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Airway neural plasticity contributes to the process of airway remod-
eling in response to airway irritants. However, the mechanisms of
neural remodeling in the airways during the early postnatal period,
when responses to airway irritation may be most sensitive, have not
beencharacterized.Thisstudyusedaratmodeltoexamineapossible
mechanism of ozone (O3)-induced neural hyperresponsiveness dur-
ing a critical period of developmental, postnatal day (PD) 6, that may
be mediated by the neurotrophin nerve growth factor (NGF), re-
sulting in an enhanced release of inflammatory neuropeptide sub-
stance P (SP) from airway nerves. Rat pups between PD6–PD28 were
killed 24 hours after exposure to O3 (2 ppm, 3 hours) or filtered air
(FA), to establish a timeline of NGF synthesis, or else they were
exposed to O3 or NGF on PD6 or PD21 and re-exposed to O3 on PD28,
and killed on PD29. Measurement endpoints included NGF mRNA in
tracheal epithelial cells, NGF protein in bronchoalveolar lavage fluid,
airway SP–nerve fiber density (NFD), and SP-positive airway neurons
in vagal ganglia. Acute exposure to O3 increased NGF in bronchoal-
veolar lavage fluid on PD10 and PD15, and mRNA expression in
epithelial cells on PD6, compared with FA controls. NGF protein and
mRNA expression in the O3–PD6/O3–PD28 groups were significantly
higher than in the O3–PD21/O3–PD28and O3–PD6/FA–PD28 groups.
NGF–PD6/O3–PD28 increased the SP innervation of airway smooth
muscle and SP-positive sensory neurons, compared with the NGF–
PD21/O3–PD28 or NGF–PD6/FA–PD28 groups. NGF enhanced sen-
sory innervation, which may mediate acute responses or prolong
sensitivity to O3 during early life. The model may be relevant in O3

responses during early childhood.
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Although the development of airways begins during the third
week of gestation and continues through adolescence (1), the
mechanisms responsible for prenatal and early postnatal sus-
ceptibility to airway irritants are not well-defined, because most
studies examining airway sensitivity to air pollutants have used
adult animal models. According to our recent study, one mech-
anism mediating airway responses to inhaled pollutants during
the early postnatal period may involve the release of inflam-
matory neuropeptides from sensory nerves in the airways (2).
The goal of the present investigation was to examine the role of
the neurotrophin, nerve growth factor (NGF), as a potential sig-
naling molecule involved in regulating airway neural responses to
ozone (O3) exposures in early life. The study has potential rele-
vance in airway disease, because children are especially sensitive
to environmental pollutants (3).

Recent evidence indicates that exposures to O3 during early
life (2, 4), as well as exposures to a wide range of airway irritants
including cigarette smoke (5), respiratory syncytial virus (6),

and antigen challenge (7), may alter the normal developmental
patterns of airway neural pathways, resulting in enhanced
airway smooth muscle responsiveness and inflammation. These
findings suggest that normal regulatory mechanisms controlling
airway neural development (particularly the production and
release of neurotrophins) may be affected by exposure to O3 or
other airway irritants. NGF regulates and maintains neuronal
levels of inflammatory neuropeptides in sensory neurons (8).
Studies of animal models indicate that neural growth and de-
velopment are highly dependent on NGF during prenatal and
early postnatal life (9–11). NGF promotes inflammation in a
variety of tissues (12), and is implicated in the pathogenesis of
symptoms in asthma (13, 14). Importantly, concentrations of
NGF in serum, platelets, and plasma are significantly increased
in patients with asthma (15). Furthermore, neurotrophins en-
hance the development of airway smooth muscle hyperrespon-
siveness (16, 17), and increase both sympathetic and sensory
innervation of the lung (18). The role of neurotrophin expres-
sion in airway neural development may be particularly impor-
tant during early life, when neurotrophin concentrations and the
expression of neurotrophin receptors are both elevated, com-
pared with older infants and adults (6, 19). NGF was shown to
increase the synthesis of the tachykinin substance P (SP) in
airway sensory nerves (20–22). SP is released by primary afferent
C-fibers (23, 24), mediating both the airway hyperresponsiveness
(25) and neurogenic inflammation (26, 27) associated with ex-
posure to O3.

Previous work in our laboratory suggested the existence of
an early postnatal critical period of susceptibility to airway
irritants (2). Rat pups exposed to O3 during the proposed
critical period (postnatal days [PDs] 2–6), and later re-exposed
to O3 (PD28), demonstrated an increase in SP nerve fiber
density (NFD) in intrapulmonary and extrapulmonary smooth
muscle. This increase was not evident in rat pups initially
exposed to O3 outside of the critical period (PD19–23) and
re-exposed on PD28. We propose that the enhanced expression
of SP induced by exposure to O3 on PD2–6 results from the
release of NGF, and that the failure of exposure on PD19–23 to
increase the production of SP results from the reduced pro-
duction of NGF. The overall goal of the present study was to
evaluate the effect of NGF expression on SP responses during
the critical period, as observed in our previous study.

CLINICAL RELEVANCE

Exposure in early life to inhaled environmental pollutants
contributes to the pathogenesis of childhood asthma and
other respiratory disorders. The mechanisms responsible for
prenatal and early postnatal susceptibility to airway irritants
are not well defined because most studies of airway sensi-
tivity to air pollutants used adult animal models. The goal of
the present investigation was to examine the role of the
neurotrophin nerve growth factor as a potential signaling
molecule in regulating airway neural responses to ozone
exposures in early life.
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MATERIALS AND METHODS

Age-Related Changes in the Production of NGF

and Responses to O3

In previous studies, we demonstrated increased sensory innervation
and enhanced responsiveness in the airways of newborn rats exposed to
O3 during an early postnatal critical period and then re-exposed later,
compared with rat pups exposed outside the postnatal critical period
and re-exposed later (2). In the present study, we propose that NGF
plays a role in regulating these airway responses during the early
critical period of development. Thus, we first designed experiments to
establish a timeline of NGF production in rats exposed to filtered air
(FA) or O3. According to our hypothesis in this set of experiments, acute
exposure to O3 alters the normal production of NGF during early
postnatal periods. Rat pups were exposed to FA or O3 on PD6, PD10,
PD15, PD21, or PD28. Lung lavage was performed 24 hours after
exposure to measure NGF protein concentrations using ELISA, and
airways were removed 12 hours after exposure to measure NGF mRNA
expression using RT-PCR. In addition, cytospins were prepared from
lung lavage fluid, and neutrophil counts were performed to verify airway
inflammatory responses after exposure to O3.

NGF Production during the Critical Period

The second series of studies served to test the hypothesis that an initial
exposure to O3 during early life causes an enhanced NGF response to a
second exposure to O3 later in life. The experimental protocol included
exposure to O3 or FA on PD6 (an age within the putative critical
period) or on PD21 (an age beyond the critical period). The production
of NGF in each exposure group was compared after a second exposure
to O3 or FA on PD28. As additional controls, we also included a group
that received an initial exposure to O3 on PD6 and FA on PD28, a
group exposed to O3 only on PD28, and an FA–PD6/FA–PD28 group.
The experimental protocols with the appropriate control groups for the
second series of experiments are shown in the model outlined in Figure
1A. Lung lavages (to measure NGF protein) and airway removal (to
measure NGF mRNA) were performed 24 hours and 12 hours after the
final exposure on PD28, respectively.

NGF Treatment in the Critical Period

The third series of studies served to test the hypothesis that NGF di-
rectly regulates sensory airway innervation during the critical period of

development (on PD6). If NGF is involved in modulating irritant-
induced responses during this early postnatal period, then direct treat-
ment with NGF on PD6 and O3 on PD28 should cause similar changes in
sensory airway innervation. The protocol included the instillation of NGF
or saline into the airways on PD6 or PD21. SP-NFD in airway smooth
muscle and the SP content in jugular and nodose airway neurons in each
exposure group were compared after exposure to O3 on PD28. As addi-
tional controls, we also included groups that received NGF on PD6 and
FA on PD28, a group that received saline on PD6 and O3 on PD28, and
a group that received saline on PD6 and FA on PD28. The protocols with
the appropriate control groups for the third series of experiments are
shown in the model outlined in Figure 1B.

RESULTS

Age-Related Responses to O3 Exposure in NGF Protein

and Messages

NGF responses 24 hours after exposure to O3 (2 ppm, 3 hours)
were examined throughout the first month of postnatal life, to
establish a timeline of NGF production. In lung lavages, expo-
sure to O3 caused a significant increase in NGF protein concen-
trations on both PD10 and PD15, compared with rat pups
exposed to FA (Figure 2). Concentrations of NGF increased
from 18,083.00 6 3,689.13 pg/g lung in control samples to
37,254.00 6 4,418.12 pg/g lung after exposure to O3 on PD10,
and from 9,099.00 6 1,639.93 pg/g lung to 17,703.00 6 704.10 pg/g
lung on PD15. Concentrations of NGF did not significantly in-
crease on PD6, PD21, and PD28 after exposure to O3, compared
with control values.

The relative expression of NGF mRNA in tracheal epithelial
cells significantly increased from 1.00 6 0.16 to 2.40 6 0.53 on
PD6 in rat pups exposed to FA and O3, respectively (Figure 3).
The expression of NGF mRNA in animals exposed at all other
postnatal ages did not differ from control levels.

A significant increase in neutrophils was evident 24 hours
after exposure to O3 at all postnatal ages in comparison with
control levels, verifying airway inflammation in all exposed
animals (data not shown).

Figure 1. Diagrams outline (A) second and (B) third parts of experi-
mental protocol used to evaluate nerve growth factor (NGF) during the

critical period. PD, postnatal day.

Figure 2. Effect of exposure to ozone (O3) on NGF protein concen-

tration in lung lavage during early postnatal days (PDs). The concen-

tration of NGF protein was measured 24 hours after exposure to O3

(2 ppm, 3 hours) or filtered air (FA) on PD6, PD10, PD15, PD21, or

PD28. Concentrations of NGF were measured to determine if expo-

sure to O3 would transiently increase NGF in rat airways during the

early postnatal period, compared with animals exposed to FA. NGF
protein was measured in pg/g of lung tissue, using ELISA. All values

are means 6 SE, n 5 6 for each group. *P , 0.05, significant in FA

groups.
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Production of NGF during the Critical Period

Concentrations of NGF protein in lung lavages of the O3–PD6/
O3–PD28 group significantly increased, versus all other expo-
sure groups (Figure 4). Importantly, the concentrations of NGF
in this group significantly increased compared with the O3–
PD21/O3–PD28 exposure group. Concentrations of NGF were
10,130.11 6 694.01 pg/g lung in the O3–PD6/O3–PD28 group,
and 6,972.53 6 1,387.31 pg/g lung in the O3–PD21/O3–PD28
group. Concentrations of NGF in the O3–PD28–only group
(5,773.63 6 185.76 pg/g lung) and the O3–PD21/O3–PD28 group
(6,972.53 6 1387.31 pg/g lung) were significantly elevated com-
pared with all three FA controls: the FA–PD6/FA–PD28 group
(2,874.73 6 268.19 pg/g lung), the O3–PD6/FA–PD28 group
(2,701.19 6 212.39 pg/g lung), and the O3–PD21/FA–PD28
group (2,505.22 6 217.34 pg/g lung). However, these increases
were not significantly different from each other, indicating that
the PD28 ozone response was not affected by the exposure on
PD21.

The relative expression of NGF mRNA in tracheal epithelial
cells was significantly elevated in the O3–PD6/O3–PD28 group,
versus all other exposure groups (Figure 5). Specifically, the ex-
pression of NGF mRNA in the O3–PD6/O3–PD28 group (2.02 6

0.10%) was significantly higher than in the O3–PD6/FA–PD28
group (1.14 6 0.19%) and the O3–PD21/O3–PD28 group (1.04 6

0.24%). Furthermore, the expression of NGF in the O3–PD21/
O3–PD28 group (1.04 6 0.24%) was not significantly different
from that in the FA–PD6/FA–PD28 group (1.00 6 0.14%) and
the O3–PD28–only group (0.78 6 0.11%). In addition, the
relative expression of NGF mRNA in the O3–PD21/FA–PD28
group was significantly decreased, versus all other groups.

NGF Treatment during the Critical Period

In our NGF instillation studies, significant differences in SP
innervation were evident only in extrapulmonary smooth mus-
cle (Figure 6). The density of SP-immunoreactive (IR) nerve

fibers in the extrapulmonary smooth muscle of the NGF–PD6/
O3–PD28 group was significantly elevated, versus all other
groups. Importantly, a significant increase was evident only in
the NGF–PD6/O3–PD28 group (0.56 6 0.13%) compared with
the NGF–PD6/FA–PD28 group (0.22 6 0.09%) and the
saline–PD6/O3–PD28 group (0.24 6 0.06%). In addition, the
NGF–PD21/O3–PD28 group (0.32 6 0.09%) did not exhibit
a significant increase in the percentage of SP-NFD, compared
with the FA–PD6/FA–PD28 group (0.25 6 0.05%) and the
NGF–PD21/FA–PD28 group (0.27 6 0.07%).

Increased SP-positive airway neurons (labeled with rhoda-
mine beads) were only observed in the jugular ganglia (Figure
7A). SP-positive neurons in the jugular ganglia of the NGF–PD6/
O3–PD28 group were significantly elevated, versus all other
groups. Notably, the significant increase was evident only in the
NGF–PD6/O3–PD28 group (81.30% 6 0.52%), compared with
the NGF–PD6/FA–PD28 group (55.30% 6 3.00%) and the
saline–PD6/O3–PD28 group (53.72% 6 5.80%). In addition,
the NGF–PD21/O3–PD28 group did not exhibit a significant
increase in SP-positive neurons (49.21% 6 1.01%), compared
with the FA–PD6/FA–PD28 group (47.80% 6 5.40%) and the
NGF–PD21/FA–PD28 group (48.51% 6 0.36%). In the nodose
ganglia, no significant differences in SP-positive neurons were
evident in any experimental group (Figure 7B).

DISCUSSION

This study provides evidence that adverse airway responses
occurring during early postnatal exposures to O3 are mediated
through the release of NGF and its effect on SP concentrations
in the airway. In a previous study, we demonstrated that ex-
posure to O3 in rat pups on PD2–6 resulted in increased SP
innervation in airway smooth muscle, and in airway hyperreac-
tivity on PD29 after a re-exposure to O3 on PD28 (2). However,
the increased SP innervation and hyperresponsiveness were
not evident when the initial exposure occurred on PD19–23,

Figure 3. Effect of exposure to O3 on relative expression of NGF mRNA

in tracheal epithelial cells during early PDs. NGF mRNA was measured

12 hours after exposure to O3 (2 ppm, 3 hours) or FA on PD6, PD10,
PD15, PD21, or PD28. The expression of NGF mRNA was measured to

determine if exposure to O3 would transiently increase the NGF

message in rat airways during early postnatal periods, compared with
animals exposed to FA. NGF was measured using real-time PCR relative

to the expression of b-actin mRNA. Values are means 6 SE, n 5 6 for

each group. *P , 0.05, significant in FA groups.

Figure 4. Effect of exposure to O3 on NGF protein concentration in

lung lavage during a critical period of development. NGF protein was
measured to determine if exposure to O3 (2 ppm, 3 hours) during

a critical period (PD6) would result in prolonged changes of NGF

concentrations upon a second exposure to O3 (PD28), compared with

control samples and exposures outside the critical period (PD21).
Values are means 6 SE, n 5 6 for each group. *P , 0.05, significant

in all groups. #P , 0.05, significant in FA control groups.
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suggesting that the early exposure (PD2–6) represented a critical
window of susceptibility to O3 exposure. In the present investi-
gation, we tested the involvement of NGF as a possible me-
diator of the early-life critical window by measuring the relative
amounts of NGF in BAL fluid and mRNA in tracheal epithelial
cells after re-exposure on PD28 in rat pups initially exposed on
PD6 or PD21. The NGF protein concentrations in BAL fluid
and the NGF message in epithelial cells had both increased
after re-exposure in the PD6–O3–exposed group, but not in the
group exposed on PD21. Afterward, NGF was intratracheally
instilled on PD6 or PD21 to mimic the O3-induced release of
NGF. In rat pups that received NGF on PD6 and were then
exposed to O3 on PD28, the SP innervation of extrapulmonary
airway smooth muscle and SP concentrations in airway neurons
of the jugular (but not nodose) ganglia had both increased.
Conversely, after NGF instillation on PD21 and exposure to O3

on PD28, neither SP airway innervation nor SP concentrations
in the jugular ganglia had increased.

Overall, these findings are consistent with the results in our
previous study, showing that the early postnatal period, gener-
ally up to approximately PD15, may represent a critical window
of susceptibility. Here, we demonstrated an important feature
of the critical period, namely, that exposure during the critical
period prolongs the period of susceptibility to subsequent ex-
posure to O3 (Figures 4 and 5). These results suggest the pres-
ence of a critical period of development, during which younger
animals are more susceptible to the long-term effects of airway
irritants. An important distinction should be made between
acute hyperresponsiveness, involving immediate responses to
O3, and the prolonged responses that represent a process of
continued or prolonged sensitivity to a subsequent exposure.
The experiments described in this study show that early-life
treatment with NGF can exert an effect on responses in later

life. However, the possible mechanisms for this prolonged level
of sensitivity have not been defined. Two findings of the present
study suggest a possible basis for the critical-period effect. First,
we observed that NGF message and protein are increased by
exposure to O3 only during the early postnatal period. Second,
SP airway innervation and SP concentrations in airway neurons
increased only when NGF was instilled on PD6 and not on
PD21. These finding suggest that the enhanced responsiveness
on PD28 after exposure to O3 or NGF on PD6 may result from
increased inflammation driven by an NGF-induced production
of SP that does not occur on PD21. Previous studies (18, 28)
demonstrated that NGF upregulates the expression of SP in
airway nerves, and that SP increases irritant-induced vascular
permeability by binding to endothelial cell neurokinin-1 receptors
(29). In addition, tropomyosin-receptor kinase A (trkA) receptors
are expressed in the nodose ganglia of neonatal but not adult rats,
suggesting developmental differences in the mechanisms of NGF
signal transduction (30).

Several other explanations may help clarify early-life sus-
ceptibility to O3 exposure. For instance, the minute ventilation
after exposure to O3 observed in adult rats is depressed or
absent in 2-week-old rat pups, leading to increased injury in
pups (31). Alternately, antioxidant systems involving superox-
ide dismutase, catalase, and glutathione peroxidase are not fully
developed in early postnatal periods, and could reduce mech-
anisms that normally counteract oxidant injury in the airways of
adults (32). However, the experimental design of the present
study tested the differential effects of NGF instillation on PD6
and PD21, with the finding that increased airway innervation
after exposure to O3 on PD28 only occurred in the group that
received NGF on PD6. Thus, although enhanced airway re-
sponses to O3 exposure in early life may be related to un-
derdeveloped airway defense mechanisms, the release of NGF
during such inflammatory events could cause a heightened neural

Figure 5. Effect of exposure to ozone (O3) on relative expression of

NGF mRNA in tracheal epithelial cells during a critical period of

development. NGF was measured to determine if exposure to O3

(2 ppm, 3 hours) during a critical period (PD6) would result in pro-

longed changes of NGF message upon a second exposure to O3

(PD28), compared with control samples and exposures outside the

critical period (PD21). NGF mRNA was measured by real-time PCR
relative to expression of b-actin mRNA. Values are means 6 SE, n 5 6

for each group. *P , 0.05, significant in all groups. #P , 0.05, significant

in all groups.

Figure 6. Effect of NGF tracheal instillation on substance P (SP) nerve

fiber density in extrapulmonary airway smooth muscle during a critical

period of development. The percent area of SP-immunoreactive (IR)
nerve fibers was measured in the extrapulmonary smooth muscle to

determine if NGF tracheal instillation during a critical period (PD6)

would increase sensory innervation upon exposure to O3 (2 ppm, 3

hours) on PD28, compared with control samples and NGF treatment
outside the critical period (PD21). Values are means 6 SE, n 5 5 for all

groups. *P , 0.05, significant in all groups.
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response to NGF and an enhanced production of inflammatory
neuropeptides such as SP.

The present study focuses on NGF as a mediator of the critical-
period response. NGF is a neurotrophin known to regulate
neuronal growth and proliferation in sensory and sympathetic
neurons. In the respiratory system, mice that overexpress NGF
in bronchiolar Clara cells exhibit increased sensory and sympa-
thetic innervation in their airways (28). In adult animal models,
the increased synthesis or release of NGF enhances the ex-
pression of SP in sensory neurons innervating the nasal cavity
after exposures to toluene diisocyanate (TDI) (22), and in the
airways after allergen sensitization and challenge (33). In a re-
cent study using exposure protocols similar to those in the
present study, the expression of NGF in mice was increased by
exposure to cigarette smoke during the first 10 postnatal days,
followed by re-exposure on PD59, but the expression of NGF
was not increased when exposure occurred for the same length
of time beginning on PD21 (5). Concentrations of NGF and the
expression of neurotrophin receptors trkA and p75 in whole-
lung extracts declined between 2 and 12 weeks, but NGF was
increased approximately threefold by a respiratory syncytial
virus (RSV) infection in 2-week-old pups (6). In the same study,
concentrations of NGF were increased in 12-week-old pups
after RSV, but the magnitude of the increase was substantially
lower. Our present findings that NGF protein and message were
elevated by acute exposure to O3 on PD6, PD10, and PD15, but
not on PD21 or PD28 (Figures 2 and 3), suggest that the NGF
response is unique to the early postnatal period (up to PD15),
and thus may be another potential mechanism for prolonging
susceptibility to O3 exposure. The inability to demonstrate in-
creased message on PD10 and PD15 during the early postnatal
period, although the concentration of protein was elevated,
probably results from differences in the timing of NGF gene
transcription and translation that occur at different postnatal
ages during the early postnatal period (34). Although tracheal
epithelial cells are known to produce NGF (35, 36), other cells
in the airway such as immune cells and fibroblasts also produce
NGF. The epithelial cell population used to measure mRNA in
the present studies comprised 96.6% pure epithelial cells, and
our results provide an accurate representation of epithelial cell
response without contributions from inflammatory cells. On the
other hand, data regarding protein were obtained using whole-
lung lavages, and the increase in NGF may have originated from
other sources, including inflammatory cells that infiltrate the
airway after exposure to O3.

In addition to its effects on neuronal growth and prolifera-
tion, NGF is known to stimulate SP message transcription and

translation. This occurs through binding to trkA receptors on
the neuronal cell membrane, vesicular transport through the
axon to the nerve cell body, and initiation of signaling cascades
leading to the activation of the preprotachykinin (PPT) gene
(37–40). In the present study, increased concentrations of SP in
the airway neurons of the jugular ganglia (i.e., an increase in
number of SP-positive neurons) and the increased SP innerva-
tion of extrapulmonary airway smooth muscle (i.e., increased
nerve fiber density) were consistent with this process (Figures 6
and 7). We interpret the increase in smooth muscle SP nerve
fiber density as an increase in the level of SP protein in nerve
terminals that already exists in the airway. This interpretation is
at variance with the possibility that NGF stimulates axonal
branching. Our conclusion is based on the previous finding that
although SP-NFD increases, the total nerve fiber density mea-
sured by the neuron-specific marker protein gene produce 9.5
(PGP 9.5) does not increase (2). Thus, some nerve terminals in
the smooth muscle are branches of sensory neurons that either do
not normally produce SP or produce it at concentrations below
the sensitivity of our immunocytochemical assay. However,
after exposure to O3 and the upregulation by NGF of the
PPT gene, the production of SP in neurons is increased, and
both the nerve cell body and their axonal branches in airway
smooth muscle contain sufficient SP to be detected and mea-
sured. The exact mechanisms of airway neuronal growth and
the production of SP during the critical period remain to be
confirmed, because previous studies only examined acute re-
sponses and not the process of early-life exposure followed by
re-exposure at a later age.

Airway sensory neurons originate in mixed embryonic back-
grounds and respond to various neurotrophic factors. Neurons in
the jugular ganglion are derived from the neural crest, and are
dependent on NGF for their development and survival. Neurons
in the nodose ganglion are derived from epibranchial placodes,
and are not dependent on NGF (41, 42). The difference in NGF
requirements may explain why we observed changes in SP-
positive neurons in the jugular ganglion and not in the nodose
ganglion after the instillation of NGF on PD6 and exposure to O3

on PD28. Alternately, jugular ganglion neurons are found to
project many more fibers to the epithelial compartment of the
tracheal airway wall than do nodose ganglion neurons (43). In the
present study, we used rhodamine-labeled beads specifically to
label airway neurons innervating the tracheal airway epithelium.
Therefore, if more jugular fibers innervate the tracheal epithelial
airway, this allows NGF to interact with more jugular than
nodose nerve endings, which may also explain the increase of SP-
positive neurons in the jugular ganglion. Nodose neurons may

Figure 7. Effect of NGF tracheal

installation on SP-IR airway-labeled

neurons during a critical period of

development. Percent SP-IR was
measured in jugular (A) and no-

dose (B) neurons innervating the

airways, to determine if tracheal

instillation of NGF during a critical
period (PD6) would enhance SP

neuronal content upon exposure

to O3 (2 ppm, 3 hours) on PD28,

compared with control samples
and NGF treatment outside the

critical period (PD21). Values are

means 6 SE, n 5 4 for all groups.
*P , 0.05, significant in all

groups.
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project lower down the bronchial tree, and upon similar NGF
treatments would cause increases in the number of SP-positive
nodose neurons. However, further retrograde tracers are needed
to confirm this possibility.

Previous studies in our laboratory showed that expression
levels of SP are elevated after exposure to O3 in nerves innervating
the airway epithelium. This expression is dependent on age at
exposure, and follows the critical-period paradigm. However, an
exposure at 2 ppm for 3 hours is not normally experienced by
human infants or children, although fairly high concentrations
of O3 for acute or subchronic exposure periods were used ex-
tensively as models for O3-induced airway responses (44–46). In
fact, the response is likely related to the inflammatory events
produced by this level of O3 exposure and not O3 per se. The
O3-induced injury observed in the present study, especially at
the concentration of 2 ppm, probably represents generalized
inflammatory injury, as opposed to a specific O3-related effect.
Similar responses would be expected with a host of inflamma-
tory agents, including allergens (33), viruses (47), or irritants
such as TDI (22).

These studies have potential relevance in understanding
long-term human responses to inhaled irritant exposures during
early childhood. Children who live in areas with elevated
ground-level O3 show an increased risk of developing asthma
and manifesting symptoms of asthma when environmental O3

levels are elevated. The present study suggests that NGF is
important in prolonging sensitivity to O3 exposures during early
life that would result in increased sensitivity upon a subsequent
exposure. The findings show that NGF released during the
critical period increases the potential for tachykinin synthesis in
airway sensory nerves by exposure to O3 at a later time. How-
ever, additional experiments are needed to show that blocking
the initial increase in NGF reduces the prolonged O3-induced
responsiveness in SP airway nerves. At present, the lack of se-
lective NGF antagonists precludes the performance of these im-
portant experiments. The cellular and molecular mechanisms that
would confer prolonged sensitivity have not yet been identified.
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