IB4) (mAb RRI/l)

Control PMN PMN+ PMA + PMA + PMA + PMA

n=4 n=3 n=S n=3 n=3 n=3

Kf~c 5.87 5.76 6.88 11.32* 6.60 7.32
(ml/min per cm H20 per g) ±1.0 ±1.0 ±0.65 ±0.90 ±0.60 +0.31
X 10-2

Values are shown in mean±SEM; * Different from other groups (P < 0.05); n, number of lungs; PMN, neutrophils; TNF, tumor necrosis factor
alpha; PMA, phorbol 12-myristate- 1 3-acetate; mAb, monoclonal antibody.

The uptake of neutrophils involved interaction of the leu-
kocyte CD18 integrin with its ICAM- I receptor. MAbIB4 di-
rected against the common ,B-chain of CD11/CD18 glycopro-
tein complex inhibited neutrophil uptake (in this case the mye-
loperoxidase activity was reduced by 98%), whereas the control
mAbOKM-l had no effect. Since inhibition with anti-ICAM-I
mAbshould be complete and equal to that of anti-CD1 8 mAb
if ICAM- I is the sole ligand for CD18, the results suggest that
additional ligands for CD18 are present in the pulmonary mi-
crocirculation. Recent in vitro studies support the concept that
CD18 can interact with other ligands such as ICAM-2 (22, 23)
on cultured endothelial cells (13, 24, 25).

We observed that neutrophil uptake in 90-min TNFa-
stimulated lungs was fully a CDl 8-dependent effect. Using in-
tratracheal instillation of Streptococcus pneumoniae or hydro-
chloric acid in rabbits, Doerschuk et al. (26) showed CDl 8-in-
dependent neutrophil uptake in lungs. This difference may be
attributed to the stimuli used in the two studies, and to possible
differences in routes of administration. Wehave also observed
that anti-CD 1 8 mAbIB4 provided a similar inhibition of neu-
trophil uptake in guinea pig lungs challenged with intravenous
Escherichia coli endotoxin (27, 28), indicating that endotoxin
and TNFa after intravenous administration both mediate neu-
trophil uptake by CD18-dependent mechanism.

It is important to note that the uptake of neutrophils in the
pulmonary vascular bed without the initial TNF.-mediated
priming did not increase vascular permeability or produce pul-
monary edema. TNF,-prestimulated lungs became edematous
only after activation of the sequestered neutrophils. These data
indicate that TNFa-induced expression of ICAM-1, and possi-

bly ELAM-1, is required for mediation of neutrophil uptake,
and for the consequent development of lung vascular injury
and edema. Pulmonary edema formation after neutrophil acti-
vation in the TNF.-prechallenged lungs was the result of in-
creases in both pulmonary capillary hydrostatic pressure
(which increases the net transcapillary filtration pressure) and
vascular endothelial permeability. The latter was evident by the
increase in the pulmonary vessel wall filtration coefficient
(KfC), a measure of transvascular water permeability (14).

The basis of the pulmonary vasoconstriction and the resul-
tant capillary hypertension after neutrophil activation in the
TNFa-prestimulated lungs is not clear. One possibility is that
expression of endothelial adhesivity by TNFa enhances the ac-
tivation response of the adherent neutrophils as has been
shown in vitro experiments (12). Hence, there may be a greater
release of pulmonary vasoconstrictor lipid mediators (e.g.,
thromboxane and peptidoleukotrienes) from the activated neu-
trophils. Neutrophils are the probable source of these media-
tors, since the augmented pulmonary vasoconstrictor response
occurred only when neutrophils were activated with PMAin
the TNFj-primed lungs.

The anti-CD18 mAbIB4 prevented the pulmonary vaso-
constriction, lung weight gain, and the increased lung vascular
permeability. Addition of the anti-ICAM-l mAbRRl/l to the
TNF.-challenged lungs had the same protective effects as the
anti-CD 1 8 mAb, whereas RRl/l partially inhibited the neutro-
phil uptake (58% reduction), in contrast to the complete inhibi-
tion (98% reduction) observed with the anti-CD18 mAbIB4.
This finding is consistent with the in vitro observations that a
critical neutrophil-to-endothelial cell ratio of 5:1 or 10:1 is re-

Table III. Effects of Cycloheximide (10 ig/ml) on Pulmonary Hemodynamics, Lung Weight Change (A Wt), Wet-to-Dry Lung Weight
Ratio (W/D), and Lung Tissue Myeloperoxidase (MPO) Activity in Lungs Challenged with TNFa for 90 Min Followed
by Addition of PMNto the Perfusate, and Then by PMA

Pi; pp
(cm H20) (cm H20) A Wt from baseline W/D (g. g-') MPO(AA - min-'g-')

0 30min 0 30min 30min 30min 30min

Cycloheximide 7.7 22.1 5.0 10.6 +1.43 7.58 3.24
(n = 4) ±0.8 ±1.1 ±0.6 ±0.6 +0.6 ±0.68 ±2.34

mAbRRl/l 6.5 16.8 4.0 12.1 +2.06 7.87 3.91
(n = 3) ±0.6 ±1.3 ±0.3 ±1.0 +0.23 ±0.25 ±0.52

Results are compared with lungs receiving mAbRRl/l and with same interventions. Values are shown as mean±SEM. Pp., mean pulmonary
artery pressure; PF,p, pulmonary capillary pressure.
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quired to mediate to endothelial injury (10), such that below
this number endothelial injury does not occur. Therefore, the
pulmonary hemodynamic and fluid balance alterations after
neutrophil activation are likely dependent on the critical num-
ber of neutrophils sequestered in the pulmonary vascular bed.

In conclusion, the results indicate that TNF, prestimula-
tion of the pulmonary vascular bed causes neutrophil uptake in
lungs, a process dependent in part on expression of ICAM- 1
antigen on pulmonary vascular endothelial cells, and the bind-
ing of ICAM-l to the CD18 integrin on neutrophils. Other
endothelial cell ligands interacting with CD18 may also be in-
volved, since anti-CD18 mAb fully inhibited neutrophil up-
take, whereas anti-ICAM-l mAbproduced a 58% reduction in
the response. The activation of neutrophils sequestered in the
TNF.-primed lungs resulted in marked alterations in pulmo-
nary hemodynamics and fluid balance, characterized by vaso-
constriction, increased capillary hydrostatic pressure, in-
creased vascular permeability, and fulminant pulmonary
edema. Wepostulate that TNFa generation in septicemia is a
critical factor mediating neutrophil-dependent acute lung in-
jury through the expression of the endothelial adhesion mole-
cule ICAM- 1 and its interaction with the CD18 integrin on
neutrophils.
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