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Abstract. A technique to quantify tissue fibronectin was developed, using peroxidase-anti-
peroxidase immunocytochemistry and automated scanning light microscopy. This technique
was developed using isolated perfused rat lungs, some of which were subjected to acute oxidant
lung injury. Both injured and control lungs were perfused with solutions containing heterolo-
gous fibronectin. The technique clearly demonstrated differences in the amount of tissue
fibronectin in injured and noninjured lung as well as differences between lungs exposed to
fibronectin and those not exposed. The described technique offers a reliable method for quan-
tifying tissue fibronectin and is sensitive enough to detect differences in tissue fibronectin under
experimental conditions of acute lung injury. © 1988 Society for Experimental Biology and Medicine.

Fibronectin (FN) is a large dimeric glyco-
protein with a molecular weight of about
440,000. The dimer is composed of two sub-
units, mol wt 200,000-250,000, joined by di-
sulfide bonds at the extreme carboxyl termi-
nal end (1). The FN molecule is composed of
several structural domains with regions
which bind to a number of moieties includ-
ing collagen (2), heparin (3), actin (4), DNA
(5), and Staphylococcus aureus (6). There is
also a region which interacts with cell sur-
faces, mediating cell adhesion (7). FN is
found in a soluble form in human plasma in
a concentration of 300 ug/ml (8) and in an
insoluble form in basement membranes and
extracellular matricial structures of most tis-
sues (9).

Fibronectin probably functions as an ad-
hesive protein mediating cell-to-cell (10) and
cell-to-substrate (11-13) adhesion. The im-
munoelectron microscopic localization of
FN to endothelial cell junctions, endothelial
cell basal lamina, and the interstitial space
(14) suggests that cellular FN may be crucial
in maintaining the integrity of endothelial
and epithelial barriers. The alveolar-capil-
lary unit of the lung is an example of a struc-
ture whose integrity may be dependent upon
intact FN. The demonstration, in vitro, of
FN’s susceptibility to degradation by neutral
proteases released by neutrophils (15) sug-
gests that such degradation in vivo could rep-
resent an important mechanism in the devel-
opment of increased alveolar-capillary per-

meability seen in many forms of acute lung
injury. Furthermore, the demonstration that
human plasma FN, when administered in-
travenously to mice, is distributed in tissues
in a pattern indistinguishable from native
mouse tissue FN (16), suggests the possibility
that plasma FN could restore depleted or de-
graded tissue FN. Such restoration could
have a propitious effect on tissue integrity
and organ function.

Current techniques for quantification of
tissue FN (17, 18) require extraction of FN
from the tissue and therefore give no infor-
mation about the its distribution in the tis-
sue. We have used a technique combining
peroxidase-antiperoxidase (PAP) immuno-
cytochemistry and automated scanning light
microscopy to quantify the changes in lung
FN in isolated perfused lungs subjected to
oxidant injury.

Our results indicate that (i) this technique
can be used to quantify FN in lung tissue, (ii)
FN was released from the lung tissue after
oxidant injury and, (iii) exogenous plasma
FN was taken up with increased avidity by
the injured lung tissue when compared to
controls.

Materials and Methods. Animals and sur-
gical procedures. An isolated perfused rat
lung model was used. Male Sprague-Dawley
rats, weighing 250-300 g, were anesthetized
with 7.2% chloral hydrate (1 cc/100 g) intra-
peritoneally and anticoagulated with 1000
units of intravenous heparin. The trachea
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was cannulated and animals were ventilated
with a Harvard volume ventilator at a tidal
volume of 1 ¢c/100 g, a rate of 60 breaths/
min, and a positive end expiratory pressure
of 2 cm H,0. The heart, lungs, and abdomi-
nal cavity were exposed by a midline ventral
incision and the abdominal aorta and infe-
rior vena cava were severed. The heart was
transected through the right and left ventri-
cles and a catheter, primed with perfusate,
was secured in the pulmonary artery. The left
atrium was then severed. The trachea and
lungs were removed and hung in a humidi-
fied 37°C chamber. Perfusate was contin-
uously recirculated from a 200-ml reservoir.
The lungs were perfused with warmed
(37°C), preoxygenated buffered Krebs-
Ringer solution (0.1% B-D-glucose, 4.5% bo-
vine serum albumin), at a rate of 20 ml/min.
The bovine serum albumin used (Sigma
Chemical Co., A7906) was free of FN con-
tamination, as determined by ELISA. Pul-
monary artery pressures, airway pressures,
and lung weights were continuously mea-
sured and recorded.

The perfused lungs were treated in one of
four ways:

(1) Group I (control) (n = 3). Lungs were
perfused for 60 min with Krebs-Ringer
buffer solution only.

(i1) Group II (oxidant injury) (n = 7). After
a 15-min baseline period, 1 mg of glucose
oxidase was added to the perfusate. Perfusion
was continued until lung weights reached
twice the baseline value.

(iii) Group III (control + FN) (n = 5).
Lungs were perfused as in the control group.
Human plasma FN (Revlon, Yonkers, NY)
was added to the perfusate at 15 min
to achieve a final concentration of 200
ug/ml. Perfusion was continued for a total
of 60 min.

(iv) Group IV (oxidant injury + FN) (n
= 10). Lungs were treated as in the oxidant
injury group. However, the oxidant reaction
was stopped after lung weights were in-
creased by 15% over baseline values by add-
ing 1 mg catalase in 0.01 A phosphate-buf-
fered normal saline (PBS, pH 7.0-7.2) to 200
ml perfusate. Human plasma FN was then
added to the perfusate to yield a final con-
centration of 200 pg/ml. Perfusion contin-
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ued until lung weights reached twice baseline
values.

Tissue preparation. Lungs from the four
groups were fixed by pulmonary arterial per-
fusion with 96% ethanol at 4°C followed by
immersion in 96% ethanol at 4°C. Two
transverse cuts were made through the right
lateral lobe and the left lobe of the fixed lung
tissue, and the samples were left in fixative
for an additional 12 to 24 hr at 4°C. Tissues
were dehydrated in two [-hr changes of 100%
ethanol followed by two 1-hr changes in xy-
lene. Tissues were infiltrated with paraffin
(Surgipath Medical Industries, Inc., Grays-
lake, IL) with a melting point of 56-57°C for
1 hr at ambient pressure, followed by infil-
tration with the same paraffin in a vacuum
(20 mm Hg) for } hr. Tissues were embedded
in paraffin and tissue blocks stored at —20°C
until sectioning. Six-micrometer-thick sec-
tions were cut and floated on a 40°C water-
bath for 30 sec before being picked up on
gelatin-coated slides. Slides were air dried
and stored at —20°C until processed for im-
munocytochemistry. Slides were deparaffin-
ized in two 5-min changes in xylene, fol-
lowed by two S5-min changes in 100% eth-
anol, two 5-min changes in 95% ethanol, one
5-min change in 70% ethanol, and a distilled
water rinse. Slides were placed in a bath of
0.3% hydrogen peroxide in methanol for 30
min to eliminate endogenous peroxidase ac-
tivity and were then rinsed in distilled water
and three 10-min changes in PBS.

Staining. After dewaxing and rehydration,
sections were processed for immunocyto-
chemistry using the peroxidase—antiperoxi-
dase technique (19). Affinity purified rabbit
anti-human plasma FN IgG, 1 mg/ml
(kindly supplied by Dr. John A. McDonald,
Jewish Hospital, St. Louis, MO), was diluted
1:350 in 0.01 M PBS and gently pipetted
over tissue sections. Slides were incubated at
room temperature in a humidity chamber
overnight and then rinsed in three 5-min
washes of PBS. Excess PBS was blotted from
all areas of the slide except the area contain-
ing the tissue. Affinity purified goat anti-rab-
bit IgG, 4 mg/ml (Miles Scientific, Naper-
ville, IL), was diluted 1:100 in PBS and ap-
plied to sections in the same manner;
sections were incubated at 37°C for 1 hrin a
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humidity chamber followed by three 5-min
rinses in PBS. Rabbit PAP complex was di-
luted 1:200 in PBS and applied to sections
which were incubated in a humidity
chamber for 30 min at 37°C and rinsed in
three 5-min washes of PBS. Peroxidase label-
ing was demonstrated by incubating sections
in a fresh filtered solution of 0.05% diamino-
benzidine (DAB, Sigma Chemical Co.) with
0.001% hydrogen peroxide for 10 min, fol-
lowed by a distilled water rinse. The positive
reaction product formed by the peroxidase
reaction with DAB was recognized as a light
to dark brown color. Slides were not coun-
terstained. Sections were dehydrated in
graded alcohols and xylene and mounted in
Permount. All slides used for final data anal-
ysis were processed in the same batch, which
also contained immunocytochemistry con-
trol slides.

Controls for the immunocytochemistry
included (i) anti-FN antiserum preabsorbed
with 300 ug of antigen per milliliter of di-
luted serum; (ii) PBS substituted for the first-
layer antiserum; (iii) PBS substituted for sec-
ond-layer antiserum; (iv) PBS substituted for
the PAP complex; (v) purified preimmune
rabbit IgG substituted for the first-layer anti-
serum at a dilution of 1:350 in PBS. No spe-
cific staining was observed with any controls.
The absence of staining on basement mem-
brane or cells with the preabsorbed serum
demonstrated that the anti-FN antibody was
specific for FN.

Photometry. All samples were analyzed
using a Zeiss Universal research microscope
(Carl Zeiss, Inc., Thornwood, NY), equipped
with a stabilized high-voltage power supply,
photometer head, and a Hamamatsu photo-
multiplier tube (PMT; R928) which covers
the range between 185 and 930 nm. The light
source was a 100-W tungsten halogen lamp.
The system was interfaced with a Zonax pro-
grammable microcomputer. The area of the
specimen illuminated by the light source was
controlled by the choice of an appropriate
aperture size, and diaphragms determined
the size of the area being measured.

Immunoreactivity to FN was quantified
with an automatic scanning program (Bio-
scan, Carl Zeiss, Inc.). In this mode, the
highest intensity values are selected and set
automatically by the software program at
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100% transmitted light. Amplifier gain and
high-voltage values are automatically con-
trolled by the computer as are the manipula-
tions of the microscope shutters and dia-
phragms. The photometry readings ranged
from 0% intensity (total darkness) to 100%
intensity (bright light). The DAB reaction
product was seen as a brown color, the more
intense the reaction, the darker the color.
The light intensity measured by the photo-
meter was determined by the amount of light
passing through the specimen. The amount
of FN reactivity was directly related to the
density of the reaction product, and inversely
to the amount of light transmitted. One ho-
mogeneous sample area of parenchyma, 0.5
mm? per section, free of large airways or vas-
cular structures, was chosen for scanning. A
measuring field diameter of 1 um was calcu-
lated using a 40X objective, 1.25 tube factor,
and 0.05-mm measuring diaphragm diame-
ter. A total of 1024 point measurements was
made per slide, with 22 um between mea-
surements. The preabsorption staining con-
trol slide was similarly scanned.

To determine which intensity values repre-
sented FN immunoreactivity, random lung
tissue samples from each group were chosen
and quantified using the manual mode. In
this mode, the operator selects the levels of
signal amplification by amplifier gain and
high-voltage settings based on the available
light. A sample was first scanned using the
automatic scanning program. The values for
signal amplification and high voltage were
calculated by the computer in the automatic
mode and displayed on the computer cath-
ode ray screen. These values were then used
to obtain the readings in the manual mode.
The manual mode readings for the sample
were always done immediately after the au-
tomatic readings for the same sample. In this
way, there was less possibility of introducing
errors such as variations in light intensity
and random fluctuations in operator techni-
cal ability.

For the manual mode samples, the entire
section was scanned and 50 point readings
were made, choosing only those points vi-
sually determined to have the darkest PAP
staining and to have unquestionable FN pos-
itive immunoreactivity. These readings were
then used to determine which range of
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FIG. 1. A representative computer generated histo-
gram depicting the results of an automatically scanned
section of uninjured control lung (Group I).

density values represented FN immunore-
activity.

When scanning of a specimen was com-
pleted, the data obtained were displayed
using a histogram program (Fig. 1). A fixed X
axis which displayed the intensity range on a
linear scale with intervals of two intensities
was used. The maximum frequency of the
data points was displayed on the Y axis. A
class listing giving the exact frequency of the
data in a chosen interval and the relative per-
centage of the frequency in each interval was
obtained.
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Statistical analysis. The X* test or paired ¢
test was used to determine statistical signifi-
cance, set at P < 0.05.

Results. Physiologic data. Lungs from
Groups I and III, those perfused with Krebs—
Ringer buffer solution only, showed no
changes in weight, pulmonary artery pres-
sure, or airway pressure during the course of
the perfusion.

Lungs from Groups II and IV, those ex-
posed to high-energy oxygen species gener-
ated by the glucose-glucose oxidase reaction,
developed pulmonary edema, manifest by
significant increases in airway pressure, pul-
monary artery pressure, and lung weight.
There were no significant differences be-
tween Groups II and IV.

Light microscopy. Group I (control). The
architecture of the lungs in this group was
normal. Reaction product was seen at the
luminal surfaces of the alveoli and around
capillaries (Fig. 2).

Group II (oxidant injury). The architecture
of the lungs in this group was slightly dis-
torted. Several areas with dilated lobules
were noted. Individual alveolar walls re-
mained fine and delicate. The staining reac-

FI1G. 2. Group I (control): antifibronectin—-PAP-treated section showing FN positive immunoreactivity

at the luminal surface and around capillaries. X800.
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tion of these samples was generally weaker
than that of the controls. Many alveolar
septa showed no positive staining. Some al-
veoli showed no positively stained capillaries
(Fig. 3).

Group III (control + FN). In this group,
normal lung architecture was preserved. The
FN positive staining pattern was similar to
that in controls, but more intense. Most cap-
illaries were outlined with FN positive stain-
ing. The region of the basement membrane
showed intense immunoreactivity (Fig. 4).

Group 1V (oxidant injury + FN). Lung ar-
chitecture in this group was also slightly dis-
torted with few distended lobules noted. This
group showed the most intense staining reac-
tion. Strong reactions were seen outlining
capillaries and the area of the basement
membrane (Fig. 5).

Analysis of FN immunoreactivity. The
computer software program generated a list-
ing of intensity readings as well as histograms
for each section analyzed. Using the values
obtained from the manually scanned sam-
ples, we determined that the darkest PAP
staining had transmission values =60%. This
was considered unquestionable FN staining.

The 1024 intensity readings from each
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sample were broken down into classes repre-
senting transmission values in the ranges
=40%, 41-60%, 61-80%, 81-100%, and
=101%. The total number of readings within
each range was then calculated for each sam-
ple. All of the data for each treatment group
were then pooled. Figure 6 illustrates the
mean and standard error for the number of
intensity readings that fell within the chosen
ranges. The composite data for each group
are represented in histogram form.

All intensity values recorded for the
preabsorption staining control slide were in
the >61% range, indicating no FN positive
readings.

In Group I (control) the majority of FN
positive values were within the 41-60%
range with a few falling in the <40% range.

Oxidant injury of the lungs in Group II
resulted in fewer intensity readings in the
=40% range and no significant change in the
41-60% ranges compared with uninjured
controls, suggesting a loss of FN.

The uninjured lungs which were exposed
to exogenous FN (Group III) showed an ob-
vious increase in the number of FN positive
readings in both the =40% and the 41-60%
ranges compared with uninjured controls.

F1G. 3. Group II (oxidant injury): antifibronectin-PAP-treated section of oxidant injured lung tissue.
FN positive immunoreactivity is generally weaker than that of Group I controls. X800.
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FI1G. 4. Group III (control + FN): antifibronectin-PAP-treated section showing the distribution of FN
positive immunoreactivity to be similar to but more intense than that in Group I controls. X800.

Oxidant injured lungs exposed to exoge- compared with the uninjured controls
nous FN (Group IV) showed a marked in- (Group I) and the uninjured lungs exposed to
crease in the number of FN positive readings FN (Group III).
in both the =£40% and the 41-60% ranges All treatment groups were compared to the

.

FIG. 5. Group IV (oxidant injury + FN): antifibronectin~-PAP-treated section showing the most intense
FN positive immunoreactivity of all groups. X800.
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FIG. 6. Frequency data are means (+SE) of all intensity readings from all animals in each group.
Intervals were selected on the basis of X? analysis using the manually determined range for FN positive
readings. A preabsorbed control histogram has been included to demonstrate the specificity of FN positive

immunoreactivity.

uninjured control group, and the control
+ FN group was compared to the oxidant
injury + FN group. All groups were found to
be significantly different (P < 0.05).
Discussion. We have described a method
for the quantification of FN in lung tissue

using a combination of immunocytochemis-
try and computerized light microscopy. Prior
studies have used immunohistochemical and
immunofluorescent methods to describe the
distribution of tissue FN. Stenman and Va-
heri (9), using immunofluorescence, demon-
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strated FN in loose connective tissue, around
fat, skeletal muscle, and smooth muscle cells,
and in association with vascular and epithe-
lial basement membranes. Kurkinen ez al.
(20) were able to detect FN deposition during
granulation tissue formation. Rosenkrans et
al. (21) described the distribution of FN in
the developing rat lung using immunocyto-
chemistry, and Du Boulay (22) demon-
strated that FN was present in several human
soft tissue tumors using similar techniques.
While these studies depended on qualitative
methodologies, the technique described in
the current study offers the advantage of
yielding both qualitative and quantitative in-
formation about FN distribution in tissues.

The staining patterns we observed are
consistent with those of other studies involv-
ing lung tissue. Bray (18) was able to detect
FN biochemically in alveolar basement
membrane which was solubilized by enzy-
matic digestion and reacted with anti-FN
antiserum. Stenman and Vaheri (9), using
immunofluorescence, localized FN in alveo-
lar walls around capillaries and basement
membrane of alveolar epithelium, as well
as in basement membrane of trachea and
bronchi. Torikata et al. (14) compared the
distribution of FN in normal and fibrotic
human lung using anti-FN Fab’-horseradish
peroxidase conjugates. Light microscopy in
normal lung showed that bronchiolar and al-
veolar epithelium, smooth muscle, and en-
dothelial basement membranes all stained
for FN. Corresponding ultrastructural stud-
ies of the normal lung showed that basal lam-
ina was the most heavily stained matrix
structure. Rosenkrans et al. (21), using the
PAP method, found FN associated with the
basal lamina and alveolar surface of the adult
rat lung.

The peroxidase-antiperoxidase and im-
munofluorescence methods yield nearly
identical quantitative results in studies using
various tissue antigens (23, 24). Miller et al.
have described an immunofluorescent tech-
nique for quantification of collagen in irra-
diated mouse lung (25). We chose to use the
PAP method because it allowed for conven-
tional light microscopic evaluation, permit-
ting a simultaneous study of morphology
(24). In addition, the PAP method yields a
resolution of intracellular staining superior
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to that of the fluorescent antibody staining
method (23). Furthermore, the PAP method
results in an end product which is stable and
not subject to photobleaching error inherent
to fluorescent staining (23).

Use of the automatic scanning program
made it possible to scan a homogeneous, pre-
cisely defined area within each section of
lung tissue. Each section was scanned in the
same manner and the same number of point
readings was obtained for each section. Au-
tomatic scanning also permitted many more
point readings than would be practical with
manual techniques. Because homogeneity
was a major criterion for choosing the area of
the section to be scanned, it was impossible
to always choose the same portion of lung
tissue for scanning.

The 0.05-mm-diameter scanning dia-
phragm permitted homogeneous point read-
ings to be made in the manual mode. A sin-
gle FN-immunoreactive cell could com-
pletely fill the opening. This small aperture
size was necessary in order to ensure that
incorrect measurements were not made
when establishing the range of FN positive
readings. That is, in establishing the range of
FN positive readings, we did not wish to
measure an area containing both air and a
FN-immunoreactive cell. The small aperture
also minimized incorrect measurements in
the automatic mode.

The ethanol tissue fixation and PAP
method of tissue staining afforded clean sam-
ple staining with little nonspecific back-
ground staining. Chemnitz and Christensen
(26) compared immunoperoxidase staining
for FN in ethanol and formaldehyde fixed
normal and healing arterial tissue. They
found that ethanol-fixed tissue consistently
showed moderate to strong staining inten-
sity, while formaldehyde-fixed tissue re-
quired proteolytic digestion before the same
staining intensity was seen. Szendroi et al.
(27) compared several fixatives and immu-
nohistochemical methods for the detection
of FN in various paraffin-embedded tissues.
They found that 96% ethanol-fixed tissues
resulted in the strongest staining intensity.

Our experimental design was based upon
the likelihood that partially reduced oxygen
species could directly damage FN, resulting
in a loss of FN or FN antigenicity from the
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tissue, or that loss of tissue FN could also be
caused by oxidant damage to other cellular
or matricial components (28). We did find
that lungs subjected to oxidant injury
(Group 1I) demonstrated significantly less
FN staining than uninjured lungs (Group I).
This result is consistent with, and comple-
mentary to, data recently reported by Peters
et al., who described release of tissue FN
from in vitro perfused rabbit lung subjected
to oxidant injury (29). By measuring perfus-
ate FN concentrations, these authors found
that oxidant injured lungs released increased
amounts of FN. Additionally, they demon-
strated that this FN was intact and dimeric
and composed of subunits with electropho-
retic mobility similar to that of FN extracted
from normal human lung tissue. In contrast,
FN recovered from lungs treated with tryp-
sin-containing perfusate contained FN cleav-
age products. While Peters er al. suggested
that the release of intact tissue FN might be
from oxidant stressed endothelial cells, our
findings imply a more widespread loss of tis-
sue FN.

When the pulmonary circulation of non-
injured lungs (Group III) was perfused with a
solution containing heterologous plasma
FN, there was a relatively homogeneous up-
take of FN, similar to that noted by Oh et al.
(16) in vivo. Lungs subject to oxidant injury
before perfusion with FN-containing solu-
tion (Group IV) showed a marked increase in
FN staining compared with uninjured, FN
exposed lungs. Several possible explanations
exist for the increased tissue uptake of FN
after tissue injury. Damage to lung tissue
basement membrane by oxygen radicals may
have resulted in the exposure of additional
FN binding sites. Other possible sources of
increased FN binding sites include injured
endothelial and epithelial cell membranes or
binding sites newly exposed when cells are
separated from each other or their basement
membranes. Alternatively, the increased up-
take of FN may simply be a reflection of
interstitial trapping of FN under conditions
of increased transcapillary flux of water and
solute during oxidant induced pulmonary
edema. In comparing perfused versus non-
perfused rat kidney sections, Courtoy and
Boyles (30) concluded that “the distribution
of fibronectin is largely obscured in nonper-
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fused tissue by significant amounts of plasma
CIG loosely trapped in the extracellular ma-
trix.”” The notion of nonspecific interstitial
trapping of FN in the lung is a plausible but
untested hypothesis.

In conclusion, we have shown that tissue
FN immunoreactivity can be quantified with
a technique combining immunocytochemis-
try and scanning light microscopy. This tech-
nique was used to show that oxidative lung
injury results in a loss of tissue FN. Further-
more, after oxidative lung injury, the injured
lung tissue avidly takes up perfused plasma
FN by a mechanism that has yet to be eluci-
dated. The physiologic implications of these
findings, specifically in regard to the role of
tissue FN in the pathogenesis of acute lung
injury, remain unclear.
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