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TNF-a exposure. Am. J. Physiol. 269 (Lung Cell. Mol. Physiol.
13): L248-1260, 1995.—Endothelial permeability can be al-
tered by tumor necrosis factor-a (TNF-a), a cytokine released
in association with inflammation-induced tissue injury. In the
subendothelial matrix, fibronectin (Fn) influences endothelial
cell adhesion by the interaction of integrins with RGD and
non-RGD attachment sites in Fn. We compared the effect of
TNF-a, RGD-containing peptides (GRGDSP), or antibody to
asBi-integrins on the protein permeability of bovine lung
endothelial monolayers as assessed by transendothelial 125]I-
labeled albumin clearance. We also examined the influence of
purified human plasma fibronectin (hFn) on this permeability
response. TNF-a, RGD peptides, and antibodies to o5B;-
integrins elicited a dose- and time-dependent increase in
protein permeability as well as a reorganization and/or disrup-
tion of the endogenous Fn matrix. A control RGE peptide
(GRGESP) as well as immunoglobulin G purified from nonim-
mune rabbit serum did not increase endothelial protein perme-
ability or disrupt the endogenous fibrillar Fn pattern in the
matrix. Likewise, a LDV peptide derived from the alternatively
spliced type III connecting segment (IIICS) within bovine Fn
(bFn) was unable to increase permeability of the bovine
endothelial monolayer. Co-incubation of purified soluble hFn
(300 or 600 wg/ml) with either TNF-a, the RGD peptide, or the
antibody to azB;-integrins prevented the increase in endothe-
lial permeability. This protective effect was also observed when
the purified hFn (600 pg/ml) was added after the TNF-a-
induced increase in endothelial permeability had taken place.
Immunofluorescent analysis confirmed the incorporation of
the hFn into the subendothelial matrix and its co-localization
with the endogenous bFn. The similar alteration of the
subendothelial matrix after exposure to RGD peptides, anti-
asB;-antibodies, or TNF-q, coupled with the ability for hFn to
attenuate the permeability increase typically elicited by all
three agents, suggests that disruption of cell-matrix interac-
tions may be the mechanism by which TNF-« alters endothe-
lial permeability.
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FIBRONECTIN (Fn), an adhesive 440-kDa dimeric glycopro-
tein consisting of two very similar monomers held
together by disulfide bonds (26), exists in a soluble form
in plasma and lymph and in an insoluble form incorpo-
rated into the extracellular matrix (ECM). Plasma Fn
can enhance the phagocytosis of gelatin-coated particles
by macrophages as well as incorporate into various
connective tissue and blood vessel matrices (4, 26). The
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tissue pool of insoluble Fn is believed to consist of a
mixture of locally synthesized Fn as well as plasma-
derived Fn (26). In the ECM, Fn can influence cell
adhesion to a substratum. The cell binding activity of Fn
in the matrix primarily resides in the Arg-Gly-Asp
(RGD) sequence located within the III-10 module of Fn
(21). This RGD sequence also exists in other adhesive
proteins in the blood, such as vitronectin and fibrinogen.
An alternatively spliced type III connecting segment
domain in human Fn called IIICS, also known as the
variable or V region, contains two non-RGD binding
sites for cell-type specific adhesion. The two active sites
for cell adhesion identified within ITICS of human Fn
are the CS1 site (first 25 residues of ITICS) and the CS5
site (residues 90-109 of IIICS) (12). Endothelial cells
have multiple integrin receptors on their surface that
bind these various RGD and non-RGD “‘cell attach-
ment”’ sites in matrix-localized Fn (17, 21). Such bind-
ing is believed to influence the integrity of the vascular
barrier.

Endothelial permeability in the lung is increased
during inflammation-induced septic lung injury (5, 26),
an event associated with the release of cytokines such as
tumor necrosis factor (TNF-a) from activated mono-
cytes/macrophages (23, 32) in the lung microcirculation
and interstitium. Increased lung endothelial permeabil-
ity during postoperative or posttrauma sepsis is believed
to be mediated by either pulmonary microembolization
secondary to intravascular coagulation, endotoxin-
induced cytokine secretion, or the release of proteases
and/or oxygen metabolites from activated inflammatory
cells sequestered in the lung (23, 26, 32). Such an
increase in lung vascular permeability contributes to the
pathogenesis of pulmonary edema and adult respiratory
distress syndrome in septic surgical and trauma patients
(26). TNF-q, a cytokine released from activated mono-
cytes and macrophages, has been implicated as a media-
tor contributing to inflammation-induced lung vascular
injury (23, 32). Recombinant TNF-a elicits cardiovascu-
lar and pulmonary disturbances similar to those ob-
served during endotoxemia or septic shock (23). More-
over, infusion of antibodies to TNF-a reduces lethality
to severe endotoxemia or bacteremia (32). Indeed, TNF-a
decreases the integrity of the endothelial barrier as
verified by both in vitro and in vivo studies (10, 23, 25,
36, 37).

The adherence of fibroblasts and endothelial cells to a
Fn-containing substratum is disturbed by excess fluid
phase small-molecular-weight peptides containing the
RGD sequence (11, 21). However, the relationship of
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altered endothelial cell adhesion to both transendothe-
lial protein permeability as well as subendothelial ma-
trix integrity has not been investigated. We determined
whether the effect of TNF-a on both lung endothelial
protein permeability and organization of Fn in the
subendothelial matrix could be reproduced by agents
that disrupt cell-matrix interactions. To accomplish this
goal, we compared the effect of TNF-a, RGD peptides, or
antibody against asB,-integrin on both the protein per-
meability as well as the Fn-containing ECM of bovine
lung endothelial cell monolayers. In addition, the effect
of adding purified human fibronectin (hFn) to the
culture medium on the endothelial permeability re-
sponse after exposure to RGD peptides or anti-asp;-
antibodies was compared with the protective effect
observed after adding soluble hFn to TNF-a-treated
monolayers.

METHODS
Endothelial Cell Monolayer

Calf pulmonary artery endothelial cells (CPAE; American
Type Culture Collection CCL-209; Rockville, MD) were grown
in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO,
Grand Island, NY) supplemented with 20% fetal bovine serum
(FBS; Hyclone), nonessential amino acids (10 mm, GIBCO),
penicillin (100 U/ml), and streptomycin (100 pg/ml). The cells
were split 1:2 every fourth day. Experiments were performed
between passages 19 to 23. For transendothelial protein
clearance studies, the endothelial cells were seeded (75,000
cells/well) and grown to confluence (3—-4 days) on tissue
culture-treated Transwell filters (6.5 mm diam, 0.4 um pore
size, Nucleopore Polycarbonate Membrane; Costar, Cam-
bridge, MA).

Because the Transwell filters are opaque, we were unable to
view cells on filters by light microscopy. Accordingly, conflu-
ence was determined as previously documented (36, 37) by
seeding endothelial cells on glass coverslips to which 6.5-mm
chemotactic chambers had been glued. This allowed seeding
densities (75,000) on the glass coverslips to be comparable to
those on the filters. The endothelial monolayer on the glass
coverslips was homogenous and cobblestone in appearance, as
determined by phase-contrast microscopy (data not shown) by
3-4 days postseeding.

Protein Permeability Using the Dual Chamber
Monolayer System

We used the dual-chamber monolayer technique to evaluate
endothelial protein permeability (6, 36, 37). This technique
allows for the measurement of transendothelial albumin flux
in the absence of hydrostatic or oncotic pressure gradients (6).
This in vitro model system consisted of a luminal chamber
containing the tissue culture-ready filter, which was covered
with a confluent monolayer of CPAE cells. A styrofoam collar
around the luminal chamber allowed it to float in a larger
abluminal chamber. This allowed us to maintain the fluid
height in both chambers at the same level to eliminate a
convective flux across the monolayers. The fluid in the ablumi-
nal chamber was stirred constantly during the experiment.
Both chambers were kept at 37°C using a thermostatically
controlled water bath. Previous studies (28) have shown that
this CPAE monolayer model selectively restricts molecules
according to their size, which is very similar to the in vivo
restrictive behavior of the lung vascular barrier to proteins.

Measurement of 125]-labeled albumin clearance (pnl/min) as
described by Cooper et al. (6) was used to quantify the changes
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in the diffusive permeability of albumin across the endothelial
monolayers. In this procedure, we added 25 ml of low glucose
DMEM supplemented with 0.5% bovine serum albumin (BSA)
to the abluminal chamber. We removed the medium from the
luminal chamber after exposure of the endothelial monolayer
to either TNF-a, synthetic peptides, or antibody to as8;-
integrins, and then added 200 pl of the same BSA-containing
DMEM solution that was in the abluminal chamber, as well as
the 125I-albumin tracer. To measure albumin clearance, we
collected 400-pl aliquots of the medium from the abluminal
chamber every 5 min over a 60-min interval and assayed for
125] radioactivity using a TM Analytic 1193 gamma counter.

Calculation of Endothelial Albumin Permeability

As previously described (6, 36, 37), the volume of the
luminal chamber that is cleared of the 125I-albumin tracer as it
enters into the abluminal chamber represents the total activ-
ity of the abluminal chamber. The change in clearance volume
during each 5-min interval between sampling points was
calculated by dividing the amount of albumin flux during the
interval by the tracer concentration in the luminal chamber.
The clearance volume of albumin at each time point (V. Alb,) Was
calculated by summing the incremental clearance volumes as
described by the equation

t Vu x AlA);

A i

Vv — E _
Alb, &~ [L]l

where V), is the volume in the abluminal chamber at each time
point, A[A]; is the increase in tracer concentration between
time points, and [L]; is the tracer concentration in the luminal
chamber at each time point. This approach accounts for
changes in the chamber volumes due to sampling, since the
chamber volumes were constant between sampling points. The
change in Vyy, over time (dV,y/dt), which is equal to the
clearance expressed in units of microliters per minute, was
determined as previously described (6, 36, 37) by weighted
least-squares nonlinear regression for all 5-min experimental
time intervals over the 5- to 60-min test period.

Radiolabeled Albumin
Bovine albumin (Sigma, St. Louis, MO) was iodinated with

Nal2?5], using the chloramine-T method as previously described
(36, 37). Five millicuries of 1251 were combined with 100 mg of
albumin. The ?5]-albumin was maintained in dialysis against
phosphate-buffered saline (PBS, pH 7.4) until used. The ratio
of free to protein-bound 125] was determined by using centri-
con 30 microconcentrator filters (Amicon), and we only used
preparations that had <0.5% free 1251,

Human Plasma Fn Preparation

We used purified human plasma Fn (hFn) that was prepared
and provided to our laboratory in a pasteurized and lyophilized
form (RHCG; USV/Armour Pharmaceuticals). This hFn has
been previously used for both in vitro as well as in vivo studies,
including a phase II clinical study in septic and non-septic
surgical patients (26, 27). It enhances the phagocytosis of
gelatin-coated particles by macrophages (26, 27) and retains
its ability to be rapidly incorporated into the ECM of the lung
and other tissues after intravenous injection (4) as well as into
the subendothelial matrix of substrate-attached lung endothe-
lial cells in culture (36).

Antibodies

Protein A-purified rabbit polyclonal antibodies to human
asB1-integrin receptors were commercially obtained (GIBCO
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BRL). This antibody has no cross-reactivity with the human
vitronectin receptor (a,Bs3/Bs), hFn, or other human plasma
proteins, as verified by Western blot analysis. Because this is a
polyclonal antibody, it contains a collection of antibodies to
both the az- and B;-integrin subunits, thus rendering it
capable of cross-reacting with all B;-containing integrins.
Immunoglobulin (Ig) G purified from normal nonimmune
rabbit serum using protein A (Pharmacia; San Diego, CA) was
used as a control. Both IgG preparations were dialyzed against
DMEM before use in the experiments. For the immunofluores-
cent studies, we used rabbit antiserum to bovine fibronectin
(bFn) (Calbiochem, La Jolla, CA), followed by rhodamine-
isothiocyanate (RITC)-conjugated goat anti-rabbit IgG (Cap-
pel Organon Teknika, Durham, NC) and fluorescein isothiocya-
nate (FITC)-conjugated goat anti-human Fn (Cappel Organon
Teknika). To assure specificity of the antibodies and avoid
cross-reactivity, the antibodies to either bFn or hFn were
subjected to affinity chromatography against the opposite
species antigen using either hFn or bFn Sepharose columns,
respectively.

Experimental Protocols

TNF-a. The endothelial monolayers were incubated with
purified recombinant human TNF-a (Cellular Products, Buf-
falo, NY), which had specific activity of 24 X 106 units/mg
protein. To determine the optimal dose of TNF-a required to
elicit a consistent increase in protein permeability, the mono-
layers were first exposed to purified TNF-a at concentrations
of either 100, 200, or 400 units/ml of culture medium (DMEM
containing 5% FBS) for 18 h. Based on the dose-response
experiment, endothelial monolayers were then exposed to
TNF-« at a fixed concentration of 200 units/ml for either 0, 6,
or 18 h to determine the time course for the alteration of
protein permeability. The endothelial monolayers were then
treated with TNF-a (200 units/ml) for 18 h in conjunction
with various concentrations of hFn (5, 10, 25, 50, 100, 300, 600
pg/ml) in the medium. Confluent monolayers not exposed to
TNF-a were also treated with either 50, 100, 200, 300, or 600
pg/ml of hFn alone in the medium for 18 h. Experiments were
also performed to determine if soluble hFn could actually
reverse the TNF-a-induced increase in permeability, after the
endothelial monolayers were exposed to purified TNF-« for 18
h at a concentration of 200 units/ml, since this incubation
time and dose caused a maximal increase in protein permeabil-
ity. In this set of experiments, the TNF-a-containing medium
was removed after 18 h, and fresh medium with or without
purified hFn (600 pg/ml) was added for an additional 6 h
before measuring protein clearance. It should be noted that
the current in vitro protection experiments were an extension
of our previous in vivo studies in sheep on the protective effect
of hFn intravenous therapy on lung protein permeability and
the relationship of plasma Fn levels to lung vascular permeabil-
ity (4, 5, 26, 27). In sheep, the normal plasma Fn concentration
is usually 575-625 pg/ml (5), thus 600 pg hFn/ml culture
medium was selected as our optimal test dose in the current in
vitro studies. For reference, normal human Fn levels are
~300-400 png/ml (27).

Synthetic peptides. Endothelial monolayers were incubated
for 18 h with the RGD-containing GRGDSP peptide (GIBCO
BRL) or the control GRGESP peptide (GIBCO BRL) at a
concentration of either 0.50 or 1.0 mg peptide/ml culture
medium (DMEM containing 0.2% BSA). To determine the
importance of non-RGD cell binding sites in Fn on the
permeability of the bovine endothelial monolayer, the cell
layers were also incubated with the tripeptide LDV, which
corresponds to the active adhesion/attachment site contained
in the CS1 region within the IIICS domain of bFn. The
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tetrapeptide, REDV, a second non-RGD attachment site found
in the CS5 region of the IIICS domain of hFn, is not present in
bFn. Thus an REDV-containing peptide was not used in the
current study.

Anti-asB;. Endothelial monolayers were first incubated for
varying intervals with antibodies against asB;-integrins at a
concentration of 100 pg/ml of culture medium (DMEM contain-
ing 0.2% BSA) to identify the incubation interval that gave the
optimal increase in permeability. In selected experiments, hFn
(600 png/ml) was added in conjunction with the antibody (100
pg/ml) for 24 h.

Dual-Label Immunofluorescence, Indirect
Immunofluorescence, and Differential Interference
Contrast Microscopy

CPAE cells were seeded (280,000 cells/well) on glass cover-
slips in 12-well tissue culture dishes and grown to confluence
(3—4 days). Dual-label immunofluorescence was used to allow
simultaneous detection of endogenous bFn and exogenously
added hFn. The Fn matrix was examined after the CPAE
monolayers were exposed to either the TNF-a, RGD peptide,
RGE peptide, rabbit polyclonal antibody to asB;-integrins, or
the IgG purified from nonimmune rabbit serum. These agents
were added to the confluent monolayers in the presence or
absence of 600 pg/ml hFn.

To examine both the bFn and hFn in the matrix of the
bovine lung endothelial monolayers, the cells were rinsed
three times with PBS (pH 7.4) and fixed in 3.0% formaldehyde
in PBS for 15 min. After fixation, endothelial cell monolayers
were rinsed three times with PBS and the monolayers were
permeabilized with a N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) solution containing 0.5% Triton X-100
on ice for 5 min, followed by three rinses with PBS. The cell
monolayers were then blocked with 2% BSA + 50 mM
glycine + 0.2% Tween 20 in PBS for 1 h. bFn in the matrix was
stained for 1 h using species-specific rabbit antiserum to bFn
(1:100 in PBS). At the same time in the dark, the exogenously
added hFn was detected using FITC-conjugated goat anti-hFn
(1:50 in PBS), which did not cross-react with the bFn. The cells
were washed three times (10 min) with PBS and then incu-
bated for 1 h with RITC-conjugated goat anti-rabbit IgG (1:50
in PBS). Control studies using no primary antibody were
negative. The coverslips were again washed three times (10
min) in PBS and mounted in glycerol gelatin.

The slides were kept in the dark until they were viewed and
photographed at a magnification of x40 with Tmax film
(Eastman Kodak), using a fluorescent microscope (Nikon
microphot SA). The CPAE monolayers were also viewed using
differential interference contrast (DIC) microscopy and photo-
graphed using Tmax film at a magnification of x40 (Nikon
microphot SA). When the endothelial cell layers were stained
for only endogenous bFn after incubation with either TNF-a,
RGD peptide, or antibodies to «sB;-integrins, we utilized
indirect immunofluorescence. For this approach, all proce-
dures were identical to those described above for dual-label
immunofluorescence, except that the FITC-conjugated anti-
body to the hFn was not added to the cells on the coverslips.

DNA Determination

CPAE cells were seeded (280,000 cells/well) in 12-well
tissue culture dishes and grown to confluence (3—4 days). DNA
content was analyzed according to the method of Rago et al.
(22) with minor modifications. Briefly, cells were washed three
times with PBS (pH 7.4) and then 0.5 ml of distilled water was
added to each well and the plates were frozen at —20°C.
Samples were thawed and 0.5 ml of TNE buffer (10 mM
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tris(hydroxymethyl)aminomethane base, 1 mM EDTA, 2 M
NaCl, pH 7.4) was added and mixed thoroughly. A 100-ul
sample was added to 1,900 pl of the TNE solution containing
bisbenzamide (2 pg/ml, Sigma). Fluorescence was measured
using a fluorometer at an excitation of 365 nm and an emission
of 460 nm. Calf thymus DNA (Sigma) was used for standards.
Values are presented as micrograms DNA per well = SE. Each
value represents the average of 4—5 wells.

Statistical Methods

All experiments were performed at least in duplicate. Data
are presented as means + SE. Data were analyzed by one-way
analysis of variance with significance from controls deter-
mined by a Newman-Keuls test. A confidence level of 95% (P <
0.05) was used to establish statistical significance.

RESULTS

We first determined if confluent lung endothelial
monolayers seeded onto tissue culture-ready filters would
display an increment in protein permeability after
TNF-«, similar to the response we observed with TNF-qa,
using endothelial cells seeded onto gelatin-coated poly-
carbonate filters (36, 37). Presented in Fig. 1 is the
protein permeability across the lung endothelial mono-
layers on tissue culture-ready filters, as influenced by
having TNF-a in the culture medium for 18 h at a
concentration of either 100, 200, or 400 units/ml. As
shown in Fig. 1, protein clearance across the normal
confluent lung endothelial monolayer was ~0.03 pl/
min. TNF-« resulted in a significant (P < 0.05) incre-
ment in protein clearance, with a maximal response
observed at 200 units of TNF-a/ml medium. Thus,
although gelatin coating of polycarbonate filters may
facilitate the initial attachment of endothelial cells (36,
37), once grown to confluence on either gelatin-coated
polycarbonate filters or tissue culture-ready filters, the
lung endothelial monolayers display a very similar in-
crease in protein permeability after TNF-a exposure.
Using TNF-a at a concentration of 200 units/ml, we
then observed that TNF-a caused a significant (P <

0 100 200 400
TNF-a (units/ml)

Fig. 1. The effect of human recombinant tumor necrosis factor-a«
(TNF-«) on protein permeability of calf pulmonary artery endothelial
monolayers seeded onto tissue culture-ready wells. Once the cells
reached confluence, the monolayers were incubated for 18 h with
TNF-a at a dose of either 100, 200, or 400 units/ml. Values for protein
clearance (pl/min) represent the means + SE with 9-12 wells/group.
*Significantly (P < 0.05) different from control without TNF-a.
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Fig. 2. Temporal effect of human recombinant TNF-a on protein
permeability of calf pulmonary artery endothelial monolayers. Once
the cells reached confluence, the monolayers were incubated for 0, 6,
or 18 h with TNF-a at a dose of 200 units/ml. Values for protein
clearance (% zero time) represent the means = SE with 7-16
wells/group. Levels are expressed as a % of zero time baseline.
*Significantly (P < 0.05) different from control without TNF-a.

0.05) increase in endothelial permeability equivalent to
at least 100% above baseline, even by 6 h (Fig. 2).

Based on the time- and dose-response findings (Figs. 1
and 2), we used 200 units/ml of TNF-a and employed an
18-h incubation interval in the protection experiments
with hFn. First, we co-incubated the TNF-a (200 units/
ml) and the purified hFn with the confluent endothelial
monolayers for 18 h. As shown in Fig. 3, hFn concentra-
tions of either 300 or 600 pg/ml significantly (P < 0.05)
attenuated the TNF-a-induced increase in protein per-
meability. Next, we added hFn to the medium after
exposure of the endothelial cells to TNF-a to determine
if hFn would also reverse an increase in permeability
already induced by TNF-a. To do this study, TNF-a (200
units/ml) was first incubated with the cells for 18 h and
then the TNF-a-containing medium was removed. New
culture medium containing either 600 wg/ml hFn or no
hFn was then added to the endothelial cell monolayers

* *
— e
Control TNF-a TNF-a TNF-a

Transendothelial Protein Clearance

+ +
Fn (300 pg/ml) Fn (600 pg/ml)

Fig. 3. The ability for soluble human plasma fibronectin (hFn) to
attenuate the TNF-a-induced increase in lung endothelial permeabil-
ity. Once the cells reached confluence, the monolayers were incubated
for 18 h with TNF-a (200 units/ml) either alone or in parallel with the
purified human plasma Fn at two concentrations. Control wells were
supplemented with medium alone for 18 h. Values for protein
clearance (ul/min) represent the means = SE with 4 wells/group.
*Significantly (P < 0.05) lower than TNF-« in the absence of hFn.
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Fig. 4. Effect of adding soluble human plasma Fn to monolayers
already preexposed to TNF-a. Confluent endothelial monolayers were
treated with TNF-a (200 units/ml) for 18 h and then the treatment
was either not removed, removed and replaced with medium contain-
ing 600 pg/ml hFn, or removed and replaced with medium alone for 6
h. Control wells were medium alone for 24 h. Values represent the
means + SE with 3—-7 wells/group. *Significant (P < 0.05) protection
was seen with Fn incubation for 6 h.

for an additional 6 h. With TNF-a alone for 24 h, we
observed an increase in protein clearance that was four
to five times over control baseline values (Fig. 4). As
shown in Fig. 4, after the 18-h incubation with TNF-q,
the subsequent addition of fresh medium without hFn
for 6 h did not reverse the increase in permeability, but
the addition of hFn containing fresh culture medium for
the last 6 h rapidly reversed the abnormal protein
clearance back to control values. Actually, the magni-
tude of the protection when the hFn was added in
parallel with the TNF-a or when the hFn was added
after the TNF-a-induced increase in permeability had
already taken place was very similar.

We then determined the minimum amount of hFn
needed to attenuate the increase in permeability caused
by TNF-o. Figure 5 shows endothelial monolayers co-
incubated with TNF-a and varying concentrations of
hFn for 18 h. hFn at concentrations of 600 and 300

0.12

0.10
Fig. 5. The minimum concentration of
hFn needed to attenuate the increase in
permeability caused by TNF-a. Once
the cells reached confluence, the mono-
layers were incubated for 18 h with
TNF-a (200 units/ml) either alone or in
conjunction with purified hFn at concen-
trations of 5-600 pg/ml medium. Con-
trol wells represented cells exposed to
treatment medium alone for 18 h. Val-
ues for protein clearance (ul/min) repre-
sent the means + SE with 3-12 wells/
group. *Significantly (P < 0.05) lower
than TNF-a without hFn.
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Fig. 6. The effect of soluble hFn on endothelial protein permeability.
Once the cells were confluent, the monolayers were incubated with
various concentrations of hFn for 18 h. Control wells received medium
alone for 18 h. Values for protein clearance (pl/min) represent the
means * SE with 5-7 wells/group.

ng/ml was able to completely attenuate the increase in
permeability. At concentrations of hFn ranging between
25 and 100 pg/ml, protein clearance could be signifi-
cantly (P < 0.05) reduced but not totally normalized to
control levels. At an hFn concentration of 10 png/ml, we
observed a limited but statistically significant (P < 0.05)
protection. When hFn was added at 5 pg/ml, the
protective effect was lost. It is of interest that the
dissociation constant (K;) for the Fn matrix assembly
site is 3.9 x 10~8 M (18), which means that soluble Fn in
the culture medium at a concentration of 10-20 pg/ml
should saturate 50% of all available Fn matrix assembly
sites. The fact that there is partial protection with hFn
at alevel 10 pg/ml is consistent with these K values. To
determine if there is an individual effect of soluble hFn
on the protein clearance of normal endothelial layers in
the absence of TNF-a exposure, varying concentrations
of hFn alone were also added for 18 h to normal
confluent endothelial monolayers (F'ig. 6). No significant
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(P > 0.05) change from control baseline clearance
values was seen with hFn concentrations even up to 600
pg/ml.

Endothelial monolayer integrity on a Fn-containing
substratum is believed to be influenced by the interac-
tion of the cell surface integrins with both RGD and
non-RGD attachment sequences in matrix-localized Fn.
Because we speculated that TNF-a may be exerting its
effects by indirectly causing a change in cell-substrate
interaction, we compared the effect of soluble synthetic
peptides corresponding to both the RGD and non-RGD
sites in bFn on protein permeability. Accordingly, we
compared the permeability response of the monolayer to
both an RGD-containing six-amino acid peptide
(GRGDSP) and a control RGE-containing six-amino
acid peptide (GRGESP). A three-amino acid peptide
(LDV) from the CS1 domain within the IIICS region of
Fn was also examined, since it represents the non-RGD
cell attachment site in bFn. Incubation of the GRGDSP
peptide with the monolayer for 18 h but not the
GRGESP or LDV peptides resulted in a dose-dependent
increase (P < 0.05) in protein permeability (Fig. 7).
Purified hFn added to the medium at a concentration of
either 300 or 600 pg/ml completely attenuated (P <
0.05) the RGD peptide effect on endothelial permeability
(Fig. 8).

To define the importance of the interaction of a5pB;-
integrin receptors with the RGD sequence in matrix-
localized fibronectin on endothelial protein permeabil-
ity, we then evaluated the effect of the antibodies to cell
surface asB;-integrins on monolayer permeability. As
shown in Fig. 9, antibodies against o5B,;-integrins (100
ng/ml) caused a time-dependent increment in endothe-
lial protein permeability. Specificity was apparent, since
IgG purified from nonimmune rabbit serum by protein
A, which we used as a control, did not increase mono-
layer permeability (Fig. 10). Moreover, the increase in
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Fig. 7. Comparative effect of synthetic peptides on lung endothelial
protein permeability. Confluent monolayers were incubated for 18 h
with the peptide LDV derived from the connecting segment (CS)1 site
in the IIICS domain of bovine Fn. RGD-containing peptides (GRGDSP)
and RGE-containing peptides (GRGESP) were also added to confluent
endothelial monolayers for 18 h. All peptides were added at concentra-
tions of 0.5 and 1.0 mg/ml. Values represent the means + SE with 4—9
wells/group. *Significantly (P < 0.05) different from control without
the GRGDSP peptide.
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Fig. 8. The ability for soluble human plasma Fn to attenuate the
RGD-induced increase in lung endothelial protein permeability. Con-
fluent endothelial monolayers were incubated for 18 h with RGD
peptides (0.5 mg/ml) either alone or in combination with human
plasma fibronectin (300 or 600 p.g/ml). Control wells received medium
over the 18-h period. Values represent the means + SE with 4
wells/group. *Significantly (P < 0.05) lower than protein clearance
with the RGD peptide in absence of hFn.

endothelial permeability in the presence of antibodies to
asB,-integrins (100 pg/ml) was completely attenuated
(P < 0.05) if the culture medium was supplemented
with purified soluble hFn at a concentration of 600
wg/ml medium (Fig. 10).

To determine if the increase in protein permeability of
the lung bovine endothelial monolayers was associated
with a disruption and/or reorganization of endogenous
bFn in the subendothelial matrix, we then utilized
immunofluorescence to examine the Fn in the matrix of
treated monolayers. Disruption of the endogenous bFn
matrix was not seen after incubation of the endothelial
cell layer with either the control RGE peptide or the
control IgG molecule purified from nonimmune rabbit
serum (immunofluorescence not shown). In contrast, as
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Fig.9. Effect of polyclonal antibodies against the as8;-Fn integrin on
protein permeability of lung endothelial monolayers. Confluent mono-
layers were supplemented with 100 pg/ml of protein A-purified
immunoglobulin G (IgG) directed against the azB;-Fn integrin and
incubated at 37°C for intervals of 1-24 h. Values represent the
means = SE with 4 wells/group. Control wells received no antibody,
and clearance was assayed after 24 h. *Significantly (P < 0.05)
different than control with no antibody.
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Fig. 10. The ability for purified human plasma Fn to attenuate the
anti-as;B-induced increase in endothelial protein permeability. Conflu-
ent endothelial monolayers were incubated for 24 h with IgG directed
against the asB-Fn integrin (100 pg/ml) either alone or in combina-
tion with human plasma Fn (600 pg/ml). Specificity of the response
was demonstrated by the lack of an increase in permeability by
monolayers incubated with IgG from nonimmune rabbit serum (100
ug/ml) for 24 h, Wells were also treated with hFn alone for 24 h.
Control wells were subjected to only the treatment medium for 24 h.
Values represent the means + SE with 4-12 wells/group. *Signifi-
cantly (P < 0.05) lower than protein clearance with anti-asp; in the
absence of hFn.
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shown in Fig. 11, after incubation of the monolayer with
RGD peptides (Fig. 11C) or polyclonal antibody to the
asB-integrins (Fig. 11D), we observed a disrupted or
reorganized endogenous bFn matrix that was very simi-
lar to that observed after treatment of the endothelial
monolayer with purified TNF-a (Fig. 11B). All three
treatments clearly altered the fibrillar Fn-rich matrix
observed in normal endothelial cell layers examined at
the same time (Fig. 11A4).

When the culture medium was supplemented with
purified hFn (600 wg/ml), incorporation of the hFn into
the subendothelial matrix as well as its co-localization
with the endogenous bFn was clearly apparent by
immunofluorescence, using antibodies specific to hFn.
This response was observed when hFn was added to
monolayers treated with either TNF-a (Fig. 12), RGD
peptides (Fig. 13), or antibodies to asB,-integrins (Fig.
14). When the CPAE cells were examined using DIC
microscopy after treatment with TNF-a, RGD peptides,
or anti-osB-integrins, the presence of gaps or holes
between endothelial cells in the monolayer was readily
observed (arrows in Fig. 15, B, C, and D) in comparison
to normal (Fig. 154). When these same permeability
increasing agents were added to the culture medium in
the presence of purified hFn (600 pg/ml), the gaps

Fig. 11.

Immunofluorescent examination of endogenous bFn in calf pulmonary artery endothelial (CPAE)

monolayers after treatment with TNF, RGD, or anti-asB,-integrins. Confluent monolayers (3—4 days postseeding)
were incubated for 18 h with either TNF-« (200 units/ml} or RGD (0.5 mg/ml). Monolayers were also incubated for 24
h with anti-asp,-integrin (100 ug/m] before the assay. Control monolayers were exposed to medium alone for 24 h.
Cells were permeabilized and the bovine Fn matrix was stained using rabbit antiserum to bovine Fn and rhodamine
isothiocyanate (RITC)-conjugated goat anti-rabbit IgG. A: Fn-rich matrix of normal monolayers. B: TNF-«a treated
monolayers. C: RGD-treated monolayers. D: anti-a;[3)-integrin-treated monolayers. Bar = 40 pm.
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between the cells essentially disappeared and the cell
layer displayed a more flattened and cobblestone appear-
ance (Fig. 15, F, G, and H) analogous to that observed in
normal endothelial monolayers (Fig. 15E).

Exposure of the endothelial monolayers to TNF-«,
RGD peptides, and the antibody to asB;-integrins, at the
times and doses used in the current study, did not cause
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Fig. 12, Localization of exogenously
added hFn in the matrix of CPAE mono-
layers co-incubated with both TNF-o
and hFn. RITC fluorescence specific for
bovine fibronectin antigen (top) and fluo-
rescein isothiocyanate (FITC) fluores-
cence specific for human fibronectin an-
tigen (bottom) are shown. A-C: RITC
fluorescence of CPAE monolayers fixed
and permeabilized at 0, 6, and 18 h,
respectively after treatment of cells with
TNF-a (200 units/ml) + hFn (600 pg/
ml). D-F: FITC fluorescence of the iden-
tical monolayers at 0, 6, and 18 h,
respectively. Bar = 40 pm.

appreciable cell detachment. DNA content for monolay-
ers treated with TNF-a (200 units/ml) for 18 h was
1.23 = 0.07 vs. 1.30 = 0.03 pg DNA/well (P > 0.05) for
controls exposed to only medium. Monolayers were also
treated with RGD peptides (0.5 mg/ml) for 18 h or an
antibody to «sB,-integrins (100 pg/ml) for 24 h before
DNA content was examined. Control monolayers ex-

Fig. 13. Localization of exogenously
added human Fn (hFn) in the matrix
of CPAE monolayers co-incubated
with both RGD peptides and hFn.
RITC fluorescence specific for bFn
antigen (fop) and FITC fluorescence
specific for hFn antigen (botfom) are
shown. A-C: RITC fluorescence of
CPAE monolayers fixed and perme-
abilized at 0, 6, and 18 h, respectively,
after treatment of cells with RGD
peptides (0.5 mg/ml) + hFn (600
ug/ml). D-F: FITC fluorescence of
the identical monolayers at 0, 6, and
18 h, respectively. Bar = 40 pm.

Downloaded from www.physiology.org/journal/ajplung at Glasgow Univ Lib (130.209.006.061) on February 13, 2019.



L256

FIBRONECTIN AND ENDOTHELIAL PERMEABILITY

Fig. 14. Localization of exogenously added hFn in the matrix of CPAE monolayers co-incubated with both
anti-asPi-integrins and hFn. RITC fluorescence specific for bFn antigen (top) and FITC fluorescence specific for hFn
antigen (bottom) are shown. A-C: RITC fluorescence of CPAE monolayers fixed and permeabilized at 0, 6, and 18 h,
respectively, after treatment of cells with anti-asB;-integrins (100 pg/ml) + hFn (600 pg/ml}. D-F: FITC fluorescence
of the identical monolayers at 0, 6, and 18 h. Bar = 40 pm.

posed to medium had 1.21 + 0.03 ug DNA/well, while 0.05) vs. the control value of 1.21 + 0.03 pg DNA/well,
RGD peptide-treated cells had 1.07 = 0.05 pg DNA/well but this would not explain the permeability response,
(P = 0.05). Monolayers exposed to anti-asp, did displaya since adding hFn (600 pg/ml) to the endothelial cell
slight decline in DNA, i.e., 0.9 + 0.04 ng DNA/well (P < layer after the permeability had increased by treatment

Fig. 15. Differential interference con-
trast (DIC) microscopy of CPAE cells
treated with TNF-a, RGD peptides, and
anti-«sp-integrins in the absence (top)
or presence (bottom) of soluble hFn
added to the medium. Confluent CPAE
control monolayers incubated in me-
dium for 24 h (A and E), TNF-« (200
units/ml) for 18 h (B and F), RGD
peptide (0.5 mg/ml) for 18 h (C and G),
and anti-asB,-integrins (100 pg/ml) for
24 h (D and H). Top: those monolayers
not supplemented with hFn; bottom:
those monolayers co-incubated with 600
pwg/ml hFn. Arrows in B, C, and D show
intracellular gaps that appear as flat
oval-shaped regions between the cells.
Bar = 40 pm.
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with anti-asB;-integrins was still able to reverse perme-
ability to normal control levels (data not shown). Thus,
while cell detachment seems not to be the basis for the
large permeability increase, it is very likely that the
strength/magnitude of their attachment to the sub-
strate as well as to each other was altered as confirmed
by our DIC observations showing rounding up of cells
and gaps between cells, a pattern reversed by incorpora-
tion of hFn.

DISCUSSION

Fibronectin, a large-molecular-weight dimeric glyco-
protein, can bind to fibrin, gelatin, heparin, and colla-
gen, and its adhesive properties can influence the attach-
ment of cells to the ECM (26). In the lung, Fn is found in
the subendothelial matrix, under epithelial cells, and in
the interstitial matrix. Such localization is consistent
with its speculated role in influencing endothelial as well
as epithelial cell adhesion to their substrata and the
integrity of the pulmonary alveolar capillary barrier
(29). Septic surgical and trauma patients often display
low levels of plasma Fn, which has been speculated to
contribute to altered lung vascular integrity (26). Such
patients also exhibit a sequestration of activated leuko-
cytes and monocytes in their lung microvascular and
interstitial compartments. The release of proteases
and/or oxygen radicals from such activated inflamma-
tory cells may elicit disruption of the subendothelial
matrix and altered endothelial cell adhesion (26). In
addition, cytokines, such as TNF-q, released from such
activated monocytes and macrophages sequestered in
the lung (32) may also contribute to acute lung vascular
injury (23, 25). Indeed, purified TNF-a is capable of
inducing many of the cardiopulmonary and metabolic
responses seen with endotoxin infusion (32), including
an increase in lung vascular permeability (23) and
perhaps a loss of Fn from the ECM (24, 26, 30). This
concept is supported by the rapid release of Fn contain-
ing the ED domains (ED;-Fn) into the plasma-free
perfusate after oxidant-induced vascular injury of the
perfused rabbit lung (34). This isoform of fibronectin is
typically found in the matrix but barely detectable in
plasma. Release of ED;-Fn from the perfused lung with
vascular injury is not prevented by prior inhibition of
protein synthesis (34) and may actually precede the
increase in lung protein permeability (24).

Alon et al. (3) demonstrated that TNF-a binds to the
NH,-terminal domain of Fn. However, this binding is
observed essentially only when Fn is immobilized on a
substrate and not when Fn is in the fluid phase.
Furthermore, the TNF-a-induced increase in endothe-
lial permeability was both attenuated by co-incubation
of hFn with the TNF-a as well as reversed by adding
hFn after the TNF-a-induced increase in protein perme-
ability had already taken place. Thus the direct interac-
tion of the added soluble Fn with TNF-« cannot readily
explain the protection of the endothelial barrier we
observed. Moreover, reversal of protein permeability to
baseline values after treatment with TNF-a did happen
within 6 h after addition of medium containing soluble
Fn (600 png/ml) but not with the addition of medium
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alone. Interestingly, Goldblum and Sun (10) reported
that when calf pulmonary artery endothelial monolay-
ers were treated with TNF-a (200 units/ml) for 6 h and
then the TNF-a-containing medium was removed, it
took 22 h before such endothelial monolayers could
reverse their abnormally high protein permeability back
to normal. If this effect was due to TNF-a being
immobilized by newly incorporated matrix Fn, a much
longer time period than 6 h would be needed for
permeability to normalize. Perhaps after TNF-a is re-
moved the integrity of the endothelial monolayer can
become normalized only after enough endothelial cell Fn
has been synthesized, secreted, and deposited into the
ECM, a process that may require 18—-24 h to be com-
pleted.

Previous studies have shown that RGD-containing
peptides can inhibit cell attachment as well as elicit cell
detachment from either fibronectin- or vitronectin-
coated surfaces (11, 21). However, RGD peptides did not
inhibit the attachment of cells to collagen or laminin
(11, 13). A four-amino acid-long sequence (RGDS) con-
tained in the Fn molecule appears to be the critical
sequence for this cell attachment activity (21). We
observed that the addition of RGD peptides to endothe-
lial cell monolayers did not cause any detectable endothe-
lial cell detachment from the matrix, presumably be-
cause the cells could still remain attached to other
proteins in the matrix, such as collagen and laminin.
However, the RGD peptides did alter endothelial cell
morphology, resulting in gaps between adjacent endothe-
lial cells as readily observed with differential interfer-
ence contrast microscopy. Excess soluble RGD peptides
in the culture medium may have displaced existing
interactions between RGD-dependent integrins on the
cell surface and RGD attachment sites on proteins
within the matrix, resulting in changing the shape of the
cells, as suggested by our DIC microscopy findings.

The presence of o4B;-integrins on the surface of
human umbilical vein endothelial cells has been recently
described (17); but whether these integrins exist on the
surface of bovine lung endothelial cells is not known.
The a4B;-integrin is the receptor that recognizes both
the CS1 and CS5 domains within the ITICS region of
hFn (12, 14, 17), resulting in a non-RGD dependent
interaction. The tripeptide Lev-Asp-Val (LDV) from the
CS1 site in human, rat, bovine, and avian Fn can block
melanoma cell spreading on a human Fn substrate,
while a control Leu-Glu-Val (LEV) peptide is inactive
(14). The tetrapeptide Arg-Glu-Asp-Val (REDV) derived
from the CS5 site within hFn is also inhibitory for
melanoma cell adhesion and spreading on hFn (17).
Human umbilical vein endothelial cells will attach and
spread on a REDV-grafted substrate, and this interac-
tion can be inhibited by excess soluble REDV peptides
(17); but such a site does not exist in bovine fibronectin.
We initially speculated that a non-RGD site may also be
playing a role in the anti-a;B;-induced increase in perme-
ability, since the polyclonal antibody to the human
asB;-integrin was raised against an immunogen that
contained the B;-subunit. Thus it could bind to other
B1-containing integrins such as a4B,. If disruption of cell
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adhesion to non-RGD binding sites was the basis for the
elevation of permeability, then the synthetic LDV pep-
tide should have caused an increase in protein permeabil-
ity. However, no alteration was observed with the
peptide.

The protective effect relative to protein permeability
we observed is very specific to Fn and apparently
dependent on its incorporation into the subendothelial
matrix (36, 37). Fragments of Fn, such as the 160/180-
kDa fragment, which contain both RGD and non-RGD
dependent cell attachment sites but lack the 27-kDa
amino terminal end, which is required for matrix incor-
poration, cannot attenuate or reverse the TNF-a-
induced increase in endothelial protein permeability (36,
37). Also, alkylation of Fn by N-ethylmaleimide (NEM)
treatment, which limits its ability to interact with
cell-associated matrix assembly sites and become as-
sembled into the ECM (18), blocks its protective effect
on the TNF-a-induced increase in endothelial protein
permeability (36, 37). The specificity of the protective
effect of Fn is further emphasized by the fact that two
other RGD-containing human plasma proteins, i.e.,
vitronectin and fibrinogen, will neither incorporate into
the subendothelial matrix of culture endothelial cells
nor attenuate the TNF-a-induced increase in endothe-
lial permeability (37).

We observed that the typically fine fibrillar Fn net-
work became less uniform and the extracellular fibers in
the ECM were thickened, no longer continuous, and
appeared to have collapsed. This could be due to alter-
ations in integrin function resulting in abnormal cell
adhesion and/or increased release of proteases, result-
ing in matrix degradation. The modulation of integrin
affinities and specificities has been shown to occur in
many systems. For example, during terminal differentia-
tion of human epidermal keratinocytes, the a;B;-
integrin undergoes two regulatory events: the first is a
decreased ability of the integrin to bind Fn, and the
second event, which happens several hours later, is an
actual loss of the integrin from the cell surface (1).
Phosphorylation levels of the B;-integrin have also been
correlated with changes in the affinity of integrins for
both the cytoskeleton and fibronectin (31). The observa-
tions that integrin affinities are not static and can be
modified supports the possibility that TNF-a may be
increasing the permeability of the endothelial barrier by
influencing the affinity of cell-surface RGD-dependent
integrins for attachment sites in the ECM.

TNF-o treatment could also modulate surface expres-
sion of RGD-dependent integrins. For example, Defilippi
et al. (7) demonstrated that treating human umbilical
vein endothelial cells with TNF-a markedly downregu-
lated the ogB;-laminin receptor on the cell surface. This
decreased expression of the agf,-integrin was related to
a decline of ag-mRNA in TNF-a-treated endothelial

cells. However, the expression of the agB;-integrin was
at its minimum level between 48 and 72 h after TNF-a
treatment (7). In the current study, we observed a
maximum change in endothelial monolayer protein per-
meability by 18 h after TNF-a exposure. Thus actual
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loss of agB;-integrins from the cell surface would appear
not to be an explanation for the response to TNF-a
observed in the present study. Treatment of human
umbilical vein cells with the combination of TNF-a and
IFN-vy was clearly shown to decrease surface expression
of Bs-integrins, presumably due to decreased synthesis
of the B3-subunit at the translation level (8). However,
as reported by Defilippi et al. (8), this modification of
integrin expression was only seen when both cytokines
were present, but not with either cytokine alone.

The effect of TNF-a on lung vascular integrity could
be due to protease modification of the extracellular
fibrillar Fn-containing network. TNF-a causes the re-
lease of both urokinase-type plasminogen activator and
metalloproteases from endothelial cells (20, 33). More-
over, RGD peptides themselves as well as anti-asB;-
integrins could potentially stimulate protease secretion
from the endothelial cells. Werb et al. (35) demonstrated
that adhesion of fibroblasts to immobilized Fn peptides
or to immobilized antibody against the as@B;-integrin
induced both collagenase and stromelysin gene expres-
sion, whereas adhesion of fibroblasts to intact Fn did not
induce this response. They suggested that intact Fn may
signal the cell differently than either antibody to the
asB;-receptor or RGD-containing peptides. Our current
findings of a disruption of the endothelial barrier by
TNF-o, RGD peptides, or anti-asB,-integrins, but attenu-
ation of this permeability response with incorporation of
intact Fn into the matrix, is consistent with this con-
cept.

Yang et al. (38) observed that mutant murine em-
bryos, which lacked the expression of the as-subunit,
could still form blood vessels, but many of these vessels
appeared leaky and distended. This suggests that a;B;-
integrins may function in the development and mainte-
nance of normal vascular integrity. However, endothe-
lial monolayer integrity could depend on both cell-cell
interactions as well as cell-matrix interactions. In this
regard, Lampugnani et al. (15), using both confluent
human umbilical vein endothelial cell monolayers as
well as freshly isolated umbilical vein endothelium,
observed that the integrin heterodimer 5B, was located
at cell-cell contact borders, but not at the free edges of
cells in culture. Our current data with lung endothelial
cells as well as the findings of Lampugnani et al. (15)
with umbilical vein endothelial cells demonstrate that
addition of either specific antibodies to osB,;-integrins or
synthetic RGD-containing peptides to confluent endothe-
lial monolayers can alter monolayer barrier function
without causing actual cell detachment (15). Endothe-
lial barrier function also depends on the presence of
intact cadherin-type junctions. Cadherins are important
cell-cell adhesion molecules, and suppression of cad-
herin activity results in dissociation of cells in culture.
Using a monoclonal antibody to an endothelial-specific
cadherin called 7B4, Lampugnani et al. (16) documented
that thrombin, elastase, and TNF-a/yIFn, which in-
crease endothelial permeability, also affect the distribu-
tion of these cadherins on endothelial cell layers. Anti-
bodies to an NH,-cadherin-like protein on cultured
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bovine endothelial cells interfered with calcium-sensi-
tive endothelial junctions (2), providing evidence that
cadherins contribute to the endothelial barrier function.
Whether integrin receptors can actually stabilize cad-
herin-dependent adheren junctions remains to be deter-
mined.

Soluble Fn attenuated both the RGD as well as
asB;-integrin antibody-induced increase in endothelial
permeability. Incorporation of plasma Fn into the suben-
dothelial matrix may have enhanced cell-substrate adhe-
sion to a degree that offset the altered endothelial cell
attachment induced by either the RGD peptides or
asB;-integrin antibodies. From this perspective, perhaps
the content or amount of Fn in the matrix is a major
factor influencing endothelial cell spreading and thereby
the barrier function of the endothelial monolayers. The
hFn appeared to attenuate the increase in permeability
without preventing the reorganization of the endog-
enous bFn in the matrix. This suggests that the ECM
may indirectly modulate barrier function by influencing
endothelial cell shape, cell spreading, and cell-cell adhe-
sion. Our morphological findings of enhanced endothe-
lial cell spreading and increased cell-cell contact after
adding soluble Fn and its incorporation into matrix
support this conclusion.

The cell-dependent incorporation of plasma Fn into
the subendothelial matrix may provide a physiological
mechanism to stabilize the endothelial barrier when the
matrix is disrupted during microvascular or interstitial
inflammation (5, 36). The efficiency of such a protective
mechanism may be influenced by the plasma concentra-
tion of Fn, which is often very low in septic surgical,
trauma, or burn patients with increased in-lung protein
permeability and adult respiratory distress (26). After
its intravenous infusion, soluble intact Fn will incorpo-
rate into the ECM of the lung, liver, spleen, heart, and
other tissues (4, 9, 19, 26). Postoperative bacteremia in
sheep will enhance the plasma disappearance of Fn and
increase its incorporation into the ECM of the lung (4),
perhaps reflecting a homeostatic response to maintain
lung vascular integrity (26). From this perspective, a
ubiquitous cell-dependent Fn matrix assembly process
may maintain a balance between ongoing turnover of Fn
in the ECM and the incorporation of plasma Fn into the
lung subendothelial and interstitial matrices, where it
may influence the lung vascular barrier.

In summary, TNF-a, RGD peptides, and a;B;-integrin
antibodies cause both a disruption of Fn in the matrix
and an increase in lung endothelial protein permeabil-
ity. Human plasma Fn added to the culture medium will
incorporate into the subendothelial matrix and attenu-
ate the increase in protein permeability. Our novel
finding is that matrix disruption and altered endothelial
permeability caused by RGD peptides or antibodies to
asP, as well as the protection elicited by human plasma
Fn is very similar to the response seen after TNF-a. This
suggests that matrix alterations resulting in impaired

interaction between RGD-directed integrins and RGD
sites on Fn incorporated in the matrix may be the

L259

mechanism for the TNF-induced increase in endothelial
protein permeability.
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