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In infants, smoke exposure is associated with more respiratory ill-
nesses and decreased lung function. We hypothesized that perinatal
lung is particularly susceptible to the damaging effects of cigarette
smoke (CS) and that exposure to CS during this period may alter
expression of immune response genes and adversely affect lung
growth. To test this, we exposed neonatal mice to 14 days of CS.
Immediately after exposure to CS, pulmonary gene expression
profiling was performed on 2-week-old CS-exposed lung and age-
matched control lung. Nitrotyrosine, TUNEL, MAC3, and phospho-
SMAD-2 (p-SMAD2) staining was also performed. At 8 weeks of age,
lung volume measurements were determined and mean linear
intercept measurements were calculated. Pulmonary gene expres-
sion profiling revealed that CS exposure significantly inhibited type
1 and type 2 interferon pathway genes in neonatal lung, compared
with age-matched control lung. Neonatal CS-exposed lung also had
a significant increase in n-tyrosine, TUNEL, and p-SMAD?2 staining
when compared with adult CS-exposed lung and age-matched
control lung. Lung volumes at 8 weeks of age were modestly but
significantly decreased in mice exposed to CS in the neonatal period
compared with age-matched controls, consistent with impaired
lung growth. The results of this study indicate that exposure to CS
during the neonatal period inhibits expression of genes involved in
innate immunity and mildly impairs postnatal lung growth. These
findings may in part explain the increased incidence of respiratory
symptoms in infants and children exposed to CS.
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Cigarette smoke (CS) exposure has a significant impact on the
respiratory health of infants and children (1). Infants exposed to
CS are at higher risk for sudden infant death syndrome, lower
respiratory tract infections, and small airway disease, compared
with infants not exposed to CS (2-4).

We hypothesize that perinatal life represents a period of
critical vulnerability in which exposure to CS may impair lung
immunity and lung growth. The innate immune system of the
neonate is immature, which may account for the increased
susceptibility of infants to viral and bacterial pathogens (5).
Exposure to CS during perinatal life may further depress the
innate immune system in the lung. In vitro studies have shown
that CS extract inhibits TH1 cytokines, such as IL-1B, IL-2,
IFN-vy, and TNF-«a (6), and macrophages exposed to CS have an
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CLINICAL RELEVANCE

In our study cigarette smoke inhibited innate gene expres-
sion and led to a modest impairment of alveolar growth.
These results may help explain the increased incidence of
respiratory symptoms in infants exposed to tobacco smoke.

impaired IFN-y response (7). Furthermore, in one of the few
studies evaluating the effect of CS on the neonatal immune
system, investigators found that neonatal mice exposed to both
CS and respiratory syncytial virus (RSV) had lower levels of
TH1 cytokines in the bronchoalveolar lavage fluid compared
with control mice exposed to RSV alone (8).

Another concern with regard to perinatal life and CS is the
effect of CS exposure on postnatal alveolar growth. During the
perinatal period, the lung continues to develop new alveoli. This
occurs in both the human and rodent lung (9). In the rodent, most
growth occurs during the first 2 weeks of postnatal life, while
alveolar growth in the human extends to about the first 2 years of
life (10). We and others have shown that mice exposed to
hyperoxia during the perinatal period have impaired alveolar
growth, leading to abnormalities in lung structure and function
that persist into adult life (11-13). Children are at risk for adverse
pulmonary effects when exposed to environmental pollutants. A
recent study found that children living close to highways and
exposed to high levels of pollutants have significantly lower lung
function than children who live at further distances from the
highway (14). CS has over 4,500 chemicals in the form of particles
and gases that include carcinogens and reactive aldehydes (3, 15).
Exposure to these chemicals in early life may adversely effect
postnatal lung growth and immune function. Although exposure
to CS is ubiquitous in most areas of the world, little is known
regarding the effects of CS on postnatal lung growth.

We hypothesized that CS exposure interferes with neonatal
lung homeostasis by inhibiting expression of pulmonary im-
mune-response genes and impairing lung growth. To study the
effects of CS exposure on neonatal lung, we exposed neonatal
mice to CS for the first 2 weeks of life. The daily exposure of
neonates to CS was limited and significantly less than that which
had previously been used to induce emphysema in the adult
mouse (16).

MATERIALS AND METHODS

C57BL/6] mice were procured from The Jackson Laboratory (Bar
Harbor, ME). The animals were maintained on an AIN 76A diet and
water ad libitum and housed at a temperature range of 20 to 23°C under
12-hour light/dark cycles.

All experiments were conducted in accordance with the standards
established by the United States Animal Welfare Acts, set forth in NIH
guidelines and the Policy and Procedures Manual of the Johns Hopkins
University Animal Care and Use Committee. C57BL/6J mice were used
for all experiments.
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CS Exposure

The smoke machine (Model TE-10; Teague Enterprises, Davis, CA)
was adjusted to burn two cigarettes (2R4F reference cigarettes, 2.45 mg
nicotine/cigarette; purchased from the Tobacco Health Research In-
stitute, University of Kentucky, Lexington, KY) at one time. Cigarettes
were smoked with standard puffs of 35 ml volume of 2-second duration.
The total particulate matter in the exposure chambers was on an
average 90 mg/m?, and CO concentration was 350 ppm (16). Mice were
divided into the following four groups: 1-day-old mice with their
mothers and 6-week-old adult mice were placed in the smoke chamber
for 1 hour/day during the first week and 2 hours/day during the second
week of exposure. As controls, 1-day-old mice and 6-week-old mice
were kept in a filtered air environment away from the experimental
groups.

Mice exposed to 2 weeks of CS as neonates were killed at either 2 or
8 weeks of age, 6-week-old mice exposed to 2 weeks of CS were killed
at 8 weeks of age, and control mice kept in the filtered air environment
were killed at either 2 or 8 weeks of age.

Lung Processing

Lungs were infused through the trachea with 0.5% low-melting agarose
using a fixed volume. Lungs were fixed overnight in 10% buffered
formalin and then paraffin-embedded. Lung was cut into 5-pm lung
sections.

Immunocytochemistry

For immunohistochemistry, antigen retrieval was performed using
citrate buffer for 30 minutes, then washed. Slides were blocked with
3% H,O,; for 15 minutes. Lectin (Bioinylated GSL I-isolectin B4, #B-
1205; Vector Laboratories, Burlingame, CA) and anti-mouse MAC3 rat
monoclonal antibody (#550292; BD Pharmingen, San Diego, CA) were
used to identify macrophages in lung sections. For quantification of cell
proliferation, rabbit anti-proliferating cell nuclear antigen (PCNA) was
used as the primary antibody (#SC-7907, 1:50 dilution; Santa Cruz, Santa
Cruz, CA) for 1 hour, washed, and the second antibody, goat anti-rabbit
Texas Red (#2767, 1:200; Molecular Probes, Eugene, OR) was applied
for 20 minutes. The following primary antibodies were used in separate
reactions: pSMAD?2 (#3101, 1:1,000 dilution; Cell Signaling, Danvers,
MA) and active caspase 3 rabbit polyclonal antibody (10 pg/ml, ab2302;
Abcam, Cambridge, MA). Primary antibodies were applied for 1 hour at
room temperature then washed. Secondary antibody, using Envi-
sion+System HRP (# K4010; DakoCytomation) was applied for 1 hour
at room temperature and developed with diaminobenzidine (DAB)
(#K3468; DakoCytomation), counterstained, dehydrated, and mounted
with permount. For illustration purposes the fluorescent secondary
antibody Streptavidin Texas Red conjugate (dilution 1:200, S/872;
Molecular Probes) was also used after administration of primary
pSMAD?2 antibody (Figure 1A). For quantification of oxidative stress,
rabbit polyclonal anti-nitrotyrosine antibody (Upstate, Lake Placid, NY)
and secondary rabbit-HRP conjugate (DakoCytomation) were used with
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Quantification of macrophages

DAB as the substrate. Positive staining cells that were developed by
DAB were quantified using Metamorph software (Molecular Devices
Corp., Downingtown, PA) and normalized to lung perimeter. Ten
random sections from each slide were acquired with a X10 lens by an
observer masked to the identity of the experimental group.

Cell death was quantified using Fluorescein-FragEL DNA Fragmen-
tation Detection Kit (Oncogene, Boston, MA). The lung sections were
stained with TdT labeling reaction mixture and mounted using Fluores-
cein-FragEL mounting medium. DAPI and fluorescein were visualized
at 330 to 380 nm and 465 to 495 nm, respectively. Images of the lung
sections (15/lung section) were captured using Nikon Eclipse E800
microscope (Nikon, Melville, NY) with a X20 lens. DAPI-positive cells
(blue) and apoptotic cells (green) were counted, by an observer, blinded
to the identity of the slides. Apoptotic cells were normalized to the total
number of DAPI-positive cells.

Lung Morphometry

Lung sections were stained with hematoxylin and eosin. Mean linear
intercept (MLI), alveolar number, and alveolar radius were measured
using macro processing developed with the Metamorph software
(Molecular Devices) and recorded as arbitrary units, as previously
described (11). Each slide contained tissue from the left lobe and
represented an individual animal. Ten random sections from each slide
were acquired with a X10 lens by an observer masked to the identity of
the experimental group. Large airways and vessels were avoided. The
MLI was determined using the average distance between intersects of
approximately 40 lines interposed to the image.

Water Displacement Method

Eight-week-old mice were killed and lungs were inflated at 20 cm H,O
with 0.5% agarose, then removed from the thorax. Extrapulmonary
tissues were carefully removed and the total lung volume was de-
termined by the water displacement method according to Scherle (17).

Gene Expression Profiling

Total RNA was extracted from lung of 2-week-old mice exposed to 14
days of CS (n = 6) and from lung of 2-week-old control mice (n = 4)
using TRIzol reagent and purified using RNAeasy mini kits (Qiagen,
Valencia, CA). Purified total RNA was reverse transcribed to first-strand
cDNA using a hybrid primer consisting of oligo-dT and T7 RNA
polymerase promoter sequences. The single-stranded cDNA was then
converted to double-stranded cDNA. Complementary DNA correspond-
ing to 5 to 10 g of total RNA was used in a cRN A amplification step using
T7 RNA polymerase and a biotinylated nucleotide precursor. The re-
sulting biotinylated cRNA was fragmented to a size of approximately
50 bp. Approximately 20 to 30 pg of cRNA from each tissue was
hybridized to corresponding (Mouse Genome 430 2.0 Array) GeneChips
(Affymetrix, Santa Clara, CA). The bound cRNA was visualized by bind-
ing of streptavidin/phycoerythrin conjugates to the hybridized GeneChip,
followed by laser scanning of bound phycoerythrin. The differentially

adult CS
.
7 ¥ ¥ Figure 1. Increased alveolar macrophages in
Fl L cigarette smoke (CS)-exposed mice. (A) In-
creased numbers of alveolar macrophages were
¥ found in both 2-week-old and adult mice ex-

posed to 14 days of CS (black arrows point to
macrophages). (B) Significantly more alveolar
macrophages by MAC3 staining per field was
found in 2-week-old and adult CS-exposed mice
compared with age-matched controls (*P <
0.001 by one-way ANOVA). Increased macro-
phage staining per field was found in adult CS-
exposed mice compared with 2-week-old CS-
exposed, 2-week-old control, and adult control
mice (**P < 0.001 by one-way ANOVA, n = 3
for all groups, + SEM).
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expressed transcripts were analyzed using pairwise comparison with Data
Mining Tool 3.0 program (Affymetrix). Only those differentially ex-
pressed genes that appeared in at least six of the nine comparisons and
showed a change of more than 1.5-fold were selected. Mann-Whitney
pairwise comparison test was performed to rank the results by concor-
dance as an indication of the significance (P < 0.05) of each identified
change in gene expression. Entire profiling results can be accessed through
the website, geo@ncbi.nlm.nih.gov, using accession number GSE7310.

Quantitative RT-PCR Analysis

Reverse transcription was performed using total RNA isolated from
CS-exposed and control 2-week-old mouse lung and processed with the
SuperScript first-strand synthesis system for RT-PCR according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA). QRT-PCR was
performed using the Applied Biosystems (Foster City, CA )TagMan
assay system. All PCR amplifications were carried out on an ABI Prism
7700 Sequence Detection System, using a fluorogenic 5’ nuclease assay
(TagMan probes). Probes and primers were designed and synthesized
by Applied Biosystems. Relative gene expressions were calculated by
using the 27 method, in which Ct indicates cycle threshold, the
fractional cycle number where the fluorescent signal reaches detection
threshold. The normalized yCt value of each sample was calculated using
the mouse GADPH gene as an internal endogenous control. The data
were analyzed using the Sequence Detector Software SDS 2.0 (Applied
Biosystems). PCR reaction of each sample was run in triplicates.

Statistics

Statistical calculations were performed for gene expression profiling and
real-time PCR as described above. Differences in measured variables
between experimental groups and control groups were determined using
nonparametric Wilcoxon rank sum test, one-way ANOVA, and Stu-
dent’s ¢ test (two-tailed, equal variance) using the SPSS 14 statistical
software (Chicago, IL). Statistical significance was accepted at P < 0.05.

RESULTS

Down-Regulation of Immune Response Genes in CS-Exposed
Neonatal Lung

Gene expression profiling was used to identify genes differen-
tially regulated in lungs of 2-week-old mice exposed to CS. Mouse
Genome 430 2.0 Array Affymetrix Gene Chips were used for
profiling and analysis (CS-exposed lung, n = 6; age-matched
control lung, n = 4). CS exposure induced the expression of 196
genes and inhibited the expression of 754 genes. Approximately
10% of the down-regulated genes were type 1 (o/B) and type 2 (vy)
interferon (IFN) response genes, genes shown to be integral to the
innate immune response (18).

CS Inhibited Interferon-Inducible GTPase Expression
in Neonatal Lung

CS exposure was found to inhibit gene expression of four
interferon-inducible GTPase families. These included p47, p65
guanylate binding protein (GBP), myxovirus (MX), and very
large inducible GTPases (VLIG) (Table 1). Interferon-induc-
ible GTPase-1 (IIGP1), a p47 GTPase induced in response to
intracellular protozoa (19), underwent a —9.71-fold change by
microarray analysis. Validation by QRT-PCR revealed a 6.3-
fold decrease in IIGP1 in 2-week-old CS-exposed lung com-
pared to age-matched control lung (P < 0.0001).

CS Inhibited Expression of Genes Activated by
Double-Stranded (ds) RNA in Neonatal Lung

Viral double-stranded (ds) RNA activates the innate immune
system by inducing type 1 IFN response genes. Gene expression
profiling from 2-week-old CS-exposed lung revealed significant
inhibition of several type 1 IFN response pathway genes induced
by viral dSRNA (Table 2). Toll-like receptor 3 (TLR-3), a pattern

TABLE 1. NEONATAL CS INHIBITS
INTERFERON-INDUCIBLE GTPase GENES

Gene Fold P
Symbol Change  Value

p47 GTPases

Interferon-inducible GTPase-1 IIGP1 -9.71  0.005

Interferon-inducile GTPase-2 IGP2 —6.77 0.005

Interferon-y—induced GTPase IGTP -7.52 0.005

Interferon inducible protein 1 LRG-47/ IFI1 -5.94 0.005

Interferon gamma inducible protein 47 IRG-47/ IFI47 -5.74 0.005

T cell-specific GTPase TGTP —6.68 0.005
VLIG GTPases-secondary response

GTPase, very large interferon inducible T GVIN1 —-5.03 0.005
p65 GBP GTPase

Guanylate nucleotide binding protein 2 GBP2 -5.17 0.005

Guanylate nucleotide binding protein 4 GBP4 =59 0.005
Mx GTPases

Myxovirus resistance 1 MX1 =55 0.005

Myxovirus resistance 2 MX2 -19.56  0.005

recognition receptor for dsSRNA (20), was significantly decreased
(—3.4) and expression of interferon regulatory factor 7 (IRF7)
a transcription factor central to the initiation of type 1 IFN im-
mune responses (21) and downstream of TLR-3 was also in-
hibited (—2.66) in CS-exposed lung. Other pathways induced by
type 1 IFN responses but independent of TLRs were also sup-
pressed. Both retinoic acid-inducible protein 1 (RIG-1) and
melanoma differentiation associated gene 5 (MDAS) were
inhibited in CS-exposed lung (—2.43 and —4.08, respectively).
These genes contain DexD/Hbox RNA helicases that interact
with dsRNA and are critical for host recognition of specific RNA
viruses (22). CS exposure also caused down-regulation of several
genes that when activated by dsRNA can inhibit viral protein
translation. IFN-type 1-induced and dsRNA-activated kinase
(PKR) underwent a —6.54-fold change in the CS-exposed lung.
Activation of PKR by dsRNA leads to phosphorylation of the a
subunit of eukaryotic translation initiation factor 2 (eIF2a) and
phosphorylation of elF2a blocks viral protein synthesis (23).
Interferon-induced protein with tetratricopeptide repeats 1
(IFIT1/p56), a protein that inhibits viral protein translation by

TABLE 2. NEONATAL CS INHIBITS GENES ACTIVATED BY
VIRAL DOUBLE-STRANDED RNA

Gene Fold P
Symbol Change  Value
Activated by viral double-stranded RNA/induces type 1 IFN response

Toll-like receptor 3 TLR-3 -3.4 0.005

Retinoic —acid-inducible protein 1 RIG-1 —2.43  0.005

Fas death domain-associated protein DAXX -1.88 0.005

Melanoma differentiation associated MDA5 —4.08 0.005
gene 5

DNA segment, Chr 11, Lothar LGP2e —11.63  0.005
Hennighausen 2, expressed

Interferon regulatory factor 7 IRF-7 —2.66 0.005

Inhibits initiation of translation

Interferon type |-induced and double- PKR —6.54  0.005
stranded RNA-activated kinase

Interferon-induced protein with IFIT1/p56 —19.84 0.005
tetratricopeptide repeats 1

Interferon-induced protein with IFIT2 -4.69 0.005
tetratricopeptide repeats 2

Interferon-induced protein with IFIT3 —13.74 0.005
tetratricopeptide repeats 3

2'-5' oligoadenylate synthetase-like 2 OASL2 —6.15 0.005

2'-5" oligoadenylate synthetase-likel OASL1 -3.16 0.005

2'-5’ oligoadenylate synthetase-1A OASLA -4.79  0.005

Adenosine deaminase RNA specific ADAR =55 0.005

Z-DNA-binding protein 1 ZBP1 —12.47  0.005
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TABLE 3. NEONATAL CS INHIBITS SMALL
INTERFERON-STIMULATED GENES

Gene Fold P
Symbol Change Value

Ubiquitin-like proteins-activated by type 1 IFNs

Interferon, alpha-inducible protein I1SG15/Glp2 —6.92 0.005

Interferon, alpha-inducible protein 27 1SG12/IFI27 -7.11 0.005

Interferon-stimulated protein 1SG20 —2.31 0.005
ISG15 conjugation

Ubiquitin-activating enzyme E1-like UBETL —2.39 0.005

Hect domain and RLD 5 (E3 enzyme) HERC5 -5.7 0.005
ISG15 deconjugating protease

Ubiquitin specific protease 18 USP18/UBP43 —8.57 0.005

interfering with eIF3, underwent a —19.84 fold-change (24).
Microarray results also revealed down-regulation of several
2'-5'oligoadenylate synthetase genes, genes that inhibit protein
synthesis by activating Rnase L (OASL1, OASL2, OASLA,
—3.16, —6.15, and —4.79, respectively) (25). Both PKR and the
OAS/Rnase L genes are important for host defense against
coxsackievirus infection (26). Two other IFN-inducible genes
down-regulated by CS included the dsRNA editing enzyme,
adenosine deaminase, RNA-specific (ADAR) and Z-DNA-
binding protein 1 (ZBP1) (—5.5 and —12.47, respectively), both
of which contain Z-DNA binding domains that bind dsRNA in
a left-handed Z conformation (23).

CS Inhibited Expression of Small Interferon-Stimulated
Genes (ISGs) in Neonatal Lung

ISG15 is a ubiquitin-like gene, induced by type 1 IFNs o/f and
conjugated by ubiquitin-activating enzyme El-like (UBEIL),
UBCHS (E2 enzyme), and Hect domain and RLD 5 (HERCS,
an E3 enzyme) to induce genes necessary for anti-viral defense
(27, 28). We found that expression of ISG15, UBEIL, and
HERCS was significantly decreased in CS-exposed lung (—6.95,
—2.39, and —5.7, respectively) (Table 3). The small intracellular
nonsecreted IFN-regulated gene, ISG12, shown to protect neo-
natal mice against viral encephalitis, was also inhibited in CS-
exposed lung (=7.11) (29).

CS Increased Alveolar Macrophages in 2-Week-Old and
8-Week-Old Mice

MACS3 staining was used to quantify alveolar macrophages in
lung from 2-week-old CS-exposed mice and age-matched con-
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trols. MAC3 staining was also performed in adult mice, exposed
to 2 weeks of CS as adults and age-matched controls. We found
significantly more MAC3 staining in lung of CS-exposed 2-week-
old and adult mice compared with age-matched controls (Figure
1, P < 0.001, respectively). Interestingly, when adult mice were
exposed to 14 days of CS, they had significantly more alveolar
macrophages then neonatal mice exposed to 14 days of CS (P <
0.001).

CS Increased Oxidative Stress and Cell Death in
Neonatal Lung

Nitrotyrosine (n-tyrosine) staining was used to quantify oxida-
tive stress in the lung of mice exposed to CS. CS exposure led to
an increase in n-tyrosine staining in the 2-week-old mice
compared with age-matched control lung (Figure 2, P < 0.03
by Wilcoxon ranksum test). There was no increase in n-tyrosine
staining in lung from mice exposed to 14 days of CS as adults.
This finding suggests that neonatal lung may be more sensitive
to the effects of CS then adult lung.

To determine if CS exposure induced a change in pulmonary
cell proliferation, PCNA staining (a marker of cell proliferation)
was performed on murine lung. There was no difference in PCNA
staining between 2-week-old CS-exposed and age-matched con-
trol lung detected. TUNEL staining, however, was increased in
the lung of 2-week-old mice exposed to CS compared with age-
matched control lung (Figure 3, P < 0.0001). We also found an
increase in TUNEL staining in lung of mice exposed to CS as
adults compared with age-matched control mice (P < 0.001). The
number of TUNEL-positive lung cells in the adult CS-exposed
mice, however, was significantly less than that found in 2-week-
old CS-exposed mice (P < 0.001). These findings demonstrate
that CS exposure during the perinatal period increases pulmo-
nary cell death to a greater degree then that found in adult mice
exposed to similar amounts of CS. To determine if TUNEL
staining was representative of apoptotic or necrotic cell death,
caspase 3 staining was performed. No difference in caspase 3
staining was found in lung from 2-week-old CS-exposed mice and
age-matched controls, indicating that CS exposure caused ne-
crotic cell death in lung of neonatal mice exposed to CS.

Up-Regulation of TGF-B2 and TGF-B Signaling in Neonatal
CS-Exposed Lung

Gene expression profiling revealed significant up-regulation of
the TGF-B2 gene in neonatal lung exposed to CS (+1.79, P <
0.005). Induction of TGF-B had been shown to be associated

~adult CS
b Far < Figure 2. Increased n-tyrosine staining in 2-
.+ .« . week-old CS-exposed lung. (A) Increased n-
PEL R " tyrosine expression in 2-week-old CS-exposed

lung (black arrows point to brown staining). (B)
n-Tyrosine staining was significantly increased
in 2-week-old CS-exposed lung compared
with 2-week-old control lung (*P < 0.03 by
Wilcoxon rank sum test; 2-week-old CS n = 6,
2-week-old control n = 4, adult control n = 3,
and adult smoke n = 5, = SEM).
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with impairment of alveolar growth in the neonatal lung (30).
Validation of gene expression profiling by QRT-PCR analysis
revealed a 5.2-fold increase in TGF-B2 in CS-exposed lung
compared with control lung (P < 0.01). To further assess TGF-B
signaling in CS-exposed lung, pPSMAD?2 protein expression was
quantified in 2-week-old CS-exposed lung. pPSMAD?2 staining
was significantly increased in 2-week-old lung exposed to CS
compared with age-matched control lung (Figure 4, p < 0.01, by
Wilcoxon rank sum test). No significant increase in pSMAD?2
protein expression was found in adult lung from mice exposed
to CS as adults.

Decreased Lung Volume and Decreased Alveolar Number in
8-Week-Old Mice Previously Exposed to Neonatal CS

To determine the long-term effects of neonatal CS exposure on
lung development, lung volumes were measured at 8 weeks of
age in mice that were exposed to CS in the perinatal period. We
found that lung volumes were significantly less in mice pre-
viously exposed to CS in the neonatal period compared with
age-matched controls (P < 0.04) (Table 4). Number of alveoli
and radius size were also measured. The number of alveoli in
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Figure 3. Increased TUNEL staining in 2-week-old CS-
exposed lung. (A) Increased TUNEL staining found in
both 2-week-old and adult CS-exposed lung. (B) TUNEL-
positive cells/1000 DAPI--stained cells were significantly
greater in 2-week-old CS-exposed lung compared with 2-
week-old control, adult control, and adult CS-exposed
lung (*P < 0.0001, respectively). Adult CS-exposed lung
had significantly greater numbers of TUNEL positive cells
than did 2-week-old control and adult control lung (**P <
0.0001 respectively by one-way ANOVA, n = 3 for each
group, = SEM).

8-week-old mice previously exposed to neonatal CS was sig-
nificantly decreased compared with 8-week-old controls (P <
0.007). Differences in alveolar radius size, however, did not
quite reach significance (P < 0.07) (Table 5). Mean linear
intercept measurements were also modestly increased in the 8-
week-old mice previously exposed to CS in the neonatal period
(Figure 5). These data suggest that exposure to CS in the peri-
natal period can modestly inhibit lung growth.

DISCUSSION

There is abundant evidence that cigarette smoke exposure
during perinatal and pediatric life is associated with more
respiratory infections and decreased pulmonary function. This
study sought to understand the effects of CS exposure on
neonatal lung homeostasis during a period of rapid postnatal
lung growth using a neonatal murine model. This was addressed
using gene expression profiling and histologic and morphologic
evaluation of neonatal murine lung exposed to CS during the
first 2 weeks of life. We found that perinatal lung is susceptible
to the effects of CS exposure. In neonatal mice, daily exposure

Figure 4. Increased pSMAD?2 protein expres-
sion in 2-week-old CS-exposed lung. (A)
pSMAD2 staining was increased in 2-week-
old lung exposed to 14 days of CS (white
arrows). (B) pSMAD2 expression was signifi-
cantly increased in 2-week-old CS-exposed
lung compared with 2-week-old control,
adult control, and CS-exposed lung. (*P <
0.01, P < 0.05, and P < 0.02, respectively, by
one-way ANOVA; 2-week-old control n = 5,
2-week-old CS-exposed n = 7, adult control n
= 3, and adult CS-exposed n = 5, = SEM).

adult CS



398 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 38 2008

TABLE 4. EFFECT OF NEONATAL CS EXPOSURE ON
LUNG VOLUME

Lung Volume/

Body Weight Lung Volume Body Weight

Mean SD = Mean SD = Mean SD *=

8 wk neonatal cigarette  19.5 2.3 0.22*  0.04 0.011%  0.001
smoke-exposed mice
8 wk control mice 18.5 1.6 0.25 0.03 0.014 0.002

Body weight was measured in grams. Lung volume measurements were performed
using water displacement as described in MaTeriALs AND METHODs. Lung volume values
were recorded as a change in weight (grams) with water displacement.

* Statistical differences were found between 8-week-old mice exposed to neonatal
cigarette smoke and age-matched control mice for lung volume measurements (P <
0.04).

T Statistical differences also were found between 8-week-old mice exposed to
neonatal cigarette smoke and age-matched control mice for lung volume/body
weight (P < 0.002, n = 11 for mice exposed to 2 weeks of cigarette smoke and n =
12 for age-matched control mice, = represents SD).

to CS for the first 2 weeks of life inhibited the expression of
many genes in the lung that are relevant to the innate immune
response. CS exposure also increased oxidative stress, TGF-f3
signaling, and alveolar cell death in neonatal lung. Furthermore,
mice exposed to neonatal CS were found to have mildly impaired
lung growth and a modest increase in airspace size. Taken
together, these findings highlight a critical period of susceptibility
in perinatal life in which exposure to CS can alter expression of
genes involved in lung immunity, increase pulmonary oxidative
stress and cell death in neonatal lung, and subsequently lead to
a modest impairment in lung growth.

Our study was designed to model the effects of CS exposure on
neonatal lung. With regard to CS, the duration of time or the level
of total particulate matter (TPM) exposure that is required before
adverse effects on immune regulation or postnatal lung growth
occur is unknown. Due to the close proximity of an infant to its
mother, levels of CS to which the infant is exposed may be much
higher than that which has been measured from ambient SHS
background studies. Decreased TH1 responses were described in
neonatal mice exposed to side-stream smoke for more than
a month (8). We found that expression of type 1 and type 2
interferon pathway genes were inhibited in neonatal mice ex-
posed to 2 weeks of CS. Future studies should be directed at
determining the cumulative amounts of CS exposure that are
needed before detrimental effects to the lung and immune system
our found. Furthermore, at-risk populations, such as infants and
children with pre-existing pulmonary abnormalities and prema-
ture infants with bronchopulmonary dysplasia, should be viewed
individually, since these groups may require less CS exposure
before adverse effects develop.

TABLE 5. EFFECT OF NEONATAL CS EXPOSURE ON
LUNG MORPHOMETRY

Alveolar
Radius (+ SD)

Alveolar
Number (+ SD)

Mean Linear
Intercept (+ SD)

8 wk neonatal cigarette 41.5 = 1.3* 69.3 = 4.4% 17.8 = 1.0
smoke—exposed mice
8 wk control mice 374+ 0.6 86.8 = 6.2 15.8 = 1.2

* Statistical differences were found between 8-week-old mice exposed to
neonatal cigarette smoke and age-matched control mice for mean linear
intercept measurements (P < 0.005).

T Statistical differences were also found between 8-week-old mice exposed to
neonatal cigarette smoke and age-matched control mice for alveolar number
(P < 0.007, n = 4 for mice exposed to 2 weeks of cigarette smoke and n = 3 for
age-matched control mice, = represents SD). For alveolar radius size, differences
between the two groups did not quite reach statistical significance (P < 0.07).

8-wk control 8-wk neonatal CE:
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Figure 5. Decreased alveolar numbers and modest increase in mean
linear intercept found in 8-week-old mice exposed to neonatal CS.

Our model does not pattern classical adult emphysema, which
is slowly progressive in nature and is manifested by cell-induced
damage, inflammation, and protease imbalances. Indeed, when
we removed neonatal mice from the smoke chamber after
a 2-week exposure, we found evidence of necrotic cell death,
oxidative stress, and induction of TGF-B signaling in lung tissue,
findings consistent with an acute injury. Necrotic cell death in
particular is more indicative of an acute injury rather than
apoptosis. These lung findings were not found in the adult mice
exposed to 2 weeks of CS. The neonatal lung may develop acute
changes in response to CS (i.e., 2 wk) because of the rapidly pro-
liferating state of the neonatal lung in contrast to the mature lung.

Recent studies have shown that children raised in areas of high
air pollution have significantly reduced lung function compared
with children raised in areas of low air pollution (31). Since the
perinatal period is an active period of lung growth, human infants
may be particularly susceptible to the detrimental effects of
environmental pollutants such as CS. In humans, postnatal
alveolar growth occurs predominantly during the first 2 years of
life, although growth may occur throughout the first decade of life
(32). Recently, using aerosol-derived airway morphometry, it was
also shown that small airway and alveolar size increased from 6 to
22 years of age, accounting for the change in total lung capacity
that occurs with age (33). Since the majority of alveolar growth in
the rodent takes place during the first 2 weeks of postnatal life, our
model can be useful for studying the susceptibility of the perinatal
lung to CS exposure (10,32,34). We previously reported that brief
exposure to hyperoxia in neonatal mice caused an increase in
lung oxidative stress and impaired lung growth resulting in
functional changes in the adult animal (11). These findings were
consistent with the perinatal period being a time in which the lung
is susceptible to the injurious effects of hyperoxia. Our current
study suggests that CS exposure may harm the perinatal lung by
disrupting lung growth, albeit to a lesser degree then hyperoxia,
and may inhibit immune gene expression.

Our findings suggest that the perinatal lung may not be able to
respond to CS-induced lung injury as well as the adult lung. We
found a significant increase in n-tyrosine staining, a marker for
oxidative stress, in neonatal lung exposed to CS. However, by
expression profiling we found little induction of stress-responsive
antioxidant enzymes involved in glutathione biosynthesis. This is
in contrast to adult mice exposed to prolonged CS, in which
a marked increase in antioxidant gene expression by pulmonary
gene expression profiling was found (35, 36). Taken together, our
findings indicate that the neonatal lung may have a decreased
ability to respond to increased oxidative stress induced by CS
exposure due to an inability to mount a sufficient antioxidant
response, or alternatively that longer exposures to CS are needed
to induce antioxidant gene expression in the neonatal lung.
Neonatal lung exposed to CS also had significantly more alveolar
macrophages than age-matched controls. Although not studied in
our model, the increase in alveolar macrophages in the CS-
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exposed lung may correlate with an increase in metalloprotease
release, which may contribute to the increased airspace enlarge-
ment found in the adult mice exposed to neonatal CS.

CS exposure is associated with an increased incidence of upper
and lower airway infections during early childhood (37, 38). Using
gene expression profiling, we found significant inhibition of type 1
and type 2 IFN pathway gene expression in neonatal lung exposed
to 2 weeks of CS. This association between CS exposure and
inhibition of TH1 response gene expression may occur through
a direct inhibitory effect of CS on TH1 gene expression. In vitro
studies have shown that CS extract can significantly decrease
IFN-v levels in peripheral blood monocytes (6), and that acrolein,
a major component of CS, can inhibit IFN-y transcription in
human lymphocytes (39). Alternatively, induction of TGF-B
signaling from CS exposure may inhibit TH1 response genes.
TGF-B has been shown to inhibit type 2 IFN-y production from
NK cells and impair T cell IFN-y production (40, 41). Pulmonary
genetic profiling in CS-exposed neonatal lung revealed a signifi-
cant increase in TGF-B2 that was validated by RT-PCR. In-
creased pSMAD?2 expression by immunohistochemistry was also
found in neonatal CS-exposed lung consistent with increased
TGF-B signaling. In addition to immunosuppression, induction of
TGF-B has also been shown to be associated with abnormal
alveolar growth (30). Therefore, induction of TGF-B from CS
exposure in neonatal lung may alter alveolar lung growth and
inhibit pulmonary TH1 gene expression. Future studies will focus
on the role of TGF-B signaling on neonatal lung immunity and
growth and whether blockade of TGF- signaling can attenuate
the CS-exposed neonatal lung phenotype.

We also found that genes activated by viral dsSRNA such as
TLR-3, RIG-1, and MDAS were inhibited in CS-exposed lung.
These genes in response to viral invasion can induce type 1 IFN
pathway genes. Other genes that act downstream of RIG-1 and
can block initiation of translation were also inhibited by CS (see
Table 2), as was MX1, a GTPase that defends against influenza,
and MX2, a related family member. Many of these genes are
needed for defense against human respiratory pathogens and
impaired expression of these genes may in part explain the in-
creased frequency of lower respiratory illnesses in infants ex-
posed to CS.

In summary, we found that exposure to CS in the neonatal
period inhibited type 1 and type 2 IFN pathway gene expression
and caused an increase in oxidative stress, alveolar cell death,
and TGF-B signaling in neonatal lung. This was followed by
a modest impairment in alveolar growth in adult lung previously
exposed to CS in the perinatal period. Taken together, our
studies support the idea that the perinatal period is a time in
which the lung is particularly susceptible to the detrimental
effect of CS exposure. Our murine model of CS-induced neo-
natal lung injury may be useful in investigating pathways that
are disrupted or altered in developing lung exposed to CS, and
may help with understanding the overall detrimental effects of
smoke exposure on the developing lung.
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