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Exposure to high levels of inspired oxygen leads to
respiratory failure and death in many animal models.
Endothelial cell death is an early finding, before the
onset of respiratory failure. Vascular endothelial
growth factor (VEGF) is highly expressed in the lungs
of adult animals. In the present study, adult Sprague-
Dawley rats were exposed to >95% FiO,, for 24 or 48
hours. Northern blot analysis revealed a marked re-
duction in VEGF mRNA abundance by 24 hours,
which decreased to less than 50% of control by 48
hours. In situ hybridization revealed that VEGF was
highly expressed in distal airway epithelial cells in
controls but disappeared in the oxygen-exposed ani-
mals. Immunohistochemistry and Western blot anal-
yses demonstrated that VEGF protein was decreased
at 48 hours. TUNEL staining demonstrated the pres-
ence of apoptotic cells coincident with the decline in
VEGF. Abundance of VEGF receptor mRNAs (Flt-1 and
KDR/FIK) decreased in the late time points of the
study (48 hours), possibly secondary to the loss of
endothelial cells. We speculate that VEGF functions as
a survival factor in the normal adult rat lung, and its
loss during hyperoxia contributes to the pathophysi-
ology of oxygen-induced lung damage. (AmJ Pathol
1999, 154:823-831)

Supplemental oxygen therapy has marked beneficial ef-
fects in the treatment of numerous cardiorespiratory dis-
eases, but oxygen use is limited by direct toxicity. Severe
pulmonary damage from exposure to high levels of in-
spired oxygen has been well documented in animal mod-
els. For example, rats exposed to >95% FiO, are asymp-
tomatic for 48 hours, but the animals then develop
pulmonary edema and respiratory failure that progresses
to death within 72 to 96 hours."? Endothelial cells have
been identified as early targets of hyperoxia-induced
lung damage.® Although there has been significant focus
on the role of free radicals as direct mediators of oxygen

toxicity,* the exact mechanisms of early endothelial cell
death have not been defined.

Cell death can occur as a result injury or as part of
normal tissue changes. For example, apoptosis is part of
normal development and is important in tissue remodel-
ing.® Recently, apoptosis has been implicated in some
pathological processes, including acute lung injury.® The
regulation of apoptosis is complex. In vitro, withdrawal of
a growth factor is a well recognized trigger for apoptosis
in many cells, including endothelial cells,” and these
growth factors are frequently referred to as survival fac-
tors. The potential consequence of the loss of normal
levels of growth factors in vivo has not been extensively
addressed.

Vascular endothelial growth factor (VEGF) is an endo-
thelial-cell-specific mitogen and potent angiogenic factor
that is highly abundant in the lung.® In developing lung,
the pattern of expression of the VEGF receptors suggests
a role in the formation of the pulmonary circulation,® but
the function of the large reservoir of VEGF present in the
normal adult lung is not known. There are five different
molecular weight human isoforms of VEGF of 206, 189,
165, 145, and 121 amino acids, which are generated by
alternative splicing. VEGF,o5 and VEGF, 44 are highly ba-
sic and bind heparin with great affinity, whereas VEGF .,
is non-heparin-binding, acidic, and freely diffusible. The
heparin-binding capabilities of VEGF,45 and VEGF, 45 are
intermediate.’®"" In rats, only three subtypes have been
identified so far having 188, 164, and 120 amino acids,
respectively. The abundance of the splice variants varies
in different organs, but the biological significance of this
finding is not known.'?

VEGF binds to two tyrosine kinase receptors, Flt-1 and
KDR (murine Flk), which are found predominantly on
endothelial cells.’® KDR/FIk mediates the endothelial mi-
togenic response; however, the role of Flt-1 is not clear. In
the presence of KDR/FIk, Flt-1 can augment the mito-
genic response to VEGF, and it has been implicated in
the chemotactic responses of monocytes.'® The recep-
tors appear to be coordinately up-regulated with VEGF;
for example, in tumors hypoxia/ischemia leads to in-
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creased expression.’® The effects of hyperoxia on the
expression of Flt-1 and KDR/FIk has not been examined.

Hypoxia has been well established as a powerful stim-
ulus for increasing the abundance of VEGF mRNA in
many tissues and cells through both transcriptional and
stability pathways.’®'” We reported that hypoxia is a
potent inducer of VEGF mRNA in ovine pulmonary artery
smooth muscle cells in vitro."® Tuder et al demonstrated
up-regulation of VEGF and the VEGF receptors in rats
exposed to acute and chronic hypoxia.'® Although hyp-
oxia is clearly an important stimulus for VEGF, hyperoxia
has not been as well studied, but recent work suggests
that it leads to decreased levels of VEGF. For example,
exposure of newborn rats to hyperoxia resulted in de-
creased levels of VEGF in the retina with subsequent
endothelial cell death.?® We have previously examined
rats exposed to >95% FiO, and found that there was a
significant decrease in lung VEGF mRNA as early as 24
hours, before the onset of clinical symptoms.?’

In the present study, we hypothesized that exposure to
hyperoxia would decrease the expression of VEGF in the
lung and, furthermore, that the loss of VEGF during hy-
peroxia may be an important part of the pathophysiology
of hyperoxia-induced respiratory failure. We studied the
effects of exposure to hyperoxia on the expression of
VEGF in rat lungs, including examination of the localiza-
tion of both mMRNA and protein, expression of Flt-1 and
KDR/FIk, and appearance of apoptosis. We found that
VEGF mRNA and protein decreased during early expo-
sure to hyperoxia. Additionally, the abundance of mRNA
for Flt-1 and KDR/Flk also decreases, although not as
early in the time course. Although the animals were clin-
ically asymptomatic, apoptotic cells appeared in the lung
tissue by 24 hours.

Materials and Methods

Animal Exposure to Hyperoxia

Adult male Sprague-Dawley rats (250 g) were kept in
standard plastic chambers with continuous access to
food and water. For oxygen exposure, chambers were
placed inside an incubator with oxygen or room air flow-
ing at 10 L/minute. Temperature and humidity were mon-
itored and adjusted as needed. Groups of five to six rats
were exposed to room air or >95% FiO, for 24 or 48
hours. Animals were examined every 12 hours and at
the end of the experimental period killed with inhalation
of CO..

Tissue Harvesting and Processing

Immediately after death, the chest was opened, the left
atrium was cut, and 30 ml of normal saline was injected
into the right ventricle to perfuse the pulmonary circula-
tion free of blood. The trachea was cannulated, the lungs
were inflated, and a portion of the lung was clamped,
excised, and fixed in cold 4% paraformaldehyde in phos-
phate-buffered saline (PBS). The remaining lung was
frozen in liquid nitrogen for RNA isolation. Tissues were

fixed in paraformaldehyde overnight at 4°C and then
dehydrated through serial ethanols of 70%, 90%, 95%,
and 100% for 1 hour each. Tissues were then processed
through xylene and embedded in paraffin. Five- to six-
micron-thick sections were cut and placed on positively
charged slides (Super Frost Plus, Fisher Scientific, Pitts-
burgh, PA).

Cloning of cDNA for VEGF, KDR, and Flt-1

A rat 448-bp VEGF cDNA fragment was generated by
reverse transcription polymerase chain reaction (RT-
PCR) using rat lung RNA as a template and previously
reported primers and conditions'®22 (upper primer, 5'-
GAAGTGGTGAAGTTCATGGA-3’; lower primer, 5'TTGT-
CACATCTGCAAGTACG-3').

Briefly, PCR was performed at 94°C for 4 minutes and
then 45 cycles of 94°C, 52°C, and 72°C, followed by 72°C
for 10 minutes. A 660-bp KDR cDNA fragment was gen-
erated using RT-PCR with primers constructed from the
known sequence for human KDR. (GenBank accession
number U93306) (antisense primer, 5-TCCATTGGC-
CCGCTTAACGGT-3'; sense primer, 5'-CAGATC-
TACGTTTGAGAACCTC-3', with RNA from human liver as
a template). A 740-bp Flt-1 cDNA fragment was gener-
ated using RT-PCR with primers constructed from the
known sequence for rat Flt-1 (GenBank accession num-
ber D28498) (antisense primer, 5-CCACGACCCCCT-
TCTGGTTGGT-3'; sense primer, 5'-GAATCCTTCATCCT-
GGATTC-3', using rat lung RNA as a template).®® A rat
VEGF, g5 cDNA fragment was cloned using primers iden-
tical to the 5" end, 5'-ATATAAAGCTTGCACCCACGACA-
GAAGGGGAG-3’, or complementary to the 3’ end (5'-
ATATAGAATTCTCACCGCCTTGGCTTGTCACA-3"  with
RNA from rat lung as a template).>* The isolated DNA
fragments from the above reactions were cloned into
pGEM-T vectors, and orientation of each of the generated
cDNAs was confirmed by sequencing.

Probes

For Northern analyses, riboprobes were synthesized to
detect VEGF, KDR/Flk, and Flt-1 mRNA expression using
the constructs described above as templates and the
appropriate RNA polymerase (SP6 or T7). These probes
were labeled with [>2P]JUTP to a specific activity of 2 X
10° cpm/ug (UTP-800 Ci/mmol; New England Nuclear,
Boston, MA). For in situ hybridization, digoxigenin-labeled
sense and antisense VEGF riboprobes were generated
using the DIG RNA labeling kit (Boehringer Mannheim,
Indianapolis, IN) according to the manufacturer’s speci-
fications. For RNAse protection assays, VEGF,g5 and
murine B-actin riboprobes were labeled with [*?P]JUTP as
described above.

RNA Isolation and Analysis

Total RNA was isolated from frozen lung specimens ac-
cording to standard techniques using a cesium chloride
gradient and ultracentrifugation.'®22 Ten micrograms of



RNA per lane was run overnight into a 1% agarose/2.2
mol/L formaldehyde gel at 20 V. RNA was transferred to
nitrocellulose filter (Nitro Plus, Micron Separations, West-
boro, MA) in 10X SSC (1X SSC = 150 mmol/L NaCl, 15
mmol/L sodium citrate) and immobilized on the filter with
ultraviolet cross-linking at 1200 J (UV Strata Linker, Strat-
agene, La Jolla, CA). The blots were prehybridized for a
minimum of 2 hours at 42°C in 50% formamide, 250 ng/ml
sheared salmon sperm DNA, 1X Denhardt's, 50 ng/ml
poly(A), 0.1% sodium dodecyl sulfate (SDS), and 5X
SSC. Blots were probed at separate times for both VEGF
and the VEGF receptors, KDR/FIk and Flt-1, with labeled
riboprobe added to blots at a concentration of 2 x 10°
cpm per ml of hybridization solution, and hybridized for
18 hours at 63°C. Blots were washed in 0.1X SSC and
0.1% SDS and then exposed to phosphorimager plates
for 4 hours. Results were quantified using Molecular Dy-
namics Phosphorimager (Sunnyvale, CA) with Image-
Quant software. To normalize for loading, blots were also
probed for cyclophilin expression. 82°

In Situ Hybridization

In situ hybridizations were done using previously de-
scribed techniques.?? Briefly, lung biopsy tissues were
dewaxed through xylene and hydrated with decreasing
concentrations of ethanol. The tissue was post-fixed in
4% paraformaldehyde in PBS for 20 minutes and treated
with proteinase K (20 pwg/ml in 50 mmol/L Tris, 5 mmol/L
EDTA) for 7.5 minutes at 37°C. The sections were treated
again with 4% paraformaldehyde in PBS and acetylated
(100 mmol/L triethanolamine, 25 mmol/L acetic anhy-
dride). After dehydration through ethanol, the sections
were hybridized at 55°C for 18 hours with digoxigenin-
labeled sense and antisense probes at a concentration of
10 ng/ml (~300 ng per section). After hybridization, the
slides were washed in 5X SSC, 10 mmol/L dithiothreitol at
50°C followed by 2X SSC containing 100 mmol/L dithio-
threitol, 50% formamide at 65°C for 20 minutes. The
sections were then treated for 30 minutes with RNAse A
(20 pg/ml; Sigma Chemical Co., St. Louis, MO) in 10
mmol/L Tris, 5 mmol/L EDTA, 0.5 mol/L NaCl at 37°C.
After washing in 2X SSC and 0.1X SSC for 30 minutes
each at 65°C, the digoxigenin-labeled probe was de-
tected immunohistochemically (nonradioactive detection
kit, Boehringer Mannheim), and tissues sections were
counterstained with Mayer’s hematoxylin.

RNAse Protection Assay

RNAse protection analyses were performed using the
RPA I Kit (Ambion, Austin, TX) according to the manu-
facturer’'s specifications. Briefly, radiolabeled VEGF,gq
and B-actin riboprobes were synthesized as described
above, gel purified on a 5% acrylamide/8 mol/L urea gel,
and eluted overnight. Samples of total RNA (10 ng) from
all of the experimental animals were co-precipitated with
molar excesses of riboprobes and then hybridized to
completion (>16 hours) at 45°C in a hybridization buffer
provided in the kit. Single-stranded RNA was removed by
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digestion with RNAse (RNase A+T1 combined) at a
1:100 dilution for 30 minutes at 37°C, followed by precip-
itation in the manufacturer’s buffer. After the pellets were
resuspended in the manufacturer's gel loading buffer,
samples were denatured, and the protected species
were separated on a 5% acrylamide/8 mol/L urea gel in
1X Tris-buffered ethanolamine for 3 hours at 200 V. The
gels were then adhered to filter paper, exposed to the
Molecular Dynamics phosphorimager, and analyzed us-
ing ImageQuant software. Molar ratios were calculated to
adjust for differences in signal intensity as a result of size
of the band.

RT-PCR

RT-PCR was performed to identify splice variants of
VEGF using primers and conditions described above
with RNA from rat lung biopsy tissue specimens of ani-
mals exposed to room air or 24 or 48 hours of >95% FiO.,.
The primers flank the regions containing all exons and
thus should identify all splice variants that are present. In
addition, a pair of L19 ribosomal protein-specific oligo-
nucleotides primers were used as an internal standard.?°
Upper primer was 5'-GGAGAGATGAGCTTCCTGCAG-
3’, and lower primer was 5'-TCACCGCCTTGGCTTGT-
CACA-3'".

Immunohistochemistry

Tissue sections were dewaxed through xylene, placed in
100% ethanol, and then incubated in methanol/30% hy-
drogen peroxide to quench endogenous peroxidase. The
slides were then hydrated through graded ethanol, fol-
lowed by three washes in PBS. Normal goat serum (Bio-
genex, San Ramon, CA) was then applied to sections for
30 minutes to block nonspecific binding. Rabbit poly-
clonal VEGF antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) at a dilution of 1:50 was applied to tissues for
2 hours at room temperature, and normal rabbit serum
was used on additional sections at the same concentra-
tion as a negative control. Tissues were washed in PBS
and then treated with biotinylated anti-rabbit immuno-
globulins (Biogenex) as a secondary linking antibody and
labeled with peroxidase-conjugated streptavidin (Bio-
genex). Diaminobenzidine chromogen was used to visu-
alize the antibody, and tissues were counterstained with
Mayer’'s hematoxylin for 2 minutes and then dehydrated
through serial ethanols.

TUNEL Staining

Apoptosis was detected in rat lung tissues using TUNEL
staining. Briefly, apoptotic fragments were detected by
adding digoxigenin-labeled nucleotides with terminal de-
oxynucleotidyl transferase using the ApopTag kit (Oncor,
Gaithersburg, MD) according to the manufacturer’s in-
structions. Tissues were counterstained with methyl
green. Sections from rat testis were used as a positive
control.
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Western Blot Analysis

Frozen lung tissue was homogenized in lysis buffer (150
mmol/L NaCl, 10 mmol/L HEPES, 1 mmol/L EDTA, 0.5
mmol/L phenylmethylsulfonyl fluoride, 0.6% Nonidet
P-40). Samples were sonicated for 15 seconds and then
centrifuged at 3000 rpm at 4°C for 15 minutes. Superna-
tants were transferred to clean tubes, and total protein
was determined with BCA protein assay (Pierce, Rock-
ford, IL). Forty micrograms of protein was separated on a
12% SDS gel run at 200 V for 50 minutes, 50 mA initially,
ending with 20 mA. Proteins were transferred to ECL
Hybond membrane (Amersham, Aylesbury, UK) for 1
hour at 100 V. Nonspecific binding was blocked by soak-
ing overnight at 4°C in Tris-buffered saline plus 5% nonfat
dry milk, and membranes were washed twice in Tris-
buffered saline containing 0.5% Tween 20. The mem-
branes were then incubated with anti-VEGF antibody
1:200 (Santa Cruz) for 1 hour at room temperature, fol-
lowed by three washes. After incubation with secondary
antibody (anti-rabbit IgG horseradish peroxidase conju-
gate, 1:5000), immunoreactive proteins were detected
using the ECL Western blotting detection system (Amer-
sham). Three to four samples from each group were
analyzed.

Data Analyses

Results for each of the Northern blots were corrected for
loading and normalized to control for each experiment.
Mean and SEM were calculated for each experimental
group. Data from experimental groups were compared
using nonparametric statistics (Mann-Whitney) with a P
value of less than 0.05 considered significant.

Results

Clinical Observations of Animals

All animals were observed every 12 hours during the
exposure period to either room air or supplemental oxy-
gen. There were no signs of respiratory distress in any of
the animals during these interim observation periods, and
all continued to be asymptomatic at the completion of the
time course.

Expression of VEGF mRNA in Rat Lungs
Northern Analysis

Total RNA from rat lung biopsy specimens was as-
sessed by Northern analysis using a 2P-labeled VEGF
riboprobe (Figure 1). VEGF mRNA was constitutively ex-
pressed in the control rat lung with a predominant band
at approximately 3.7 kb. After 24 hours of exposure to
>95% FiO,, VEGF mRNA abundance was significantly
decreased, and after 48 hours of exposure, mRNA abun-
dance was less than 50% of control (Table 1; n = 6).

Figure 1. Northern blot analysis of VEGF mRNA from rat lung tissue. VEGF
was expressed in control tissue and significantly decreased after exposure to

hyperoxia (10 ug of total mRNA per lane). C, control; 24, 24 hours >95%
FiO,; 48, 48 hours >95% FiO,.

In Situ Hybridization

To localize the expression of VEGF mRNA abundance
in lung tissue after hyperoxic exposure, digoxigenin-la-
beled sense and antisense VEGF probes were used, and
similar to the results of the Northern analyses, in situ
hybridization revealed a decrease in VEGF mRNA abun-
dance. In tissue biopsy specimens from control animals,
VEGF mRNA was abundant and localized to distal epi-
thelial cells (possibly Type Il cells; Figure 2A). In the rats
exposed to 24 hours of >95%FiO,, there was a notice-
able decrease in expression of VEGF mRNA (Figure 2B),
and after 48 hours of exposure to >95%FiO,, VEGF
mRNA was almost undetectable (Figure 2C). No hybrid-
ization was seen with sense probes (data not shown).
Tissue was examined from four to five animals in each

group.

RT-PCR

To examine for the presence of the splice variants,
RT-PCR was performed. The results suggested that
VEGF,g, and VEGF, g5 were the predominant mRNAs
expressed in the rat lungs, both control and those ex-
posed to hyperoxia (data not shown). To better assess
the abundance of the splice variants, RNAse protection
assays were done.

RNAse Protection Assay

RNAse protection assays were done using a VEGF g4
riboprobe. This riboprobe would generate a single pro-
tected fragment of 564 bp when hybridized to VEGF g4
RNA, bands of 341 and 151 bp when hybridized to
VEGF,4,4, and bands of 341 and 19 bp when hybridized
to VEGF,,,. All RNAse protection assays demonstrated
the anticipated fragments of 564, 341, and 151 bp, con-
firming the presence of VEGF, g5 and VEGF g, in all sam-

Table 1. Abundance of VEGF and VEGF Receptor mRNA
after Exposure to Hyperoxia
Exposure to >95% FiO,
Baseline 24 hours 48 hours
VEGF 1 0.68 = 0.07* 0.48 = 0.08*
Flt-1 1 0.84 £0.13 0.46 = 0.06~
KDR/Flk 1 0.85£0.14 0.58 £ 0.07*

RNA abundance was corrected for loading and normalized to
baseline.
*P < 0.05 (n = 6).
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Figure 2. In situ hybridization for VEGF mRNA using digoxigenin-labeled
probes. A: Control. Multiple positively stained cells (arrowheads) are seen in
the distal airway epithelium. B: Exposure for 24 hours of >95% FiO,. Only
a few positive cells are seen compared with control tissue. C: Exposure for
48 hours of >95% FiO,. VEGF mRNA expression can no longer be identified.
Magnification, X200.

ples (Figure 3). The 19-bp band is likely to be too small to
be detected, so it is not possible to quantify the abun-
dance of VEGF,,,, although the 341-bp band presum-
ably contains both of the smaller isoforms of VEGF. Cor-
recting for the size of the fragments, we found no
differences in the ratios of VEGF, g5 to VEGF,5, during
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Figure 3. RNAse protection assay using VEGF, g riboprobe showed a similar
distribution of protected bands of 564, 341, and 151 bp in RNA from lung
tissue of both control animals and animals exposed to 24 or 48 hours of
>95% FiO,. These bands are consistent with the presence of VEGF, g,
VEGF, 44, and possibly VEGF, .

exposure to hyperoxia, although the total amount of RNA
in each sample appeared to decline after exposure to
hyperoxia, as was confirmed by Northern analysis. In our
samples, VEGF, 45 constituted 28.0% of the total RNA in
control animals, 28.7% in animals exposed to >95%FiO,
for 24 hours, and 28.6% after 48 hours of >95%FiO..

VEGF Protein in Rat Lungs

In tissue from control animals, VEGF immunoreactivity
was present not only in the distal airway epithelium but
also in proximal epithelial cells (Figure 4, A and B). Lung
biopsy tissue from animals exposed to >95% FiO,, for 24
hours still demonstrated VEGF immunoreactivity in the
bronchiole and peripheral epithelium, perhaps at a
slightly decreased intensity (data not shown). However,
in tissue specimens from rats exposed to >95%FiO, for
48 hours (Figure 4, C and D) there was a marked reduc-
tion of VEGF protein both in the large and small airways.
There was no staining present with control serum (data
not shown).

Western blot analyses identified two proteins bands
consistent with VEGF, 44 and VEGF,g,, with VEGF,4, be-
ing most abundant. After 24 hours of exposure to hyper-
oxia, some but not all tissues showed a decrease in VEGF
proteins. However, in tissue from animals exposed to 48
hours of hyperoxia, VEGF,g5 was decreased to 47% of
control levels and VEGF, g, decreased to 75% of control.

Apoptosis in Rat Lung

To determine whether cell death by apoptosis was oc-
curring during exposure to hyperoxia, TUNEL staining
was performed on the same tissues. There were no pos-
itively stained apoptotic cells noted in any of the lung
biopsy tissue specimens from control animals (data not
shown). Apoptotic cells were easily identified in cells of
the peripheral lung from all of the rats exposed to 24 or 48
hours of >95%FiO, (Figure 4E). Some of the apoptotic
cells appeared to be endothelial cells according to their
location, but there were also apoptotic epithelial cells.
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The presence of apoptotic cells was confirmed by elec-
tron microscopy (data not shown).

Expression of the VEGF Receptors Flt-1 and
KDR/FIk mRNA in Rat Lungs

After confirming down-regulation of the VEGF ligand, we
explored the possibility of similar regulation of the receptor.

Figure 4. Immunohistochemistry for VEGF protein. A and B: Control. VEGF
immunoreactivity was seen in bronchial and distal epithelial cells. Magnifi-
cation, X200 (A) and X1000 (B). C and D: Exposure for 48 hours to >95%
FiO,. No immunoreactivity in bronchial or distal epithelium. Magnification,
X200 (C) and X1000 (D). E: TUNEL stain for apoptosis. Positive apoptotic
staining is indicated by arrow. Magnification, X1000. a, airway; v, vessel.

All Northern blots were reprobed separately using 3?P-la-
beled riboprobes for the VEGF receptors Flt-1 and KDR/Flk.
Abundance of Flt-1 mRNA was not significantly decreased
after 24 hours of exposure to >95% FiO, but was reduced
to half of baseline after 48 hours of exposure to >95% FiO,
(Figure 5). Similarly, the abundance of KDR/FIk receptor
mRNA was significantly reduced only after 48 hours of
exposure to >95% FiO, (Figure 6; Table 1).



Flt—1 mRNA

C  24h 48h
>95% O,

Figure 5. Summary of Northern blot analyses showing the relative abun-
dance of Flt-1 mRNA in lung tissue from animals exposed to >95% FiO, for
24 or 48 hours (24h and 48h, respectively) compared with mRNA from lung
tissue of control animals (C). Results were corrected for loading and normal-
ized to control. There was a greater than 50% reduction in Flt-1 mRNA after

48 hours of exposure to hyperoxia. n = 6; *P < 0.05.
14
*
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Figure 6. Summary of Northern blot analyses showing the relative abun-
dance of KDR/Flk mRNA in lung tissue from animals exposed to >95% FiO,
for 24 or 48 hours (24h and 48h, respectively) compared with mRNA from
lung of control animals (C). Results were corrected for loading and normal-
ized to control. After 48 hours of exposure to hyperoxia, KDR/Flk mRNA was
reduced to 58% of control value. n = 6; *P < 0.05.

KDR/Flk mRNA

Discussion

Lung injury caused by exposure to 100% oxygen is char-
acterized by loss of microvascular integrity resulting in
accumulation of edema fluid in the alveolar spaces. In rat
studies, the animals are asymptomatic during the initial
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48 hours, but microscopic and tracer studies have re-
vealed the onset of vascular leak before 48 hours, before
the influx of inflammatory cells.?® This early increase in
permeability is accompanied by endothelial cell death,
which may be the critical initiating factor in the subse-
quent massive respiratory failure and death.

There is evidence in human lung disease that apopto-
sis accompanies the development of lung injury. Guinee
et al found that apoptotic cells were present in the ma-
jority of 20 lung biopsy specimens from patients with
diffuse alveolar damage from various causes.® There is
precedent for endothelial cell death as an early trigger in
the pathogenesis of lung injury. Radiation injury to the
lung causes a pneumonitis (after a brief asymptomatic
period) that is characterized by atelectasis, hemorrhage,
capillary leak, and extensive interstitial edema, not dis-
similar from the clinical and histological appearance of
late hyperoxic lung injury. Infusion of basic fibroblast
growth factor prevented the development of radiation-
induced pneumonitis in mice exposed to lethal doses of
whole-lung irradiation, by blocking endothelial cell apo-
ptosis.?” Although this study demonstrated that the ex-
ogenous delivery of an endothelial growth factor could be
protective, they did not examine whether there was loss
of VEGF in the lung.

In the present study, we found that lung VEGF mRNA,
protein and VEGF receptor mRNAs are markedly down-
regulated by exposure to >95% inspired oxygen during
the initial 48 hours of exposure, before the onset of clin-
ical symptoms. In addition, we detected apoptosis in the
lung tissues of the hyperoxic animals, coincident with the
timing of the loss of VEGF. The large reservoir of VEGF
present in the normal adult lung may function as a sur-
vival factor maintaining the endothelial cells. There is
precedent for the loss of VEGF leading to cell death.
Hyperoxia-induced down-regulation of VEGF has been
reported in the rat retina and was associated with death
of endothelial cells by apoptosis.?® Furthermore, the en-
dothelial cell death could be prevented by intraocular
injections of VEGF. Additional evidence for VEGF having
an anti-apoptotic function was established in a recent
study that demonstrated that VEGF could prevent tumor
necrosis factor (TNF)-a-induced endothelial cell apopto-
sis in vitro.?® The idea that airway epithelial cells could
produce a factor that protects endothelial cells was
shown in the work by Wendt et al.?® They found that
conditioned media from type Il cells was found to prevent
TNF-a-induced death of endothelial cells. We speculate
that VEGF is one of the factors made by the type Il cells
in their study that protected the endothelial cells.

Endothelial cells are considered to be the primary
targets of the actions of VEGF; however, there are reports
of effects on other cell types. For example, VEGF treat-
ment prevented radiation-induced apoptosis in both a
human leukemia cell line and normal hematopoietic stem
cells.?® Recent reports have shown that VEGF stimulates
epithelial proliferation in human lung explants, suggest-
ing that in the lung VEGF may be influencing cells other
than endothelial cells.>®° We demonstrated the presence
of VEGF protein in all epithelial cells lining the airways of
control animals and its reduction after hyperoxic expo-
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sure. Whether the loss of VEGF in hyperoxia alters the
survival of epithelial cells as well as endothelial cells
needs further study.

Maniscalco et al have examined neonatal rabbits and
shown that exposure to hyperoxia decreased VEGF after
9 days; VEGF decreased after 4 days in adult animals.®’
The differences in timing of the loss of VEGF in their study
compared with our data may be explained by a combi-
nation of age of animals and species differences. It is
interesting to speculate whether the increased tolerance
of neonatal rabbits to hyperoxia is related to their ability to
maintain VEGF levels. Changes in the abundance of
VEGF receptor mRNAs in the rabbit model were not
examined.

If VEGF is critical to the maintenance of the pulmonary
vascular endothelium, then loss of VEGF receptors could
also contribute to pathophysiology. We found a signifi-
cant decrease in the mRNA abundance of both of the
VEGF receptors, KDR/FIk and Flt-1, although the de-
crease occurred later than the loss of VEGF. The pre-
dominant expression of VEGF receptors is on endothelial
cells, and we speculate that the decreased abundance of
receptor mRNA is related in part to the death of endothe-
lial cells. Some studies have suggested a coordinate
up-regulation of VEGF ligand and receptors during hyp-
oxia,'® so it is possible that hyperoxia also alters receptor
transcription. Immunohistochemistry studies did not
show any decrease in either KDR/Flk or Flt-1 in tissue
from animals exposed to hyperoxia (data not shown).

Hypoxia has been shown to be an important potent
up-regulator of VEGF abundance through both transcrip-
tion and stability.”>~'7 We speculate that hyperoxia de-
creases the abundance of VEGF at least partially by
eliminating any stimulation that is present at lower oxygen
tensions. It is also possible that the decline in VEGF
mRNA abundance represents decreased production of
VEGF secondary to cell death or injury. However, the
changes in mRNA occur very early in the time course
when there is no evidence of significant alteration in the
lung architecture histologically. As VEGF is produced by
numerous alveolar epithelial cells, it seems unlikely that in
the setting of a histologically normal appearing lung, a
significant proportion of alveolar epithelial cells could be
severely injured or dead.

An alternative explanation for the change in VEGF
abundance would be a shift in the prevalence among the
different isoforms to a species that was not recognized by
our methods. However, the probes used in both Northern
analysis and in situ hybridization should have hybridized
with all species of VEGF that have been identified in the
rat. We did explore the possibility of a change in the
relative ratio of the major splice variants and did not find
any evidence for a change in the pattern of isoform
expression during exposure to hyperoxia. This is in con-
trast to a recent report by Watkins et al,*? which demon-
strated a decline in the proportion of VEGF, g4 after hy-
peroxic exposure in neonatal and adult rabbit lungs. In
two previous studies of the effects of hypoxia on the
relative abundance of the VEGF isoforms, no change in
the relative proportions was demonstrated after exposure
to low oxygen tension. %33

In summary, we have demonstrated down-regulation
of VEGF mRNA and protein in rat lung tissues in response
to 24 to 48 hours of hyperoxia. Importantly, the timing of
these findings, although the animals remained clinically
asymptomatic, suggests that there is an opportunity to
provide a therapeutic intervention before development of
irreversible lung damage. Additional studies will be re-
quired to assess the efficacy of providing exogenous
VEGF in the setting of high oxygen exposure to prevent or
attenuate the injury pattern.
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