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Airway infectionsor irritantexposuresduringearlypostnatalperiods
maycontribute to theonsetofchildhoodasthma.Thepurposeof this
study was to examine critical periods of postnatal airway develop-
ment during which ozone (O3) exposure leads to heightened neural
responses. Rats were exposed to O3 (2 ppm) or filtered air for 1 hour
on specific postnatal days (PDs) between PD1 and PD29, and killed
24 hours after exposure. In a second experiment, rats were exposed
to O3 on PD2–PD6, inside a proposed critical period of development,
or on PD19–PD23, outside the critical period. Both groups were re-
exposed to O3 on PD28, and killed 24 hours later. Airways were
removed, fixed, and prepared for substance P (SP) immunocyto-
chemistry. SP nerve fiber density (NFD) in control extrapulmonary
(EXP) epithelium/lamina propria (EPLP) increased threefold, from
1% to 3.3% from PD1–PD3 through PD13–PD15, and maintained
through PD29. Upon O3 exposure, SP-NFD in EXP–smooth muscle
(SM) and intrapulmonary (INT)-SM increased at least twofold at
PD1–PD3 through PD13–PD15 in comparison to air exposure. No
change was observedat PD21–PD22 or PD28–PD29. In critical period
studies, SP-NFD in the INT-SM and EXP-SM of the PD2–PD6 O3 group
re-exposed to O3 on PD28 was significantly higher than that of the
group exposed at PD19–PD23 and re-exposed at PD28. These
findings suggest that O3-mediated changes in sensory innervation
of SM are more responsive during earlier postnatal development.
Enhanced responsiveness of airway sensory nerves may be a contrib-
uting mechanism of increased susceptibility to environmental expo-
sures observed in human infants and children.
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Although human lung development begins during Gestational
Week 3, the airways continue to differentiate and grow well into
adolescence (1). Normal airways are innervated by both sensory
and autonomic nerves (2), and, like the rest of the lung, growth
and development of airway innervation continues during post-
natal life (3). Airway innervation is established as the lung buds
emerge from the foregut and continue development in associa-
tion with the growing airways (4, 5). The nerves continue to grow
in association with the airway during gestation, possibly under the
influence of trophic factors, such as glial-derived growth factor
produced from airway smooth muscle (5). In human airways,
Hislop and colleagues (6) demonstrated that peptide-containing
nerves were more abundant during ages 0–3 years as compared
with adults, and that the tachykinin neurokinin-1 receptors
increase during early postnatal life. Although sensory nerves
expressing the tachykinin, substance P (SP), have been exten-
sively characterized in adult rats, mice, and guinea pigs, a thor-
ough quantitative analysis of SP innervation during early
postnatal development is not available. However, this period is

highly sensitive to the effects of inhaled irritants and allergens and
linked to the subsequent development of asthma, both in children
and adults.

Sensory innervation in the airways originates predominantly
from neurons in the nodose and jugular ganglia (7–9), with minor
contributions from the dorsal root ganglia (10, 11). In animal
models, neurogenic inflammation in the airway is mediated by the
release of tachykinins from the peripheral endings of sensory C
fibers (12, 13) distributed throughout the airway walls (14). SP-
containing sensory nerve endings are found near mucosal blood
vessels, mucous glands, smooth muscle, and within the epithe-
lium. SP released from sensory nerve fibers in the airway wall may
contribute to the development of asthma through neurogenic
inflammation, resulting in increased vascular permeability, che-
motaxis of inflammatory cells, and smooth muscle hyperrespon-
siveness (15). In adult animal models, SP innervation of the
airway wall is transiently increased after a wide range of airway
irritants and exposures, including antigen challenge (10), Toluene
diisocyanate exposure (16), viral infection (17), ozone (O3)
exposure (18), hypoxia (19), cigarette smoke (20), sulfur dioxide
(12), and asphalt fume exposure (21). These studies imply that
irritant- or allergen-induced increases of SP in airway sensory
nerves may contribute to altered airway function.

During early postnatal life, lung growth is particularly sensi-
tive to the effects of inhaled irritants, such as O3 and allergens
(22). Exposures during this period may also increase the in-
cidence of airway disease later in life both in human subjects (23)
and in animal models (24, 25). Airways responsiveness in children
is more sensitive to inhaled irritants than in adults, and there is
a high correlation between exposures that occur during prenatal
and early postnatal periods and the subsequent development of
asthma in children (26). Infants (under 3 yr) of smoking mothers
have reduced lung function (27), and rat pups at gestational and
postnatal periods exposed to side-stream tobacco smoke demon-
strate reductions in lung function as adults (8 wk) even when
smoke exposure was terminated at postnatal day (PD) 21 (24).
High O3 levels in Mexico City have been positively correlated
with infant mortality (28). These studies suggest that early-life
exposures affect health later in life.

Thus, postnatal life is a period of unique sensitivity to inhaled
pulmonary irritants that are initiated by interactions among
immunological, environmental, and genetic factors. Early-life
exposure may also have detrimental effects that persist into

CLINICAL RELEVANCE

There is mounting evidence that infections or irritant
exposures occurring during infancy or childhood may
contribute to the pathogenesis of asthma in children and
adults. Despite the importance of early childhood expo-
sures in asthma, little research characterizing neural re-
sponses caused by irritant exposure during the postnatal
period has been studied. We examined the possible role of
airway innervation and lung function during ozone expo-
sure early in development.
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adulthood and result in permanently compromised lung function.
It has been proposed that early life is a critical phase of
susceptibility, during which irritant exposures may be a predis-
posing factor to the pathogenic mechanisms, leading to airway
dysfunction in later life (29). In recent studies, infant monkeys
exposed for 5 months to O3, house dust mite antigen, or the
combination all had reduced lung innervation (30). Interestingly,
after a 6-month recovery period, lung innervation was greater
than in controls (25). These findings dramatically demonstrate
both an effect of chronic injury on airway innervation and an
extended effect that persists long after exposures have ceased.

Most currently available information on airway innervation is
based on studies in airways from adult models. However, airway
innervation during early postnatal life is more extensive than in
adults (6), and, because innervation is still undergoing growth,
may be uniquely sensitive to effects of inhaled irritants. Initially,
the purpose of the current study was to examine responses of
airway innervation to acute O3 exposures at specific postnatal
ages in rat pups. These findings then led us to hypothesize that
exposures during the first 2 postnatal weeks in rats may be more
detrimental than exposures that occur after this period. There-
fore, experiments were conducted to test for a ‘‘critical period of
susceptibility.’’

MATERIALS AND METHODS

Experimental Design

Part I—age-related changes in airway innervation and re-
sponses to O3. Although the lung provides enough gas exchange at
birth to sustain life, the lung continues to grow and mature during
postnatal life. The hypothesis for this set of experiments is that airway
sensory innervation continues to develop and increases throughout early
postnatal life. We propose that O3 exposure during this active phase of
neurodevelopment may alter normal patterns of airway innervation.
Thus, we designed experiments to examine normal development of
airway nerves at selected postnatal ages and test the acute response of
innervation patterns to O3 exposures. Control and O3 exposures were
divided into age groups comprising PDs 1–3, 4–6, 7–9, 10–12, 13–15, 21–
22, and 28–29. Airway sensory innervation, defined as SP-like immuno-
fluorescent nerves, was measured in control animals at each PD to
establish developmental changes in normal airway innervation. The O3

groups were exposed to O3 at each PD and then killed 24 hours later to
measure sensory innervation after O3 exposure.

Part II—evaluation of critical periods. The second series of
studies served to test the hypothesis that O3 exposure alters airway
innervation and lung function after a subsequent re-exposure. Based on
results in the initial studies described previously here, we reasoned that
a critical period might exist before PD15, during which time airway
innervation was rapidly growing and appeared to have stabilized. These
experiments were divided into two approaches. The first protocol
included an initial single O3 exposure at PD4 or PD21. The second
protocol involved multiple O3 exposures occurring once per day over five
consecutive days on PD2–PD6, within the critical period, or on PD19–
PD23, beyond the putative critical period. Airway innervation and lung
function in each exposure group was compared after a second exposure
on PD28. As additional controls, we also included groups that received
an initial exposure, but no second exposure on PD28, a group that was
exposed only on PD28, and a PD28 group not exposed to O3 at any time
point. The experimental protocols with the appropriate control groups
for Part II only are shown in the model outline, with boxes indicating
exposure time points (Figure 1). Both intrapulmonary and extrapulmo-
nary airway smooth muscle were examined for these experiments,
because they demonstrated a significant increase in SP nerve fiber
density (NFD) after O3 exposure in comparison to control levels early
in postnatal development (PD1–PD15). The extrapulmonary airway
epithelium was not included for analysis in this study, due to the lack of
response at most ages in the Part I acute exposure study. Lung function
was measured by changes in pulmonary resistance and dynamic compli-

ance (Cdyn) by using the first exposure protocol that included the initial
single O3 exposure.

O3 exposure. Technical details of our O3 exposure apparatus have
been published previously (31). Fisher-344 rat pups were exposed for
1 hour to either O3 at a concentration of 2 ppm or filtered air at various
postnatal ages in a stainless steel and glass exposure chamber. O3 was
produced by passing hospital-grade air through a drying and high-
efficiency particle filter, and then through an ultraviolet light source.
The O3 concentration in the chamber was measured by chemilumines-
cence with a calibrated O3 analyzer (Model OA 350-2R; Forney,
Carrollton, TX). In the air-exposed animals, procedures were identical
to those described previously here, except that O3 was not delivered to
the exposure chamber.

Lung fixation, immunocytochemistry, and NFD measure-
ment. All procedures for tissue preparation, immunocytochemistry,
and analysis have been described in our previous publications (32). At
24 hours after the final exposure, the lungs were fixed by intratracheal
inflation with picric acid–formaldehyde for 3 hours. Lung margins were
trimmed to allow flowthrough and reduce intralumenal pressure, which
flattens the epithelium. After 3 hours, the lungs were rinsed twice with
a 0.1 M PBS containing 0.15% Triton X-100 (PBS-Tx [pH 7.8]) and
remained in PBS-Tx overnight at 48C. The next day, extraneous lung
tissue was removed leaving only the airways, which were further
dissected into extrapulmonary and intrapulmonary regions. The airways
were placed on corks, covered with Tissue Tek OCT compound (Sakura,
Torrance, CA), frozen in isopentane cooled with liquid nitrogen, and
stored in airtight plastic bags at 2808C.

Cryostat sections (12-mm thick) of airway tissue were collected on
gelatin-coated coverslips and dried briefly at room temperature. The
sections were incubated with either rabbit anti-SP (1:200; Peninsula,
Belmont, CA) or rabbit anti–protein gene product (PGP) 9.5 (1:50;
Millipore, Billerica, MA) primary antiserum diluted in PBS-Tx plus 1%
BSA (PBS-Tx-BSA [pH 7.8]) in a humid chamber at 378C for 30 minutes.
The sections were rinsed three times for 5 minutes each with PBS-Tx-BSA,
covered with fluorescein isothiocyanate–labeled goat anti-rabbit IgG
(ICN Pharmaceuticals, Inc., Costa Mesa, CA) diluted 1:100 in PBS-Tx-
BSA, incubated at 378C for 30 minutes, rinsed three times for 5 minutes
each in PBS-Tx-BSA, and mounted on glass slides in Fluoromount
(Southern Biotechnology, Birmingham, AL). The sections were observed
with an Olympus AX70 fluorescence microscope (Olympus, Center
Valley, PA) equipped with a fluorescein filter (excitation 495 nm and
emission 520 nm). Controls consisted of testing the specificity of primary
antiserum by absorption with 1 mg/ml of the specific antigen. Nonspecific
background labeling was determined by omission of primary antiserum.

After immunocytochemical processing for SP or PGP 9.5, sections
of airways were observed (403 magnification) on a Zeiss LSM 510
confocal microscope equipped with an argon laser (Zeiss, Oberkochen,
Germany). Serial images of SP- or PGP 9.5–containing nerve fibers
located in the epithelium/lamina propria or smooth muscle of the airways
were collected from each coverslip. The serial images collected were
saved to an internal database and then exported as black and white
electronic TIF images. Using Optimus software (Bioscan, Edmonds,
WA), the NFD was measured for each TIF image. The entire perimeter
of the epithelium/lamina propria or smooth muscle was traced on each
image of the airway regions. The threshold for each image was optimized
so that only SP- or PGP 9.5–immunoreactive (IR) nerve fibers were

Figure 1. Diagram outlining part II experimental protocol used in the

evaluation of the critical period. PD, postnatal day; O3, ozone.
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visible. The SP- or PGP 9.5–NFD was calculated by dividing the SP- or
PGP 9.5–IR nerve fiber area by the total area of epithelium/lamina
propria or smooth muscle outlined. This represents the proportional
cross-sectional area occupied by SP- or PGP 9.5–IR nerve fibers.

Measurement of lung function. Lung function was determined
by measuring changes of lung resistance (RL) and Cdyn after aerosolized
methacholine (MCh) challenge with a modification of our previously
described technique (33, 34). Briefly, rats were anesthetized with ket-
amine (25 mg/kg) and xylazine (2 mg/kg). The trachea was cannulated
just below the larynx via tracheotomy, and a four-way connector was
attached to the tracheotomy tube. Two ports were connected to the
inspiratory and expiratory tubes of a respirator (Harvard Model 683;
Harvard Apparatus, South Natick, MA). The rats were ventilated at
a constant rate of 200 breaths/min and a tidal volume of approximately
0.3 ml. Aerosolized MCh was administered for 30 seconds in increasing
concentrations (0, 6.25, 12.5, 25, and 50 mg/ml). For 5 minutes before and
after each MCh challenge, a computer analyzed the total RL and Cdyn on
a breath-by-breath basis.

Data Analysis

NFD. The results are expressed as means (6SE). The NFD was
expressed as a percentage of the area of SP- or PGP 9.5–IR nerve
fibers in the total area of either epithelium/lamina propria or
smooth muscle. Statistical analysis was evaluated by using a one-
or two-way (age and O3/air) ANOVA. When an effect was
considered significant, a pair-wise comparison was made with
a post hoc analysis. A value of P less than 0.05 was considered
significant for each endpoint, and n represents the number of
animals studied per experimental group.

Lung function. The results are expressed as means (6SE).
The RL and Cdyn elicited by MCh were expressed as a percentage
of the baseline. Statistical analysis of RL and Cdyn was performed
using a two-way, repeated-measures ANOVA. One factor was O3

exposure, and another factor was age treatment. When the main
effect was considered significant at P less than or equal to 0.05,
pair-wise comparisons were made with a post hoc analysis. A
P value less than or equal 0.05 was considered significant, and
n represents the number of animals studied.

RESULTS

Part I—Age-Related Changes in Airway Innervation

and Responses to O3

Percentage of SP-NFD in control airway regions from PD1–
PD29. The percentage of SP-IR nerve fibers in the extrapul-
monary epithelium/lamina propria increased threefold from
approximately 1 to 3.3% from PD1–PD3 through PD13–PD15,
and was then maintained through PD29 (Figures 2A and 2B). SP-
NFD in the extrapulmonary smooth muscle, intrapulmonary
epithelium/lamina propria, and intrapulmonary smooth muscle
was mostly constant throughout the postnatal ages, and did not
change between any postnatal groups. In the remaining studies,
the intrapulmonary epithelium/lamina propria SP-NFD was no
longer measured, due to the small epithelial area resulting in
minimal numbers of nerve fibers.

Percentage of SP-NFD in airway regions after O3 exposure
from PD1 to PD29. SP-NFD responses 24 hours after O3

exposure (2 ppm, 1 h) were examined throughout the first month
of postnatal life to identify a possible critical period of suscepti-
bility to O3 exposure. In the extrapulmonary epithelium/lamina
propria, O3 exposure caused a significant increase in SP-NFD at
PD13–PD15 in comparison to control, from 3.07 (60.15)% to
4.72 (60.17)%, respectively (Figure 3A). The SP-NFD in animals
exposed at all other postnatal ages did not differ from control
levels, suggesting that the postnatal period between PD13 and
PD15 may represent a ‘‘critical window’’ of susceptibility.

In the intrapulmonary and extrapulmonary smooth muscle, O3

exposure caused a significant increase in SP-NFD at PD1–PD3,
PD4–PD6, and PD13–PD15 in comparison with control values.
In the intrapulmonary smooth muscle (Figure 3B), the SP-
NFD values increased from 0.37 (60.07)% in controls to 1.38
(60.09)% after O3 exposure at PD1–PD3, from 0.69 (60.10)% to
1.37 (60.10)% at PD4–PD6, and from 0.70 (60.08)% to 1.32
(60.08)% at PD13–PD15. The SP-NFD in the intrapulmonary
smooth muscle did not significantly increase at PD21–PD22 or
PD28–PD29 after O3 exposure in comparison to control values.

Figure 2. Substance P (SP) nerve

fiber density (NFD) in control rat
airway regions from PD1 to PD29.

SP nerve fibers were measured to

provide evidence that airway sen-
sory innervation continues to de-

velop and increase throughout

early postnatal life. (A) The per-

cent area of SP-immunoreactive
(IR) nerve fibers were measured in

extrapulmonary (EXP) epithelium/

lamina propria (EPLP), EXP smooth

muscle (SM), intrapulmonary
(INT)-EPLP, and INT-SM. (B) Pho-

tomicrographs of EXP-EPLP show-

ing increased localization of SP-IR
nerve fibers on PD14 in compari-

son to PD2 (arrows demonstrate

SP-IR nerve fibers). Values are

means (6SE) (n 5 6 for all groups).
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In the smooth muscle of the extrapulmonary airways, the SP-
NFD followed a pattern similar to the intrapulmonary smooth
muscle after O3 exposure (Figures 3C and 3D). O3 exposure
caused significant increases in SP-NFD at PD1–PD3, PD4–PD6,
and PD13–PD15 compared with respective controls. The SP-
NFD values increased from 1.22 (60.08)% to 2.23 (60.10)% at
PD1–PD3, 1.16 (60.14)% to 2.11 (60.08)% at PD4–PD6, and
1.03 (60.11)% to 1.75 (60.14)% at PD13–PD15. No change in
SP-NFD was observed in the extrapulmonary smooth muscle at

PD21–PD22 or PD28–PD29 between control animals and O3-
exposed animals.

The effect of O3 on SP- and PGP-NFD in extrapulmonary
airway smooth muscle at age PD-3. SP- and PGP-NFD re-
sponses to O3 exposure (2 ppm, 1 h) were examined in the
extrapulmonary smooth muscle to determine if the increases in
SP-NFD were due to an increase in the SP production of existing
but unlabeled fibers or to new or branching nerve fibers (Figures
4A and 4B). The age of PD3 was selected because this time point

Figure 3. The effect of O3 on SP-

NFD in rat airway regions during

PD1–PD29. SP-NFD responses to
O3 exposure were examined

throughout the first month of

postnatal life to identify a possible

critical period of susceptibility to
O3 exposure. The percent area of

SP-IR nerve fibers were measured

in (A) EXP-EPLP, (B) INT-SM, and

(C) EXP-SM in control and O3-
exposed rat pups at PD1–PD29

(n 5 6 for all groups; *P , 0.05).

(D) Photomicrographs of EXP-SM

demonstrate the significant in-
crease in SP-IR nerve fibers

(arrows) observed in O3-exposed

rats compared with control ani-
mals at PD4.

Figure 4. The effect of O3 on SP and protein gene product (PGP) 9.5 nerve fiber area in rat EXP-SM on PD3. SP- and PGP-NFD responses were

examined in the EXP-SM to determine if previous increases in SP-NFD density were due to an increase in the SP production or in axonal branching of

nerve fibers (shown by PGP 9.5 staining). (A) The percentage of SP and PGP 9.5 immunoreactivity was measured in the EXP-SM comparing O3-

exposed to control animals at PD3 (values are means [6SE]; n 5 6 for all groups; *P , 0.05). (B) The top two photomicrographs of the EXP-SMs show
no change in PGP 9.5–IR nerve fibers between control and O3-exposed animals on PD3. The bottom two micrographs of the EXP-SMs demonstrate an

increased localization of SP-IR nerve fibers in O3-treated animals in comparison with control at the PD3.
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demonstrated the highest increase in SP-NFD in the smooth
muscles of the extrapulmonary airways after O3 exposure (see
previous experiments). The density of PGP 9.5 nerve fibers in
the extrapulmonary smooth muscle did not significantly change
24 hours after O3 exposure (2.40 6 0.10%) in comparison to
control levels (2.45 6 0.13%). However, a significant increase was
observed in the density of SP nerve fibers in the extrapulmonary
smooth muscle after O3 exposure from 1.20 (60.08)% in controls
to 2.20 (60.10)% in exposed animals, which brought the level of
SP-NFD to the same level as PGP. These findings suggest that O3

increases SP content in existing nerves that are either not
producing SP or are producing SP below a detectable level in
controls. However, due to inherent limitations in discriminating
between individual axons within bundles of nerve fibers, the
possibility of axon branching or outgrowth cannot be entirely
eliminated (see DISCUSSION).

Part II—Evaluation of Critical Periods

The effect of single O3 exposures on SP-NFD in airway smooth
muscle during a critical period. In the single O3 exposure
studies, changes in SP-NFD were observed only in the smooth
muscle of the intrapulmonary airways (Figure 5). As predicted by
the model, there was a twofold, significant increase only in the
group exposed on both PD4 and PD28 (1.34 6 0.03%) in
comparison with the control ambient air group (0.67 6 0.08%)
and the PD28 only O3 exposure group (0.74 6 0.05%). In
addition, the O3 exposure on PD21 did not cause a significant
increase in the percentage of SP-NFD after re-exposure on PD28
(0.65 6 0.08%) in comparison to the control ambient air group
(0.67 6 0.08%) and the PD21-O3/PD28 air exposure group (0.48 6

0.05%). No changes were demonstrated in SP innervation among
any groups in the extrapulmonary smooth muscle.

The effect of multiple O3 exposures on SP-NFD in airway
smooth muscle during a critical period. In the initial multiple O3

exposure studies, significant differences in SP innervation were
observed in both the extrapulmonary and intrapulmonary
smooth muscle (Figure 6). In both extrapulmonary and intra-
pulmonary smooth muscle, SP-NFD in the two groups exposed to
O3 on PD2–PD6 and PD28 was significantly elevated over all the

other groups. The SP-NFD in the PD2–PD6 O3 group that was re-
exposed to O3 on PD28 (1.13 6 0.07% for intrapulmonary and
0.71 6 0.09% for extrapulmonary) was significantly higher than
groups that were not re-exposed (0.81 6 0.09% for intrapulmo-
nary and 0.59 6 0.06% for extrapulmonary). The SP-NFD of
those O3 exposed on PD19–PD21 and re-exposed on PD28
(0.52 6 0.7% for intrapulmonary and 0.37 6 0.03% for extrap-
ulmonary) were not significantly different from the PD19–PD21
O3-exposed animals without O3 re-exposure (0.39 6 0.06% for
intrapulmonary and 0.48 6 0.05% for extrapulmonary) and from
the unexposed controls (0.32 6 0.03% and 0.39 6 0.01%). The
important comparison is between the O3-exposed PD2–PD6/
PD28 group and the O3-exposed PD19–PD23/PD28 group, which
showed that SP-NFD in the early exposure group was signifi-
cantly greater than in the animals in the later exposure group in
both extrapulmonary and intrapulmonary smooth muscle.

The effect of single O3 exposures on changes in lung
function during a critical period. The MCh dose–response
curves for RL were significantly elevated, and, for Cdyn, signifi-
cantly decreased in the group exposed to O3 both on PD4 and
PD28 in comparison with the group exposed to O3 on PD4 and
then air on PD28 (Figures 7A and 7C). For example, MCh at the
dose of 25 mg/ml increased RL by 266% in the group exposed to
O3 on PD4 and air on PD28, and by 556% in the group exposed to
O3 on both PD4 and PD28 (Figure 7A). However, there was no
significant difference in the in RL or Cdyn to MCh between the
group exposed to O3 on both PD21 and PD28 and the group
exposed to O3 on PD21 and then air on PD28 (Figures 7B and
7D). The same MCh dose of 25 mg/ml produced a 284% increase
in the group exposed to O3 on PD21 and air on PD28, and only
a 325% increase in RL in the group exposed to O3 on both PD21
and PD28 (Figure 7B). There was no significant difference in the
RL and Cdyn to MCh challenge between air exposure on PD28 and
O3 exposure on PD28 (data not shown). The MCh dose of 25 mg/ml
increased the RL by 299% (n 5 5) in the air exposure PD28 group,
and by 329% (n 5 5) in the O3 exposure PD28 group. As
predicted by the model, there was a significant increase in RL to
MCh at 25 mg/ml in the group exposed on both PD4 and PD28 in
comparison with the group exposed to O3 on both PD21 and

Figure 5. The effect of single O3 exposures on SP-NFD in airway

smooth muscle during a critical period. The percent area of SP-IR nerve
fibers was measured in both INT- and EXP-SM. SP nerve fibers were

measured to determine if O3 exposure (2 ppm, 1 h) during early PD4

would result in prolonged changes of airway innervation upon a second

O3 exposure (PD28) in comparison to controls and exposures outside
the critical period (PD21). Values are means (6SE) (n 5 6 for each

group; *P , 0.05).

Figure 6. The effect of multiple O3 exposures on SP-NFD in airway

smooth muscle during a critical period of development. The percent
area of SP-IR nerve fibers was measured in the INT- and EXP-SM. The

multiple O3 exposure (2 ppm, 1 h) consisted of 5 consecutive days of

exposure. SP nerve fibers were measured to determine if multiple O3

exposure during early postnatal life (PD2–6) would increase sensory

airway innervation upon a second O3 exposure (PD28) in comparison

with controls and exposures outside the critical period (PD19–PD23).

Values are means (6SE) (n 5 6 for all groups; *P , 0.05).
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PD28 and the group exposed to O3 only on PD28. There were no
significant differences in the baseline RL and Cdyn values among
the different experimental groups before MCh challenge.

DISCUSSION

Although the lung provides enough gas exchange at birth to
sustain life, growth and maturation continues during postnatal life
and into early adulthood (1). During the prenatal period, growth
of epithelial and connective tissues, blood vessels, and nerves is
highly coordinated to maintain the normal structure and func-
tional relationships of the respiratory system. However, critical
and key changes also occur during the postnatal and adolescent
periods of lung development. For example, in the human lung, the
adult compliment of alveoli is not reached until about the age of
18 years, and the number of airway generations nearly doubles
from birth. Many studies demonstrate continued changes in
airway sensitivity and responsiveness throughout childhood
(35–37). However, the contributions of airway innervation to
altered airway responses in early life are not well defined. The
goal of the current investigation was to characterize neural
responses to O3 exposures in early life. Therefore, our initial
studies examined the normal developmental changes that occur
in SP airway innervation throughout the first month of postnatal
life. Changes in SP-containing nerves were measured because of
their well established role in regulating airway responses to
irritants such as O3 (38, 39). The results show that SP-containing
nerve fibers in the extrapulmonary epithelium and lamina propria
increased threefold from PD1 through PD15, and were main-
tained through PD29 (Figure 2A). Sensory innervation in the
extrapulmonary and intrapulmonary smooth muscle was gener-

ally constant throughout all postnatal ages, and did not change
between postnatal groups. Previous studies examining age-
related changes in sensory innervation and neurotransmitter
expression in young animals and children are very limited. One
study shows an increase innervation of SP-IR axons in the
epithelium in comparison to the smooth muscle in the rat
extrapulmonary airway, which parallels our results after PD3;
however, this study lacked a timeline, and only examined 3-
month-old rats (40). Another study on airways of children
demonstrated a lack of change in the density of peptidergic
nerves in young children aged 0–3.5 years (correlates to PD1–
PD20 in rat age), which seems to follow trends observed in the
extrapulmonary and intrapulmonary smooth muscle of our
studies (6).

Acute O3 exposure caused increased SP-NFD in the intra-
pulmonary and extrapulmonary smooth muscle through PD15
(Figures 3B and 3C). These responses did not occur in rats
exposed at the later postnatal ages, PD21–22 and PD28–29. These
findings indicate that the early postnatal period (i.e., PD1–PD15)
is a critical phase of neural development sensitive to the effects of
O3. Irritant exposure during this developmental phase may be
a predisposing factor to the pathogenic mechanisms leading to
neurogenic inflammation (41). In ferret, we have shown that
increased SP innervation after O3 exposure is associated with
increased airway smooth muscle responsiveness (31, 42, 43). In
rat, SP contracts airway smooth muscle and increases vascular
permeability (13, 40). Therefore, the increase in airway SP
innervation found in the current investigation is consistent with
the role of SP in mediating airway hyperresponsiveness and
inflammation

An important comparison in our study was the relative change
in SP and PGP nerves after O3 exposure (i.e., although O3

induced an increase in SP nerves, the total nerve density,
measured by PGP, did not change) (Figure 4A). It is likely that
some nerves in unexposed animals do not contain sufficient SP to
reach detectability, and that O3 induces enhanced SP synthesis,
increasing content to detectable levels. This could occur if O3

exposure induced the release of growth or neurotrophic factors
within the airway wall. Early studies on developmental neurobi-
ology demonstrate that target derived factors are critical to the
normal development of such diverse structures as the limb buds
(44) and sweat glands (45). In particular, the neurotrophin, nerve
growth factor (NGF), is critical for normal sensory and sympa-
thetic innervation of peripheral targets. NGF promotes survival
and axonal branching, stimulates SP synthesis in sensory neurons,
and mediates inflammatory responses in the airways (46). This is
relevant to the current study, because SP innervation in the rat
airway originates predominantly from the sensory (nodose and
jugular) ganglia of the vagus nerve (7, 9). Thus, a possible ex-
planation for the enhanced airway innervation after early O3

exposure is that neurotrophic factors, possibly NGF, released
during O3 exposure promote SP synthesis, increasing SP content
in nerve fibers and terminals in the airways. Neurotrophic factors
may also stimulate increased axonal branching, leading to in-
creased innervation density. It is well established that sensory
neurons are sensitive to neurotrophins during prenatal and early
postnatal life in rats and mice (47–49). The findings in the current
study are suggestive of a response in which SP levels are increased
in nerve fibers that were previously undetectable, and do not
support the possibility of new nerve fiber growth. However, due
to the limitations of fluorescence microscopy to discriminate
between individual fibers, especially in small bundles of axons,
the possibility of axon sprouting or new nerve fiber ingrowth
should not be excluded at this time, especially because a known
action of neurotrophins includes the induction of axonal out-
growth.

Figure 7. The effect of single O3 exposures on lung function during

a critical period. The lung function was measured by methacholine
dose responses of lung resistance (RL) and dynamic compliance (Cdyn).

Lung function was measured to determine if O3 exposure (2 ppm, 1 h)

during early PD4 would result in prolonged changes of RL and Cdyn

upon a second O3 exposure (PD28) in comparison with controls and
exposures outside the critical period (PD21). Values are means (6SE)

(n 5 3–5 for each group; *P , 0.05).
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Interestingly, a previous study demonstrated that 4% of the
PGP-IR axons in the airway smooth muscle of 3-month-old adult
rats were SP positive (38) compared with nearly 50% in the
smooth muscle of airways from the control, PD3 rats in our study
(Figure 4A). Although recognizing that differences in laboratory
procedures may create some inherent variation, this comparison
suggests that a substantial loss of SP from airway nerve fibers
occurs during maturation between the early postnatal and the
adult in rats. Whether this attenuation is due to a reduction in
nerve fibers or to reduced SP production in airway neurons of the
adult remains an open question. The observation that all nerve
fibers, judged by PGP 9.5 labeling, are SP positive after O3

exposure also requires additional comment. Many axons in
smooth muscle are autonomic nerves, and probably cholinergic
in nature. The observation in our current investigation, that SP
expression is present in virtually all axons after O3 exposure, is
consistent with our previous report in ferret trachea showing that
O3 exposure induced SP expression not only in sensory nerve, but
also in the putative cholinergic neurons of airway ganglia (31). It
was shown in a subsequent study that the enhanced SP expression
in the airway neurons of ferret trachea is mediated through the
actions of NGF (50).

The second set of experiments in the current study was
conducted to test the hypothesis that, compared with acute
exposures occurring after the critical period, O3 exposure during
the proposed critical period of susceptibility (PD1–PD15) en-
hances airway innervation after a second exposure occurring
later. The findings showed that a single O3 exposure on PD4 or
multiple daily exposures during PD2–PD6 both caused increased
SP innervation in the intrapulmonary airway smooth muscle on
PD29, 24 hours after a second O3 exposure on PD28 (Figures 5
and 6). The multiday exposure also increased smooth muscle
innervation in the extrapulmonary airways after re-exposure.
Conversely, initial exposures on PD21 (single) or PD19–PD23
(multiple) had no effect on airway innervation after re-exposure.
Our findings, that early exposures enhance airway innervation
after re-exposure, suggest that the PD2–PD6 rat pups are more
sensitive to the effects of O3 than the older pups. The fact that the
enhanced innervation only occurred with the early exposure
(PD4, PD2–PD6) suggests a unique susceptibility to O3 during
this period. An interesting finding of our study is that the
increased innervation was observed only after re-exposure on
PD28 and only after initial exposure on PD4 or PD2–PD6.
Additional findings in this study demonstrated that changes in
RL and Cdyn paralleled the altered SP airway innervation found in
the intrapulmonary smooth muscle. These physiological changes
after O3 exposure during a critical period suggest a link between
altered airway innervation and the changes observed in pulmo-
nary function. Other studies have demonstrated that children
exposed to environmental tobacco smoke in utero or early in life
are more sensitive to allergens and irritants later in life (23, 51).
These reports and our findings support the idea that exposure
during early postnatal life may permanently alter airway func-
tional characteristics that are only revealed when challenged by
airway irritants, such as smoke, O3 or other pollutants, or by
allergens.

The finding that only early exposures (PD2–PD6) produced
this outcome, and that this was not produced when similar
exposures occurred later (PD19–23), strongly supports a conclu-
sion that exposures during early life have greater potential for
producing permanent or long-term decrements in lung function.
It is tempting to speculate that, because the lung is still rapidly
growing during this early period, the exposures influence the
developmental trajectory of smooth muscle responsiveness,
inflammatory mechanisms, and, as seen in our present study,
the extent and plasticity of airway innervation.

The results in our current study suggest that SP-containing
airway neurons have the capacity to increase rapidly the levels of
SP present in nerve terminals innervating airway smooth muscle.
It is likely that increased levels of SP in nerve terminals lead to
increased SP release when the nerve is activated. SP production in
airway neurons is increased after O3 or allergen exposure (10, 52).
These finding show that SP release is subject to modulation and
results in increased airway responsiveness. Our findings suggest
that early life exposures to O3 may predispose to enhanced SP
production and release. Based on approximation models com-
paring rat and human pre- and postnatal periods (29), the period
of PD2–PD6 corresponds most closely to the period of infancy
through preschool age, implicating this age group as a susceptible
population for environmental tobacco smoke, air pollution, and
extreme weather conditions. Although our findings did not reveal
susceptibility when exposures occurred at older ages, these data
should not be interpreted to indicate that O3 exposures in older
rats (or children) would be without detrimental effects.
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