
Am. J. Respir. Cell Mol. Biol. Vol. 26, pp. 31–41, 2002
Internet address: www.atsjournals.org

 

Maternal Nicotine Exposure Upregulates Collagen Gene Expression in 
Fetal Monkey Lung

 

Association with 

 

�

 

7 Nicotinic Acetylcholine Receptors

 

Harmanjatinder S. Sekhon, Jennifer A. Keller, Becky J. Proskocil, Ellen L. Martin, and Eliot R. Spindel

 

Division of Neuroscience, Oregon Regional Primate Research Center, Beaverton, Oregon; and Department of Pathology, 
Oregon Health Sciences University, Portland, Oregon

 

The recent identification of nicotinic acetylcholine receptors
(nAChR) in pulmonary fibroblasts suggests that 

 

in utero

 

 nico-
tine exposure may alter collagen expression by these cells in
the developing lung. To test this hypothesis, timed-pregnant
rhesus monkeys were administered nicotine (1–1.5 mg/kg/d,
subcutaneously) using osmotic minipumps from Days 26–134
or 26–160 of gestation (term 

 

�

 

 165 d). 

 

In utero

 

 nicotine expo-
sure significantly increased airway wall area per unit epithelial

 

basement membrane. Collagen type I and III mRNA expression
and immunostaining were significantly increased in the airway
and alveolar walls of the nicotine-treated group. Elastin mRNA
expression increased, but protein expression in parenchyma
remained unchanged. Dual labeling studies colocalized 

 

�

 

7
nAChR and collagen to the same cells in airway wall cells, and
colocalization of 

 

�

 

7 nAChR and collagen was confirmed in iso-
lated pulmonary fibroblasts. These findings suggest that nico-
tine may directly interact with 

 

�

 

7 nAChR to increase collagen
accumulation in airway and alveolar walls following 

 

in utero

 

nicotine exposure. These data suggest that passage of nico-
tine across the placenta to increase collagen deposition and
therefore increase airway wall dimensions in fetal lung may
partially explain the observed alterations in lung mechanics in
the infants of mothers who smoke during pregnancy.

 

Although a number of studies have shown a strong associ-
ation between maternal cigarette smoking and spontaneous
abortion, preterm delivery, low birth weight, and neonatal
morbidity and mortality (1, 2), 10–20% of women still
smoke during pregnancy (3). Infants born to mothers who
smoke during pregnancy are more prone to respiratory ail-
ments and compromised lung function (4, 5). Epidemio-
logic studies that have followed children from infancy
through childhood have identified significantly increased
incidence of bronchitis and hospital admissions for lower
respiratory illness in the infants of mothers who smoked
during pregnancy, and the correlation is lower with post-
natal cigarette smoke exposure than prenatal cigarette
smoke exposure (4, 5). Associated with this predisposition
to respiratory illnesses are alterations in pulmonary func-
tion. A number of studies have reported that infants of
mothers who smoke during pregnancy have abnormal lung
function tests including decreased lung compliance (6, 7),
decreased expiratory flow rates (8–10), increased airway

resistance (6, 11), and a decreased ratio of time to peak tidal
expiratory flow to total expiratory time (T

 

PTEF

 

:T

 

E

 

) (7, 8, 12).
These changes in lung mechanics that result from 

 

in utero

 

smoke exposure also persist through late childhood (9)
and perhaps even into adulthood (13).

To date, the mechanism by which smoking produces its
adverse effects on developing lung remains elusive, but the
recent identification of abundant nicotinic cholinergic re-
ceptors in developing lung suggests nicotine may be a key
factor. This hypothesis is supported by our recent report
that prenatal nicotine exposure in monkeys in and of itself
alters pulmonary function at birth in very similar ways as
smoking during pregnancy alters human infants pulmo-
nary function (14).

The nicotinic cholinergic receptors (nAChR) are ligand-
gated ion channels similar to the glycine, 

 

�

 

-aminobutyric
acid-a and 5-hydroxytryptamine 3 receptors (15). Nicotinic
receptors are pentamers and exist either in heteromeric
form composed of both 

 

�

 

 and 

 

�

 

 subunits or in homomeric
form composed of five of the same 

 

�

 

 subunit. In brain, the
most abundant heteromeric form is (

 

�

 

4)

 

3

 

(

 

�

 

2)

 

2

 

, and the
most abundant homomeric form is (

 

�

 

7)

 

5

 

 (15). In develop-
ing lung, 

 

�

 

7 nAChR are by far the most abundant form of
nAChR and are found in airway, vessel, and alveolar wall
cells (16). We previously reported a significant upregula-
tion of 

 

�

 

7 nAChR expression in fetal monkey lung follow-
ing maternal nicotine exposure, a finding that suggests a
role of 

 

�

 

7 nAChR in modulating functional changes in air-
way and alveolar wall cells in the lung. Consistent with
this, we have reported that in rhesus monkeys, maternal
nicotine exposure from Days 26–134 of gestation (term 

 

�

 

165 d) alters fetal lung development (16). Lung volume
and alveolar surface area are decreased and the size of gas-
exchanging units increased in nicotine-exposed fetuses.

Prenatal nicotine exposure strikingly upregulated 

 

�

 

7
receptors in what appeared to be fibroblasts surrounding
airways and vessels (16). Given that fibroblasts are the pri-
mary cells that synthesize lung connective tissues, this sug-
gested that prenatal nicotine exposure may modify col-
lagen expression in developing lung. In lung, collagen
types I and III represent 90% of collagen (17). Chambers
and Laurent (17) have suggested that whereas collagen I
predominantly plays a key role in providing tensile strength,
collagen III mainly provides compliance. Nicotine-induced
alterations in collagen would thus be consistent with the
changes in lung function test in the premature infants ob-
served by Hoo and colleagues (12), who found a decrease
in maximal forced expiratory flow and T

 

PTEF

 

:T

 

E

 

 in infants
who were exposed to smoke 

 

in utero

 

. Consistent with this,
we have found that prenatal nicotine exposure in monkeys
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by itself alters pulmonary function at birth as manifested
by decreased expiratory flows and increased specific air-
way resistance (14).

To our knowledge, no study has systematically examined
the 

 

in utero

 

 effects of nicotine on connective tissue matrix
proteins and possible molecular mechanisms that may be in-
volved in fetal lungs. This study was conducted to address
the following issues: 

 

1

 

) to determine whether nicotine itself
may alter the regulation of collagen and elastin gene expres-
sion and protein accumulation in fetal lungs, 

 

2

 

) to determine
if 

 

�

 

7-nAChR are expressed in pulmonary fibroblasts, and 

 

3

 

)
to determine if maternal nicotine exposure can alter mor-
phometric airway wall dimensions in developing lung.

 

Materials and Methods

 

Experimental Design

 

Experiment 1

 

. Pregnancy in female rhesus monkeys was deter-
mined by high blood estrogen and progesterone levels on Days
19, 21, and 23 after mating. Six pregnant female monkeys were
randomly divided into control and nicotine treatment groups. On
Day 26 of gestation, after confirming pregnancy by ultrasound,
Alzet 2ML4 osmotic minipumps (ALZA, Palo Alto, CA) con-
taining nicotine tartrate (Sigma, St. Louis, MO) in normal saline
to deliver 1 mg/kg body weight per day were implanted subcuta-
neously in the midscapular region. Minipumps were changed ev-
ery 4 wk. Mothers were given food 

 

ad libitum

 

 and weighed rou-
tinely to determine untoward effects of nicotine delivery. On
Days 92, 106, and 120 of gestation, a sample of amniotic fluid was
taken by amniocentesis. Animals received Cefazolin (150 mg
twice a day) for 3 d after pump insertion and/or amniocentesis.
Control animals did not receive minipumps, but pump insertions
were timed to coincide with amniocenteses on Days 92 and 120 to
minimize differences in sedative and antibiotic exposure between
groups. The studies presented here represent a further analysis of
the same animals described in our initial description of the effects
of nicotine on fetal monkey lung development (16).

On Day 134 of gestation, fetuses were delivered by cesarean
section, and a sample of amniotic fluid was collected to measure
nicotine levels. Fetuses were anesthetized and killed by transect-
ing abdominal aorta. Lungs were flushed with normal saline, dis-
sected out, blotted, and weighed. The right lung was ligated,
removed, sliced, and fixed overnight either in cold 4% parafor-
maldehyde in borate buffer (pH 9.5) or in Bouin’s fixative. The
following day, lung blocks were rinsed in 0.05 M phosphate-buff-
ered saline (PBS) and were either processed and embedded in
paraffin or stored at 

 

�

 

85

 

�

 

C for future use.
The left lung was fixed with 4% zinc formalin (Sigma) at 20 cm

constant transpulmonary water pressure for 3 d. Lung volume
was determined by water displacement, and total lung volume
was computed using total lung weight. The left lung was sliced in
a midsagittal plane into nine blocks, processed, and embedded in
paraffin. Sections 5 

 

�

 

m thick from each block were cut and used
for morphometric, 

 

in situ

 

 hybridization, and immunohistochemi-
cal analyses.

 

Experiment 2.  

 

To allow correlation of structural changes in
lung with changes in pulmonary function, a second set of timed-
pregnant monkeys was treated with nicotine from Days 26–160 of
pregnancy (term 

 

�

 

 165 d). On gestation Day 160, fetuses were
delivered by cesarean section, kept overnight in the primate cen-
ter nursery, and subjected to pulmonary function testing the fol-
lowing day and killed for tissue analysis. On Day 26 of gestation,
Alzet 2ML4 osmotic mini pumps containing nicotine tartrate dis-
solved in bacteriostatic water to deliver 1.5 mg/kg/d were im-
planted subcutaneously in animals in the treatment group, and

 

pumps containing only bacteriostatic water were implanted in an-
imals in the control group (

 

n

 

 

 

�

 

 7 per group). The pumps were
changed every 3 wk until Day 160 of gestation. On Days 118 and
139 of gestation, amniocentesis was performed to obtain a sample
of amniotic fluid. All mothers received Cefazolin (150 mg twice a
day) for 3 d after pump insertion and/or amniocentesis.

On Day 160 of gestation, fetuses were delivered by cesarean
section, and the following day pulmonary function tests were per-
formed, after which the neonatal monkeys were then killed.
Lungs were flushed 

 

in situ

 

 with normal saline to remove residual
blood from the pulmonary vasculature and were then dissected
and processed as described previously. In addition, a portion of
right lung was snap frozen for RNA extraction. The nicotine-in-
duced changes in pulmonary function of these animals have been
reported by us elsewhere (14).

 

Fibroblast Isolation

 

Lungs from a 100-d-gestation rhesus monkey were cut into 1-mm

 

3

 

cubes and dissociated for 2 h at 37

 

�

 

C in a solution containing 5 mg/ml
Type L collagenase, 5 mg/ml trypsin, and 0.2 mg/ml DNase
(Sigma) made in Hanks’ balanced salt solution (pH 7.4). The cell
suspension was sieved through a sterile 500-

 

�

 

m mesh to remove
undissociated tissue and spun at 500 

 

	

 

 

 

g

 

 to pellet dissociated
cells. The cell pellet was resuspended and washed twice with
RPMI media (supplemented with 10% fetal calf serum, 100 U/ml
penicillin, and 100 

 

�

 

g/ml streptomycin). Cells were given 60 min
to adhere in a 10-cm

 

2

 

 culture dish, after which time the media and
nonadherent cells were removed and replaced with fresh media.

 

Immunohistochemical Staining

 

Tissue sections were deparaffinized and rehydrated through de-
scending series of ethanol and in PBS. After a hot citrate buffer
treatment, sections were incubated in 1.5% H

 

2

 

O

 

2

 

 and methanol
to quench endogenous peroxidase. Nonspecific antigen binding
sites were blocked with 3% nonimmune serum, and then primary
antibodies rat anti-human 

 

�

 

7-nAChR subunit (mAb 319) (18),
mouse anti-human collagen type I and type III (ICN Pharmaceu-
ticals, Aurora, OH), and rabbit anti-human 

 

�

 

-elastin (Elastin Prod-
ucts, Owensville, MO) were applied overnight at 4

 

�

 

C. On the
following day, sections were rinsed with PBS and incubated se-
quentially with biotinylated secondary antibody and peroxidase-
conjugated avidin solution (Vector Laboratories, Burlingame, CA).
Peroxidase was visualized with 3-amino-9-ethylcarbazole (AEC)
(Vector Laboratories) and counterstained with hematoxylin.

 

In Situ

 

 Hybridization Probe Preparation

 

Collagen types 

 

�

 

1(I), 

 

�

 

1(III), 

 

�

 

2(V), and elastin cDNA probes
for rhesus monkeys were prepared by reverse transcriptase poly-
merase chain reaction (RT-PCR) using RNA from 140-d fetal
monkey lung. Total RNA (5 

 

�

 

g) was reverse transcribed in a 20-

 

�

 

l
reaction using an oligo(dT) primer and SuperScript II MMLV re-
verse transcriptase from Gibco/BRL (Gaithersburg, MD). The
reverse-transcribed product was amplified in a standard PCR for
40 cycles of 92

 

�

 

 

 

	

 

 1 min, 55

 

�

 

 

 

	

 

 30 s, and 72

 

�

 

 

 

	

 

 1 min using prim-
ers that were highly conserved in human, rabbit, and rat to pro-
duce collagen type I, collagen type III, and elastin cDNAs. For
collagen mRNA 

 

�

 

1(I), a 562-bp cDNA was amplified using the 5

 




 

and 3

 




 

 primers CCC CCT GGA AAG AAT GGA GAT GAT G
and GGA AGC CAG GAG CAC CAG CAA TAC CAG; for
collagen mRNA 

 

�

 

1(III), a 426-bp cDNA was amplified using the
5

 




 

 and 3

 




 

 primers CCC TGG AAT CTG TGA ATC ATG CCC
TAC and CCT GTT TCA CCC TTT TCT CCA TTT CGT; for
collagen mRNA 

 

�

 

2(V), a 412-bp cDNA was amplifed using the
5

 




 

 and 3

 




 

 primers AGC CCG CAC GTG TGA TGA CCT AA
and CAT TTG CCC CTT TGA GAA CCA CA. The elastin
cDNA was amplified using 5

 




 

 and 3

 




 

 primers TGG AGG CAA
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ACC TCT TAA GCC AGT TCC and GCA GTC CAT AGC
CAC CAG GCA GCT TGG. cDNA bands of the appropriate
size were subcloned into pGEM-T, mini-prepped (Perfect preps,
5

 




 

prime-3

 




 

prime, Boulder, CO) and sequenced. Sequence was
obtained on at least two independent subclones to eliminate any
PCR errors. The partial cDNA sequences have been deposited in
Genbank, and the accession numbers are AF230925, AF230926,
and AF230927, respectively.

 

In Situ

 

 Hybridization

 

In situ

 

 hybridization was done as described previously (16). In brief,
zinc-formalin–fixed tissue sections were deparaffinized in xylene
and rehydrated in ethanol. Sections were incubated with 20 

 

�

 

g/ml
proteinase K (0.1 M tris, 0.05 M EDTA, pH 8.0) for 20 min and
0.1 M triethanolamine and acetylated with 0.0025% acetic anhydride.
After slides were rinsed in 2

 

	

 

 SSC, they were dehydrated in ascend-
ing series of alcohol and vacuum dried. Thereafter, 

 

35

 

S-radiolabeled
cRNA probes were applied to slides, which were sealed in humidi-
fied chambers and incubated at 55

 

�

 

C for 16 h. Slides were treated
with RNase-containing buffer (20 

 

�

 

g/ml RNASE A, 0.5 M NaCl,
0.01 M tris, 1 mM EDTA; pH 8.0) at 37

 

�

 

C for 30 min to inactivate
nonhybridized probe, rinsed in descending series of SSC (2

 

	

 

 SCC,
1

 

	

 

 SSC, 0.5

 

	

 

 SSC) containing 0.1 M DTT, and incubated in 0.1

 

	

 

SSC and 0.1 M DTT at 65

 

�

 

C for 30 min. Sections were dehydrated in
alcohol, vacuum dried, coated with NBT2 autoradiographic emul-
sion (Kodak, Rochester, NY), stored at 4

 

�

 

C for 2 wk, developed,
and counterstained with hematoxylin.

 

Dual Immunohistochemistry and 

 

In Situ

 

 Hybridization

 

Dual labeling was performed to determine if 

 

�

 

7 nAChRs were ex-
pressed in the same cells expressing collagen III mRNA. Immuno-
histochemical staining was done as described previously except
that sections were stained with 3,3

 




 

diaminobenzidine. After immu-
nohistochemical staining, sections were treated with proteinase K
(20 

 

�

 

g/ml) for 15 min, and the protocol described previously was
used for hybridization with the 

 

35

 

S-collagen type III cRNA probe.

 

Dual 

 

�

 

-Bungarotoxin Binding and
Collagen Immunohistochemistry

 

Bouin’s fixed tissue sections were deparaffinized, rehydrated in
tris-buffered saline (TBS) for 20 min, and incubated with nonspe-
cific binding buffer (TBS 

 

�

 

 0.2% bovine serum albumin 

 

�

 

 2%
nonimmune horse serum) for 1 h at room temperature. Sections
were incubated overnight with the collagen III monoclonal anti-
body described previously at 4

 

�

 

C. After rinsing with TBS, sec-
tions were either treated with binding buffer alone or containing
5 mM nicotine at room temperature for 1 h. Thereafter, a mixture
of 15 nM Texas Red conjugated 

 

�

 

-bungarotoxin (Molecular Probes,
Eugene, OR) and fluorescein–conjugated, anti-mouse antibody
(Vector Labs, Burlingame, CA) was applied to the sections and
incubated for 3 h at 37

 

�

 

C. The sections were rinsed three times in
TBS, and nuclei were counterstained using Vectashield mounting
media containing 4

 




 

,6-diamidino-2-phenylindole (DAPI) (Vector
Labs, Burlingame, CA). Colocalization was determined using a
confocal microscope (Leica, Mannheim, Germany).

 

Morphometry and Image Analysis

 

Alterations in airway wall dimensions, collagen and elastin mRNA
expression, and collagen and elastin protein expression following nic-
otine treatment were determined using MetaMorph Imaging System
software (Universal Imaging, West Chester, PA). Images were ac-
quired with a DKC-5000 camera (Sony, Tokyo, Japan). Collagen type
I and III mRNA expression was measured in cartilaginous and non-
cartilaginous airways. Collagen protein expression was measured in
cartilaginous, membranous, and terminal airways. Elastin mRNA ex-
pression was measured only in parenchyma because its expression

was low in airway walls. Airway wall thickness was determined in
H&E-stained sections. An average of multiple measurements at the
narrowest airway lumen was calculated as representative of airway
size. Airway wall was digitized excluding airway epithelium, cartilage,
and submucous glands, and wall area was determined. A correspond-
ing segment of subepithelial basement membrane was also digitized
and was used as a reference length to normalize airway wall area.

 

In Situ

 

 Hybridization Image Analysis

 

Using multiple dark-field images from at least one section from each
animal (a total of 20–25 images), the luminosity threshold was set to
identify silver grains for each probe individually and applied to all
images of each individual probe included for analysis. Using the
same images, an average of grain intensity and area was determined
by for each mRNA probe individually and used for computations.
Simultaneously acquired bright- and dark-field images were used to
measure mRNA expression. The bright-field image was used to digi-
tize the area of the region of interest, and that area was then trans-
posed onto the concordant dark-field image for grain counting. In
case of cartilaginous airways, cartilage and submucous glands were
not included in analysis. Signal background for the individual slide
was subtracted, and a total number of grains in a region of interest
was computed. In airways, the length of the corresponding subepi-
thelial basement membrane was also measured and used to calculate
the number of silver grains per unit epithelial basement membrane.
A total number of grains per unit airway wall area was computed.

To assess mRNA expression in parenchyma, 20 randomly se-
lected fields consisting only of primitive alveolar structures or al-
veolar ducts were included for analysis in each animal. As ex-
plained previously, the total number of grains of each field was
determined, and an average of the total number of grains per unit
area was calculated. Because the sizes of primitive alveolar units
were not similar, the total number of grains per unit area was also
corrected for volume density of alveolar wall determined by stan-
dard morphometric techniques described elsewhere (16).

 

Immunohistochemical image analysis.  

 

Semi-quantitation of col-
lagen and elastin protein expression was made using immunostained
sections. Following peroxidase reaction, AEC imparts red color;
only the red channel was used to determine the color intensity of
staining. For each immunohistochemical stain (collagen type I and
III and elastin), three or four randomly selected sections from the
control and treatment groups were processed in parallel using non-
immune serum instead of primary antibody. Using these sections,
multiple random images of representative lung structures were ob-
tained for each individual stain and used to determine the average
baseline color threshold. The average baseline color threshold was
applied to all images for each individual immunostain. The regions
of interest were digitized, and color intensity was measured. Airway
wall area and the corresponding length of epithelial basement mem-
brane were measured as described previously. The integrated inten-
sity (expressed in arbitrary units) of the selected area was expressed
as per unit basement membrane and per unit area for individual air-
ways. In case of partially or tangentially cut airways, walls along the
shortest diameter were included for analysis. Only those terminal
airways where a distal continuation to respiratory bronchiole and al-
veolar ducts was found were included for measurement. As de-
scribed earlier, for assessment of collagen and elastin protein expres-
sion in parenchyma, 20 random fields containing only gas exchanging
units were used to measure color intensity in each animal. After sub-
tracting background, the average measurement of all fields for each
animal was determined and corrected for morphometrically deter-
mined volume density of the alveolar wall.

 

Real-time PCR mRNA Analysis

 

Real-time PCR was used to quantify collagen I, III, and V mRNA
levels. RNA samples were prepared for real-time PCR by random-
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primed reverse transcription reaction using reagents from Ap-
plied Biosystems (Foster City, CA) and 1 �g of RNA. The reverse
transcription reaction was then diluted 1:500 for PCR analysis.
Primers and probes were designed using the Primer Express soft-
ware (Applied Biosystems). The 10-�l PCR reaction consisted of
5 �l TaqMan Universal PCR Master Mix, 2 �l probe/primer mix,
and 3 �l diluted RT reaction. Reactions were conducted in tripli-
cate for increased accuracy. After PCR was completed, baseline
and threshold values were set to optimize the amplification plot,
and the data were exported to an Excel spreadsheet. A standard
curve was drawn on the basis of the log of the input RNA versus
the critical threshold (CT) cycle, which is the cycle in which the
fluorescence of the sample was greater than the threshold of
baseline fluorescence. This standard curve allowed for the CT
values to be converted to relative RNA concentrations for each
sample. Figure 6A shows the standard curve used for the collagen
I mRNA analysis. RNA levels were normalized to the level of
18S RNA expression for each sample using 18S primers and
probe on the same template cDNA.

Statistical Analysis
Means and standard errors of means were calculated using Num-
ber Cruncher Statistical System (Kaysville, UT). Pairwise differ-
ences between means of treatment and control groups were ana-
lyzed by t test. For analysis of nicotine’s effects on collagens I, III,
and V, levels were expressed as percentage of control and ana-
lyzed by one-way ANOVA.

Results
On Day 26 of gestation, Alzet mini-osmotic pumps con-
taining saline or nicotine were implanted subcutaneously.
Neither food intake nor maternal weight gain was affected
adversely by nicotine treatment. As described previously,
at the time of cesarean section on Day 134 of gestation,
amniotic fluid nicotine levels were 15.4 � 3.8 ng/ml (16).
Body weight of 134-d fetuses in the nicotine-exposed group
was lower than in the control group (323.3 � 8.9 versus
348.9 � 26.1 g) but did not reach statistical significance.

Airway Thickness

Nicotine induced changes in airway wall thickness at all
levels of airways following nicotine exposure in 134-d fe-
tuses. Net airway wall area (total airway wall area exclud-
ing cartilage and submucous glands area) per unit epithe-
lial membrane increased significantly in fetuses exposed to
nicotine during gestation. Categorically, cartilaginous air-
way wall thickness increased by 17%, membranous air-
ways by 17%, and terminal airways by 22% compared with
the control group (Table 1). Linear regression analysis of

airway wall thickness per unit epithelial basement mem-
brane and airway diameter also showed significant differ-
ences (nicotine R2 � 0.47, slope 0.126, and Y intercept 29.9
versus 0.55, 0.098, and 16.5, respectively, in the control
group) between nicotine-treated and control groups (P 

0.0001).

Airway Collagen, Elastin, and �7 nAChR Expression

In the cartilaginous airways, collagen type I and type III
mRNA expression was predominantly localized in the extra-
cartilaginous layer and particularly in the high fibroblast
density paracartilaginous regions. In cartilaginous airways,
collagen �1(I) and �1(III)mRNA expression was upregu-
lated following nicotine exposure (Figures 1A–1D). As
shown in Figures 1E and 1F, collagen immunohistochemi-
cal staining showed a similar expression pattern as the
mRNA and was similarly upregulated by nicotine. Immu-
nohistochemical staining distribution was similar to that of
mRNA expression in the extracartilaginous areas includ-
ing the smooth muscle cell layer in the large airways and
was widely distributed in the membranous airway walls.
The distribution of �7 nAChR expression was similar to
that of collagen expression, and �7 nAChR expression in-
creased in a pattern similar to collagen mRNA after nico-
tine exposure (Figures 1G and 1H). By immunohistochemis-
try no other nicotinic receptor subtypes (�3, �5, �6, �2, �3,
or �4) were detected in the paracartilaginous region (data
not shown).

The effect of nicotine on collagen mRNA in different-
sized airways was quantified by image analysis of the in
situ hybridization analyses (Figures 2 and 3). In cartilagi-
nous airways, collagen �1(I) mRNA expression was signif-
icantly upregulated following nicotine exposure (Figures
2A and 2B). The number of grains per unit epithelial base-
ment membrane (EpiBM) and per unit area significantly
increased (88 and 62%, respectively) compared with con-
trols. In noncartilaginous airways, nicotine similarly in-
creased collagen type I mRNA levels (Figures 2A and
2B). Collagen �1(III) mRNA levels per unit EpiBM and
per unit area also increased significantly both in cartilagi-
nous (88 and 48%, respectively) and in noncartilaginous
(96 and 76%, respectively) airways (Figures 3A and 3B).
No measurements were made for airway elastin mRNA
levels because the expression was low and remained unaf-
fected by nicotine exposure.

Image analysis was also performed to quantify immu-
nohistochemical staining for collagen in different-sized
airways. Collagen type I immunostaining intensity per unit

TABLE 1

Effect of prenatal nicotine exposure on fetal cartilaginous and noncartilaginous airway wall dimensions

Parameter Control Nicotine P Value

Cartilaginous airway wall area/
�m epithelial basement membrane

64.52 � 3.74*
(n � 16)

75.84 � 4.47
(n � 22)

0.036

Membranous airway wall area/
�m epithelial basement membrane

26.28 � 0.93
(n � 15)

30.76 � 1.49
(n � 21)

0.013

Terminal airway wall area/
�m epithelial basement membrane

18.62 � 0.94
(n � 18)

22.89 � 1.21
(n � 22)

0.005

* Values are means � SE.
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EpiBM and per unit area in cartilaginous airways in-
creased by 48% (P � 0.01), in membranous airways by
50% (P � 0.007), and in terminal airways by 366% (P 

0.001) (Figure 2C). In addition, collagen type I protein ex-
pression was also increased per unit area in cartilaginous
(42%; P � 0.0004), membranous (35%; P � 0.01), and ter-
minal (266%; P 
 0.001) airways in the nicotine-treated
group compared with the control group (Figure 2D).

The intensity of collagen type III staining normalized for
epithelial basement membrane and airway wall area also

increased significantly in cartilaginous airways (51 and
42%, respectively), membranous airways (125 and 128%,
respectively), and terminal airways (427 and 349%, re-
spectively) following nicotine exposure compared with
controls (Figures 3C and 3D).

Parenchymal Collagen and Elastin Expression

Collagen mRNA expression and immunostaining was
widely distributed throughout the parenchyma (Figure 4).
By contrast, elastin staining was mostly concentrated at and

Figure 1. Effect of prenatal nicotine ex-
posure on collagen and �7 nAChR in
cartilaginous airways. (A) Antisense 35S-
labeled cRNA probe showing collagen
�1(I) mRNA expression in lung from a
control 134–d fetal monkey. (B) �1(I)
mRNA expression in lung from a nico-
tine-exposed, 134–d fetal monkey. Little
hybridization was seen in sense controls
(data not shown). (C and D) Collagen
�1(III) mRNA expression in control and
nicotine-exposed, 134–d fetal lung. (E)
Collagen III immunostaining of control
134-d fetal lung using a collagen type III
monoclonal antibody. Chromogen � AEC
(red color; see MATERIALS AND METHODS).
(F) Collagen III immunostaining of nic-

otine-exposed fetal lung. (G) �7 nAChR immunostaining of 134-d fetal lung using monoclonal antibody 319 (chromogen � AEC, red r
color). (H) �7 nAChR immunostaining of 134-d nicotine-exposed lung. Lung tissue for panels A–F was from tissue fixed in zinc formalin 
and inflated to 20 cm pressure. Because of antibody requirements, panels G and H were fixed in Bouins and were not inflated, hence 
difference in appearance of the airway lumens. All sections shown at 100	 magnification.. aw, airway; carti, cartilage.

Figure 2. Effect of maternal nico-
tine on collagen type I in fetal lung.
(A) mRNA expression in cartilag-
inous (control, n � 24; nicotine, n �
29) and noncartilaginous (control,
n � 35; nicotine, n � 41) airway
wall per unit epithelial basement
membrane. (B) mRNA expres-
sion in cartilaginous (control, n �
24; nicotine, n � 29) and noncarti-
laginous (control, n � 35; nicotine,
n � 41) airway wall per unit wall
area. (C) Protein expression in
cartilaginous (control, n � 13; nic-
otine, n � 21) and membranous
(control, n � 10; nicotine, n � 12)
and terminal (control, n � 17; nic-
otine, n � 15) airway wall per unit
epithelial basement membrane. (D)
Protein expression in cartilagi-
nous (control, n � 13; nicotine, n �
21) and membranous (control, n �
10; nicotine n � 12) and terminal
(control, n � 17; nicotine, n � 15)
airway wall per unit wall area.
*P 
 0.05. Open bars, control;
solid bars, nicotine.
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around the tips of the secondary crests or at the mouths of
primitive alveoli (Figure 5). In situ hybridization and immu-
nohistochemical analysis of collagen �1(III) mRNA are
shown in Figures 4A and 4B; elastin is shown in Figures 5A
and 5B. As can be seen in Figure 4, prenatal nicotine expo-
sure increases collagen mRNA expression in the paren-
chyma. This was quantified as the number of grains per unit
of alveolar area, and that measure was corrected for volume
density of alveolar wall to normalize for changes in respira-
tory unit structures following nicotine treatment and for
variations with in the groups. Cells at the tips of the second-
ary crests expressed both collagen and elastin, whereas alve-
olar wall interstitial cells and mesothelial cells expressed
both collagen types but little elastin (Figures 4 and 5).

Collagen type I, collagen type III, and elastin density of
silver grains per unit area corrected for volume density of
alveolar wall increased (46, 117, and 62%, respectively) sig-
nificantly (P 
 0.5) following nicotine exposure (Table 2).
The number of grains per unit alveolar area for collagen III
and elastin was also higher in the nicotine treatment group
(103 and 52%, respectively; P 
 0.03) (Table 2). Values of
collagen type I and type III immunostaining intensity per
unit alveolar area were significantly higher (134 and 75%,
respectively) in the nicotine-treated group than in the con-
trol group (Table 3 and Figures 4C–4F). Values of intensity
per unit area corrected for volume density of alveolar wall
were also higher for both collagen I and III (166 and 94%,
respectively) in the nicotine-treated group (Table 3). In
contrast to collagen, and in contrast to the increased levels
of elastin mRNA, elastin immunostaining intensity per unit
area or per unit area corrected for volume density of alveo-
lar wall was not increased (Figure 5). Levels of elastin pro-

tein were actually slightly decreased (45 and 29%, respec-
tively) in the nicotine-treated group, but these changes did
not reach a level of significance (Figure 5 and Table 3).

Whole-Lung Collagen mRNA Levels

To further confirm the effects of prenatal nicotine exposure
on collagen mRNA levels and to correlate the changes in col-
lagen expression with changes in pulmonary function, a sec-
ond set of timed-pregnant monkeys was treated with nicotine
(1.5 mg/kg/d) from Days 28–160 of gestation (term � 165 d),
delivered by cesarean section on Day 160, and then subjected
to pulmonary function tests the following day and killed.
Lung RNA was prepared from the right upper lobe, and col-
lagen �1(I), �1(III), and �2(V) were measured by real-time
PCR. As shown in Figure 6, collagen RNA levels were signif-
icantly increased by nicotine treatment. Associated with
these increases in collagen mRNA in newborn monkey lung
were alterations in pulmonary function as measured by in-
creased pulmonary resistance and decreased expiratory
flows. These effects of prenatal nicotine exposure on pulmo-
nary function are described in detail elsewhere (14).

Colocalization of collagen and �7 nAChR. The similar
expression patterns of �7 nAChR and collagen shown in
Figure 1 strongly suggest their coexpression by fibroblasts.
This was confirmed by dual labeling studies and by isola-
tion of pulmonary fibroblasts. Dual immunohistochemical
staining for �7 nAChR and in situ hybridization for col-
lagen mRNA showed coexpression in cells in the paracar-
tilaginous region of airways (Figure 7A). Combined fluo-
rescent ligand binding and immunohistochemical staining
showed that the �7 nAChRs present on airway wall cells
were able to bind their specific ligand �-Bungarotoxin and

Figure 3. Effect of maternal nicotine on
collagen type III in fetal lung. (A) mRNA
expression in cartilaginous (control, n �
22; nicotine, n � 27) and noncartilagi-
nous (control, n � 32; nicotine, n � 32)
airway wall per unit epithelial basement
membrane. (B) mRNA expression in
cartilaginous (control, n � 22; nicotine,
n � 27) and noncartilaginous (control, n �
32; nicotine, n � 32) airway wall per unit
wall area. (C) Protein accumulation in
cartilaginous (control, n � 19; nicotine,
n � 29) and membranous (control, n �
24; nicotine, n � 27) and terminal (con-
trol, n � 19; nicotine, n � 20) airway wall
per unit epithelial basement membrane.
(D) Protein expression in cartilaginous
(control, n � 19; nicotine, n � 29) and
membranous (control, n � 24; nicotine,
n � 27) and terminal (control, n � 19;
nicotine, n � 20) airway wall per unit
wall area. *P 
 0.05. Open bars, control;
solid bars, nicotine.
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that abundant collagen deposition was found around these
cells (Figures 7B and 7C). In addition to airway wall cells,
�-Bungarotoxin binding was also evident in airway epithe-
lial cells, smooth muscle cells, and submucous gland cells
(Figure 7A). To further confirm the coexpression of �7
nAChR and collagen, primary cell cultures of fibroblasts
were established. As shown in Figure 8, isolated fibro-
blasts from fetal monkey lung express �7 mRNA and col-
lagen �1(III) mRNA and immunostain for �7 nAChR and
procollagen III. These findings suggest that the direct in-
teraction of nicotine with �7 nAChR expressed on fibro-
blasts leads to altered collagen gene expression.

Discussion
Adverse effects of maternal smoking during pregnancy, in-
cluding premature birth, diminished somatic growth, neo-

Figure 5. In situ hybridization and immunohistochemical analy-
ses of the effect of prenatal nicotine on elastin expression in lung
parenchyma. (A) Dark-field image of antisense 35S-labeled cRNA
probe showing elastin mRNA expression in control 134-d fetal
lung parenchyma. (B) Dark-field image of elastin mRNA expres-
sion in nicotine-treated fetal lung. (C) Immunostaining of control
fetal lung using antihuman elastin polyclonal antisera and stained
with AEC (see MATERIALS AND METHODS). (D) Elastin immuno-
staining of nicotine-treated fetal lung. Arrows show elastin stain-
ing was predominantly located at the tips of secondary septi or at
the mouths of primitive alveoli opening into alveolar ducts. All
sections, 400	.Figure 4. In situ hybridization and immunohistochemical analy-

ses of collagen type �1(I) and �1(III) expression in lung paren-
chyma following fetal nicotine exposure during pregnancy. (A)
Bright-field image of antisense 35S-labeled cRNA probe showing
collagen �1(I) mRNA expression in control 134-d fetal lung pa-
renchyma. (B) Bright-field image of �1(III) mRNA expression in
nicotine-exposed fetal lung. (C) Immunostaining of control 134-d
fetal lung using collagen type I monoclonal antibody and stained
with AEC (see MATERIALS AND METHODS). (D) Collagen I immu-
nostaining of nicotine-treated fetal lung. (E) Immunostaining of
control 134-d fetal lung using collagen type III monoclonal anti-
body and stained with AEC. (F) Collagen III immunostaining of
nicotine-treated fetal lung. Arrows point to collagen mRNA ex-
pression in cells located on the tips of septal crests and to col-
lagen fibers identified with immunohistochemistry in septal
crests and alveolar walls. A—D, 630	; E and F, 500	.

natal morbidity and mortality, and increased incidence of
respiratory ailments and hospitalization, have been well
documented (1, 2, 4). Multiple studies have linked gesta-
tional cigarette exposure as opposed to postnatal exposure
to abnormal infant lung function (5–7, 9). However, the
underlying mechanisms by which gestational smoke expo-
sure causes structural and functional changes in infant lungs
remain poorly understood. Recently, we reported the pres-
ence of abundant expression of nAChR subunits in the de-
veloping lung suggesting a logical mechanism by which
smoking during pregnancy may effect lung development.

Nicotine readily crosses the feto–placental barrier and
attains amniotic fluid levels equivalent or higher than
maternal serum nicotine levels (19, 20). The typical dose
of heavy human smokers is � 1 mg/kg/d; typically, nicotine
patches and gum deliver half and one quarter the nicotine
dose of smoking, respectively (21). To model this, nicotine
was delivered to pregnant monkeys via osmotic minipumps
from Day 26–134 of gestation at a dose of 1 mg/kg/d. Am-
niotic fluid nicotine levels (15.4 � 3.9 ng/ml; 95 nM) were
in the mid-range observed in amniotic fluid of human
smokers (16, 19). Monkeys were delivered by cesarean
section at 134 d of gestation (term � 165 d), which is ap-
proximately equivalent to 32 wk of human gestation. This
period was chosen to investigate the effect of maternal nic-
otine on fetal lung cellular differentiation and structural
remodeling during the late saccular phase of lung develop-
ment. A second set of monkeys was delivered at 160 d
(just before full-term pregnancy) to allow pulmonary func-
tion testing. These animals received 1.5 mg/kg/d nicotine
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because amniotic fluid nicotine levels obtained in the first
set of animals was not as high as is observed in heavy
smokers (16, 19). At 140 d gestation, these animals had
amniotic nicotine levels of 17.7 � 8.7 ng/ml (110 nM).

In the present study, prenatal nicotine exposure in-
creased airway wall area in cartilaginous membranes and
terminal airways. This nicotine-induced increase in airway
wall area was significant both as normalized to per unit
basement membrane and by linear regression analysis
comparing airway wall area to airway diameter. The pro-
portion of cartilage area remained unchanged (data not
shown) following nicotine exposure. Elliot and colleagues
(22) observed a similar increase in inner airway wall thick-
ness defined as area inclusive of epithelium and outer lim-
its of smooth muscular layer in cartilaginous airways in sud-
den infant death syndrome subjects whose mothers smoked
during and after pregnancy. The mean age of these smoke-
exposed sudden infant death syndrome cases was 5 mo,
ranging from 1–18 mo. These investigators were unable to
isolate the effect of prenatal smoke exposure from that of
postnatal exposure. Although we did not measure airway
wall thickness exactly as did Elliot, our findings are in con-
cert with their observation that smoking during pregnancy
produces changes in airway wall dimensions. However,
our findings suggest that nicotine must be the factor re-
sponsible for increasing airway wall dimensions in infants
of mothers who smoke during pregnancy.

Airway walls, particularly para- and extracartilaginous
areas, are host predominantly to fibroblasts that are pri-

marily involved in connective tissue protein synthesis (23).
In the lung, collagen comprises 15–20% of dry lung weight.
Although there are eleven different types of collagen found
in the lung, collagen type I and type III are the most abun-
dant and account for more than 90% of lung collagen content
(17). After nicotine exposure from Day 26–134, collagen
type I and III mRNA expression and immunostaining in-
tensity were increased significantly in both cartilaginous
and noncartilaginous airways. The percentage increase of
collagen type I and III mRNA expression and immuno-
staining was relatively greater in distal airways than in cen-
tral airways. Not only did collagen mRNA and protein ex-
pression increase per unit epithelial membrane, but it also
increased per unit area. Per unit basement membrane in-
crease is expected if the thickness of the airway wall is in-
creased and collagen equilibrium is maintained. However,
an increase in per unit area indicates that nicotine upregu-
lated both collagen gene expression and protein deposi-
tion in airway walls. Similar increases in collagen type I,
III, and V mRNA expression measured by real-time RT-
PCR were also observed in 1-d-old infants that were ex-
posed in utero to nicotine from Day 26–160 (Figure 6).

Our data suggest that nicotine may increase collagen via
the �7 nAChR. We have previously reported that mater-
nal nicotine exposure in monkeys upregulated �7 nAChRs
expression in cartilaginous airway walls and that �7 nAChR
are in abundance in the perichondral areas where the den-
sity of fibroblasts is highest (16). No other nicotinic recep-
tor subtypes were detected in this region (16). In this pa-

TABLE 2

Effect of prenatal nicotine exposure on collagen type I, collagen type III and elastin mRNA expression in fetal alveolar wall

Parameter Control Nicotine P Value

Collagen type I
Grains/mm2 area 1,450.4 � 182.6 2,015.4 � 223.2 0.06
Grains/mm2 alveolar wall area 5,023.1 � 687.1 7,369.1 � 502.7 0.025

Collagen type III
Grains/mm2 area 544.3 � 22.9 1,106.1 � 138.5 0.008
Grains/mm2 alveolar wall area 1,882.1 � 124.7 4,088.0 � 584.27 0.01

Elastin
Grains/mm2 area 1,393.8 � 89.3 2,128.1 � 206.4 0.015
Grains/mm2 alveolar wall area 4,854.5 � 590.1 7,864.8 � 914.4 0.025

* Values are means � SE.

TABLE 3

Effect of prenatal nicotine exposure on collagen type I, collagen type III, and elastin deposition in fetal alveolar walls

Parameter Control Nicotine P Value

Collagen type I
Integrated intensity/�m2 area 0.55 � 0.04* 1.29 � 0.28 0.029
Integrated intensity/�m2 alveolar wall area 1.99 � 0.26 5.30 � 1.29 0.033

Collagen type III
Integrated intensity/�m2 area 1.91 � 0.24 3.36 � 0.46 0.024
Integrated intensity/�m2 alveolar wall area 6.96 � 1.19 13.55 � 1.20 0.008

Elastin
Integrated intensity/�m2 area 1.09 � 0.19 0.78 � 0.10 0.11
Integrated intensity/�m2 alveolar wall area 3.89 � 0.69 3.14 � 0.26 0.19

* Values are means � SE.
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per, by dual �7 receptor immunohistochemistry combined
with in situ hybridization for collagen III, and by dual col-
lagen III immunohistochemistry combined with �BGT
binding, we show that the same cells in the airway wall ap-
pear to express both collagen and �7 nAChR. In addition,
isolated pulmonary fibroblasts clearly express both �7
nAChR and collagen III. Thus, expression of �7 nAChR
in pulmonary fibroblasts has been unambiguously demon-
strated. Although clear causality between nicotine’s inter-
action with �7 receptors and collagen expression remains
to be proven in cell culture systems, these observations
suggest that the interaction of nicotine with �7 receptors
underlies the effects of nicotine (and smoking) on collagen
expression. For this to be true, the concentration of nico-
tine that the fetus is exposed to must be sufficient to inter-
act with the �7 receptor. Typically, the concentration of
chronic nicotine exposure to inactivate/desensitize nico-
tinic receptors is less than the concentration needed for ac-
tivation. Olale and colleagues (24) have demonstrated that
the IC50 for inactivation of human �7 receptors expressed
in Xenopus oocytes is 2.8 nM, whereas the EC50 for acti-
vation is greater than 40 �M. Given that the human fetus
whose mother smokes is exposed to concentrations of nic-
otine ranging from 5–200 nM, it is clear that concentra-
tions of nicotine in the fetus are not nearly high enough to

activate the �7 receptor but that levels are high enough,
even during the night, to inactivate the �7 receptor. Inacti-
vation of �7 receptors is also consistent with our observa-
tions of nicotine-induced increases in �7 nAChR levels
(Figures 6A and 6B) as in vitro studies have demonstrated
that chronic exposure of both cell lines (25) and Xenopus
oocytes (24) expressing the �7 receptor leads to increased
levels of inactivated receptor.

Because the �7 receptor is primarily a ligand-gated cal-
cium channel (15), activation of the �7 receptor leads to
increased intracellular calcium and inhibition of the �7 re-
ceptor leads to decreased intracellular calcium. Linking in-
tracellular calcium to collagen gene expression, Flaherty
and Chojkier (26) have shown that increased intracellular
calcium decreases collagen gene biosynthesis in human fi-
broblasts (26). This is consistent with our data and sup-
ports the hypothesis that prenatal nicotine exposure leads
to inactivated �7 receptors, decreased fibroblast intracel-
lular calcium, and therefore increased collagen. It is im-
portant to point out that there are also likely to be effects
on collagen degradation. For example, Genbacev and col-
leagues (27) have reported that in vitro nicotine lowers ac-
tivity of 92-kDa type IV collagenase in cytotrophoblasts.
Therefore, it is likely that the increased collagen levels in
the nicotine-exposed fetal lungs results from both in-
creased collagen synthesis and from decreased degrada-
tion. Nicotine may also modulate collagen synthesis
through intermediates such as tumor growth factor-� or fi-
broblast growth factor. Clearly, in vitro studies are needed
to explore these mechanisms.

Not only were collagen type I and III mRNA expres-
sion and immunostaining increased in airway walls, but a
similar increase was also observed in alveolar walls. Dur-
ing development, connective tissue proteins form a three–
dimensional, semi-rigid scaffold that serves as the basic
framework for the acinar development (23). Synthesis,
maturation, and deposition of collagen and elastin fibers at
or around the secondary crest tips are essential for the
subdivision of gas exchanging units to alter the surface
complexity of lung (17). Thus, alterations in this connec-
tive tissue scaffold might alter the surface complexity of
lung. Consistent with this, we found a decrease in alveolar
surface area and an increase in alveolar size following nic-
otine exposure (16). Similarly, in rodents, prenatal ciga-
rette smoke (28) or a combination of prenatal and postna-
tal nicotine exposure (29) decreases alveolar septation and
the number of respiratory units.

Elastin mRNA expression was localized in the subepi-
thelial compartment and around the smooth muscle layer
where �7 nAChRs expression is rather low compared with
that of perichondrial regions. This raises the possibility
that elastin may be regulated by other nAChR subtypes
present in those regions. It is surprising that, whereas elas-
tin mRNA expression in alveolar walls was increased after
in utero nicotine exposure, organized elastin (�-elastin
fraction of insoluble elastin) was slightly decreased (19%;
not significant) (Figures 5C and 5D). A reduction in elastic
tissue content has also been reported in rat pups exposed
to nicotine from Day 7 of gestation to Week 3 of postnatal
life (30). These findings suggest that after elastin gene in-
duction, elastin protein deposition does not increase to the

Figure 6. (A) Standard curve used for analysis of collagen I plot-
ting obtained CT values for 0.5–5,000 pg input RNA. (B) Real-
time PCR analysis of collagen type �1(I), �1(III), and �2(V)
mRNA levels in lungs from 1-d-old monkeys. Open bars, con-
trols; solid bars, prenatal nicotine exposure from Days 28–160
gestation (1.5 mg/kg/d). Relative RNA levels are normalized for
each collagen subtype. *P 
 0.01 for nicotine exposure compared
with control animals by one-way ANOVA.
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same extent. It may occur due to mRNA degradation, al-
ternate splicing, translation problems, inhibition of crosslink-
ing, or increased elastin degradation and remains to be
investigated. Interestingly, in adult smokers, whereas col-
lagen is increased, elastin is decreased in emphysematous
lung parenchyma tissue compared with nonsmokers (31),
suggesting that nicotine may alter connective tissue equi-
librium via the same pathways both during pre- or postna-
tal age. Laurent and colleagues (32) showed that filtered
smoke inhibited elastin cross-linking in the lung in vitro. In
adults, cigarette smoke is known to increase elastase pro-
duction and its activity. It is likely that elastin remodeling
may be regulated by a different pathway than that of col-
lagen in developing lungs.

The fixed lung volume in nicotine-exposed fetuses was
significantly decreased (16), and a similar decrease in lung
volume has also been reported in rats following gesta-
tional cigarette smoke exposure (28). Fixed lung volume is
independent of surface tension forces and is determined
mainly by cellular and connective tissue components. In
humans, collagen type III, which is considered responsible
for compliance, is 30% of the total collagen, whereas col-
lagen type I, which renders rigidity and tensile strength, is
60% of total lung collagen at birth (17). We found a signif-
icant increase in collagen mRNA and protein expression
following nicotine exposure in all compartments of lung. It
is likely that in addition to structural hypoplasia(16, 28),
excessive collagen accumulation may also be responsible
for the decrease in fixed lung volume. In addition, higher
collagen content may also explain the small decrease in
functional residual capacity observed in in utero smoke-
exposed babies (8). A number of studies have documented
that infants whose mothers smoke during pregnancy have
decreased lung compliance (6, 7). Although lung compli-
ance is determined by a complex interaction of multiple
components in the lung, we infer that an increase in col-
lagen deposition in the lung parenchyma may also contrib-
ute to a decrease in lung compliance in infants whose moth-
ers smoke during gestation.

Epidemiologic studies have reported that children of
mothers who are habitual smokers during pregnancy and/
or afterward also have reduced expiratory flow rates (8–10),

reduced TPTEF:TE (8), and increased respiratory resistance
(6). In the present study, nicotine augmented collagen
type I and III accumulation in the airway walls, an increase
that interestingly increased proportionately more in pe-
ripheral than in central airway generations. Given that
changes in the peripheral airway dimensions produce
greater alterations in airway resistance and maximum ex-

Figure 8. Coexpression of �7 nAChR and collagen in isolated
pulmonary fibroblasts. Fibroblasts were isolated from 100-d fetal
monkey lung as described in MATERIALS AND METHODS. (A) Im-
munohistochemistry for �7 nAChR using monoclonal antibody 319.
(B) Nonimmune serum control for (A). (C) Immunohistochemis-
try for procollagen III. Panels A—C, 200	; chromogen � AEC.
(D) RT-PCR analysis of RNA prepared from cultured fibro-
blasts. Upper panel shows amplified bands using monkey �7
nAChR primers; lower panel shows amplified bands using mon-
key collagen �1(III) primers. Arrows point to bands of predicted
size. Fibro, RNA from cultured fibroblasts; Lung, RNA from
newborn monkey lung; Brain, RNA from monkey forebrain;
H2O, no input DNA.

Figure 7. Coexpression of �7
nAChR and collagen in 134-d fetal
monkey lung. (A) Dual �7 nAChR
immunostaining (chromogen �
DAB) and collagen �1(III) in situ
hybridization. Lung sections were
stained with antihuman �7 nAChR
(mAb 319) and then hybridized with
collagen type III probe (see MATE-

RIALS AND METHODS). �7 nAChR
staining and collagen mRNA ex-
pression colocalize in airway wall
cells. (B and C). Confocal colocal-

ization of collagen III and �BGT binding sites. Sections were treated with collagen type III antibody and then incubated in a cocktail of
Texas-red–conjugated �-BGT and fluorescein-conjugated secondary antibody at 37�C for 3 h. Nuclei were counterstained with DAPI
(blue). (B) �-BGT binding (red) in airway wall cells, smooth muscle cells, submucous gland cells, and airway epithelial cells; collagen
staining (green); overlap of red and green channels (yellow). (C) High-power view showing that cells with abundant �BGT binding are
surrounded by collagen in the airway wall.
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piratory flow rates than changes in central airways, the
morphometric alterations in airway wall dimensions and
increased collagen accumulation reported here may pro-
vide explanations for the altered pulmonary functions ob-
served in infants of mothers who smoked during preg-
nancy (6, 8–10).

There are several additional comments that are impor-
tant. First, it is important to keep in mind that the effects and
mechanisms of maternal smoking on lung development are
likely to be very different from the effects of adult smoking on
adult lung. One is an indirect effect of only those compounds
that diffuse into blood and cross the placenta, whereas the
other is a direct effect of everything in cigarette smoke.
Second, the duration of the effect of prenatal nicotine is
unknown but likely lasts into adolescence (9, 33) or beyond
(13). Finally, the marked sensitivity of the �7 receptor for in-
hibition by nicotine (ED50 � 2.8 nM) makes it possible that
even the lower doses of nicotine obtained from a nicotine
patch or gum, which still raise nicotine blood levels to greater
than 80 and 40 nM, respectively (34, 35), will effect lung de-
velopment during pregnancy.

In summary, nicotine exposure during pregnancy not only
increased airway wall thickness, but it also stimulated the
synthesis and accumulation of collagen type I and III in
airway walls and alveolar compartments. These alterations
may in part contribute to the observed lung function ab-
normalities in in utero smoke-exposed infants. This direct
evidence of adverse effects of nicotine on the developing
fetus further supports the need for active counseling and
aggressive campaigns against smoking during pregnancy.
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