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Maternal smoking during pregnancy has been associated with
adverse effects on respiratory health. Whereas the epidemiologic
link is incontrovertible, the mechanisms responsible for this associ-
ation are still poorly understood. Although cigarette smoke has
many toxic constituents, nicotine, themajor addictive component in
cigarette smoke, may play a more significant role than previously
realized. The objectives of this study were to determine whether
exposure to nicotine prenatally leads to alterations in pulmonary
function andairwaygeometry inoffspring, andwhethera7nicotinic
acetylcholine receptors (nAChRs)mediate these effects. In amurine
model of in uteronicotine exposure, pulmonary function, airway size
and number, methacholine response, and collagen depositionwere
examined. Exposure periods included Gestation Days 7–21, Gesta-
tion Day 14 to Postnatal Day 7, and Postnatal Days 3–15. Prenatal
nicotine exposure decreases forced expiratory flows in offspring
through a7 nAChR–mediated signals, and the critical period of nic-
otine exposure was between Prenatal Day 14 and Postnatal Day 7.
These physiologic changes were associated with increased airway
length and decreased diameter. In addition, adult mice exposed to
prenatal nicotine exhibit an increased response to methacholine
challenge, even in the absence of allergic sensitization. Collagen
expression was increased between adjacent airways and vessels,
which was absent in a7 nAChR knockout mice. These observations
provide a unifiedmechanismof howmaternal smokingduringpreg-
nancy may lead to lifelong alterations in offspring pulmonary func-
tion and increased risk of asthma, and suggest potential targets to
counteract those effects.
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In 1986, the U.S. Surgeon General’s report stated that there was
sufficient evidence that involuntary tobacco smoke exposure was
associated with adverse respiratory health effects in children (1).
Subsequently, scientific literature has more robustly shown the
effects of involuntary or environmental tobacco smoke exposure
on respiratory health, particularly on infants and children. Envi-
ronmental tobacco smoke (ETS) exposure can occur in three ex-
posure periods: prenatal, postnatal, and pre- and postnatal. The
most direct method of prenatal ETS exposure is through maternal
smoking. Maternal smoking during pregnancy has been associated
with increased risk of asthma, lower respiratory tract infections, as

well as decrements in lung function in healthy children (2–15). The
decreases in lung function of offspring of smokers appear perma-
nent, as they can be measured in adolescents and adults (16, 17).

Tobacco smoke contains thousands of compounds, and iden-
tifying whether one or more components play a key role in the
pathogenesis of smoking-related lung diseases is difficult. Al-
though there are possibly several chemicals involved, nicotine
is of particular interest in prenatal exposure, because it can easily
cross the placental barrier. Levels of nicotine and its metabolite,
cotinine, are measurable in the fetus, and closely mimic maternal
levels (18, 19). Nicotine acts by binding to nicotinic acetylcho-
line receptors (nAChRs), which are ligand-gated ion channels
that allow entry of Na1 or Ca11 into the cells. nAChRs are
pentamers composed of five identical a subunits or heteromers
composed of a and b subunits. To date, 10 a and 4 b subunits
have been described (20). In addition to being expressed in the
brain, where nAChR mediates the addictive properties of nic-
otine, nAChRs are widely expressed in peripheral organs, with
high concentrations in developing lung. The (a7)5 nAChR is the
most abundant nAChR subtype in lung (21).

Previous studies in a nonhuman primate model of in utero nic-
otine exposure revealed that prenatal nicotine exposure leads to
altered alveolar surface area, increased collagen expression around
airways and blood vessels, decreased flows on pulmonary function
tests, and increased airway resistance (21–23). We and others have
also shown that nicotine stimulates lung cell proliferation (24, 25).
Nicotine also stimulates lung branching morphogenesis in fetal mu-
rine lungs exposed to nicotine during the pseudoglandular stage of
development, and these effects are mediated in part by a7 nAChR
(26, 27). However, despite this previous knowledge, significant gaps
still remain in our understanding of the effects of in utero nicotine
exposure and the role that nicotinic acetylcholine receptors play.
In this article, we attempt to improve knowledge by translating our
previous in vitro findings to in vivo models in order to: (1) address
the critical period of nicotine exposure during fetal develop-
ment; (2) address the role that a7 nAChR plays in mediating
nicotine’s effects; (3) identify the lifelong effects of in utero nic-
otine exposure on airway growth and function; and (4) examine
how airway growth may affect airway hyperresponsiveness. We
hypothesized that, by acting on a7 nAChRs, prenatal nicotine
exposure may lead to lifelong changes in pulmonary function by
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CLINICAL RELEVANCE

Although there is a significant body of literature addressing
the adverse effects of cigarette smoke on respiratory health,
there is little known about the effects of nicotine, the major
addictive component of cigarette smoke, on the developing
lung. This study establishes that exposure to nicotine pre-
natally leads to permanent changes in airway geometry and
physiology.
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altering airway geometry in a murine model of prenatal and
postnatal nicotine exposure.

MATERIALS AND METHODS

All animal and experimental protocols were approved by the Emory
University and Oregon Health and Science University Institutional An-
imal Care and Use Committees and their Offices of Biosafety.

Murine Model of In Utero Nicotine Exposure

Nicotine was given to C57BL/6 mice and a7 knockout mice on
a C57BL/6 background (a7 nAChR2/2, Chrna7tm1Bay; Jackson Labo-
ratories, Bar Harbor, ME), either by subcutaneous osmotic minipump
at a dose of 2 mg/kg/d or by 100 mg/ml of nicotine in the drinking water
(26). To determine the critical period of exposure, nicotine was given
by osmotic minipump to quickly reach steady-state levels for the fol-
lowing time intervals during gestation and postnatally: Gestational Day
7 to Gestational Day 21, Gestational Day 14 to Postnatal Day 7, and
Postnatal Day 3 to Postnatal Day 15. To avoid multiple minipump
changes in growing animals, nicotine water was administered to dams
6 weeks before pregnancy, and pups were weaned onto nicotine water
in experiments requiring adult animals (28).

Stereologic Analysis

Whole lungs from 8-week-old mice were inflated to 20 cm H2O with 4%
paraformaldehyde for fixation overnight, paraffin embedded, oriented
in an isotropic, uniform random manner, and fractionated into 1-mm
slabs to sample the entire lung. Random 5-mm sections were examined.
Total airway length (L) was estimated by multiplying the length density
by lung volume. Length density is defined in isotropic structures as:

Lv ¼ 2 �Q
A

where Lv is length density, Q is the number of airway transects (lobar to
terminal bronchiole), and A is area of lung. Lung volume is estimated by
Cavalieri’s method (29, 30); simple mathematical rearrangements yield
the following equations:

VL ¼ A � t

L ¼ Lv �VL

L ¼ 2 Q=A �VL ¼ 2 Q � t

where VL is lung volume and t is thickness of the slab.

Assessment of Airway Size

The 5-mm sections used for stereological analysis were scanned using an
Olympus VS110 slide scanner at 203 (Olympus, Center Valley, PA).

Airways with cartilage and pseudostratified columnar epithelium were
classified as bronchi, whereas those lacking cartilage and with cuboidal
epithelium were classified as bronchioles. Luminal diameters were esti-
mated from the maximal diameter measured orthogonal to the longest
diameter of the cut airway.

Pulmonary Function Testing

Respiratory mechanics were measured by forced oscillation technique
by fitting the constant phase model using the integrated software in the
flexiVent System (SCIREQ, Montreal, PQ, Canada) in anesthetized,
tracheostomized, 8-week-old mice (31–33). Increasing doses of inhaled
methacholine were administered. Forced expiratory flows were mea-
sured using Buxco BioSystem for Maneuvers hardware and software
(Buxco Electronics Inc., Wilmington, NC) in anesthetized, tracheostom-
ized mice, as previously described for monkeys except using scaled-down
apparatus (34).

Histologic Analysis

A total of 10 random 5-mm sections were obtained from each specimen
for Masson trichrome staining. A total of 10 random fields from each
section were selected for image analysis using ImageJ (National Insti-
tutes of Health, Bethesda, MD) to determine the area staining for col-
lagen (blue staining) relative to the total tissue area of the section.

Real-Time PCR Analysis

Real-time PCR was used to quantify collagen I mRNA levels, as pre-
viously described (35).

Statistical Analysis

Statistical analysis was performed using Student’s t test and ANOVA
with Bonferroni’s post test analysis with GraphPad Prism 4.0 software
(GraphPad Software Inc., La Jolla, CA). A P value less than 0.05 was
considered statistically significant.

RESULTS

Human infantswhosemothers smoked during pregnancyhave per-
sistent decreases in pulmonary function, as measured by forced ex-
piratory flows and volumes (8–11). Mice exposed to similar doses
of nicotine during gestation and early postnatal life show similar
decreases in forced expiratory flows (Figure 1). Mice lacking the
a7 nAChR did not have decreased forced expiratory flows in the
setting of nicotine exposure, showing that the a7 nAChR medi-
ates the ability of nicotine to impair lung function (Figure 1).

Many human epidemiologic studies looking at the effect of
maternal smoking on lung function have been unable to detect
the crucial period of exposure. To determine the critical period
for the effects of nicotine, mice were exposed to three 2-week

Figure 1. Mice deficient in a7 nicotinic acetylcholine re-
ceptor (nAChR) with prenatal nicotine exposure do not ex-

hibit decreased forced expiratory flows (FEFs). Heterozygous

Chrna7tm1Bay mice were mated and pregnant/lactating

females treated with nicotine (2 mg/kg/d) from Gestation
Day 7 to Postnatal Day 14. On Postnatal Day 14, mice were

subjected to pulmonary function testing as described in

MATERIALS AND METHODS. The combination of pre- and post-

natal nicotine exposure significantly decreased FEFs (FEF25,
FEF50, and FEF75) in wild-type mice, but not in a7 knock-

out mice. Error bars denote SD. *P , 0.05 compared with

control (n ¼ 6–8 animals in each group).
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windows of nicotine exposure: Gestation Days 7–21, Gestation
Day 14 to Postnatal Day 7, and Postnatal Days 3–15. Only nico-
tine exposure from Gestation Day 14 to Postnatal Day 7 affected
pulmonary function (Figure 2). This establishes, for the first time,
the critical period for nicotine to affect pulmonary function.

To determine the mechanism by which nicotine decreases
forced expiratory flows, we next examined the effects of nicotine
on airway geometry. We have previously shown that nicotine can
increase branching during the period of lung branching morpho-
genesis, the developmental program responsible for creating the
conducting airways, in a lung explant model (26). To determine if
the ability of nicotine to alter lung branching and growth in the
fetal period translated into structural changes in the adult lung,
we assessed airway formation and branching in adult lungs by
unbiased stereology. As described in MATERIALS AND METHODS,
lungs were sectioned in an isotropic, uniform random manner to
sample the entire airway anatomy for analysis. On gross examina-
tion, fewer airways were present in unexposed adult lungs com-
pared with lungs exposed to prenatal nicotine (Figures 3A–3B).
Using standard unbiased stereologic methods, we found that
8-week-old adult mice exposed to prenatal nicotine had increased
total airway length compared with offspring from untreated
mothers (Figure 3C). Nicotine exposure did not increase airway
length in a7 nAChR animals. In addition, lung volumes were
similar between the exposed and unexposed groups using Cav-
alieri’s method (Figure 3D). All lungs were sampled in toto.
Because there was no change in volume, greater airway length
must occur either because of increased branching or increased
airway tortuosity, consistent with the gross image in Figure 3. To
evaluate the change in distribution of airway sizes, airway size
was measured in isotropic, uniform random sections and counted.
Mice exposed to prenatal nicotine had both a greater total num-
ber of bronchi and a greater number of bronchioles when com-
pared with the unexposed control group. Average bronchial
diameter (229.77 6 135.37 versus 237.86 6 139.70 mm) and bron-
chiolar diameter (84.77 6 28.44 versus 84.84 6 25.36 mm) did not
differ between the control group or the nicotine group (Table
1). However, lungs from mice exposed to prenatal nicotine had
a statistically increased number of bronchioles that were 60–90
mm in diameter (Table 1 and Figure 4).

After seeing reduced forced expiratory flows in nicotine-
exposed mice, we examined whether prenatal nicotine exposure
also affected bronchial reactivity using the forced oscillation tech-
nique to measure input impedance to obtain airway resistance

from the constant phase model. Mice with prenatal nicotine expo-
sure showed increased airway resistance at lower doses of inhaled
methacholinewhen comparedwith unexposed control animals (Fig-
ure 5). This was consistent with increased airway hyperresponsive-
ness in the absence of allergic sensitization.

Next, we measured collagen expression by mRNA and Masson
trichrome stain. Collagen has previously been reported to be in-
creased around airways and vessels in near-term fetuses with pre-
natal nicotine exposure (21, 23).We examined unexposedmice and
nicotine-exposed mice at Postnatal Days 14 and 21, as well as at 8
weeks. We found that collagen was increased around the conflu-
ence of airways and vessels in mice exposed to prenatal nicotine,
and that this persisted into adulthood (Figure 6). However, a7
nAChR–deficient mice exposed to prenatal nicotine did not ex-
hibit the increase in collagen 1 mRNA levels or collagen depo-
sition by Masson trichrome staining that was seen in wild-type
mice exposed to prenatal nicotine (Figure 7). Our results dem-
onstrate that nicotine-induced collagen expression is dependent
on nicotine binding a7 nAChR.

DISCUSSION

The mechanism by which maternal smoking during pregnancy
causes lifelong changes in offspring pulmonary function remains
poorly understood, and is likelymultifactorial.We have previously
shown that one key tobacco component is nicotine, which crosses
the placenta to interact with nAChR in the developing lung (21).
Although not all results from a model of nicotine exposure can be
extrapolated to cigarette smoke exposure, understanding the ef-
fects of nicotine on the fetal lung is crucial, because the fetus and
the mother have similar exposure to nicotine, whereas many of the
other components in tobacco smoke will not enter the fetal com-
partment. Thus, the effects of maternal smoking are likely very dif-
ferent between mother and fetus. Interestingly, prenatal nicotine
exposure alone in our murine model causes the same decreases in
expiratory flows in newborn monkeys that are also seen in the off-
spring of maternal human smokers (22). In this article, we establish
mouse models to study the effects of nicotine on lung development,
and show that combined prenatal and early postnatal nicotine ex-
posure leads to decreases in pulmonary function in mice, and that
these effects are mediated by the a7 nAChR. In addition, these
changes are found to be associated with changes in airway structure
and persistent changes in collagen expression. Finally, prenatal nic-
otine exposure also causes increased airway hyperresponsiveness.

Figure 2. Decrease in FEFs with prenatal nicotine expo-

sure is most significant when occurring between Gestation

Day 15 to Postnatal Day 7. Wild-type and homozygous
Chrna7tm1Bay (a7 knockout) mice were mated and preg-

nant/lactating females treated with nicotine (2 mg/kg/d)

for 2-week windows of exposure, from Gestation Day 7 to

21, Gestation Day 14 to Postnatal Day 7, and from Post-
natal Day 3 to Postnatal Day 15. On Postnatal Day 15,

mice were subjected to pulmonary function testing as de-

scribed in MATERIALS AND METHODS. Only wild-type mice trea-

ted with nicotine from Gestation Day 14 to Postnatal Day
7 showed significant decreases in FEFs. Error bars denote

SD. *P , 0.05 compared with control (n ¼ 6–8 animals in

each group).
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This hyperresponsiveness occurs without allergen sensitization, sug-
gesting that nicotine is an agent responsible for ETS-induced air-
way hyperresponsiveness.

Murine lungs at birth are less mature than human lungs, so, to
model the effects of prenatal nicotine exposure, mice were ex-
posed to nicotine from Day 7 to Day 21 of pregnancy and Post-
natal Days 1–14. As shown in Figure 1, this caused a decrease in
forced expiratory flows very similar to what is observed in human
infants whose mothers smoked during pregnancy (6, 8, 11, 36, 37).
This confirms our observation in nonhuman primates that nico-
tine is the primary component in cigarette smoke that alters lung
development, leading to decreased pulmonary function (21–23).

The establishment of this model now allows us to take advantage
of mouse genetics to characterize the mechanism by which nico-
tine alters lung development.

Given its high affinity for nicotine, the a7 nAChR is a likely
candidate to mediate the effects of prenatal nicotine exposure
on pulmonary function. a7 nAChRs have already been shown
to mediate the ability of nicotine to stimulate lung branching
morphogenesis in lung explant models, as well as play a role in
nicotine-stimulated proliferation of airway epithelial cells (24, 26,
27, 38, 39). Our studies reveal that the ability of prenatal nicotine
exposure to affect offspring pulmonary function is blocked in a7
nAChR knockout mice. This clearly establishes that a7 nAChRs
mediate the effects of nicotine on lung development. This is also
consistent with the high levels of a7 in developing lung and the
ability of prenatal nicotine exposure to increase these levels (21).
When compared with wild-type mice, our data for expiratory
flows, collagen mRNA expression, and airway length in the a7
nAChR knockout mice suggest that loss of a7 nAChR may in-
fluence baseline airway development, but these findings were not
statistically significant. Although a type II error could potentially
explain the lack of statistical significance, the experimental sam-
ple size was adequately powered to detect b ¼ 0.2. Nonetheless,
although there may be inherent differences between wild-type
and a7 nAChR knockout mice that could potentially influence
the outcome of these studies, when our current findings are taken
together with those in the literature, they provide robust support
for the importance of a7 nAChRs in mediating the effects of
smoking on lung development.

Although there are numerous studies describing the effects of
maternal smoking on lung function in children and adults, most of
themareunable to discern the exact period of exposure that ismost
relevant (40, 41). Therefore, to identify the critical period for nic-
otine to affect lung development, mice were exposed to nicotine
from Gestation Day 7 to 21, from Gestation Day 14 to Postnatal
Day 7, and from Postnatal Day 3 to 15. As shown in Figure
2, nicotine only affected offspring pulmonary function if given
from Gestation Day 14 to Postnatal Day 7. This is the time
period corresponding to the last half of lung branching morpho-
genesis, and the entirety of the canalicular and saccular phases of
mouse lung development, during which the airways are growing
and differentiating, but after the majority of lung branching has
been completed and before extensive alveolarization (42–44). This
suggests that nicotine is affecting the development of the conduct-
ing airways, and that the main target is not alveolarization.

In the group exposed to nicotine fromGestationDay 14 to Post-
natal Day 7, effects on pulmonary function were present at Postna-
tal Day 14. Because alveolarization is still ongoing until Postnatal
Day 21, the effects on pulmonary function are more likely due to
airway-dependent events. Because nicotine is known to affect

;

Figure 3. Adult mice exposed to nicotine prenatally have greater airway

length without a concomitant change in volume. C57BL6/J female mice
were administered either untreated water or water containing 100 mg/ml

nicotine before timed breeding and through gestation. Lungs were ob-

tained from age-matched offspring at 8 weeks of age. Unexposed lungs

(A) have less airway branching (arrows highlight selected airways) com-
pared with lungs exposed to nicotine in the prenatal period (B) on gross

examination. Using standard stereologic techniques, total airway length

and volumes were estimated. Mice exposed to prenatal nicotine have
greater total airway length (C) without any change in volume (D) when

compared with unexposed wild-type control animals. Animals deficient

in a7 nAChR (Chrna72/2) exposed to prenatal nicotine do not demon-

strate greater total airway length when compared with unexposed ani-
mals deficient in a7 nAChR (C) (n¼ 3–8 per group). Error bars denote SD

(*P , 0.05 compared with control). Scale bar, 1 mm.
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branching morphogenesis, the effects on pulmonary function at
Postnatal Day 14 are most likely related to changes in branching
and airway growth (26, 27). Our data on pulmonary function are
consistent with those of others who have used models that in-
clude perinatal exposure (i.e., exposure into the late postnatal
period). Liu and colleagues (45) found that rats with nicotine ex-
posure between Embryonic Day 6 and Postnatal Day 21 also ex-
hibited increased airway hyperresponsiveness on Postnatal Day
21.There may be additional effects of nicotine during later gesta-
tional development that influence the airways and pulmonary func-
tion. Sandberg and colleagues (46) found that newborn lambs with
maternal nicotine exposure in the last trimester of pregnancy had
reduced bronchiolar diameter and increased airway smooth mus-
cle mass when compared with unexposed lambs.

To determine the long-term effects on airway growth from pre-
natal nicotine exposure, we performed detailed whole-lung stere-
ology. As shown in Figure 3, total airway length is significantly
increased in nicotine-exposed animals, without a concomitant
change in total lung volume. Because total lung volume is an im-
portant variable in the calculation for airway length, all lungs were
treated equally and inflated to equal pressure (seeMATERIALSAND

METHODS). Although rigorous methods are followed, small, re-
gional variability in the level of inflation may occur and lead to
areas of the lungs that are more or less inflated. However, if
present, these small areas have little influence on the total lung
volume measurement. Because our results suggest that the change
in airway length is not from the lungs simply being larger, then
there are either more airway branches to contribute to total air-
way length, or airways in nicotine-exposed animals are more
twisted and tortuous. Although animals deficient in a7 nAChR
have similar total airway length to wild-type control animals at
baseline, prenatal nicotine exposure does not increase total airway
length in animals deficient in a7 nAChR. The slightly lower total
airway length seen in nicotine-exposed a7 nAChR2/2 animals
suggests that the a7 nAChR is an important mediator of conduct-
ing airway formation in the setting of prenatal nicotine exposure.

To analyze further the increased length, we counted the num-
bers of airways and categorized them by airway diameters. Fig-
ure 4 shows an increased total number of airways and,
specifically, an increased number of bronchioles in the
nicotine-exposed animals. Our results provide in vivo confirma-
tion of previously published work showing that nicotine
increases branching morphogenesis in lung explants in vitro
and also increases airway tortuosity (26, 27, 47).

The nicotine-exposed animals have a statistically significant in-
crease in airways between 60–90 mm. Although the average diam-
eters of the bronchi and bronchioles were not statistically
different between the control animals and the nicotine animals,
the increased number of smaller bronchioles in the nicotine-
exposed animals provides a geometric explanation for the physi-
ologic decreases in forced expiratory flows and increased airway
resistance with a methacholine challenge. If one assumes the basic
geometric properties of an airway are similar to that of a circular
tube, based on Poiseuille’s law, flow is inversely proportional to
length and directly proportional to diameter (i.e., flow is de-
creased in a longer and narrower tube). Admittedly, the calcula-
tions for airflow in the tracheobronchial tree are more complex
than for a simple tube, but, in our model, the animals exposed to

Figure 4. Adult mice exposed to prenatal nicotine have significantly
greater numbers of small bronchioles compared with unexposed control

animals. C57BL6/J female mice were administered either untreated wa-

ter or water containing 100 mg/ml nicotine before timed breeding and

through gestation. Lungs were obtained from age-matched offspring at
8 weeks of age. Whole lungs were embedded and sectioned in an iso-

tropic, uniform random manner to create unbiased samples for exami-

nation. Airway diameter was measured for each visible bronchus and
bronchiole. Mice exposed to prenatal nicotine had significantly greater

numbers of small bronchioles, with diameters between 60–90 mm (n ¼ 8

per group). Error bars denote SD. *P , 0.05 compared with control.

Figure 5. Mediated through a7 nAChR–dependent signals, prenatal nic-
otine exposure leads to increased airway resistance in response to meth-

acholine challenge. Adult mice (8 wk old) exposed to nicotine in utero, as

previously described, underwent pulmonary function testing with forced
oscillation technique using the flexiVent system. Airway resistance (R)

was determined using the constant phase model. After baseline measure-

ments were obtained, mice were administered aerosolized methacholine

in increasing doses. Mice with prenatal nicotine exposure had signifi-
cantly increased airway resistance compared with unexposed mice dur-

ing the latter portion of the inhaled methacholine challenge. Prenatal

nicotine exposure in mice deficient in the a7 nAChR did not increase

airway resistance during inhaled methacholine challenge (n ¼ 5–8 per
group). Error bars denote SEM. **P , 0.01 compared with control.

TABLE 1. AIRWAY CHARACTERISTICS BETWEEN UNEXPOSED
MICE AND MICE WITH PRENATAL NICOTINE EXPOSURE

Control Nicotine

Characteristics (n ¼ 8) (n ¼ 8)

Total no. of airways 1,259 2,034*

Bronchi 468 723*

Bronchioles 791 1311*

Average airway diameter, mm

Bronchi 229.77 6 135.37 237.86 6 139.70

Bronchioles 84.77 6 28.44 84.84 6 25.36

C57BL6/J female mice were administered either untreated water or water con-

taining 100 mg/ml nicotine before timed breeding and through gestation. Lungs

were obtained from age-matched offspring at 8 weeks of age. The mice exposed

to prenatal nicotine have a significantly greater number of bronchi and bron-

chioles compared with the unexposed control animals. Average airway diameter

was not significantly different between groups (n ¼ 8–9).

* P , 0.05 compared to control.
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nicotine have increased length and increased number of small
diameter airways, both of which can affect airflow. In addition,
the smaller cross-sectional area of the bronchioles can contribute
to increased turbulence and drag, which reduces airflow.

Our results also compliment previously published data in
other animal models of prenatal nicotine exposure. In a study
by Sandberg and colleagues, young lambs exposed to nicotine pre-
natally had significantly decreased specific airway conductance (48).
Decreased specific airway conductance is consistent with the de-
creased forced expiratory flows at baseline that we found in our
model. Although we did not find a difference in airway resistance at
baseline, they found a trend toward increased airway resistance.

However, this may be related to the difference in animal species
and ages when tested. In the young lambs exposed to prenatal
nicotine, there was also more efficient gas mixing in the distal air-
ways, as assessed by multiple breath nitrogen washout. Our findings
that prenatal nicotine exposure leads to significantly greater num-
ber of airways, specifically small airways, provide an explanation for
why nitrogen mixing is more efficient in animals exposed to nico-
tine prenatally, because more distal airway branches facilitate gas
mixing (48).

Overall, our findings support the concept of dysanaptic growth
(e.g., disassociation between growth of the conducting airways and
growth of the lung parenchyma) (49). Dysanaptic growth has been
associated with decreased expiratory flows in the absence of respi-
ratory symptoms in models comparing sex and hypoxia exposure
(50–52). Dysanaptic growth has also been described in compensa-
tory growth models (53–55). Our results, showing that chronic nic-
otine exposure leads to greater airway length and numbers without
changing overall lung volume, is further evidence that dysanaptic
growth occurs and can affect lung function.

In addition to changes in airway structure, we also found that
structural changes early in life from nicotine exposure persist into
adulthood. Previous studies have shown increased collagen around
airways and vessels in near-term fetuses exposed to nicotine in utero
(21, 23). In our study, we found increased collagen around airways
in early postnatal and adult lungs exposed to chronic nicotine be-
ginning in utero. The source of the deposited collagen is unknown,
but fibroblasts are a likely source, particularly, because expression
of a7 nAChR is high in these cells with prenatal nicotine expo-
sure (21). These findings suggest that in utero nicotine exposure
promotes airway remodeling, which persists into childhood and
adulthood with continued nicotine exposure. This early airway
remodeling resembles changes seen in airway disorders, such as
asthma and chronic obstructive pulmonary disease. The higher

Figure 7. Increased collagen deposition after prenatal nicotine exposure

is dependent on a7 nAChR signaling. Lungs from both wild-type and a7
nAChR–deficient adult mice (a7 nAChR2/2) were obtained after prenatal

nicotine exposure for RNA isolation. Using quantitative real-time PCR,

collagen 1 mRNA levels were measured and results represented are nor-

malized to 18S as the housekeeping gene. Unlike wild-type mice, mice
deficient in a7 nAChR did not have up-regulation of collagen 1 mRNA

levels after prenatal nicotine exposure (A). Collagen deposition, as iden-

tified by Masson trichrome stain, was not different in a7 nAChR2/2 adult
mice after prenatal nicotine exposure (B–C). Scale bar, 100 mm. Error bars

denote SEM. *P , 0.05 compared with nicotine.

Figure 6. Increased collagen staining around airways and vessels is seen
in mice exposed to nicotine prenatally. Lungs frommice were obtained at

Postnatal Days 14 and 21, and adult mice exposed to nicotine in utero.

Collagen was identified using Masson trichrome stain. In areas where

airways and vessels were in close proximity, increased collagen staining
was observed in postnatal and adult lungs exposed to prenatal nicotine

(D–F, G) when compared with unexposed control animals (A–C). Scale

bars, 100 mm (A, B, D, E) and 200 mM (C, F). Error bars denote SEM. *P,
0.05 compared with control.

700 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 46 2012



incidence of asthma with prenatal nicotine exposure may be be-
cause the airways are already primed for further remodeling
changes.

Nicotine exposure beginning in the prenatal period also
affects the physiologic response to bronchoprovocational chal-
lenge.We found that mice exposed to prenatal nicotine are more
hyperresponsive after a methacholine challenge, even in the ab-
sence of allergic stimulation. Thismay help explain why offspring
of maternal smokers are more likely to develop asthma (9, 56–
58). Although many other genetic and environmental factors
are important in determining whether a child develops asthma,
having more hyperresponsive airways creates a more favorable
environment for developing the full clinical manifestations of
asthma. The exact mechanisms by which nicotine increases
bronchoreactivity remain to be determined, but may reflect
the altered airway geometry that may lead to increased airway
resistance for a given contractile stimulus.

In conclusion, although there are differences between ciga-
rette smoke exposure and our nicotine exposure model that
may limit extrapolation of findings, our results strongly suggest
that nicotine is a significant component in tobacco smoke respon-
sible for the detrimental effects of tobacco in the developing lung
The effect on expiratory flows in our murine model is consistent
with a nonhuman primate model of prenatal nicotine exposure,
and mimics changes in expiratory flow seen in offspring of ma-
ternal smokers (22). A primary mechanism for this effect ap-
pears to be the ability of nicotine to interact with a7 nAChR
expressed in lung cells, which promotes abnormal patterns of
airway growth and airway collagen deposition. Our findings also
emphasize that fetal exposure to nicotine or ETS has a signifi-
cant impact on respiratory health and function that remains
with age. Indeed, multiple studies have demonstrated that pul-
monary function and respiratory health as an adult may be pre-
determined by pulmonary function in early life (10, 16, 17, 59).
Understanding the mechanisms by which maternal smoking af-
fects fetal lung development may be helpful in optimizing adult
respiratory health. Although nicotine replacement therapy is
generally considered a much better option than smoking during
pregnancy, our results suggest that nicotine itself has significant
developmental effects. The nicotine exposure model allows for
a simpler approach to explore possible targeted interventions,
because therapeutics targeting a7 nAChR are currently avail-
able, and the technology exists to find safer and more effective
alternatives. More work is necessary to understand fully the ram-
ifications of nicotine exposure during pregnancy and to identify
alternative methods of smoking cessation.
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