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Granulocyte macrophage-colony stimulating factor
(GM-CSF) plays an important role in pulmonary ho-
meostasis, with effects on both alveolar macrophages
and alveolar epithelial cells. We hypothesized that
overexpression of GM-CSF in the lung would protect
mice from hyperoxic lung injury by limiting alveolar
epithelial cell injury. Wild-type C57BL/6 mice and mu-
tant mice in which GM-CSF was overexpressed in the
lung under control of the SP-C promoter (SP-C-GM
mice) were placed in >95% oxygen. Within 6 days,
100% of the wild-type mice had died, while 70% of the
SP-C-GM mice remained alive after 10 days in hyper-
oxia. Histological assessment of the lungs at day 4
revealed less disruption of the alveolar wall in SP-
C-GM mice compared to wild-type mice. The concen-
tration of albumin in bronchoalveolar lavage fluid
after 4 days in hyperoxia was significantly lower in
SP-C-GM mice than in wild-type mice, indicating pres-
ervation of alveolar epithelial barrier properties in
the SP-C-GM mice. Alveolar fluid clearance was pre-
served in SP-C-GM mice in hyperoxia, but decreased
significantly in hyperoxia-exposed wild-type mice.
Staining of lung tissue for caspase 3 demonstrated
increased apoptosis in alveolar wall cells in wild-type
mice in hyperoxia compared to mice in room air. In
contrast, SP-C-GM mice exposed to hyperoxia demon-
strated only modest increase in alveolar wall apopto-
sis compared to room air. Systemic treatment with
GM-CSF (9 �g/kg/day) during 4 days of hyperoxic
exposure resulted in decreased apoptosis in the lungs
compared to placebo. In studies using isolated murine
type II alveolar epithelial cells, treatment with GM-
CSF greatly reduced apoptosis in response to suspen-
sion culture. In conclusion, overexpression of GM-
CSF enhances survival of mice in hyperoxia; this
effect may be explained by preservation of alveolar

epithelial barrier function and fluid clearance, at least
in part because of reduction in hyperoxia-induced
apoptosis of cells in the alveolar wall. (Am J Pathol
2003, 163:2397–2406)

Exposure of mammals to high concentrations of oxygen
for prolonged periods results in noncardiogenic pulmo-
nary edema, acute lung injury, and eventually, death.
Hyperoxia-induced lung injury has become a well-recog-
nized animal model for studies of the pathophysiology of
acute lung injury. Studies of the mechanisms of hyperoxic
lung injury have focused primarily on two cells. Early
studies emphasized the role of pulmonary capillary en-
dothelial cells.1 After early endothelial cell injury, there is
accumulation of inflammatory cells within the vascular
space, and leak of protein-rich fluid into the interstitium.
More recent studies have focused on the role of alveolar
epithelial cells in these models. The alveolar epithelium
provides a very tight barrier to fluid entry into the alveolar
space.2 Alveolar epithelial cells also actively remove salt
and water from the distal airspaces to maintain gas ex-
change.3 After prolonged hyperoxic stress alveolar epi-
thelial cell function is severely impaired, with decreased
barrier function,4 diminished active fluid reabsorption ca-
pacity and Na/K ATPase activity,5 and altered surfactant
protein and lipid accumulation.4,6,7 It is likely that both
necrosis and apoptosis of alveolar wall cells contribute to
hyperoxic lung injury.8

The pathophysiological mechanisms involved in
oxygen-induced lung injury are complex.1 A variety of
experimental manipulations can influence the outcome
ofextended hyperoxia in animal models. Maneuvers that
directly increase pulmonary antioxidant defenses9–11 are
protective; manipulations of pulmonary inflammation, in-
cluding pretreatment with lipopolysaccharide,12 tumor
necrosis factor,13 or interleukin (IL)-1,14 or transgenic
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expression of IL-1115 or IL-1316 can protect rodents from
death because of extended hyperoxia. Growth factors for
alveolar epithelial cells17 and pulmonary endothelial
cells16 also can render mice tolerant of levels of oxygen
that are normally lethal.

Granulocyte macrophage-colony stimulating factor
(GM-CSF) is a potent growth factor originally recognized
for its effects on survival, proliferation, maturation, and
differentiation of hematopoietic cells. It is now clear that
pulmonary GM-CSF plays a central role in homeostasis in
the normal lung. Gene-targeted mice deficient in GM-
CSF (GM-CSF�/� mice) develop alveolar proteinosis18

because of abnormal surfactant turnover.19 These mice
demonstrate increased susceptibility to pneumonia with
bacteria20 and fungi21 because of impaired alveolar mac-
rophage function. Expression of GM-CSF exclusively in
the lungs of GM-CSF�/� mice is sufficient to restore
normal surfactant metabolism and normal host defense
function.20–25

In addition to its predicted effects on alveolar macro-
phages, GM-CSF is a potent growth factor for alveolar
epithelial cells. In vitro, GM-CSF is a mitogen for rat26 or
murine (unpublished observations) alveolar epithelial
cells in primary culture. The present study was under-
taken to determine whether overexpression of GM-CSF in
the lung would impact the response of mice to hyperoxia.
We now report that SP-C-GM mice are relatively tolerant
of extended hyperoxia that is lethal to wild-type mice.
This enhanced survival is a consequence of diminished
apoptosis and preservation of alveolar epithelial cell
function in the face of hyperoxic stress.

Materials and Methods

Animals

Wild-type C57BL/6 mice were obtained from Jackson
Laboratories (Bar Harbor, ME). Bitransgenic mice in
which GM-CSF is expressed exclusively in the lungs,
were generated from GM-CSF-deficient mice by trans-
genic expression of a chimeric gene containing GM-CSF
under the SP-C promoter (SP-C-GM mice).22 The speci-
ficity of the SP-C promoter results in targeted expression
of GM-CSF exclusively by type II alveolar epithelial cells
of these SP-C-GM mice. Founder SP-C-GM mice were
kindly provided by Dr. J Whitsett (Children’s Hospital,
Cincinnati, OH). Although GM-CSF is not detectable by
enzyme-linked immunosorbent assay (ELISA) in bron-
choalveolar lavage (BAL) fluid of normal wild-type mice,
BAL fluid GM-CSF concentration is �100 pg/ml in the
SP-C-GM mice.21 All mice were housed in microisolator
cages under laminar flow hoods in an isolation room of
the Animal Care Facilities at the University of Michigan
and the Ann Arbor Veterans Affairs Medical Center. Mice
were supplied with autoclaved bedding, food, and water.
The Animal Care Committees at the University of Michi-
gan and the Ann Arbor Veterans Affairs Medical Center
approved all procedures.

In Vivo Exposure of Mice to Hyperoxia and
Treatment with rmGM-CSF

For exposure to hyperoxia, mice in microisolator cages
were placed in a Plexiglas chamber (Reming BioInstru-
ments Inc., Redfield, NY). Mice continued to receive food
and water ad libitum. Oxygen from an H cylinder was
administered into the chamber under control of a Pro-ox
device (Reming BioInstruments Inc.) that continuously
measured oxygen tension and adjusted flow to maintain a
steady-state fraction of oxygen of �95%. In selected
experiments mice were treated with rmGM-CSF (9 �g/kg/
day; R&D Systems, Minneapolis, MN) or an equal volume
of mouse serum, given by subcutaneous injection. Mice
were treated daily for 4 days during exposure to hyperoxia.

BAL Fluid Analysis

Mice were euthanized with pentobarbital and the lungs
perfused via the right ventricle until the effluent was free
of blood. The trachea was cannulated and the lungs were
lavaged with a total of 3 ml of phosphate-buffered saline
(PBS) in aliquots of 0.5 ml. The lavage aliquots for each
mouse were pooled and the cell-free supernatant was
collected after centrifugation (400 � g). The concentra-
tion of murine albumin in the BAL fluid was determined by
ELISA (Bethyl Laboratories, Montgomery, TX).

Alveolar Fluid Resorption

The rate of alveolar fluid clearance was determined from
the change throughout time in concentration of radiola-
beled albumin that had been instilled into the distal air-
spaces via the trachea, using standard methods adapted
for mice.27,28 Baseline alveolar fluid clearance was de-
termined in SP-C-GM and wild-type mice . Alveolar fluid
clearance was also measured in both groups of mice
after 80 hours of exposure to hyperoxia.

Preparation of Instillate

The instillate consisted of 5 g/100 ml bovine serum
albumin (Sigma Chemical Co., St. Louis, MO) in Ringer’s
lactate adjusted to 330 mOsm/kg H2O with NaCl to be
isosmolar with mouse plasma, and 0.1 �Ci of 131I-labeled
albumin (Merck-Frost, Montreal, Canada) as the labeled
alveolar protein tracer.

Surgical Preparation

Mice were euthanized by an overdose of pentobarbital
sodium (200 mg/kg i.p.). The trachea was dissected and
cannulated with a 20-gauge, trimmed Angiocath plastic
needle (Becton Dickinson, Sandy, UT). The lungs were
kept inflated with 5 cmH2O of continuous positive airway
pressure and oxygenated with 100% oxygen throughout
the experiment. The body temperature was maintained at
37 to 38°C with an external lamp, as in previous studies.
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General Protocol

In all studies, 13 ml/kg of the instillate was delivered
throughout 30 seconds into both lungs through the tra-
cheal cannula. After 2 and 30 minutes, an alveolar fluid
sample (0.05 to 0.10 ml) was aspirated with a 1-ml sy-
ringe directly connected to the 20-gauge angiocath. The
aspirate was weighed and the radioactivity measured in a
�-counter. Alveolar fluid clearance (percent of instilled
fluid volume) was calculated by measuring the increase
in tracer-labeled albumin (131I-albumin) concentration in
the instilled solution. Because the initial volume of the
instilled solution and the initial and final radioactivity of
the samples were known, alveolar fluid clearance could
be determined by using the following mass-balance
equation: alveolar fluid clearance � (1 � radioactivity in
the instilled sample/radioactivity in the final sample) �
100, where alveolar fluid clearance is expressed as
mean � SD percentage of the initial volume of instillate
that was cleared from the distal air spaces during the 30
minutes. Using this same protocol, pulmonary edema
induced by hyperoxia-mediated acute lung injury was
also quantified by calculating the decrease of the radio-
activity (because of dilution) from the initial instillate in the
sample collected 2 minutes after the instillation.

Lung Histology and Staining for Caspase 3

At appropriate time points, mice were euthanized with
pentobarbital and the lungs perfused via the right ventri-
cle until the effluent was free of blood. For selected
photomicrographs, lungs were fixed in 2% glutaralde-
hyde, dehydrated in ethanol, and infiltrated and embed-
ded in Polybed resin (Ernest F. Fullan, Inc., Schenectady,
NY). Semithin (1 �m) plastic sections were prepared and
stained with toluidine blue stain. For histological scoring
of lung injury, the lungs were removed and inflated first
with air, then with neutral buffered formalin. Paraffin-em-
bedded tissue blocks were sectioned and stained with
hematoxylin and eosin. The extent of histological injury
was scored on a scale of 0, no injury; 1, minimal abnor-
mality on searching; 2, mild alveolar wall edema, few red
cells; 3, severe edema of the alveolar wall, mild alveolar
exudates, red cells in the alveolar space; or 4, extensive
alveolar exudates, obvious alveolar wall disruption. Sec-
tions were scored by an observer blinded to the identity
of the sections. Injury scores are presented as median
values. Staining for activated caspase 3 to detect apo-
ptotic cells was performed according to the manufactur-
er’s protocol (R&D Systems) on deparaffinized lung sec-
tions that had been fixed in paraformaldehyde (4%).

Measurement of Relative Apoptosis and of
Vascular Endothelial Growth Factor (VEGF) in
Lung Homogenates

Mice were euthanized and the pulmonary circulation per-
fused with saline until the effluent was free of blood. The
lungs were removed from the proximal airways with sharp
scissors and homogenized using a Tissue Tearor (Bio-

spec Products, Inc.). After removal of debris by low-
speed centrifugation, histone-associated DNA was deter-
mined by ELISA (Cell Death ELISA; Roche, Indianapolis,
IN) as a measure of apoptosis. VEGF protein in the lung
homogenate was measured by ELISA (R&D Systems).

Isolation and Culture of Murine Alveolar
Epithelial Cells

Murine type II alveolar epithelial cells were isolated by the
method of Corti and colleagues.29 Mice were sedated
with pentobarbital, secured to a dissecting board and
exsanguinated by cutting the inferior vena cava. The
anterior thoracic wall was removed and the left ventricle
was cut with sharp scissors. The pulmonary vasculature
was perfused with normal saline via a direct right ventric-
ular puncture until the lungs were visually free of blood.
The trachea was cannulated with a 20-gauge intravenous
catheter secured with a suture. The lungs were filled with
1 to 2 ml of Dispase (Worthington Biochemical Corp.,
Lakewood, NJ) via a syringe connected to the tracheal
catheter. Low-melt agarose (1%, 0.45 ml prewarmed to
45°C) was infused via the tracheal catheter and the lungs
were suspended in ice-cold PBS for 2 minutes to allow
the agarose to harden in the airways. The lungs then were
immersed in Dispase (2 ml) at room temperature for 45
minutes. The lungs then were chilled again briefly in
ice-cold PBS and transferred to a sterile Petri dish con-
taining Dulbecco’s modified Eagle’s medium with 0.01%
DNase. Using forceps, lung tissue was teased away from
the airways, which were removed. The media and lung
tissue were transferred to a trypsinizing flask and gently
stirred with a magnetic stir bar for 10 minutes. The sus-
pension was filtered successively through 100-, 40-, and
25-�m nylon mesh filters to create a single cell suspen-
sion. The cells were collected by centrifugation, counted,
and resuspended in Dulbecco’s modified Eagle’s me-
dium with biotinylated anti-CD-32 (Fc�R) (0.65 �g/million
cells) and anti-CD-45 (common leukocyte antigen) (1.5
�g/million cells). After incubation at 37°C for 30 minutes,
the cells were pelleted, counted, resuspended in 7 ml of
Dulbecco’s modified Eagle’s medium, and added to pre-
washed streptavidin-coated magnetic particles. The mix-
ture was incubated for 30 minutes at room temperature
with gentle rocking. The tube then was attached to a
magnetic separator for 15 minutes to remove bone mar-
row-derived cells. Cells not bound with magnetic parti-
cles were recovered from the tube with a glass pipette,
pelleted, and suspended in culture media. Viability was
�97% by trypan blue exclusion. The cells were plated
overnight in 60-mm culture plates. The nonadherent cells,
including type II alveolar epithelial cells, were recovered
and counted. Viability was �97% by trypan blue exclu-
sion. These cells were �95% vimentin-negative. The per-
centage of vimentin-positive cells is similar to what we
have achieved using a widely accepted isolation of rat
type II cells described by Dobbs and colleagues.30 For
suspension culture, cells were suspended in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
calf serum, penicillin, and streptomycin, and cultured in
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Teflon containers at 1 � 106 cells/ml at 37°C in an atmo-
sphere of 7% CO2 in air.

Statistical Methods

Survival data are compared using chi-square analysis. In
other experiments, data are expressed as mean � SEM
and compared by t-test (two groups), or by analysis of
variance with the Neuman-Keuls multiple range test
(more than two groups). Ordinal data are evaluated by
the Kruskal-Wallis test. All tests are performed using the
InStat software program (version 3.01; GraphPad Soft-
ware, San Diego, CA). Data are considered statistically
significant if P values are �0.05.

Results

Survival of Wild-Type and SP-C-GM Mice in
Hyperoxia

When wild-type C57BL/6 mice were placed in an atmo-
sphere of �95% oxygen, 100% of the mice had died by
day 6 in hyperoxia (Figure 1). Mice surviving beyond day
3 were clearly impaired, with limited movement, hunched
backs, and burrowing behavior. In contrast, SP-C-GM
mice demonstrated remarkable tolerance to hyperoxia.
All of the SP-C-GM mice remained alive after 6 days in
�95% oxygen, when control mice were all dead. After 10
days in hyperoxia, 70% of the SP-C-GM mice remained
alive. The survivors were active, moving about the cages
in no apparent distress, and continuing to take food and
water. Thus, transgenic overexpression of GM-CSF in the
alveolar space resulted in significantly enhanced toler-
ance of hyperoxic stress.

Pulmonary Histology of Wild-Type and
SP-C-GM Mice Exposed to Hyperoxia

Photomicrographs of semithin sections of representative
lungs from wild-type and SP-C-GM mice after 4 days in
hyperoxia are shown in Figure 2. As described previously
by Huffman Reed and colleagues,26 at baseline, the SP-
C-GM mice had increased numbers of alveolar macro-

phages, and qualitatively increased numbers of type II
alveolar epithelial cells compared to wild-type mice. After
4 days in hyperoxia wild-type mice developed modest
alveolar exudate and some blebbing of cells along the
alveolar wall, best seen under high magnification (Figure
2C). These changes were less evident in SP-C-GM mice
in hyperoxia (Figure 2D). To provide a semiquantitative
assessment of histological evidence of lung injury, par-
affin sections were scored for parameters of lung injury.
The median score for mice of both strains in normoxia
was 0. Histological measures of injury after hyperoxia
were relatively modest in wild-type mice, and were sig-
nificantly reduced in SP-C-GM mice (Figure 2E). Thus,
overexpression of GM-CSF resulted in decreased histolog-
ical evidence of lung injury after exposure to hyperoxia.

Leak of Albumin into the Alveolar Space after
Exposure to Hyperoxia

Murine albumin was measured in BAL fluid from wild-type
and SP-C-GM mice in normoxia and after exposure to
hyperoxia (Figure 3). In wild-type mice, albumin in the
BAL fluid, as an indication of increased protein perme-
ability across the alveolar epithelium, was significantly
increased after 4 days in hyperoxia. In contrast, BAL fluid
albumin remained near normoxic levels in SP-C-GM mice
exposed to hyperoxia. Thus, hyperoxia resulted in non-
cardiogenic pulmonary edema in wild-type mice, while
SP-C-GM mice were protected from protein leak across
the alveolar wall in response to this stress.

Alveolar Fluid Clearance after Exposure to
Hyperoxia

Having assessed the impact of overexpression of GM-
CSF on protein permeability across the alveolar wall after
exposure to hyperoxia, experiments were then performed
to determine the effect of GM-CSF on the clearance of
fluid from the distal airspaces of the lung. In normoxia,
alveolar fluid clearance was not different in SP-C-GM
mice compared to wild-type controls (Table 1). After ex-
posure to hyperoxia two differences were apparent. First,
during the initial 2 minutes, when the tracer in the instillate
was equilibrating with alveolar fluid, the tracer concen-
tration decreased by 22 � 13% in wild-type mice versus
1 � 2% decrease in SP-C-GM mice (P � 0.002). The
dilution of the tracer after instillation in the wild-type mice
indicates that there was alveolar edema in the wild-type
mice. In contrast, the lack of dilution in the SP-C-GM mice
indicates that they were protected against the develop-
ment of distal airspace edema. Second, in wild-type mice
there was no net fluid clearance (zero of eight mice with
positive clearance). In contrast, six of eight SP-C-GM
mice demonstrated positive fluid clearance, providing
evidence of submaximal, but net alveolar fluid clearance.
Thus, overexpression of GM-CSF in the lung had no
impact on baseline fluid resorption, but prevented alve-
olar edema and resulted in preservation of net alveolar
fluid clearance in the face of the hyperoxic stress.

Figure 1. Prolonged survival of SP-C-GM mice in hyperoxia. Wild-type
(C57BL/6) mice and SP-C-GM mice overexpressing GM-CSF in the lungs
were placed in an atmosphere of �95% oxygen. Survival was determined
throughout 10 days. n � 15 mice in each group.
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Lung VEGF Expression in Wild-Type and
SP-C-GM Mice

GM-CSF has been found to induce expression of VEGF in
eosinophils in vitro. Furthermore, enhanced VEGF expres-
sion has been proposed as a mechanism of protection
against hyperoxic injury in transgenic mice overexpress-
ing IL-13.16 Therefore, the expression of VEGF protein
was measured in lung homogenates of wild-type and
SP-C-GM mice in normoxia and after 4 days in hyperoxia.
Overexpression of GM-CSF failed to augment VEGF ex-
pression in the lung in either atmosphere (data not
shown), indicating that protection of SP-C-GM mice
against hyperoxia is not mediated through effects on
VEGF.

Apoptosis of Lung Cells after Exposure to
Hyperoxia

Previous studies have suggested that apoptosis of cellu-
lar constituents of the alveolar wall may contribute to
acute lung injury in response to hyperoxic exposure.31 To
provide a quantitative measure of relative lung apoptosis
after hyperoxic stress, lungs from SP-C-GM mice and
wild-type mice in normoxia or in hyperoxia for 4 days
were harvested, and histone-associated DNA was mea-
sured on lung homogenates by ELISA. In wild-type mice,
apoptosis in the lung increased significantly after hyper-
oxia (Figure 4). In contrast, the relative quantity of his-
tone-associated DNA did not increase significantly in
SP-C-GM mice after exposure to hyperoxia. To determine

Figure 2. Histological appearance of lungs after 4 days in hyperoxia. After 4
days in an atmosphere of �95% oxygen mice were euthanized and semithin
sections of lung were prepared and stained with toluidine blue for light
microscopy. A and C: Representative sections of lungs of wild-type mice. B
and D: Representative sections from SP-C-GM mice. E: The extent of histo-
logical injury in the lungs of wild-type (cross-hatched bar) and SP-C-GM
(solid bar) mice that had been in hyperoxia for 4 days was scored on
paraffin-embedded sections, as described in Materials and Methods, on a scale of
0 to 4 by two observers blinded to the identity of the sections. The median score
for mice of both strains in normoxia was 0. Ordinal data are presented as median
values. *, P � 0.05 versus wild type by Student’s t-test. Original magnifications:
�40 (A and B); �100 (C and D).
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whether overexpression of GM-CSF in the lung influ-
enced hyperoxia-induced apoptosis of cells within the
alveolar wall, lung sections were stained for caspase 3.
Four days in hyperoxia resulted in increased numbers of
caspase 3-positive cells in the alveolar wall of wild-type
mice compared to mice in normoxia (Figure 5). However,
SP-C-GM mice exposed to hyperoxia demonstrated only
modestly increased apoptosis in the alveolar wall com-
pared to SP-C-GM mice in normoxia (Figure 5). Together,
these data indicate that hyperoxia-induced apoptosis
was diminished significantly by overexpression of GM-
CSF in the lung.

Effect of Acute Treatment with GM-CSF on
Apoptosis in the Lung after Hyperoxia

Our studies in transgenic mice have demonstrated that
prolonged exposure to supraphysiological concentra-
tions of GM-CSF in the lung results in increased tolerance
of hyperoxic stress compared to control mice. To deter-
mine whether acute treatment with GM-CSF would be
sufficient to influence the response to hyperoxia, wild-
type mice were inoculated subcutaneously with GM-CSF
(9 �g/kg/day) daily, beginning with the day when the
mice were placed in hyperoxia. Control mice received an
identical volume of mouse serum. After 4 days, the mice
were euthanized. Histone-associated DNA was mea-
sured in lung homogenates, while lung sections were
stained for caspase 3. Treatment with GM-CSF signifi-
cantly decreased relative apoptosis in lung homogenates
(Figure 6). Caspase 3 staining indicated that this change
was a reflection of decreased numbers of apoptotic cells
in the alveolar wall of hyperoxia-exposed mice treated

with GM-CSF (Figure 7). Thus, these results indicate that
even short-term treatment with GM-CSF is sufficient to
alter the response of the lung to hyperoxic stress.

Effect of GM-CSF on Apoptosis of Murine
Alveolar Epithelial Cells in Vitro

Having determined that treatment with GM-CSF resulted
in reduced apoptosis of alveolar wall cells in response to
hyperoxia, we determined that GM-CSF could directly
protect murine alveolar epithelial cells from apoptosis.
Suspension culture of cells that normally are adherent to
a basement membrane is a well-recognized stress lead-
ing to apoptosis.32 We confirmed that suspension culture
induced apoptosis (anoikis) in highly purified cultures of
murine type II cells. When GM-CSF (10 ng/ml) was added
to the culture medium, apoptosis, as measured by ELISA
for histone-associated DNA, was significantly reduced
(Figure 8). The proportion of cells staining positively for
activated caspase 3 was similarly decreased (control,
61.7 � 2.5%; GM-CSF treated, 33.2 � 6.2%). This result
suggests that the protection by GM-CSF against alveolar
cell death in response to hyperoxia is at least in part a
direct effect of GM-CSF on alveolar epithelial cells.

Discussion

The major finding reported in this study is that overex-
pression of GM-CSF in the lungs of transgenic mice
results in impressive resistance to acute lung injury
caused by hyperoxia. This protective effect involves
preservation of normal alveolar barrier function, ie, pres-
ervation of normal alveolar epithelial impermeability to
protein, and preservation of submaximal alveolar fluid
transport. Alveolar cell apoptosis induced by hyperoxia is
significantly reduced in GM-CSF transgenic mice and by
acute treatment with rmGM-CSF. Finally, in vitro treatment
with GM-CSF resulted in decreased apoptosis of murine
alveolar epithelial cells in suspension culture.

GM-CSF is a pleotropic cytokine that was originally
identified from murine lung. It has been best known for its
wide-ranging effects on bone marrow-derived cells. GM-

Figure 3. Effect of overexpression of GM-CSF on BAL fluid albumin concen-
tration in hyperoxia. Wild-type and SP-C-GM mice were placed in an atmo-
sphere of �95% oxygen. After 2 or 4 days the concentration of murine
albumin in BAL fluid was determined by ELISA. Cross-hatched bars, wild-
type mice; solid bars, SP-C-GM mice. *, P � 0.05 versus wild type; n � 7 in
each group.

Table 1. Net Alveolar Fluid Clearance in Wild-Type and
SP-C-GM Mice

Wild-type mice SP-C-GM mice

Normoxia 14.6 � 2.0 12.6 � 3.0
Hyperoxia 0 5.2 � 2.7*

Alveolar fluid clearance was determined in mice in normoxia and
after 80 hours of hyperoxia. Data are presented as mean percent fluid
clearance per hour � SD. There was no net clearance in wild-type
mice in hyperoxia. Clearance in SP-C-GM mice in hyperoxia was
calculated based on the mice that retailed positive fluid clearance (see
text).

*P � 0.005.

Figure 4. Effect of overexpression of GM-CSF in the lung on lung apoptosis
after hyperoxia. Lung homogenates were prepared from wild-type and SP-
C-GM mice after 4 days in hyperoxia. The relative content of histone-
associated DNA was determined using a Cell Death ELISA (Roche). Data are
expressed as mean absorbance � SEM. Cross-hatched bars, wild-type
mice; solid bars, SP-C-GM mice. *, P � 0.05 versus wild type/hyperoxia; **,
P � 0.05 versus wild type/normoxia, by analysis of variance. There is no
difference between the wild-type/normoxia and SP-C-GM/hyperoxia groups
(P � 0.1).
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CSF induces proliferation and maturation of mononuclear
phagocytes and inhibits apoptosis of both mononuclear
and polymorphonuclear leukocytes. More recently, it has
been found that GM-CSF has significant effects on alve-
olar epithelial cells. GM-CSF induces proliferation in rat
type II cells in vitro.26 The effects of GM-CSF on alveolar
epithelial cell differentiation and functional characteristics
have not yet been determined.

Studies using mutant mice deficient in GM-CSF or
which express GM-CSF exclusively in the alveolar space
have provided considerable insights into the role of GM-

Figure 5. Effect of overexpression of GM-CSF in the lung on apoptosis of cells in the alveolar wall after hyperoxia. Lung sections from wild-type and SP-C-GM
mice in an atmosphere of �95% oxygen for 4 days were stained for activated caspase 3 as an indicator of apoptosis. Caspase 3� cells appear brown in this
procedure. A: Wild-type mice in normoxia; B: SP-C-GM mice in normoxia; C: wild-type mice in hyperoxia; D: SP-C-GM mice in hyperoxia. Original magnifications,
�100.

Figure 6. Effect of treatment with GM-CSF on lung apoptosis in response to
hyperoxia. Wild-type (C57BL/6) mice were placed in 95% oxygen. One
group of mice received recombinant murine GM-CSF (9 �g/kg/day) by
subcutaneous injection daily, starting on the day of entry into hyperoxia
(solid bar). The other group received placebo (cross-hatched bar). After
4 days, the relative content of histone-associated DNA in lung homogenates
was determined by ELISA. Data are expressed as mean absorbance � SEM.
*, P � 0.05.

Figure 7. Effect of treatment with GM-CSF on apoptosis of cells in the
alveolar wall after hyperoxia. C57BL/6 mice were placed in an atmosphere of
�95% oxygen. Mice received either placebo (A) or rmGM-CSF (B; 9 �g/kg/
day) daily by subcutaneous injection, beginning at the time of entry into
hyperoxia. After 4 days, lung sections were stained for caspase 3 as an
indicator of apoptosis. Caspase 3� cells appear brown in this procedure (see
arrowheads for examples). Original magnifications, �100.
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CSF in the lung. Mutant mice lacking GM-CSF develop a
pathological pattern closely resembling human alveolar
proteinosis.18 Surfactant phospholipids and proteins ac-
cumulate in the alveolar space. Surfactant production is
similar to that in wild-type mice, but turnover is greatly
impaired because of decreased alveolar macrophage
uptake and degradation of surfactant.19 Further exami-
nation demonstrates that alveolar macrophage function is
globally impaired, with diminished phagocytosis and kill-
ing of microbes, impaired tumor necrosis factor produc-
tion, and altered integrin expression.24,25 Not surpris-
ingly, these defects in pulmonary innate immunity result
in increased susceptibility to pneumonia because of a
variety of pathogens, including group B streptococcus,20

Pneumocystis carinii,21 and Klebsiella pneumoniae (unpub-
lished observations). Targeted expression of GM-CSF
exclusively in the alveolar space restores normal surfac-
tant turnover23 and alveolar macrophage functional ac-
tivities for host defense.24,25 Together these studies indi-
cate that GM-CSF plays a critical role in pulmonary
homeostasis. Our study is the first to demonstrate that
GM-CSF can also protect the lung from acute injury that
leads to respiratory failure and death.

High levels of inspired oxygen are injurious to the
mammalian lung.1 Normobaric hyperoxia results in acute
lung injury and, ultimately, death in rats and mice. It is
likely that observations from these models can be ex-
tended to humans, although issues of dose and duration
remain unclear. The pathophysiological mechanisms in-
volved in oxygen-induced lung injury are complex.1 Hy-
peroxic stress results in damage to both pulmonary cap-
illary endothelial cells and type I alveolar epithelial cells.
These cells eventually undergo injury that is likely to
involve both necrosis and apoptosis.31 Hyperoxia leads
to impaired alveolar epithelial cell function, with de-
creased barrier function,4 diminished fluid reabsorption
and Na/K ATPase activity,5 and altered surfactant protein
and lipid accumulation.4,6,7

A variety of manipulations can influence the outcome
of extended hyperoxia in animal models. Maneuvers that
directly increase pulmonary antioxidant defenses lead to
increased tolerance of hyperoxia.9–11 Specific growth
factors that induce proliferation of either alveolar epithe-
lial cells or pulmonary endothelial cells can induce toler-
ance of hyperoxic stress. Thus, the administration of the

alveolar epithelial cell mitogen, keratinocyte growth factor
to support epithelial cell proliferation17 or transgenic ex-
pression of IL-13, leading to induction of the endothelial
cell mitogen, VEGF16 both provide protection against
oxygen-induced lung injury. Augmentation of alveolar
fluid clearance by adenovirally mediated gene transfer to
the lung of the gene for the �1 subunit of Na�/K�-ATPase
limits hyperoxia-induced pulmonary edema and also re-
sults in prolonged survival of rats in hyperoxia.33 Finally,
manipulations of pulmonary inflammation, including pre-
treatment with lipopolysaccharide,12 tumor necrosis fac-
tor,13 or IL-1,14 or transgenic expression of IL-1115 or
IL-1316 can protect rodents from death because of ex-
tended hyperoxia.

The results of these studies suggest several mecha-
nisms by which mice overexpressing GM-CSF in the lung
may be protected from hyperoxia-induced lung injury.
The barrier function of the alveolar wall for protein flux is
disrupted in wild-type mice exposed to hyperoxia, but not
in SP-C-GM mice. Both endothelial cells and epithelial
cells contribute to this barrier function, although in the
normal lung, the alveolar epithelium provides the tighter
barrier to the flux of proteins across the alveolar wall.2

Maintenance of low BAL fluid albumin despite hyperoxia
suggests that alveolar epithelial injury has been signifi-
cantly limited by the overexpression of GM-CSF. Mea-
surements of intact alveolar fluid clearance from lungs
after hyperoxia provide additional confirmation that alve-
olar epithelial cell function is preserved in SP-C-GM mice,
but significantly disrupted in wild-type mice. However,
normoxic alveolar fluid clearance was the same in wild-
type and SP-C-GM mice. Thus, these results indicate that
GM-CSF-induced tolerance of hyperoxia is a result of
epithelial cell resistance to hyperoxic injury rather than a
consequence of alterations in the basic alveolar cell
transport capacity.

Apoptosis in the lung was increased in wild-type mice
after 4 days in hyperoxia, and this increase was inhibited
in SP-C-GM mice. Caspase 3 staining indicates that ap-
optosis of alveolar wall cells was induced by hyperoxia
and decreased in turn in SP-C-GM mice in hyperoxia
compared to similarly stressed wild-type mice. Although
it is possible that GM-CSF overexpression would lead to
increased VEGF34 and subsequent endothelial cell pro-
tection, VEGF protein in whole lung homogenates was not
increased in SP-C-GM mice compared to wild-type mice.
Based on in vitro findings, it is possible that the tolerance
of hyperoxia is a consequence of direct effects of GM-
CSF on alveolar epithelial cell survival.

Interestingly, acute treatment with GM-CSF decreased
lung cell apoptosis in response to hyperoxia. In trans-
genic mice overexpressing GM-CSF in the lungs from
birth, lung cells are chronically exposed to high concen-
trations of this growth factor. This chronic exposure to an
epithelial cell mitogen can induce pulmonary hyperpla-
sia,26 which might contribute to the tolerance of hyper-
oxia. However, we have found that short-term treatment
of wild-type mice with GM-CSF is sufficient to alter alve-
olar cell apoptosis after hyperoxia in vivo. Furthermore,
treatment with GM-CSF protected alveolar epithelial cells
from apoptosis induced during suspension culture in

Figure 8. Effect of in vitro treatment with GM-CSF on apoptosis of murine
type II alveolar epithelial cells in suspension culture. Type II alveolar epi-
thelial cells were isolated from wild-type mice and cultured in control
medium or in medium supplemented with GM-CSF (10 ng/ml). After 48
hours, relative apoptosis was determined by measuring histone-associated
DNA as described in Materials and Methods. Data are expressed as mean �
SEM from three independent experiments. *, P � 0.05.
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vitro. This result confirms that GM-CSF can influence the
behavior of normal alveolar cells in response to stress,
beyond any long-term effects of GM-CSF on lung growth.
This observation supports the hypothesis that GM-CSF
may have a potential role as a therapeutic agent in clin-
ical lung injury, as suggested by a recent clinic trial in
patients with sepsis.35

The mechanisms by which GM-CSF limits alveolar ep-
ithelial cell apoptosis are not yet defined. Studies using a
variety of cell lines have determined that hyperoxia-in-
duced apoptosis is regulated by members of the Bcl-2
family, does not depend on mitochondrial reactive oxy-
gen species, and can be inhibited by overexpression of
the anti-apoptotic molecule Bcl-XL.36 Studies in macro-
phages and neutrophils have shown that one of the
mechanisms by which GM-CSF can protect against ap-
optosis involves activation of the transcription factor
Akt.37,38 Furthermore, adenoviral transfer of an active
form of Akt to the lung is sufficient to induce relative
tolerance of mice for hyperoxia.39 However, we have not
found that GM-CSF induces Akt activation in murine al-
veolar epithelial cells in vitro (data not shown). Thus, the
mechanism by which GM-CSF influences alveolar epithe-
lial cell apoptosis is the subject of ongoing investigation.

Observational data from patients with adult respiratory
distress syndrome also support the hypothesis that GM-
CSF provides protection for the alveolar space after
acute lung injury. BAL fluid obtained during the first 3
days after patients had met criteria for adult respiratory
distress syndrome contained significant amounts of GM-
CSF. Most importantly, increased levels of GM-CSF were
predictive of survival.40 Whether increased GM-CSF is a
marker of decreased alveolar epithelial cell injury or is a
cause of decreased epithelial cell loss awaits further
experiments. The data in these mouse lung injury studies
indicate that GM-CSF may play a direct causal role.

In summary, overexpression of GM-CSF in the murine
lung results in resistance to lethal acute lung injury be-
cause of hyperoxia. This protective effect is associated
with preservation of alveolar barrier function and alveolar
fluid transport capacity. The induction of pulmonary cell
apoptosis by hyperoxia is greatly limited in SP-C-GM
mice, suggesting that limitation of alveolar epithelial cell
death induced by hyperoxia may be an important mech-
anism for contributing to maintenance of normal physiol-
ogy and enhanced survival. These data suggest the po-
tential for a novel therapy with GM-CSF in patients with
acute lung injury.
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