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Surfactant protein–D (Sftpd) is a pulmonary collectin important in
down-regulating macrophage inflammatory responses. In these
experiments,weanalyzed theeffectsof chronicmacrophage inflam-
mation attributable to loss of Sftpd on the persistence of ozone-
induced injury, macrophage activation, and altered functioning in
the lung. Wild-type (Sftpd1/1) and Sftpd2/2 mice (aged 8 wk) were
exposed to air or ozone (0.8 parts per million, 3 h). Bronchoalveolar
lavage (BAL) fluid and tissue were collected 72 hours later. In
Sftpd2/2 mice, but not Sftpd1/1 mice, increased BAL protein and
nitrogen oxides were observed after ozone inhalation, indicating
prolonged lung injury and oxidative stress. Increased numbers of
macrophages were also present in BAL fluid and in histologic sec-
tions from Sftpd2/2mice. These cells were enlarged and foamy, sug-
gesting that they were activated. This conclusion was supported by
findings of increased BAL chemotactic activity, and increased ex-
pression of inducible nitric oxide synthase in lung macrophages.
In both Sftpd1/1 and Sftpd2/2 mice, inhalation of ozone was
associated with functional alterations in the lung. Although these
alterations were limited to central airway mechanics in Sftpd1/1

mice, both central airway and parenchymal mechanics were modi-
fied by ozone exposure in Sftpd2/2 mice. The most notable changes
were evident in resistance and elastance spectra and baseline lung
function, and in lung responsiveness to changes in positive end-
expiratory pressure. These data demonstrate that a loss of Sftpd is
associated with prolonged lung injury, oxidative stress, and mac-
rophage accumulation and activation in response to ozone, and
with more extensive functional changes consistent with the loss
of parenchymal integrity.
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Ozone is a ubiquitous urban air pollutant generated as a compo-
nent of photochemical smog. Inhaled ozone causes ozonation
and the peroxidation of proteins and lipids in the epithelial lining
fluid layer of the lung, resulting in the production of oxidized
proteins, aldehydes, and free radicals, which can damage sur-
rounding tissue (1, 2). This is accompanied by an accumula-
tion of activated macrophages in the lung and the production
of additional cytotoxic and proinflammatory mediators, including

reactive oxygen and reactive nitrogen species (ROS and RNS,
respectively) that contribute to tissue injury (3). Airway and tissue
mechanics are also altered after ozone exposure. Thus, in humans,
ozone inhalation leads to a deterioration of pulmonary function,
as measured by decreases in respiratory frequency, forced expira-
tory volume in 1 second, and forced vital capacity, and increases in
airway resistance (1, 4, 5). Ozone has been shown to exacerbate
asthma and increase airway hyperreactivity (5, 6), and to contrib-
ute to increased morbidity and mortality in patients with chronic
obstructive pulmonary disease (COPD) (7, 8). Similar alterations
in lung function and increases in sensitivity to ozone have been
described in animal models of asthma and allergic inflammation
(9–11).

Surfactant protein–D (Sftpd) is a pulmonary collectin syn-
thesized mainly by alveolar Type II cells, and it plays a key
role in innate immune defense (12, 13). Under homeostatic
conditions, Sftpd functions as an anti-inflammatory protein, in
part by suppressing NF-kB–mediated transcription of inflam-
matory genes (14). However, after the induction of oxidative
stress, modification of critical cysteines in Sftpd by reactive
species such as nitric oxide leads to a change in its activity to
a proinflammatory mediator (15). Findings of persistent local-
ization of macrophages in the lung and increased production
of ROS and RNS by these cells in mice lacking native Sftpd
are consistent with its anti-inflammatory function (16, 17). In
previous studies, we demonstrated that inflammatory macro-
phages and mediators they release play key roles in lung
injury and oxidative stress induced by ozone (3, 18, 19). Based
on these observations, we hypothesized that persistent mac-
rophage localization and activation in the lung as a result of
the loss of Sftpd would result in a prolonged sensitivity of
mice to inhaled ozone. Moreover, this sensitivity would be
associated with exacerbated functional defects in the lung.
To test this hypothesis, we analyzed the effects of ozone on
lung injury, oxidative stress, macrophage activation, and pul-
monary mechanics in Sftpd2/2 mice 72 hours after exposure,
a time when inflammation and injury have, for the most part,
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CLINICAL RELEVANCE

Chronic inflammation is a characteristic feature of such lung
diseases as chronic obstructive pulmonary disease and
asthma. The present study demonstrates that ozone-induced
lung injury, oxidative stress, and macrophage activation are
prolonged in a murine model of persistent pulmonary
macrophage inflammation. Furthermore, this prolonged
activation is associated with exacerbations of functional
defects in pulmonary mechanics. These results may be
important for understanding the response of individuals
with preexisting inflammatory lung disease to urban air
pollutants.
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resolved in wild-type mice (18). We also developed a novel
experimental modeling approach to analyze alterations in
lung function, with the goals of dissecting the effects of ozone
on central airways and parenchyma, and of assessing hetero-
geneity in lung responsiveness and the propensity for altera-
tions in lung stiffness. The results of our studies, along with
previous reports of increases in lung neutrophils in Sftpd2/2

mice after ozone exposure (13), highlight the importance of
analyzing underlying disease pathology in susceptibility to pul-
monary irritants.

MATERIALS AND METHODS

Animals and Exposures

Male C57Bl/6J wild-type (Sftpd1/1) mice (8 wk of age) were purchased
from the Jackson Laboratories (Bar Harbor, ME). Sftpd2/2 mice were
generated on a C57Bl/6 background (20) and were bred at Rutgers
University. Animals were housed in microisolation cages and received
food and water ad libitum. Mice were killed 72 hours after exposure
(for 3 h) to ozone (0.8 parts per million) or air in whole-body Plexiglas
chambers. Ozone was generated using a Gilmont generator (Orec,
Phoenix, AZ). Concentrations in the chamber were monitored using
a Teledyne ozone analyzer (Teledyne, Thousand Oaks, CA). Bron-
choalveolar lavage (BAL) cell and protein content, nitrogen oxides
(NOx), and chemotactic activity were assayed as previously described
(15, 17, 18) and in the online supplement.

Histology and Immunohistochemistry

Tissues sections (6 mm) were stained with hematoxylin and eosin, and
scored blindly by two independent observers for severity of inflamma-
tion in peribronchiolar and perivascular regions of the lung on a scale
of 0 (no inflammation) to 5 (severe inflammation) (21). Immunohisto-
chemistry was performed according to our previous work (22).

Measurement of Pulmonary Mechanics

Respiratory mechanics were measured using a FlexiVent (SCIREQ,
Montreal, PQ, Canada) at positive end-expiratory pressures (PEEPs)
ranging from 0–6 cm H2O (23). Parameters of dynamic whole-lung
mechanics, including total dynamic resistance (R) and compliance
(C), were determined from a single-compartment model by multiple
linear regressions. Lung function measurements were also partitioned
into parameters representing the properties of the airways or the
parenchyma by analyzing input impedance data (ZL), generated using
an 8-second broadband flow perturbation. Data from the impedance
spectra were fit to a constant phase model, allowing for the calculation
of frequency-independent central airway resistance (Rn) and the co-
efficients of tissue damping (G) and tissue elastance (H) in the tissue
compartment (24). Hysteresivity (h) was calculated from the ratio of
G/H. A pressure volume curve was generated and used to calculate
static compliance (Cst) (see the online supplement for further details).
Resistance and elastance spectra were generated from ZL. To charac-
terize ZL spectra with higher fidelity, best fit lines were generated using
nonlinear regression analysis. Parameters representing key features of
the resistance spectra curve (RL) were calculated as:

RL ¼ ða1 bfÞ=ðc1 fÞ;
where f ¼ frequency, a/c ¼ the low-frequency asymptote of the curve
when tissue resistive and viscous effects predominate, and b ¼ the high-
frequency asymptote, when airway resistive effects predominate.
Parameters representing different portions of the elastance spectra
curve (EL) were calculated as:

EL ¼ E0 1DE
�
12e2bf

�
;

where E0 ¼ EL at 0 Hz, representing the portion of the EL at low fre-
quencies, and reflecting intrinsic tissue stiffness, DE ¼ the magnitude of
EL, and b ¼ the rate EL changes with frequency.

Statistical Analysis

All experiments were repeated three times.Datawere analyzed by two-way
ANOVA and a nonpaired two-tailed Student t test, or nonparametrically
using a Mann-Whitney rank sum test. RL and EL spectra were analyzed
using nonlinear regression (see the online supplement for further details).

RESULTS

Effects of Ozone Inhalation on Lung Injury and Macrophage

Activation in Sftpd1/1 and Sftpd2/2 Mice

Consistent with previous work (18), we found that ozone-induced
lung injury, inflammation, and oxidative stress, which are prominent
at 24 hours and 48 hours after exposure, had for the most part
resolved by 72 hours (Figure 1). Thus, no significant differences
were evident between air-exposed and ozone-exposed Sftpd1/1

mice in BAL cell number, composition (. 99.7% macrophages),
protein, or NOx concentrations. Similarly, ozone exposure exerted
no effect on BAL chemotactic activity, which we previously dem-
onstrated correlates with lung inflammatory cell activity (15), or on
lung inflammation scores (Figures 1 and 2). Inactivation of the Sftpd
gene results in the development of persistent pulmonary inflamma-
tion, characterized by a predominant macrophage infiltrate, which
progresses to emphysema as the animal becomes older (20, 25). In
further experiments, we examined whether this change in baseline
inflammation, before the development of emphysema (Figure E1 in
the online supplement), alters the response of mice to ozone. Loss
of Sftpd by itself exerted no significant effect on lung injury, oxida-
tive stress, or inflammatory cell activation, as measured by BAL
protein, NOx, and chemotactic activity (Figure 1). In contrast, BAL
cell number was increased in Sftpd2/2 mice relative to Sftpd1/1

mice. The majority of these cells (. 99.5%) were macrophages
(Figure 1). Inflammation scores were also higher in Sftpd2/2 mice
(Figure 2). In Sftpd2/2 mice, ozone exposure resulted in a threefold
increase in the number of cells recovered in BAL fluid (Figure 1).
This was associated with a twofold increase in inflammation scores
(Figure 2). Lung lavage exerted no effect on inflammation scores
or on the accumulation of these cells in tissue (Figure E2 in the
online supplement). In air-exposed Sftpd2/2 mice, but not Sftpd1/1

mice, we also noted a peribronchial accumulation of enlarged
foamy macrophages. This accumulation became more pronounced
after ozone exposure. BAL macrophage numbers, protein and
NOx concentrations, and BAL chemotactic activity, were also
significantly increased in Sftpd2/2 mice after exposure to ozone
(Figure 1). Ozone-induced increases in lung inflammation, as
assessed by BAL cell number, persisted for at least 96 hours
in Sftpd2/2 mice (not shown).

We next assessed the expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2), enzymes impor-
tant in the generation of proinflammatory RNS and eicosanoids,
respectively, and markers of classically activated macrophages
(26–29). Low levels of iNOS and COX-2 protein expression were
evident in the lungs of Sftpd2/2 mice, but not Sftpd1/1 mice
(Figure 3). Whereas iNOS was localized in alveolar macrophages,
COX-2 was mainly localized in Type II cells. In Sftpd1/1 mice,
ozone exposure resulted in increased expression of COX-2 in
Type II cells, with no effect on iNOS (see Figure E3 in the online
supplement for quantitation). In contrast, in Sftpd2/2 mice trea-
ted with ozone, increases in the expression of iNOS in macro-
phages and of COX-2 in Type II cells were evident.

Effects of Ozone Inhalation on Lung Function in Sftpd1/1

and Sftpd2/2 Mice

To examine the physiological consequences of ozone-induced in-
jury in Sftpd2/2 mice, we measured lung function using a series
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of perturbations including single-frequency and broadband forced
oscillation, pressure–volume loops, and lung volumemeasurements.
Initially, respiratory mechanics were partitioned into airway and
tissue responses by analyzing impedance spectra data, using a con-
stant phase model (24). At baseline, R, Rn, and Cst values were
greater in Sftpd2/2 mice, compared with Sftpd1/1 mice (Table 1).
In Sftpd1/1 mice, ozone inhalation resulted in increased Rn, rel-
ative to air-exposed control mice, whereas in Sftpd2/2 mice, sig-
nificant changes were only observed in H and Cst (Table 1).
We also measured h and G; neither of these parameters was
altered by the loss of Sftpd or by ozone inhalation (data not
shown).

The effects of altering PEEP on lung function were next eval-
uated, to allow for the assessment of heterogeneity in responsive-
ness and changes in airway/parenchymal elastic properties (30). In
Sftpd1/1 mice, increasing PEEP from 3 to 6 cm H2O resulted in
increases of both Rn and Cst (Figure 4). Similar changes were
observed in Sftpd2/2 mice. However, the PEEP-dependent
increase in Rn was blunted relative to Sftpd1/1 mice. Treatment
of mice with ozone exerted no major effects on Cst at any of the
PEEPs examined (Figure 4). In contrast, after ozone exposure,
both Sftpd1/1 and Sftpd2/2 mice were significantly less responsive
to increasing PEEP from 3 to 6 cm H2O with respect to Rn,
although they were more responsive to PEEPs below 3 cm H2O.

In further experiments, we examined the effects of changes in
PEEP on the RL and EL spectra derived directly from the forced
oscillation technique, which more accurately reflects heteroge-
neous lung injury (31). Ozone exposure produced no significant
changes in the overall RL spectra in Sftpd1/1 mice, whereas
a frequency-dependent increase in EL spectra was observed at
PEEPs of 0 and 1 cm H2O (Figure 5). EL spectra were also
significantly increased in ozone-exposed Sftpd2/2 mice, relative
to air-exposed animals. However, this response was observed at
all PEEP levels. In Sftpd2/2 mice, increases in RL spectra were
also observed at a PEEP of 0 cm H2O after ozone exposure.
Changes in RL were most evident at low frequencies. To ensure
that lung volume–related changes did not influence analyses of

RL and EL spectra, initial lung volumes were established at
0 PEEP. No significant differences were evident between groups
(Table E1 in the online supplement).

To better quantify changes in the resistive and elastic prop-
erties of the lung after ozone exposure, RL and EL spectra were
fit to model equations, such that the parameters defining these
responses could be estimated (see MATERIALS AND METHODS

and the online supplement). In Sftpd1/1 mice, ozone exposure
produced no significant change in a, whereas b was significantly
increased at 1 cm and 3 cm H2O, and c decreased at 6 cm H2O,
when compared with air-exposed mice (Table 2). A significant
increase in DE, accompanied by a fall in b, was observed at low
PEEPs after the exposure of Sftpd1/1 mice to ozone, with no
effect on inherent elastance (E0). The loss of Sftpd resulted in
a different pattern of changes in these parameters in response to
ozone. Thus, at low PEEPs, a increased significantly in Sftpd2/2

mice after ozone inhalation, whereas b decreased. In contrast, c
was not altered at any PEEP examined. In Sftpd2/2 mice, ozone
inhalation also produced a significant increase in inherent
elastance, as shown by elevated E0 at all PEEPs. In addition,
at low PEEPs, ozone exposure resulted in increased DE and
decreased b, indicating a high-frequency, ventilation-dependent
increase in lung stiffness.

In air-exposed Sftpd2/2mice, no significant changes in a were
evident across all PEEPs when compared with Sftpd1/1 mice
(Table 2). However, the loss of Sftpd did result in a significant
elevation of b at all PEEPs, whereas at high PEEPs, a significant
decrease in c was observed. No significant changes in DE were
evident in mice lacking Sftpd at any level of PEEP. However, E0

was decreased at low PEEPs. In contrast, the loss of Sftpd
resulted in a significant increase in b at a PEEP of 6 cm H2O.

DISCUSSION

Accumulating evidence suggests that lung injury induced by
ozone is a result of its direct interaction with proteins and lipids
in the epithelial lining fluid, and of the actions of ROS, RNS, and

Figure 1. Effects of ozone in-

halation on lung inflammation
and injury. Bronchoalveolar la-

vage (BAL) was collected 72

hours after exposure of

Sftpd1/1 and Sftpd2/2 mice
to air or ozone and analyzed

for cell, protein, and nitrogen

oxides (NOx) content, and for

chemotactic activity. BAL che-
motactic activity was assessed

using the RAW 264.7 murine

macrophage cell line (Ameri-

can Type Culture Collection,
Manassas, VA), as previously

described (15). Hanks’ bal-

anced salt solution was used
as the negative control. Che-

motaxis data are expressed as

the average number of mi-

grated cells per 20 high-power
fields (HPF). The value range

for these experiments was

0–30 migrated cells per high

power field. Each bar repre-
sents the mean6 SEM of three

experiments (n ¼ 4–9 mice/

treatment group/experiment; n ¼ 12–27 mice/group total). Data were analyzed by two-way ANOVA. aSignificantly different (P < 0.05) from
air-exposed control mice. bSignificantly different (P < 0.05) from Sftpd1/1 mice. Sftpd, surfactant protein–D.
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other cytotoxic mediators generated by inflammatory cells (1–3).
Sftpd plays a key role in regulating inflammatory responses in
the lung. Specifically, it acts to balance macrophage activation
in a manner dependent upon modifications by nitric oxide (13–
15). In the absence of Sftpd, mice develop progressive inflam-
matory disease in the lung, characterized by a predominant
peribronchiolar macrophage infiltrate, airspace enlargement,
and increases in lung volume, culminating in emphysema (25).
The present experiments demonstrate that the persistent locali-
zation of activated macrophages in the lung, associated with a loss
of Sftpd, results in the prolonged sensitivity of mice to the cyto-
toxic effects of inhaled ozone, and causes exacerbated alterations
in lung function. These data are novel and provide support for
a critical protective role of Sftpd in regulating macrophage inflam-
matory responses and oxidative stress within the lung (14, 15, 17).

Previous studies from our laboratory demonstrated that
ozone-induced inflammation, as measured by numbers of alveo-
lar macrophages recovered in BAL, peaks 48 hours after acute
exposure, returning to control levels by 72 hours (18). Consistent
with these results, the present experiments show that BAL mac-
rophage numbers and chemotactic activity, as well as lung

inflammation scores, were at control levels 72 hours after expo-
sure of Sftpd1/1 mice to ozone. The observation that BAL NOx
and protein concentrations were also similar in air-exposed and
ozone-exposed Sftpd1/1 mice indicates that oxidative stress and
alveolar epithelial barrier dysfunction have also resolved by this
time. Despite the resolution of these responses, Sftpd1/1 mice
remain functionally compromised 72 hours after ozone inhala-
tion. Thus, in these mice, Rn was significantly increased, with no
apparent effect on the parenchyma, as measured by H and G.
These findings are in accordance with reports of hyperreactivity in
response to methacholine challenge after ozone exposure (4, 32).
Interestingly, at PEEPs both above and below the physiological
level of 3 cm H2O, which represent hypoinflation and hyperinfla-
tion of the lung, respectively, a decrease in Rn was evident after
ozone exposure. This observation, however, was not consistent
with the lack of change in H and G, because it implies that
parenchymal recruitment affects Rn. We speculated that these
differences may be attributed to the use of a constant phase model
to analyze our data, which assumes that the lung behaves homo-
geneously in terms of both its resistive and elastic properties.
Therefore, to take into account heterogeneity in the response of
the lung to ozone, impedance frequency spectra were analyzed.
Because different portions of the impedance frequency spectrum
represent distinct components of the respiratory system, effects on
airway and parenchymal components can readily be distinguished

Figure 2. Effects of ozone inhalation on lung structure and inflamma-

tion score. Top: Lung sections, prepared 72 hours after exposure of

Sftpd1/1 and Sftpd2/2 mice to air or ozone, were stained with hema-

toxylin and eosin. Arrows indicate alveolar macrophages. Original
magnification, 3600. Bottom: Slides were scored blindly by two inde-

pendent observers for severity of inflammation on a scale of 0–5 (0,

no inflammation; 5, severe inflammation). Each bar represents the

median of three experiments (n ¼ 4–9 mice/treatment group/exper-
iment; n ¼ 12–27 mice/group total). Significance was assessed by

ANOVA, based on ranks. aSignificantly different (P < 0.05) from air-

exposed control mice. bSignificantly different (P < 0.05) from Sftpd1/

1 mice.

Figure 3. Effects of ozone inhalation on lung expression of inducible

nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). Lung sec-
tions, prepared 72 hours after exposure of Sftpd1/1 and Sftpd2/2 mice

to air or ozone, were stained with a 1:100 dilution of antibody to iNOS

(above), a 1:1,000 dilution of antibody to COX-2 (below), or IgG con-

trol, followed by a 1:200 dilution of biotinylated secondary antibody.
Binding was visualized using a peroxidase substrate DAB kit (Vector

Laboratories, Burlingame, CA). Insets show iNOS-positive or COX-2–

positive cells. One representative section is shown from three separate

experiments (n ¼ 3 mice/treatment group/experiment). Original mag-
nification, 3600; inset, 31,000.
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(33). Whereas the resistance (RL) spectra were not significantly
altered in ozone-exposed mice, when compared with air-exposed
mice, significant changes in the component parameters a, b, and c
were evident. The nature of these changes indicated that with full
recruitment and hyperinflation, a reduction in the low-frequency
component of the RL spectrum occurs after ozone exposure, sup-
porting the idea that ozone causes a loss of parenchymal integrity.
Consistent with this conclusion are our findings that at low PEEPs,
ozone inhalation significantly altered the elastance (EL) spectra in
Sftpd1/1 mice. To analyze this alteration, EL spectra data were fit
to a three-parameter exponential model (see MATERIALS AND

METHODS). Our observation that ozone exerted no effect on any of
the parameters at a physiological PEEP of 3 cm H2O is in agree-
ment with the constant phase model. In contrast, low PEEP spec-
tra showed a lung recruitment/frequency-dependent change in the
elastic properties of the lung after ozone exposure. These data,
together with the changes observed in RL spectra, indicate a loss
of parenchymal tethering resulting in a failure to maintain
airway patency at low PEEPs, and as the lung inflates (at high
PEEP), a loss of lung stiffness. This approach to analyzing func-
tional alterations in the lung is novel and provides new insights
into the heterogeneous nature of tissue injury induced by ozone.

In accord with previous reports (17, 20), we found that mice
lacking Sftpd exhibited significant pulmonary inflammation

relative to Sftpd1/1 mice, characterized by increased numbers
of macrophages in the lung and in BAL fluid. We also observed
that lung macrophages were enlarged in Sftpd2/2 mice relative
to Sftpd1/1 mice, and exhibited a foamy appearance, suggesting
that they are activated (25). Treatment of Sftpd2/2 mice with
ozone resulted in significant increases in macrophages in the lung,
as reflected by inflammation scores and BAL cell numbers, as
well as by BAL protein and NOx concentrations and chemotactic
activity. These results are novel and indicate that oxidative stress
and macrophage localization and activation in the lung after
ozone exposure are prolonged in Sftpd2/2 mice. Ozone-induced
lung injury is characterized by the disruption of epithelial tight
junctions and increases in blood/air barrier permeability, resulting
in increases in BAL protein content (34, 35). Our data demonstrate
that persistent pulmonary macrophage inflammation, resulting
from a loss of Sftpd, also results in prolonged sensitivity of the mice
to the cytotoxic effects of ozone.

iNOS and COX-2 are key enzymes in the generation of the
cytotoxic and proinflammatory RNS and eicosanoids implicated
in lung injury induced by inhaled irritants (3, 27). In previous
studies, we reported that ozone inhalation resulted in increased
expression of iNOS and COX-2 in lung macrophages and
Type II cells, a response that was evident 0–48 hours after
exposure (18, 19, 36). The present experiments demonstrate

TABLE 1. EFFECTS OF OZONE ON BASELINE LUNG FUNCTION IN SFTPD1/1 AND SFTPD2/2 MICE

Sftpd1/1 Sftpd2/2

Air Ozone Air Ozone

R (cm H2O $ s/ml) 0.97 6 0.03 1.08 6 0.03 1.37 6 0.05* 1.35 6 0.11*

Rn (mm H2O $ s/ml) 24.42 6 1.0 44.83 6 2.2† 49.39 6 2.2* 46.60 6 1.3

C (ml/mm H2O) 1.88 6 0.0 1.79 6 0.1 1.84 6 0.1 1.51 6 0.1*

Cst (ml/mm H2O) 2.84 6 0.1 2.78 6 0.1 3.33 6 0.2* 2.53 6 0.2a

H (cm H2O/ml) 56.44 6 1.51 59.48 6 2.34 53.15 6 3.38 65.24 6 3.73†

Definition of abbreviations: C, compliance; Cst, static compliance; H, tissue elastance; R, dynamic resistance; Rn, central airway

resistance; Sftpd, surfactant protein–D.

Lung function was measured 72 hours after exposure of Sftpd1/1 and Sftpd2/2 mice to air or ozone at a PEEP of 3 cm H2O. Each

measurement was performed in triplicate. Values represent the means 6 SEM of three experiments (n ¼ 4–6 mice/treatment

group/experiment; n ¼ 12–18 mice/group total). Data were analyzed by two-way ANOVA.

* Significantly different (P , 0.05) from Sftpd1/1 mice.
y Significantly different (P , 0.05) from air-exposed control mice.

Figure 4. Effects of ozone in-

halation on central airway

resistance (Rn) and static com-

pliance (Cst) in Sftpd1/1 and
Sftpd2/2 mice. Lung function

was measured 72 hours after

exposure of Sftpd1/1 (circles)

and Sftpd2/2 (squares) mice
to air (open symbols) or ozone

(solid symbols). Lungs were

subjected to increasing posi-
tive end-expiratory pressure

(PEEP). Top row: For Rn, imped-

ance spectra were measured

using the forced oscillation
technique. Results were ana-

lyzed using the constant phase

model. Bottom row: Cst was cal-

culated from pressure–volume
loops. Measurements were per-

formed in triplicate at each

PEEP. For each sample at each PEEP, Rn and Cst values were normalized to PEEP ¼ 3, the physiological pressure for mice. Each point represents

the mean 6 SEM of three experiments (n ¼ 4–6 mice/treatment group/experiment; n ¼ 12–27 mice/group total). Data were analyzed by two-way
ANOVA and a nonpaired, two-tailed Student t test. *Significantly different (P < 0.05) from air-exposed or Sftpd1/1 control mice.
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that although ozone-induced increases in Type II cell expres-
sion of COX-2 persisted for at least 72 hours in Sftpd1/1 mice,
macrophage expression of iNOS was transient. These findings
are consistent with the resolution of macrophage-mediated
inflammation at this time (18). In Sftpd2/2 mice, however,
macrophage expression of iNOS remained elevated above
control levels for at least 72 hours after ozone inhalation.
These data suggest the persistence of a proinflammatory mac-
rophage phenotype in Sftpd2/2 mice. Earlier work reported on
increased constitutive expression of iNOS in macrophages and
alterations in nitric oxide metabolites in the lungs of Sftpd2/2

mice (17). Moreover, treatment of these mice with an iNOS
inhibitor attenuated the inflammatory responses associated with
a loss of Sftpd (37). The favoring of proinflammatory macrophage
activation in the lungs of Sftpd2/2 mice, which occurs as a conse-
quence of excessive iNOS activity, may lead to a hypersusceptible
state, such that ozone-mediated injury and oxidative stress are
prolonged. Surprisingly, BAL NOx concentrations were similar
in ozone-treated Sftpd1/1 and Sftpd2/2 mice. These results most
likely reflects the fact that NOx is only a measure of the extracel-
lular pool of nitric oxide metabolites. Notably, we observed that

ozone-induced increases in Type II cell COX-2 also remained
elevated above air-exposed control levels in Sftpd2/2 mice 72
hours after ozone exposure. These data provide additional
support for the role of Type II cells in the inflammatory response
to ozone (36).

Baseline central airway and parenchymal mechanics have
been reported to be altered in Sftpd2/2 mice, compared with
Sftpd1/1 mice (38). Similarly, we observed alterations in central
airway pulmonary mechanics in Sftpd2/2 mice relative to
Sftpd1/1 mice, as measured by increases in R, Rn, and Cst
(39). In addition, at all PEEPs measured, RL was greater at high
frequencies, suggesting that persistent pulmonary inflammation
in Sftpd2/2 mice leads to alterations in central airway mechan-
ics. Our findings that these alterations are similar to the effects
of ozone in Sftpd1/1 mice provide support for this conclusion.
We also found that loss of Sftpd altered the elastic recoil prop-
erties of the lung parenchyma, and caused increases in hetero-
geneous ventilation, airway resistance, and lung stiffness. In
contrast to our findings, decreases in the elastic recoil of lung
parenchyma were previously described in Sftpd2/2 mice (38).
Differences between our findings and previous results may be
attributable to differences in the ages of mice analyzed.

Because of preexisting macrophage inflammation, we specu-
lated that ozone-induced alterations in pulmonary mechanics
would be more extensive in Sftpd2/2 mice, compared with
ozone-exposed Sftpd1/1 mice, and this was the case. Thus, in
Sftpd2/2 mice, ozone inhalation resulted in alterations not only
in airway mechanics, but also in the parenchymal integrity of

Figure 5. Effects of ozone inhalation on resistance spectra curves (RL)
and elastance spectra curves (EL) in Sftpd1/1 and Sftpd2/2 mice. Lung

function was measured 72 hours after exposure of Sftpd1/1 and Sftpd2/2

mice to air or ozone. Lungs were subjected to increasing PEEP. Imped-
ance spectra were generated using the forced oscillation technique. Re-

sistance and elastance spectra were then derived from input impedance

data. Measurements were performed in triplicate at each PEEP. Each

point represents the mean 6 SEM of three experiments (n ¼ 4–6 mice/
treatment group/experiment; n ¼ 12–27 mice/group total). Data were

analyzed by nonlinear regression. *Significantly different (P < 0.05) from

air-exposed control mice.

TABLE 2. EFFECTS OF OZONE ON RL AND EL SPECTRA IN SFTPD1/1

AND SFTPD2/2 MICE

Sftpd1/1 Sftpd2/2

PEEP Air Ozone Air Ozone

a 0 3.39 6 0.11 3.62 6 0.19 3.69 6 0.16 8.71 6 3.41

1 3.50 6 0.05 3.53 6 0.19 3.52 6 0.32 8.09 6 3.76

3 3.20 6 0.07 2.91 6 0.22 3.32 6 0.20 3.12 6 0.71

6 3.20 6 0.13 2.59 6 0.18 2.89 6 0.19 3.16 6 0.25

b 0 0.08 6 0.01 0.13 6 0.04 0.24 6 0.04* 20.06 6 0.09†

1 0.10 6 0.02 0.20 6 0.04† 0.29 6 0.04* 0.13 6 0.04†

3 0.19 6 0.01 0.43 6 0.02† 0.45 6 0.01* 0.73 6 0.17

6 0.34 6 0.01 0.45 6 0.01 0.66 6 0.01* 0.57 6 0.06

c 0 0.58 6 0.03 0.70 6 0.06 0.62 6 0.05 0.76 6 0.19

1 0.67 6 0.03 0.68 6 0.04 0.60 6 0.04 1.05 6 0.33

3 0.61 6 0.01 0.45 6 0.05 0.67 6 0.13 0.31 6 0.16

6 0.58 6 0.02 0.30 6 0.02† 0.37 6 0.03* 0.29 6 0.03

E0 0 61.36 6 1.21 63.75 6 1.35 54.90 6 0.96* 66.46 6 4.92

1 62.08 6 1.11 64.04 6 1.22 56.62 6 1.95* 69.26 6 2.40†

3 59.18 6 1.31 64.04 6 2.43 53.66 6 2.15 73.88 6 4.20†

6 52.45 6 1.35 57.37 6 3.41 51.19 6 2.89 65.24 6 3.25†

DE 0 34.57 6 0.85 46.92 6 2.75† 36.55 6 0.83 130.54 6 56.58†

1 32.99 6 0.65 44.60 6 1.59† 31.16 6 1.75 115.18 6 60.07†

3 31.43 6 0.77 30.61 6 1.73 30.12 6 2.69 57.01 6 19.96

6 29.02 6 0.81 27.52 6 1.92 26.18 6 2.29 32.59 6 2.46

b 0 0.20 6 0.00 0.15 6 0.02† 0.27 6 0.05 0.18 6 0.03†

1 0.24 6 0.01 0.16 6 0.02† 0.30 6 0.03 0.14 6 0.03†

3 0.27 6 0.01 0.22 6 0.02 0.30 6 0.03 0.21 6 0.04

6 0.41 6 0.01 0.44 6 0.03 0.56 6 0.05* 0.48 6 0.03

Definition of abbreviations: a, b, and c are parameters of RL; a and c reflect RL at

low frequencies; b reflects RL at high frequencies. E0, DE, and b are parameters of

EL; EL, elastance spectra curve; RL, resistance spectra curve.

E0 represents EL at 0 Hz. DE reflects the magnitude of EL, and b the rate of EL
change with frequency. Lung function was measured 72 hours after exposure of

Sftpd1/1 and Sftpd2/2 mice to air or ozone. Each measurement was performed in

triplicate. Values represent the means 6 SEM of three experiments (n ¼ 4–6

mice/treatment group/experiment; n ¼ 12–18 mice/group total). Data were

analyzed by two-way ANOVA.

* Significantly different (P , 0.05) from Sftpd1/1 mice.
y Significantly different (P , 0.05) from air-exposed control mice.
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the already compromised lungs. In the lungs of Sftpd2/2 mice,
an accumulation of inflammatory macrophages occurred, which
increased after ozone exposure, along with pronounced lipopro-
teinosis. This buildup of inflammatory material may cause a stiff-
ening of the lung, with a consequent increase in inherent tissue
elastance. This idea is supported by our observation that in the
derecruited lung, ozone exposure resulted in a dramatic increase
in EL, a change that was frequency-dependent and delayed,
compared with air-exposed Sftpd2/2 mice. Moreover, constant
phase model analysis revealed increased baseline tissue elas-
tance, which is consistent with a stiffening effect on parenchy-
mal mechanics and indicative of restrictive lung injury. This
increased baseline tissue elastance was not observed in ozone-
exposed Sftpd1/1 mice, suggesting that Sftpd is important in
maintaining the elastic properties of the lung. Increases in both
RL and EL spectra at low frequencies suggest that in Sftpd2/2

mice, ozone exposure results in heterogeneous changes in lung
function (40). The observation that these changes were amelio-
rated as PEEP increased indicates that ozone exposure, like
a loss of Sftpd, affects parenchymal tethering, which could result
in small airway collapse. Functionally, Sftpd2/2 mice appear
similar to ozone-injured Sftpd1/1 mice, with an apparent loss
of parenchymal integrity resulting in derecruitment and a loss of
airway tethering. Taken together, these results indicate that
lung function is significantly altered by both a loss of Sftpd
and by ozone exposure, and that an interaction between these
proinflammatory stimuli occurs. These results support findings
in other models of lung injury that Sftpd is important in main-
taining normal lung functioning (38, 41–43).

In previous studies, Kierstein and colleagues (44) reported
increased numbers of neutrophils in BAL fluid 12–48 hours
after exposure of Sftpd2/2 mice to ozone. However, the effects
of ozone on macrophage accumulation and activation in the lung
were not assessed. Lung injury, oxidative stress, and pulmonary
mechanics were also not evaluated. Thus, the results presented
here, demonstrating sustained lung injury, oxidative stress, and
macrophage activation, and exacerbated alterations in pulmonary
mechanics, are novel. Also unique to the present study is the use
of a constant phase model of lung function to assess alterations
in central airway mechanics, and our analysis of resistance and
elastance spectra at various levels of PEEP. This analysis
revealed the importance of parenchymal injury in mediating
changes in lung function. Because polymorphisms in Sftpd have
been associated with the development of COPD (45), this study
highlights the importance of understanding the role of persis-
tent inflammation caused by the loss of this protein on the
response of susceptible populations to ozone exposure. We em-
phasize that in the present experiments, Sftpd2/2 mice were used
as a model of persistent pulmonary macrophage inflammation. At
present, it remains unclear whether the absence of Sftpd or un-
derlying inflammation is responsible for the observed differences
in ozone responses between Sftpd1/1 and Sftpd2/2 mice. Further
studies using an experimental model of conditional loss of Sftpd
would enable an assessment of the specific effects of deficiency in
this protein on lung responses to ozone.

Author disclosures are available with the text of this article at www.atsjournals.org.
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