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Monocyte chemoattractant protein-1 (MCP-1), acting through
its C-C chemokine receptor 2 (CCR-2), has important roles in
inflammation, angiogenesis, and wound repair. The individual
and combined effects of inhaled nitric oxide (NO) and hyperoxia
on lung MCP-1 and CCR-2 in relation to lung leukocyte dynam-
ics are unknown. Because MCP-1 gene is up-regulated by oxi-
dants, we hypothesized that inhaled NO with hyperoxia will
increase MCP-1 production and CCR-2 expression more than
either gas alone. We randomly assigned young piglets to breathe
room air (RA), RA�50 ppm NO (RA�NO), O2, or O2�NO for
1 or 5 d before sacrifice. Lungs were lavaged and tissues
preserved for hybridization studies, Western blotting, histology,
and immunohistochemistry. The results show that lung MCP-1
production and alveolar macrophage count were significantly
elevated in the 5-d O2 and O2�NO groups relative to the RA
group (p � 0.05). In contrast, lung CCR-2 abundance was
diminished in the O2 group (p � 0.05), but not in the O2�NO
group, compared with the RA group. No difference was detected

in any variable studied at 24 h. CCR-2 distribution was similar in
all groups with staining of alveolar septa, macrophages, vascular
endothelium, and the luminal epithelial surface of airways. We
conclude that although hyperoxia increases MCP-1 in young
piglet lungs, it also decreases CCR-2 abundance, which may
limit participation of MCP-1 in alveolar macrophage recruitment.
Inhaled NO, unlike hyperoxia, has no significant independent
effect, but its concurrent administration during hyperoxia atten-
uates the decremental effect of hyperoxia on CCR-2 abundance.
(Pediatr Res 50: 633–640, 2001)

Abbreviations
MCP-1, monocyte chemoattractant protein-1
NO, nitric oxide
MPO, myeloperoxidase
CCR-2, C-C chemokine receptor 2
RA, room air
RPA, ribonuclease protection assay

Animals exposed to prolonged hyperoxia suffer lung injury
from pulmonary sequestration of activated leukocytes, which
release cytokines, reactive oxygen species, and tissue-
degrading enzymes (1–3). The leukocyte influx is orchestrated
and amplified by chemotactic factors (1–4).

In the early phase, neutrophil accumulation predominates,
but this pattern changes to one of monocytes/macrophages
beyond 72 h (3). The change in the inflammatory cell compo-
sition results from proliferation of resident alveolar macro-
phages as well as pulmonary transmicrovascular migration of
blood monocytes (1, 3). The factors controlling these later

events are not fully understood, but known proinflammatory
cytokines may be involved.

MCP-1 is a C-C chemokine with activating and chemoat-
tractant actions on monocytes and macrophages (5). In addition
to its chemoattractant characteristics, MCP-1 also induces
mesothelial, fibroblast, endothelial, and vascular smooth mus-
cle cell proliferation and migration (6–9). MCP-1 is produced
by various immune and nonimmune cell types including alve-
olar macrophages (5).

The actions of MCP-1 are mediated primarily through
CCR-2 (10). These receptors are now known to be expressed
by mesothelial, fibroblasts, and endothelial cells, as well as
vascular smooth muscle cells (6–9). CCR-2 are members of
the G protein-linked, heptahelical transmembrane domain re-
ceptor family.

The chemoattractant actions of MCP-1 on monocytes and
macrophages, like its other properties, derive from activation
of CCR-2 receptors. The effect of hyperoxia on lung CCR-2
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expression is unknown. A recent study found that although
MCP-1 production increased in newborn rabbit lungs in re-
sponse to hyperoxia, there was no correlation between MCP-1
levels and alveolar macrophage recruitment into the lung (11).
Determination of the effect of hyperoxia on lung CCR-2 may
contribute to understanding the role of MCP-1 during hyper-
oxic lung injury.

The MCP-1 gene contains oxidant responsive elements, and
increases in MCP-1 mRNA transcription in response to reac-
tive oxygen species have been reported (12, 13). NO, a prooxi-
dant gas with demonstrated antiinflammatory and vasoactive
properties, is used often in conjunction with hyperoxia to treat
neonatal pulmonary hypertension (14–16). High levels of ox-
idant-reactive nitrogen intermediaries are generated in the pres-
ence of NO and oxygen (17, 18). The effect of NO alone, or
during concurrent exposure with hyperoxia, on lung MCP-1
production and CCR-2 distribution and abundance has not been
examined.

Because the MCP-1 gene is transcriptionally up-regulated in
the presence of oxidant elements (12), and because NO, like
oxygen, is capable of generating oxidants (19), we hypothe-
sized that concurrent exposure to inhaled NO and high inspired
oxygen concentration will result in increased lung MCP-1
production more than exposure to either gas alone. Addition-
ally, we hypothesized that lung CCR-2 will show a similar
trend. We used a young piglet model (20) characterized by
rapidly growing lungs to assess lung MCP-1 production and
CCR-2 and leukocyte dynamics after 1 and 5 d of separate or
concurrent exposure to NO and hyperoxia.

METHODS

Animal exposure and sacrifice. Twenty-eight 10- to 14-d-
old piglets of both sexes were randomly assigned to four
exposure groups to breathe, in a 200-L chamber for 5 d, either
1) RA, 2) RA�50 ppm NO, 3) hyperoxia (O2; inspired fraction
of oxygen � 0.96), or 4) O2�NO. Ten additional animals
breathed O2or O2�50 ppm NO for 1 d. Exposure was per-
formed at ambient temperature with the animals allowed free
access to food and water. Medical-grade oxygen and nitric
oxide (Puritan Bennett, Overland Park, KS, U.S.A.) were
routed by way of connectors and regulators to the inlet port of
the exposure chamber. Humidified oxygen and nitric oxide
were introduced at a flow rate sufficient to maintain chamber
concentrations � 96% and 50 ppm, respectively, throughout
the experiment. Four 150-g soda lime canisters and 500-g
activated charcoal canisters (Sigma Chemical Co., St. Louis,
MO, U.S.A.) were used to scavenge CO2 and NO2. Chamber
outlet port gas concentration was monitored for oxygen (Hud-
son Medical, Temecula, CA, U.S.A.), CO2 (model ABL30
Blood Gas Analyzer, Radiometer, Westlake, OH, U.S.A.), and
NO and NO2 (Sensor Stik, NO model 4584 and NO2 model
4586, Exidyne Instruments, Exton, PA, U.S.A.).

At the end of the exposure period, anesthesia was accom-
plished with 2 mg/kg xylazine, 20 mg/kg ketamine, and 40
mg/kg sodium pentobarbital before sacrifice. Euthanasia was
accomplished with high-dose pentobarbital. The lungs were
removed promptly on cessation of cardiac activity. The right

lung was lavaged with six aliquots of 25 mL of PBS, and the
recovered lavage fluid was filtered to separate the cells, then
stored at �80°C until analyzed. Pieces from the unlavaged left
lung were minced, then frozen in liquid nitrogen and stored at
�80°C until used for Western blot and hybridization studies.
The remaining left lower lobe was fixed in 4% formalin and
used for immunohistochemistry.

The study was approved by the Institutional Animal Care
Utilization Committee of the University of Missouri at Kansas
City, MO.

RPA for MCP-1 and IL-8 mRNA. Total RNA was isolated
from lung tissue samples using Tri-Reagent (Sigma Chemical
Co.). Multiprobe RPA was performed according to the manu-
facturer’s protocol (BD PharMingen, San Diego, CA, U.S.A.).
Briefly, [32P]UTP-labeled antisense RNA probes were gener-
ated for IL-8, MCP-1, and the housekeeping genes L32 and
glyceraldehyde-3-phosphate dehydrogenase by in vitro T7
polymerase-directed transcription from a mix of porcine partial
cDNA templates. The synthesized probe set was diluted to a
final concentration of 2 � 105 cpm/�L. Two microliters of the
diluted probe set was mixed and hybridized to 6 �g of total
lung RNA isolate in 8 �L of hybridization buffer. The samples
were then incubated for 16 h in a water bath prewarmed to
90°C but immediately decreased to 56°C, allowing the tem-
perature to ramp down slowly during this period. Unhybridized
RNA, including probes, was then digested with RNase A and
T1 for 60 min at 37°C. This was followed by phenol-
chloroform-isoamyl alcohol extraction of the hybridized or
protected RNA duplexes after treatment with proteinase K. The
hybridized RNA was then resolved on a 5% acrylamide, 7 M
urea gel by electrophoresis, allowing for separation of pro-
tected or duplex RNA strands into discrete bands based on the
graded lengths of the probe cDNA templates. Gels were dried
under vacuum for about 1 h at 80°C. Dry gels were then
developed overnight at �70°C on a film (Kodak X-AR, East-
man Kodak, Rochester, NY, U.S.A.) in a cassette equipped
with an intensifying screen. For quantitation of mRNA, the
band intensities of the autoradiograms were measured on a
densitometer running Image Quant software (Molecular Dy-
namics, Sunnyvale, CA, U.S.A.). The MCP-1 and IL-8 data
were then normalized to that of the housekeeping gene L32.

MCP-1 protein assay. Lung lavage fluid MCP-1 protein
level was determined by a solid-phase sandwich ELISA, using
a commercially available kit according to the manufacturer’s
instructions (BioSource International, Camarillo, CA, U.S.A.).
Briefly, 100 �L of standards and samples were added to wells
in a microtiter plate followed by 100 �L of antigen-specific
biotin conjugate. The mixture was allowed to incubate for 2 h,
then wells were aspirated and washed four times with wash
buffer. One hundred microliters of streptavidin-HRP conjugate
was then added to each well, followed by incubation for 30 min
at room temperature. After aspiration and washing four times
with wash buffer, 100 �L of stabilized chromogen was added
to each well, followed by incubation in the dark for 30 min.
The reaction was stopped with 100 �L of stop solution, and the
absorbance was read from a microtiter plate optical reader at
450 nm. The MCP-1 concentration in the samples was inter-
polated from the standard curve.
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Western blotting CCR-2. CCR-2 protein expression in the
piglet lungs was analyzed by Western blot (BD Biosciences,
Lexington, KY, U.S.A.). Briefly, after sample preparation, 35
�g per well of total lung protein extract was electrophoresed in
a 13-well, 16 cm � 16 cm � 1 mm, 5–15% gradient SDS
polyacrylamide gel. A lane containing molecular weight standards
composed of an antibody cocktail was included. The gel was run
overnight at constant milliamps, then transferred to Immobilon-P
nylon membrane (Millipore Corp., Bedford, MA, U.S.A.) for 1 h
at 1 A. After transfer, the membrane was blocked for 1 h with 5%
milk. Next, the membrane was clamped with Western blot man-
ifold, which isolates 13 channels across the membrane. In each
channel an antibody cocktail including CCR-2 (R & D Systems,
Minneapolis, MN, U.S.A.) and RACK-1 (Transduction Labora-
tories, Lexington, KY, U.S.A.) was added and allowed to hybrid-
ize for 1 h. RACK-1 protein expression is stable and therefore was
used as an internal control, and a human endothelial cell lysate
was included as a CCR-2–positive control. The blot was removed
from the manifold, washed, and hybridized for 30 min with goat
anti-mouse horseradish peroxidase. The membrane was washed
and developed with chemiluminescence (Super Signal West Pico,
Pierce, Rockford IL, U.S.A.). CCR-2 and RACK-1 bands were
digitized and mean CCR-2/RACK-1 ratios calculated.

Histology and immunohistochemistry. Formalin-fixed lung
sections embedded in paraffin were cut 4 �m thick and
mounted on positively charged glass slides. After deparaf-
finization and rehydration with Tris-buffered saline, pH 7.6,
endogenous peroxidase was quenched with hydrogen peroxide.

Myeloperoxidase. Lung neutrophil accumulation was as-
sessed by immunohistochemical staining for the neutrophil-
specific enzyme MPO. Briefly, sections were immunostained
with rabbit polyclonal antiserum to human MPO (DAKO,
Carpinteria, CA, U.S.A.) using a modified avidin-biotin-
peroxidase method (16). Sections were incubated with block-
ing serum (DAKO) for 10 min followed by primary antiserum
overnight. After washing, sections were incubated with biotin-
ylated IgG and stained with an immunoperoxidase technique
according to the manufacturer’s instructions (Vectastain ABC
Elite Kit; Vector Laboratories, Burlingame, CA, U.S.A.). An-
tigenic sites were visualized by addition of the chromogen 3,3'
diaminobenzidine. Slides were counterstained with light green
SF yellowish (EM Diagnostic Systems, Inc., Gibbstown, NJ,
U.S.A.). Negative control slides were stained using the same
procedure, omitting the primary antibody or adding a nonim-
mune serum. The sections were visualized under light micros-
copy and semiquantitated by two blinded observers using a
1–4 scale. The scale was defined as 1, no staining; 2, few
staining; 3, moderate staining; and 4, large and diffuse staining.

CCR-2 distribution. The immunohistochemical method for
lung CCR-2 is similar to that described above for MPO, except
that sections were immunostained with goat polyclonal anti-
body to CCR-2 (Research Diagnostics, Flanders, NJ, U.S.A.).
The sections were visualized under light microscopy for tissue
CCR-2 stain distribution.

Intraalveolar macrophages. Glass slides with hematoxylin
and eosin–stained lung sections were made. The mean number
of intraalveolar macrophages was obtained on light microscopy
by counting the macrophages within 1 mm2 of 10 high-power

fields/slide. The count was performed by a single pathologist
blinded to the experimental groups. Macrophages were identi-
fied by their characteristic morphologic and cytologic
appearance.

Statistics. Statistical analysis was performed using a com-
puterized statistical software package, INSTAT (GraphPad
Software, San Diego, CA, U.S.A.). Multiple comparisons for
parametric data were made with one-way ANOVA and non-
parametric data with Kruskal-Wallis test. Post hoc analysis
with Tukey-Kramer or Student-Newman-Keuls to detect the
differing pairs was performed when appropriate. A p � 0.05
was considered significant. Results are expressed as mean �
SD unless otherwise noted.

RESULTS

All animals survived. Evidence of respiratory distress devel-
oped in the 5-d O2 and 5-d O2�NO piglet groups, with variable
levels of tachypnea and retractions. Animals in other groups
and the 1-d exposure group did not exhibit respiratory distress.

MCP-1 and IL-8 mRNA. Figure 1 is a photomicrograph of
the bands from the experimental groups obtained from RPA for
MCP-1 and IL-8 mRNA. As shown in Figures 2 and 3,
significantly higher levels of MCP-1 and IL-8 mRNA were
detected in the 5-d O2 and O2�NO–exposed piglet lungs
relative to the RA controls (p � 0.001 and p � 0.01, respec-
tively). Mean MCP-1 and IL-8 mRNA levels in the RA�NO
groups were not different from the RA group.

MCP-1 protein assay. In the 5-d piglet exposure experiment,
mean MCP-1 protein levels in the lavage fluid were signifi-
cantly greater in the O2 and O2�NO groups compared with the
RA group (p � 0.01 and 0.001, respectively; Fig. 4). In
addition, the O2�NO group had a statistically higher MCP-1

Figure 1. Photograph from autoradiogram of a multiprobe RPA for mRNA of
chemokines and housekeeping genes showing representative lanes for the 5-d
piglet experimental groups. Note the bands for MCP-1 and IL-8. The house-
keeping gene L32 appeared relatively unchanged and, therefore, was used for
normalization as reported in Figure 2. MW, molecular weight.
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level than the O2 group (p � 0.01). The mean MCP-1 level in
the RA�NO group was not different from that of the RA
group. MCP-1 levels were barely detectable in the 24-h exper-
imental groups and were not different from the RA group.

Western blotting CCR-2. Figure 5 shows the protein band
detected with anti-CCR-2 after SDS-PAGE of protein extracts
from the piglet lungs. The protein we detect is approximately
52 kD; this is 10 kD larger than the predicted mobility on the
basis of the amino acid sequence. The discrepancy is most
likely caused by existence of the receptor in the glycosylated
form (21). This same 52-kD protein is detected in the human
endothelial cells used as positive controls. Also previous West-
ern blots in which we used CCR-2 alone showed this band as
being specific for the CCR-2 MAb and not RACK-1 (36 kD).
A graph of the mean CCR-2 protein values obtained for the
different piglet groups is shown in Figure 6. The values are
those of CCR-2 bands normalized to those of RACK-1 from
the same lane as determined by densitometry. The mean

CCR-2 protein value from the RA�NO piglet lungs, although
higher than that from the RA group lungs, showed no statistical
difference when compared. However, the mean value from the
O2, but not the O2�NO, group lungs showed a significant
decrease in comparison to that of the RA group lungs. Thus
concurrent inhaled NO during exposure to hyperoxia prevented
the decremental effect of hyperoxia on lung CCR-2 protein
level.

Histology and immunohistochemistry. Histologically, there
was increased interstitial leukocytic infiltrate, alveolar septal
edema with focal alveolitis, and alveolar epithelial disruption
in the O2 and O2�NO–exposed piglets. The histologic find-
ings in the RA�NO group did not differ from the RA group.

CCR-2 distribution. The cellular and tissue distribution of
CCR-2 in the piglet lungs was determined by examining
immunohistochemically prepared slides of piglet lung sections
under light microscopy. CCR-2 staining was present in alveo-
lar macrophages, vascular endothelium, and alveolar septa, and
on luminal epithelial cells and surfaces of the airways (Fig. 7).
CCR-2–staining cells in the interstitium appear to be fibro-
blasts. These findings are consistent with CCR-2 being ex-
pressed by macrophages, endothelial cells, fibroblasts, and the
lining epithelial cells of the airways. Vascular and airway
smooth muscle cells apparently did not stain.

Intraalveolar macrophages. The intraalveolar macrophage
count (mean � SD) per square millimeter is presented in Table
1. The O2 and O2�NO– exposed piglets had statistically
greater numbers of intraalveolar macrophages than the RA
group. No difference was observed in the count between the
RA�NO and the RA group lungs.

Lung neutrophils. MPO is fairly specific to neutrophils and
therefore is an accepted marker for neutrophils (22). Immuno-
histochemical MPO scores for the respective groups are pre-
sented in Table 1. The scores are significantly higher for the O2

and O2�NO groups compared with the RA group.
Also, lung homogenate MPO activity measured biochemi-

cally as an index of neutrophil accumulation showed signifi-
cantly increased neutrophil content in the O2 and O2�NO–
exposed piglet lungs compared with the RA group (data not

Figure 2. Graph of densitometric measurements for MCP-1 mRNA bands in the autoradiogram from the experimental groups, normalized to that of the
housekeeping gene L32. Note the increased levels of MCP-1 mRNA in the O2 and O2�NO group. *p � 0.05 compared with RA group.

Figure 3. Graph of densitometric measurements for IL-8 mRNA bands in the
autoradiogram from the experimental groups, normalized to that of the house-
keeping gene L32. Note that IL-8 mRNA is increased in the O2 and O2�NO
group.*p � 0.05 compared with RA group.
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shown). The MPO level in the RA�NO group piglet lungs was
not different from the RA group.

DISCUSSION

To our knowledge, this is the first report on the effect of
inhaled NO with or without hyperoxia on lung MCP-1 and its
receptor, CCR-2. We have shown that breathing O2 (hyper-
oxia) or O2�NO for 5 d, but not NO alone (RA�NO),
increases MCP-1 production and intraalveolar macrophage
count in piglet lungs. However, the increase in alveolar mac-
rophage count does not appear to stem from the rise in MCP-1
levels because hyperoxia also caused a reduction in lung
CCR-2 abundance. Concurrent exposure to NO during hyper-
oxic gas breathing mitigated the reduction in lung CCR-2 level
caused by hyperoxia. Unlike the hyperoxia-induced changes in
its abundance, CCR-2 distribution in the lungs did not change
with either study gas or concurrent exposure to both. Twenty-
four–hour exposure to either gas alone had no effect on lung
MCP-1 or other variables measured in this study and therefore
will not be discussed further.

In contrast to the lack of existing data for inhaled NO with
or without hyperoxia, there are reports on the effect of reactive
oxygen species as well as of hyperoxia on MCP-1 production
(12, 13, 23). There are no data, however, on the effect of
hyperoxia on CCR-2 expression. Satriano et al. (12) in cell
culture experiments reported that reactive oxygen species ac-
tivate MCP-1 gene transcription. In a similar experiment,
Cooper et al. (13) demonstrated that hyperoxia increases
MCP-1 through increased MCP-1 mRNA production and tran-
script stability. D’Angio et al. (23, 24), in their studies of
hyperoxia effects, reported significant increases in MCP-1
mRNA transcripts. However, MCP-1 gene translation was not
assessed, although arguably it should increase because chemo-
kine production almost always is under transcriptional control.
In the present report, we found that hyperoxia increases both
MCP-1 mRNA transcripts and protein production.

Although there was no difference in lung MCP-1 mRNA
production between the O2 and O2�NO piglets, MCP-1 pro-
tein was, however, statistically greater in the lavage fluid of
O2�NO piglets. This discordance between MCP-1 mRNA and
protein level could be explained if NO, in the presence of

Figure 4. Graph of MCP-1 protein level in lung lavage fluid from the 5-d piglet experiments, expressed in picograms per milliliter. Note the increased MCP-1
protein levels in the O2 and O2�NO groups. *p � 0.05 compared with RA group.

Figure 5. Photograph of the protein bands detected on Western blot for
CCR-2 from the piglet lungs. Note that the CCR-2 protein band in the O2 group
appears diminished.

Figure 6. Graph of the mean densitometric values for CCR-2 protein bands
obtained on Western blotting of the piglet experimental groups lungs, normal-
ized to that of RACK 1 protein. Note that CCR-2 is decreased in the O2 group.
*p � 0.05 compared with RA group.
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hyperoxia, increased MCP-1 gene translation or posttranslation
while hyperoxia increased transcription alone. Evidence for the
existence of such a mechanism includes the report by Bellocq
et al. (25) that reactive nitrogen intermediaries increase trans-
forming growth factor-�1 release from human alveolar epithe-
lial cells through translational or posttranslational modulation,
whereas reactive oxygen species had an up-regulatory effect on
transcription. Indeed, high levels of both reactive nitrogen
intermediaries and oxygen species are generated during con-
current exposure to NO and hyperoxia (17, 18).

Western blot analysis revealed a significant reduction in
CCR-2 protein expression in the lungs of O2-exposed piglets
compared with the RA group. The CCR-2 abundance in the
O2�NO group did not differ from that of the RA group. Thus
the results show that exposure to hyperoxia decreases rather
than increases CCR-2 protein expression. Also, concurrent
exposure to NO attenuates the decrement effect of hyperoxia
on lung CCR-2 protein abundance. The “protective” effect of
NO in this instance may be from its acting as a free radical
scavenger (26–29).

As expected, we found an abundance of neutrophils and
intraalveolar macrophages in the O2 and O2�NO piglet lungs
relative to the RA group. Like MCP-1, IL-8 mRNA was
significantly elevated in this same group of piglets, consistent

with a role for this chemokine in the lung neutrophil influx.
Others have shown a strong correlation between IL-8 levels
and lung neutrophil accumulation during hyperoxia (11, 23,
30). Blockage of IL-8, or of its major receptors CXCR-1 and
CXCR-2, which are up-regulated during hyperoxia, decreases
lung neutrophil accumulation (30, 31). Thus IL-8 has key roles
in lung neutrophil dynamics during hyperoxia exposure.

In contrast, the participation of MCP-1 in lung macrophage
accumulation during hyperoxia has not been examined to the
same extent. Previous work has established that MCP-1 has
chemoattractant properties and that its level is increased by
hyperoxia exposure (5, 11, 24). The present study found both
an increase in MCP-1 production and in intraalveolar macro-
phages, but a decrease in CCR-2 in the lungs of the O2-exposed
piglets. These findings would argue against a role for MCP-1
as being the driving force for lung macrophage recruitment
during hyperoxia. D’Angio et al. (11), in a study of newborn
rabbits exposed to hyperoxia, observed that alveolar macro-
phage recruitment did not correlate with MCP-1 levels. The
data obtained from young piglets in the present study are
consistent with their observation but also suggest that the
decrease in CCR-2 associated with hyperoxia may have limited
participation by MCP-1 in the alveolar macrophage
recruitment.

Although MCP-1 can bind to the CCR-1 and CCR-4 recep-
tors, its affinity for these receptors is so weak that only minimal
signal transduction is believed to occur through the former and
none through the later (10). These receptors therefore cannot
substantially substitute for significant reductions in CCR-2
level. Alternative substances that could have promoted macro-
phage recruitment include the chemokines macrophage inflam-
matory protein-1 alpha and macrophage inflammatory pro-
tein-1 beta, both of which share similar chemoattractant
properties as MCP-1 (32, 33).

Several stimuli, including cytokines, infectious agents, en-
dotoxin, and lipopolysaccharide, have been shown in in vitro
studies to decrease CCR-2 receptor expression with a concom-
itant reduction in monocyte trafficking (34–36). However,
multiple competing mechanisms are usually operative in a
whole animal model; therefore the results obtained from in
vitro studies do not always reflect events in the intact animal.
Mice made deficient in CCR-2 by gene knockout show de-
creased firm leukocyte adhesion to vascular endothelium and
reduced extravasation in response to MCP-1 (37). Macrophage
influx into the peritoneal cavity and granuloma formation in the
liver in response to thioglycollate and beta-glucan injection,
respectively, is also impaired in these mice compared with
wild-type mice (37). However, alveolar macrophage traffick-
ing, especially in response to hyperoxia, has not been examined
in this model.

There appear to be multiple mechanisms involved in pul-
monary transmicrovascular migration of leukocytes into the
lungs and they are not fully understood, unlike that of the
systemic circulation (38). The existence of both ligand-
receptor–dependent and –independent leukocyte emigration
pathways that are also stimulus specific has been demonstrated
for the pulmonary circulation (39). One such pathway is emi-
gration on the basis of stimuli-induced deformation of leuko-

Table 1. Lung leukocyte assessment

RA RA � NO O2 O2 � NO

Number of alveolar
macrophages/mm2

0.84 � 0.98 20.6 � 1.8 4.93 � 2.65* 4.86 � 3.2*

Lung MPO score
(neutrophils)

1.33 � 0.52 1.50 � 0.55 3.50 � 0.55* 3.67 � 0.52*

Values are mean � SD.
* p � 0.05, significant difference compared with RA.

Figure 7. Immunohistochemical staining of 4-�m paraffin sections of lung
tissue for CCR-2 in the piglet lungs (�400). The staining distribution was the
same in all piglet groups except that the intensity was less in the O2 group. The
medium size bronchiole on the left shows receptor staining of some of the
epithelial cells (long arrow on left). The alveolar septa (short arrow on left) are
also stained. The terminal bronchiole on the right shows somewhat less
epithelial cell receptor staining. Also seen (long arrow on right) is arterial
endothelial staining. Alveolar macrophages, vascular endothelium, fibroblasts,
and luminal epithelial cells, as well as surfaces of the airways, all stained
positive for CCR-2.

638 EKEKEZIE ET AL.



cyte cell wall. Thus, a physical change in the leukocyte rather
than ligand-receptor interaction directs leukocyte traffic into
the lung. This pathway may explain the increase in lung
alveolar macrophage trafficking despite a hyperoxia-induced
decrease in lung CCR-2. Keeney et al. (40) have shown that
blockade of neutrophil CD18 receptors with MAb did not
decrease lung neutrophil recruitment during exposure to
hyperoxia.

CCR-2 staining distribution in the lungs showed it is present
in alveolar macrophages, vascular intima, and alveolar septa,
and on luminal epithelial cells and surfaces of airways. These
findings are consistent with CCR-2 being expressed by mac-
rophages, endothelial cells, fibroblasts, and the lining epithelial
cells of larger and intermediate airways. CCR-2 was once
thought to be exclusively expressed by monocytes and macro-
phages but has since been demonstrated in other cell types. Our
data appear to be the first describing CCR-2 distribution in the
lungs. The staining of luminal epithelial cells and surfaces of
the airways would suggest they express CCR-2.

The results from the current study may be important for
several reasons. First, we described CCR-2 distribution in the
lungs and the depressant effect of hyperoxia on CCR-2 abun-
dance. This may have potential implications for lung repair
after injury, because MCP-1 acting through CCR-2 participates
in angiogenesis and in wound repair (6, 8, 41). Next, we
showed that combined exposure to hyperoxia and NO did not
exacerbate the depressant effect of hyperoxia on CCR-2 but
may actually be protective. This may suggest a potential
beneficial role for NO in minimizing the injurious effect of
hyperoxia on angiogenesis and repair. This possibility lends
support to testing NO as a prophylaxis for chronic lung disease
of prematurity. Finally, data from this study suggest that
strategies targeting CCR-2 blockade to decrease lung macro-
phage activation and injury are unlikely to be successful, but
instead may pose potential problems for angiogenesis and
repair.

The limitations of the present study include the fact that only
a single and relatively high dose of NO was studied, and that
only two times, d 1 and 5, were studied. The absence of the
potentially confounding effects of mechanical ventilation as
would be used in the clinical setting could be viewed as either
a limitation or a clarifying factor. Nevertheless, useful insights
are gained regarding the interaction of O2 and NO during
combined use to influence MCP-1 and CCR-2 level.

In summary, this study found that hyperoxia has a paradox-
ical effect of increasing lung MCP-1 production but decreasing
CCR-2 abundance in young piglet lungs. Lung leukocyte
dynamics in hyperoxia, therefore, may be independent of
changes in MCP-1 and its receptor level. Concurrent exposure
to inhaled NO may mitigate the decremental effect of hyper-
oxia on lung CCR-2 abundance. Unlike the effect of hyperoxia,
administration of NO alone did not affect lung MCP-1 produc-
tion or CCR-2 abundance. We speculate that hyperoxia decre-
ment in lung CCR-2 contributes to the microvascular injury
and altered repair characteristic of hyperoxia lung injury. Fur-
ther studies are warranted to specifically evaluate the role of
the increased MCP-1 level in hyperoxia lung injury.
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