
Rapid Publication

Intratracheal Instillation of Keratinocyte Growth Factor Decreases
Hyperoxia-induced Mortality in Rats
Ralph J. Panos,* Philip M. Bak,* W. Scott Simonet,t Jeffrey S. Rubin,§ and Lewis J. Smith*
*Pulmonary Divisions, Northwestern University Medical School and Veterans Administration Lakeside Medical Center, Chicago, Illinois
60611; *Amgen, Inc., Thousand Oaks, California 91320; and §Laboratory of Cellular and Molecular Biology, National Cancer Institute,
National Institutes of Health, Bethesda, Maryland 20892

Abstract

Alveolar type II cell proliferation occurs after many forms
of lung injury and is thought to play a critical role in alveo-
lar epithelial repair. Keratinocyte growth factor/fibroblast
growth factor 7 (KGF) has been shown to promote alveolar
type II cell growth in primary culture and alveolar epithelial
hyperplasia in vivo. In this study, we used immunohisto-
chemical analysis to determine the intrapulmonary distribu-
tion and cellular localization of recombinant human KGF
(rhKGF) instilled into the trachea of rats. 6 h after adminis-
tration, immunoreactive KGFwas observed within the lung
parenchyma and along alveolar epithelial cell membranes.
By 18-24 h, KGFwas detected intracellularly in alveolar
epithelial cells and intraalveolar macrophages. Immunore-
active KGF was not demonstrable 48 h after delivery or
in lung sections from PBS-treated animals. Intratracheal
instillation of 5 mg/kg rhKGF stimulated a marked, time-
dependent increase in the alveolar type II cell specific label-
ing index to a maximum level of 33±3% 48 h after rhKGF
administration compared with 1.3+0.3% after PBS instilla-
tion. In addition, this increase in type II cell proliferation
in vivo was documented by flow cytometric analysis of iso-
lated type II cells which revealed a nearly fivefold increase
in the proportion of cells traversing through the S and G2/
Mphases of the cell cycle. To test the hypothesis that KGFs
effects on type II cells in vivo might affect the response to
lung injury, rats were treated with rhKGF and exposed
to hyperoxia. Animals that received 1 or 5 mg/kg rhKGF
exhibited dramatically reduced mortality (P < 0.001, for
both doses). Survival for animals treated with 0.1 mg/kg
rhKGF was not significantly different from either untreated
rats or animals treated with heat-denatured rhKGF. The
lungs of rhKGF-treated animals that survived hyperoxia
exposure had minimal hemorrhage and no exudate within
the intraalveolar space. These experiments established that
intratracheal administration of rhKGF stimulated alveolar
type II cell proliferation in vivo and reduced hyperoxia-
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induced lung injury in rats. Directed delivery of KGFto the
lungs may provide a therapeutic strategy to preserve or
restore the alveolar epithelium during exposure to hyper-
oxia or other injurious agents. (J. Clin. Invest. 1995.
96:2026-2033.) Key words: alveolar type II cell * keratino-
cyte growth factor * proliferation - oxygen

Introduction

Alveolar epithelial cell damage occurs universally in common
respiratory illnesses such as the adult and infant respiratory
distress syndromes as well as radiation- and chemotherapy-
induced lung injury. Evans, Witschi, and others (1-5) have
proposed that the sequence of events in alveolar epithelial injury
and repair is (a) injury and loss of type I cells, denuding the
alveolar epithelial basement membrane; (b) proliferation of al-
veolar type II cells, generating a hypertrophic, hyperplastic epi-
thelium; and (c) differentiation of type II cells into type I cells,
restoring the integrity and gas exchange function of the alveolar
epithelium. If type II cell proliferation and differentiation are
impaired by severe or sustained lung injury, obliteration of the
alveolar space may occur by apposition of the alveolar walls
or accumulation of mesenchymal cells and granulation tissue
within the intraalveolar space (6). Fibrosis ensues, alveolar gas
exchange units are lost, and lung function decreases. Although
alveolar type II cell proliferation has been described after many
forms of lung injury and appears to be a critical factor in alveolar
epithelial repair and maintenance of pulmonary gas exchange
function, the regulation of pulmonary healing processes is not
well understood.

Keratinocyte growth factor/fibroblast growth factor-7
(KGF/FGF-7)' was identified as a fibroblast-derived, heparin-
binding mitogen with activity in vitro restricted to epithelial
cells (7, 8). The unique target cell specificity was a conse-
quence of the KGF receptor, a splice variant of FGF receptor
2 whose expression in cell lines was confined to epithelial cells
(9). These observations led to the hypothesis that KGFfunc-
tioned as a paracrine mediator of mesenchymal-epithelial cell
interactions affecting growth and development. This concept
was supported by a series of subsequent experiments designed
to investigate KGF expression and activity in whole animals
and organ culture systems. In situ hybridization analysis of
embryonic tissue localized KGF transcripts primarily to the
stromal compartment of epithelial tissues, whereas KGFrecep-

1. Abbreviations used in this paper: BrdUrd, bromodeoxyuridine; KGF,
keratinocyte growth factor; rhKGF, recombinant human KGF.
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tor expression was detected in the adjacent epithelial cells ( 10-
12). KGFexpression was induced by testosterone in mesenchy-
mal cells of the neonatal mouse seminal vesicle, where KGF
was shown to mediate androgen-dependent branching of the
glandular structures (13). Systemic administration of recombi-
nant human KGF(rhKGF) to adult rats specifically promoted
epithelial hyperplasia in the lung, mammary gland, liver, and
throughout much of the gastrointestinal tract ( 14-17 ). In addi-
tion, topical administration of rhKGF stimulated epidermal re-
generation in different models of skin injury ( 18, 19). Targeting
expression of a dominant negative KGFreceptor mutant to skin
resulted in epidermal atrophy and delayed reepithelialization of
skin wounds (20). These latter findings were consistent with
an earlier observation of dramatic KGFmRNAinduction after
the creation of full-thickness wounds in mouse skin (21). Thus,
the data strongly suggest that KGF participates in epithelial
growth and repair processes during development and in the
adult.

KGFappears to have a particularly important role as a medi-
ator of epithelial-mesenchymal cell interactions within the
lung. KGF was isolated from the conditioned media of both
fetal and adult lung fibroblasts in culture (7, 22) and was shown
to stimulate alveolar type H cell proliferation in vitro (22).
Transcripts for KGFand KGF receptor were detected in lung
tissue from embryonic and adult animals (10-12, 14).
Branching morphogenesis and epithelial cell differentiation
were blocked in transgenic mice expressing a dominant negative
KGFreceptor in alveolar type II cells (23). These animals died
immediately after birth due to the failure of lung parenchymal
development. Consistent with this result, intratracheal instilla-
tion of KGFin normal rats stimulated alveolar epithelial hyper-
plasia and expression of proliferating cell nuclear antigen ( 14).

Because of its activity in cutaneous wound healing and alve-
olar type H cell proliferation, KGFmay play an important role
in pulmonary repair. As a first step in testing the effect of
rhKGF, we used immunohistochemical analysis to evaluate the
distribution and cellular localization of immunoreactive KGF
delivered to the lung by intratracheal instillation. The prolifera-
tive effect of rhKGF on alveolar type H cells was quantitated
by double-label immunohistochemistry and flow cytometric cell
cycle analysis. Finally, to determine whether rhKGF administra-
tion would alter the response to lung injury, rats were given
rhKGF by intratracheal instillation and exposed to hyperoxia.
rhKGF caused a highly significant, dose-dependent reduction
in hyperoxia-induced lung injury and death.

Methods

rhKGF instillation. rhKGF was expressed and purified as described
previously (14, 24). Adult male Sprague-Dawley rats weighing 150-
250 grams were given rhKGF by intratracheal instillation (25). Briefly,
rats were anesthetized with 87 mg/kg ketamine and 13 mg/kg xylazine
by intraperitoneal injection. Once stage IV anesthesia was achieved,
rats were placed in a supine position and orally intubated with an 18-
gauge catheter under direct vision using a fiberoptic light source. Correct
position of the catheter was ascertained by insufflation and observation
of the chest and abdomen. Sedation was allowed to lighten slightly and
then 3 ml of air and rhKGF in 0.6 ml of PBS were instilled via the
endotracheal catheter with the rat in a vertical position. The catheter
was removed when the animal awakened from anesthesia. Control ani-
mals were given 0.6 ml of PBS by intratracheal instillation and were
processed in the same manner as the rhKGF-treated animals.

Immunohistochemical detection of KGF. To verify that rhKGF was
delivered to the lung parenchyma and to determine the time course of

tissue availability of rhKGF administered by intratracheal instillation,
rats were killed 6, 18, 24, 48, and 72 h after receiving 5 mg/kg rhKGF
or PBS. The lungs were excised, fixed with 10% buffered formalin at
20 cm H20 pressure, and embedded in paraffin. Sagittal 4-jim sections
of the apical, middle, and basal portions of the left lung were incubated
with 9 jig/ml of the IgG purified fraction of rabbit polyclonal antisera
raised against a synthetic peptide corresponding to the carboxy-terminal
sequence of hKGF (26). After washing in PBS, the slides were incu-
bated with biotinylated goat anti-rabbit IgG (Vector Laboratories, Bur-
lingame, CA), followed by streptavidin-alkaline phosphatase enzyme
conjugate (Zymed Laboratories, South San Francisco, CA). After Sigma
Fast" fast red TR/naphthol AS-MX substrate reaction mixture (Sigma
Immunochemicals, St. Louis, MO) was added, the reaction was moni-
tored under the microscope and stopped when the desired staining inten-
sity was reached. The slides were counterstained briefly in hematoxylin
and mounted in aqueous mounting solution. Specificity of the reaction
product was determined by substituting preimmune serum for the pri-
mary antibody or by incubating the purified IgG antibody (9 jig/ml)
with 34 jig/ml of synthetic peptide overnight at 40C before use in the
immunohistochemistry protocol.

Alveolar type II cell specific labeling index. The alveolar type II
cell specific labeling index was determined by double-label immunohis-
tochemistry using antibodies directed against bromodeoxyuridine
(BrdUrd) to detect cells undergoing DNA synthesis, and a murine
monoclonal antibody, 3F9, to identify alveolar type H cells within the
lung parenchyma (27). Either PBS or 5 mg/kg rhKGF was given by
intratracheal instillation and the animals were killed 18, 24, 48, or 72
h later. To determine whether the effect of rhKGF on the alveolar type
H cell specific labeling index was dose dependent, other animals re-
ceived either 0.1 or 1.0 mg/kg rhKGF and were killed at 48 h. 18 h
before death, all rats received 100 mg/kg BrdUrd by intraperitoneal
injection. The effect of rhKGF on type H cell proliferation during hyper-
oxia was determined by giving rats either PBS or 5 mg/kg rhKGF and
exposing them to hyperoxia for 48 h. The hyperoxia exposure was
briefly interrupted (< 15 min) after 30 h for the administration of 100
mg/kg BrdUrd by intraperitoneal injection.

The lungs were excised and fixed in 10% neutral buffered formalin
at 20 cm of water pressure by intratracheal perfusion. Tissues were
embedded in paraffin, and 4-jim sections were cut and mounted on 3-
aminopropyltriethoxysilane-coated slides. After the sections were air
dried, deparaffinized, and rehydrated, they were incubated in 3%horse
serum diluted in PBS for 30 min at room temperature. The slides were
exposed overnight at 4°C to the 3F9 hybridoma supernatant (a generous
gift from York E. Miller, Denver, CO) diluted 1:300 in 3%horse serum.
The slides were then washed and incubated for 1 h at room temperature
with biotinylated horse anti-mouse IgG (Vector Laboratories) diluted
1:200 in 3%horse serum in PBS. After washing in 50 mMTris-buffered
saline (TBS) (135 mMNaCl, 0.05 MTris, pH 7.4), streptavidin-alka-
line phosphatase conjugate (Zymed Laboratories) diluted 1:20 in TBS
was added. The sections were incubated with the new fuchsin/naphthol
AS-MX substrate reaction mixture (12.5 mg naphthol AS-MX phos-
phate [Sigma Immunochemicals], 25 ml 0.05 MTris, pH 8.7, 0.125
ml 4%sodium nitrite, 0.05 ml 5%new fuchsin [Sigma Immunochemi-
cals] in 2 N HCl) and the reaction was monitored. When the desired
intensity was reached, the slides were washed in ddH2O. The sections
were then incubated in 1% H202 dissolved in 0.1% Triton X-100 and
washed in PBS. After incubation in 100 /Lg/ml pronase E (Sigma Immu-
nochemicals) in pronase buffer (0.02 MTris-HCl, 20 mMCaCl2, pH
7.6), the sections were rinsed with pronase buffer. To remove DNA
binding proteins, the sections were incubated in ice cold 0.1 N HCl for
10 min. DNAwas denatured by incubating the slides in 2 N HCl for
30 min at 37°C and then the acid was neutralized with 0.1 M borax,
pH 8.5. The slides were then incubated with the anti-BrdUrd monoclonal
antibody, Bu2Oa (Dako, Carpinteria, CA) diluted 1:50 in 3% horse
serum for 1 h at room temperature. After washing in PBS, horseradish
peroxidase-conjugated goat anti-mouse IgG (Sigma Immunochemi-
cals) diluted 1:75 in 3%horse serum was added for 1 h at room tempera-
ture. The diaminobenzidine-peroxidase reaction product was intensified
using nickel-silver enhancement (28). The reaction was monitored un-
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Figure 1. Immunohistochemical detection of KGFafter intratracheal administration. Rats were given 5 mg/kg rhKGF and KGF immunodetection
was performed as described in Methods. (A) Immunoreactive KGFwas detected within the alveolar interstitium 6 h after intratracheal instillation
(original magnification of 400). (B) By 18 h, KGFwas located intracellularly within alveolar epithelial cells and macrophages as well as in the
interstitium (original magnification of 400). (C) Immunoreactive KGFwas concentrated within intraalveolar mononuclear cells 24 h after intratracheal
instillation (original magnification of 200). (D) When the antibody was incubated with synthetic peptide before use in the immunohistochemical
protocol, no immunoreactive KGFwas detected (original magnification of 200). KGFwas not detectable in lung sections obtained 48 and 72 h
after rhKGF administration or at any time point after PBS instillation (data not shown).

der the microscope and stopped when the desired intensification was
achieved. The slides were counterstained with hematoxylin and mounted
in 90% glycerol.

Type II cells were identified by a maroon apical reaction product
on epithelial cells in the peripheral lung parenchyma, and proliferating
cells were detected by black nuclear staining. The type II cell prolifera-
tion index was calculated as the number of double-labeled cells divided
by the total number of type II cells. At least 400 type II cells were
counted per section.

Flow cytometric cell cycle analysis of isolated alveolar type II cells.
Type II cells were isolated from rats by elastase dissociation and differ-
ential adherence 48 h after the administration of either PBS or 5 mg/
kg rhKGF by intratracheal instillation (29). Cell viability was deter-
mined by vital dye exclusion and the purity of alveolar type II cells
was assessed by the presence of intracytoplasmic inclusions (29). Alve-
olar type II cell purity was > 80%and cell viability was > 90%immedi-
ately after isolation. The freshly isolated cells were fixed in ice-cold
70% ethanol and then incubated with 1 mg/ml RNase A diluted in PBS
at 37°C for 30 min and washed with PBS. They were then resuspended
in 50 pg/ml propidium iodide in PBS for 30 min. The cytokinetic status
of the isolated type II cells was determined by measurement of the DNA
distribution using flow cytometry as described previously (30).

Hyperoxia exposure. Hyperoxia exposures were performed as de-
scribed previously (31-35). This protocol was reviewed and approved

by the Animal Care and Use Committee, Lakeside Veterans Administra-
tion Hospital. Sprague-Dawley rats were exposed to 100% oxygen at 3
liters/min in an airtight chamber. Throughout the exposure, they had
free access to water and food. Drierite (CaSO4) was placed in the
chamber to reduce the humidity and carbon dioxide was removed by
adsorption to soda lime. Animals were carefully monitored four to five
times daily for respiratory distress. Animals experiencing excessive la-
bored breathing (a respiratory rate > 140 breaths/min or gasping, exten-
sion of the neck, and adduction of the forelimbs in a posture of labored
respiration, use of abdominal muscles to assist breathing, or gasping
agonal breathing) were killed by administration of pentobarbital and
exsanguination by transection of the abdominal aorta. Animals surviving
for 120 h in hyperoxia were killed in the same manner and the lungs
excised and fixed for histopathologic examination.

To determine the concentration-dependent effect of KGFon survival
in hyperoxia, groups of animals were given 0.1, 1, or 5 mg/kg rhKGF
by intratracheal instillation. Control animals received either 5 mg/kg
rhKGF that had been heat denatured by boiling for 30 min, which has
been demonstrated to eliminate mitogenic activity in vitro (7, 22, 24),
or were not treated. Between 5 and 11 animals were treated in each
group. Survival data were expressed using Kaplan-Meier product limit
curves which were compared using the log rank test (36).

Antioxidant enzyme assays. Because the induction of antioxidant
enzymes by cytokines has been shown to increase the survival of rats
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Figure 2. (A) Time-dependent increase in the alveolar type LI cell spe-
cific labeling index after the intratracheal instillation of 5 mg/kg rhKGF.
Double-label immunohistochemistry was performed as described in
Methods. The alveolar type II cell labeling index was calculated as the
number of double-labeled cells divided by the total number of type II
cells. The type II cell labeling index was 1.3±0.3% after the intratracheal
instillation of PBS and did not change with time. (B) Light micrograph
demonstrating the double-label immunohistochemical detection of pro-
liferating alveolar type II cells in lung sections obtained from rats 48 h
after intratracheal rhKGF instillation. Alveolar type II cells were de-
tected using the 3F9 antibody and are identified by maroon apical stain-
ing, while proliferating cells that incorporated BrdUrd were detected
using the Bu2Oa antibody and are recognized by black nuclear staining.
Clusters of proliferating alveolar epithelial cells are present in the cor-
ners of the alveoli (original magnification of 200). (C) The double-
label immunohistochemical technique identifies proliferating alveolar
type II cells and discriminates alveolar epithelial cells from mononuclear
cells within the intraalveolar space (original magnification of 1,000).

exposed to hyperoxia (37, 38), we measured whole lung superoxide
dismutase (SOD), MnSOD, Cu/Zn SOD, and catalase enzymatic activ-
ities after the intratracheal instillation of either PBS or 5 mg/kg rhKGF
and exposure to room air or hyperoxia for 48 h. Lungs were homoge-
nized for 60 s in cold hypotonic buffer (5 mMpotassium phosphate,
pH 7.4) using a weight (gram) to volume (milliliter) ratio of 1:25. The
homogenate was centrifuged at 500 g for 10 min, the pellet was dis-
carded, and the supernatant was centrifuged at 20,000 g for 10 min.
Aliquots of the supernatant were assayed for protein, SOD, and catalase.
Protein was quantitated by the method of Lowry and co-workers (39).
SODand catalase were measured spectrophotometrically (31, 40). Data
are expressed as the mean±SE and were compared using a two-tailed
t test (Stat View).

Results

Immunoreactive KGFis detectable within the lung parenchyma
after intratracheal instillation. Immunoreactive KGF protein
was readily detected in rat lung sections obtained from animals
6 h after instillation of 5 mg/kg rhKGF (Fig. 1 A). KGFwas
present within the lung parenchyma, suggesting that the instilled
rhKGF was distributed distally into the intraalveolar spaces
after injection into the trachea. A strong reaction product was
homogeneously localized to the interstitium and both cuboidal
and flattened alveolar epithelial cell membranes. By 18-24 h,
the immunoreactive protein was more heterogeneously distrib-
uted along the basement membrane and was also found within
alveolar epithelial cells and intraalveolar cells (Fig. 1, B and
C). The latter probably were macrophages engaged in the

phagocytic clearance of instilled rhKGF. The staining intensity
was decreased compared with earlier time points. No immunore-
active KGFwas detected 48-72 h after rhKGF administration.
In PBS-treated animals, no KGF was observed. When either
preimmune serum or peptide-absorbed antisera were used in the
immunohistochemistry protocol, no immunoreactive KGFwas
detected in lung tissue sections from rhKGF-treated animals
(Fig. 1 D).

rhKGF administration stimulates type II cell proliferation
in vivo. Intratracheal administration of 5 mg/kg rhKGF induced
a time-dependent increase in type II cell proliferation (Fig. 2).
No effect on the type II cell labeling index was observed up to
24 h after instillation. However, at 48 h, there was a marked
increase in type II cell proliferation with a maximal alveolar
type II cell labeling index of 33±+3% that decreased slightly to
28.8+7% at 72 h. In PBS-treated animals the type II cell label-
ing index was 1.3±+0.3% and did not vary with time after instil-
lation. To determine whether the proliferative response to
rhKGF was dose dependent, rats were given either 0.1 or 1.0
mg/kg rhKGF by intratracheal instillation and killed at 48 h.
The type II cell labeling index was 16.4+1.1% for 0.1 mg/kg
and 24.4+2.4% for 1.0 mg/kg. In addition, alveolar type II cells
were isolated from rats by elastase dissociation and differential
adherence 48 h after the administration of 5 mg/kg rhKGF and
cell cycle analysis performed by flow cytometry (29, 30). The
percentage of cells in the proliferative phases of the cell cycle,
S and G21M, increased from < 5% in PBS-treated animals to
23±+2% after rhKGF administration. Thus, these studies pro-
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vided quantitative evidence that intratracheal administration of
rhKGF induced a dose-dependent increase in alveolar type II
cell proliferation in vivo.

To determine whether rhKGF stimulated type II cell prolif-
eration during hyperoxia, rats were given either PBS or 5 mg/
kg rhKGF and exposed to hyperoxia for 48 h. The type II cell
labeling index was 12.7±3.0% in the rhKGF-treated animals
and 5.0±2.4% in the PBS-treated animals. Therefore, intratra-
cheal administration of rhKGF induced alveolar type II cell
proliferation even with hyperoxia exposure, although the re-
sponse was not as robust as that observed when animals were
maintained in room air.

rhKGF administration decreases hyperoxia-induced mor-
tality. To determine the effect of administration of 5 mg/kg
rhKGF on hyperoxia-induced lung injury, rats were treated by
intratracheal instillation and exposed to hyperoxia for up to 120
h. At necropsy after 120 h of hyperoxia exposure, the lungs
of rhKGF-treated animals appeared grossly normal with few
scattered areas of punctate hemorrhage on the pleural surface
compared with the grossly hemorrhagic lungs of untreated rats
dying between 55 and 80 h of hyperoxia exposure. None of the
animals surviving 120 h of hyperoxia exposure had fluid within
the pleural space, whereas pleural effusions were noted in all
the animals that died during hyperoxia exposure. Histopatholog-
ically, the lungs of untreated animals demonstrated large areas
of hemorrhage and interstitial edema (Fig. 3 A). The intraal-
veolar space contained red blood cells, inflammatory cells, and
proteinaceous exudate. In contrast, there was no intraalveolar
exudate and minimal evidence of hemorrhage in the lungs of
the animals treated with rhKGF who survived for 120 h in
hyperoxia (Fig. 3 B).

rhKGF at doses of 1 and 5 mg/kg significantly decreased
hyperoxia-induced mortality (P < 0.001, for both doses)
whereas survival for animals treated with 0.1 mg/kg rhKGF was
not significantly different from either untreated rats or animals
treated with heat-denatured rhKGF (P = 0.32 and P = 0.44,
respectively) (Fig. 4).

Antioxidant enzyme assays. To determine whether rhKGF-
induced survival during hyperoxia exposure was mediated by
an induction of whole lung antioxidant enzyme activity, rats
were treated with either 5 mg/kg rhKGF or PBS and exposed
to room air or hyperoxia for 48 h and whole lung enzyme
activity was measured. rhKGF treatment did not affect whole
lung specific catalase activity either after room air or hyperoxia
exposure (Fig. 5 A). After room air exposure, total SODand
MnSODactivities were decreased in the rhKGF-treated animals
compared with the PBS-treated group (P < 0.01 and P < 0.02,
respectively) but there were no significant differences after hy-
peroxia exposure (Fig. 5 B). In PBS-treated animals, there was
a significant decrease in whole lung specific Mn SODactivity
from 2.03±0.14 to 1.27±0.18 U/mg protein after hyperoxia
exposure (P < 0.02) whereas, in the rhKGF-treated animals,
there was no significant difference between room air and hyper-
oxia exposed animals, 1.36±0.15 vs. 1.02±0.27 U/mg protein,
respectively (P = 0.33). Thus, based upon these studies, intra-
tracheal rhKGF instillation did not increase whole lung specific
activity of these antioxidant enzymes.

Discussion

In this report we demonstrated that rhKGF instilled into the
trachea was distributed distally into the lung parenchyma and
localized to alveolar epithelial cells and alveolar macrophages.

Figure 3. (A) Micrograph of a lung tissue section from a rat dying of
hyperoxia-induced lung damage demonstrating widening of the alveolar
septae and intraalveolar hemorrhage, exudate, and inflammatory cells
(hematoxylin and eosin stain, original magnification of 400). (B) In
rats that were treated with 5 mg/kg KGFby intratracheal instillation
and survived 120 h of hyperoxia exposure, the alveolar parenchyma
appeared normal and there was only minimal intraalveolar hemorrhage
and no exudate (hematoxylin and eosin stain, original magnification of
400).

rhKGF induced a dose- and time-dependent increase in alveolar
type II cell proliferation which was quantitated by double-label
immunohistochemistry. The alveolar type II cell specific label-
ing index reached a maximal level of 33 ±3%48 h after adminis-
tration of 5 mg/kg rhKGF and was 25-fold greater than in PBS-
treated animals. In another series of experiments, intratracheal
administration of rhKGF markedly reduced the incidence of
mortality in rats exposed to hyperoxia for 5 d. However, this
protective effect could not be attributed to an increase in the
activity of catalase or either total or Mn SODbecause rhKGF
instillation did not increase these enzyme activities in whole
lung after 48 h of room air or hyperoxia exposure. These studies
provided detailed quantitative evidence that KGFwas a potent
mitogen for alveolar type II cells in vivo and established that
intratracheal administration of this factor could dramatically
increase the survival of rats exposed to hyperoxia.

Interestingly, immunoreactive KGF was detectable only
after the administration of rhKGF even though the KGF tran-
script is relatively abundant in normal lung tissue ( 10, 12, 14).
Weand others have not been able to detect endogenous KGF
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protein in any normal tissue using currently available reagents

(our unpublished observations). Low steady state levels of na-

tive KGF, sequestration on proteoglycan and consequent mask-
ing of antigenic epitopes, or protein extraction or denaturation
during tissue processing may explain the inability to detect the
endogenous protein by immunohistochemistry. To our knowl-
edge, the only previous report of KGF immunohistochemical
detection was in the epidermis of transgenic mice overex-

pressing KGFunder direction of the keratin 14 promoter (41).
Immunoreactive KGFwas detected in rat lung sections at

the earliest time point surveyed, 6 h after administration, and
was no longer evident 48 h after delivery. In contrast, although
the alveolar type H cell specific labeling index was not increased
in animals killed 24 h after rhKGF instillation, BrdUrd labeling
was markedly elevated in animals killed at 48 and 72 h. Because
the rats were injected with BrdUrd 18 h before death, the in-
crease in DNAsynthesis, while beginning after 24 h, was sus-

tained for more than 54 h after rhKGF administration. This
initial lag was probably due in part to the time required for
rhKGF to contact its cell surface receptor. In addition, our previ-
ous studies (22) showed that serum was required for rhKGF-
induced DNAsynthesis in type II cells in vitro, suggesting that
cofactor(s) may be required for rhKGF-induced alveolar type

II cell proliferation in vivo. Stimulation of cellular proliferation
also may necessitate overcoming negative regulatory factors
such as contact inhibition that account for the quiescence of
type II cells in normal adult rat lung.

The alveolar epithelial proliferative response has been used
to quantify the severity of alveolar epithelial damage (42).
Hyperoxia causes extensive destruction of the alveolar epithelial
cell lining in monkeys (43) and in humans (44). Although some

investigations have not shown significant evidence of alveolar
epithelial cell damage in rats exposed to hyperoxia (45), other
ultrastructural studies have demonstrated disruptions of the al-
veolar epithelium (46). In rats exposed to hyperoxia for a short

ier

_Figure 4. Intratracheal rhKGF in-
stillation decreases hyperoxia-in-
duced mortality in rats. Rats were

treated with 0.1, 1, or 5 mg/kg
KGF, 5 mg/kg heat-denatured
KGF, or not treated and exposed to
hyperoxia as described in Methods.
Hyperoxia-induced mortality was
significantly reduced by 1 and 5
mg/kg rhKGF (P < 0.001). Sur-
vival for animals treated with 0.1
mg/kg rhKGF was not signifi-
cantly different from either un-
treated rats or animals given heat-
denatured rhKGF (P = 0.32 and P
= 0.44, respectively); survival for
animals treated with heat-dena-
tured rhKGF was greater than for
untreated animals (P < 0.01 ). Sur-
vival data were expressed using

100 Kaplan-Meier product limit curves

roxia (h) and compared using the log rank

duration and then allowed to recover in room air, there was a

2.5-fold increase in the number of type II cells determined by
ultrastructural morphometric analysis (47) and a 5-fold increase
in the alveolar type I cell specific labeling index (Panos, R. J.,
and P. M. Bak, unpublished observations). The demonstration
of type I cell proliferation after limited hyperoxia exposure
was consistent with the proposed reparative response of the
alveolar type II cell in healing of the alveolar epithelium. Com-
bined with our observation that rhKGF instillation stimulated a
robust alveolar type I cell proliferative response, these findings
provided impetus to use the rat hyperoxia model in studying
the potential effects of KGFon lung injury.

Administration of rhKGF before hyperoxia exposure sig-
nificantly improved survival of rats in a dose-dependent manner.
Other investigators have shown that endotoxin, IL-1, or TNF
also prevents hyperoxia-induced lung injury in rats (48-50).
These effects were believed to be mediated by an induction in
Mn SODexpression which increased 2 d after administration
of endotoxin or either of these cytokines (37, 38, 51, 52). In
our studies, rhKGF administration did not augment catalase,
or total, Mn, or Cu/Zn SODactivity 48 h after intratracheal
instillation and exposure to either room air or hyperoxia. Intra-
tracheal instillation of rhKGF may affect Mn SODactivity at
other time points or only within a subset of cells such that its
effect might not be detected in an analysis of whole lung tissue.
In addition to their stimulation of MnSOD, IL-I and TNF also
have been shown to induce KGFmRNAexpression in cultured
human fibroblasts (53, 54). Thus, the enhanced survival of rats
treated with these cytokines may also have been due to elevated
expression of endogenous KGF in the lung. Alternatively, it is
unlikely that trace amounts of endotoxin in bacterially expressed
KGF could account for the increase in survival that we ob-
served. Analysis of the recombinant protein preparation showed
no evidence of endotoxin (Simonet, W., unpublished data), and
the decreased survival of animals treated with boiled rhKGF
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Figure 5. Intratracheal rhKGF instillation does not increase whole lung
specific antioxidant enzyme activities. Groups of four rats received either
5 mg/kg rhKGF or PBS and were exposed to either room air or hyper-
oxia for 48 h. Whole lung antioxidant levels were measured as described
in Methods. (A) There was no significant difference in whole lung
specific catalase activity between rhKGF-treated and PBS-treated ani-
mals after either room air or hyperoxia exposure. (B) After room air
exposure, total SODand Mn SODactivities were decreased in the
rhKGF-treated animals compared with the PBS-treated group (*P
< 0.01 and tp < 0.02, respectively), but there were no significant
differences after hyperoxia exposure.

was consistent with heat-labile KGF (7, 22, 24) rather than
heat-stable endotoxin (55) being responsible for the protective
effect described in this report. Heat-denatured KGF provided
partial protection against hyperoxia-induced mortality. This ef-
fect may have been due to partial renaturation of the KGF
protein after intratracheal instillation, proteolytic degradation of
the instilled denatured KGFinto biologically active fragments,
or other protective effects of the heat-treated KGFon alveolar
type II cells or other cells.

Wepropose that type II cell proliferation induced by KGF
contributed to the improvement in survival after hyperoxia ex-

posure. Recombinant KGFadministered by intratracheal instil-
lation is a potent mitogen for alveolar type II cells in vivo. If, as

proposed by Witschi (3, 5), healing of the alveolar epithelium
requires type II cell proliferation, intratracheal administration
of rhKGF could preserve alveolar epithelial continuity by accel-

erating the alveolar type H cell proliferative response. In addi-
tion, replicating type II cells may be more resistant to the delete-
rious effects of oxygen as occurs in the neonatal rat (56, 57).
Independent of its effect on proliferation, KGF may promote
the survival of epithelial cells by upregulating the expression
of molecules like bcl-2 that are thought to inhibit cell death by
reducing oxidant damage (58). Preliminary experiments sug-
gest that KGFreduced oxidant-induced DNAdamage in type
II cells in vitro (59). KGF may also alter the differentiated
function of alveolar type II cells including the synthesis and
secretion of surfactant and surfactant proteins (Panos, R. J., and
P. M. Bak, unpublished observations). Furthermore, because
immunoreactive KGFwas detected along both the flattened and
cuboidal alveolar epithelial cells after intratracheal instillation,
KGFmay have a direct cytoprotective effect on type I cells as
well.

Endogenous KGF in the lung probably functions as a ho-
meostatic agent to maintain or restore the alveolar epithelium
after lung injury. Webelieve that the administration of rhKGF
reinforces the activity of endogenous KGFto ensure the integ-
rity of the alveolar epithelium through the stimulation of type
II cell proliferation and, potentially, other effects on alveolar
epithelial cells that would promote their survival. The directed
delivery of KGFto the lungs may provide a therapeutic strategy
to enhance alveolar epithelial repair during lung damage due to
hyperoxia or other injurious agents.
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