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ABSTRACT

Alpha—smooth muscle actin (a-SMA) -expressing cells are important
participants in lung remodeling, during both normal postnatal ontogeny
and after injury. Developmental dysregulation of these contractile cells
contributes to bronchopulmonary dysplasia in newborns, and aberrant
recapitulation in adults of the normal ontogeny of these cells has been
speculated to underlie disease and repair in mature lungs. The signifi-
cance of airway smooth muscle has been widely investigated, but con-
tractile elements within the pulmonary parenchyma, although also of
structural and functional consequence in developing and mature lungs,
are relatively unstudied and little quantitative information exists. Here,
we quantify the areal density of a-SMA expression in lung parenchyma
and assess changes in its spatiotemporal distribution through postnatal
ontogeny. Using an antibody against a-SMA, we immunofluorescently la-
beled contractile elements in lung sections from a postnatal growth series
of rats. Images were segmented using thresholded pixel intensity. Alpha-
SMA areal density in the alveolar interstitium was calculated by dividing
the area of a-SMA—positive staining by the tissue area. The areal density
of «-SMA in 2-day neonates was 3.7%, almost doubled, to 7.2% by 21
days, and decreased to 3% in adults. Neonates had large, elongate con-
centrations of a-SMA, and a-SMA localized both at septal tips and within
the interstitium. In adults, individual areas of a-SMA expression were
smaller and more round, and located predominately in alveolar ducts, at
alveolar ends and bends. The results are consistent with increasing «-
SMA expression during the period of peak myofibroblast activity, corre-
sponding to the phase of rapid alveolarization in the developing lung.
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The majority of studies of contractile tissue within the
lung have focused on the role of smooth muscle in air-
ways and large blood vessels, but contractile elements
are also found within the alveolar parenchyma. Their
role as contractile tissue is unclear, insofar as the stress-
bearing structures within the lung, including both con-
nective tissue and surfactant-associated surface tension
at the air-liquid interface, do not require contractility
per se to support the appropriate pressure/volume char-
acteristics of the lung. Nevertheless, it is clear that one
important consequence of the presence of contractile tis-
sue in the pulmonary parenchyma is in the alveolariza-
tion stage of postnatal development, and by hypothesis,
a potential common pathway between development and
remodeling and repair in the adult lung. Alpha—smooth
muscle actin (a-SMA) -expressing myofibroblasts are
associated with regions and periods of developmental
remodeling (Mitchell et al., 1990). For example, they are
essential for the secondary septation that forms alveoli
(Kim and Vu, 2006). Mice deficient in platelet-derived
growth factor A (PDGF-A—/-) lack a-SMA and alveolar
myofibroblasts. They develop an emphysema-like mor-
phology as alveolar septa fail to form (Bostrom et al.,
1996; Lindahl et al., 1997).

The link between normal, morphogenetic lung devel-
opment and abnormal disease-associated lung remodel-
ing is an area of active inquiry (Demayo et al., 2002).
Warburton et al. (2001) speculate that lung remodeling
and repair may use the same pathways as those of nor-
mal development. Developmental dysregulation of myofi-
broblasts contributes to bronchopulmonary dysplasia
(BPD), a chronic lung disease characterized by airway
obstruction and defective gas exchange (Bourbon et al.,
2005). Torday and Rehan (2007) have suggested that
the fibroblast-to-myofibroblast differentiation associated
with BPD pathogenesis in newborns, and with chronic
lung disease in adults, represents an ontogenetic reca-
pitulation of myofibroblast development. Similarly, Rish-
ikof et al. (2006), using an elastase model of emphysema
in mice, speculate that the damaged areas of the lung
represent a reactivation of the myofibroblast prolifera-
tion and increased a-SMA content normally associated
with postnatal alveolar septation. More detailed charac-
terization of a-SMA expression during normal lung de-
velopment thus would appear to be a well-motivated
first step in evaluating these proposed ontogenetic reca-
pitulations.

Despite its structural, functional, and developmental
importance, relatively little is known about smooth mus-
cle ontogeny of the lung during normal mammalian de-
velopment (McHugh, 1995). We are particularly inter-
ested in its role in postnatal development of the rat
lung, given the similarities between major events of
lung development in this species and many other mam-
mals, including humans. Although the stages of lung de-
velopment are similar across species, mammals vary in
the degree of lung maturity that is present at birth.
Compared to humans, which begin alveolarization dur-
ing gestation, in rats the formation of alveoli occurs rela-
tively late, making them a convenient model with which
to study events associated with secondary septation. The
majority of alveolarization takes place between postnatal
day 4 and 13 (Burri, 2006), while maturation and thin-
ning of the septa occur mainly during the third week
(Schittny et al., 1998). We hypothesize that the peak ra-

tio of a-SMA-—positive tissue to total tissue would occur
in the third week, when the myofibroblast content is still
high from the preceding period of bulk alveolarization,
but parenchymal tissue density has diminished.

Alpha-SMA antibody, in addition to labeling smooth
muscle cells and microvascular pericytes, is the most
reliable marker of myofibroblasts (Skalli et al., 1986,
Tomasek et al.,, 2002). The distribution of «-SMA has
recently been described qualitatively in a rat growth se-
ries (Yamada et al., 2005), but little is known concerning
quantifiable changes in «-SMA content within the alveo-
lar septa in the postnatal developing lung. Such quanti-
tative structural data are required to accurately model
age-related changes in lung function at the level of the
acinus (Kojic et al., 2006) and to help evaluate proposed
recapitulative similarities in the pathogenesis of lung
disease and the normal ontogenetic course.

To better understand the changes in parenchymal
SMA content that accompany lung maturation, our
study sought to relate the abundance and spatial and
temporal distribution of «a-SMA in the alveolar septa to
the different developmental stages of the postnatal rat
lung. The areal density of «-SMA immunofluorescence
was calculated from parenchymal images of the left lung
acquired by confocal microscopy. The present study
extends previous qualitative descriptions of the immuno-
localization of «a-SMA in alveolar parenchyma, and pro-
vides a quantitative measure of the changes in a-SMA
content that accompany maturation.

MATERIALS AND METHODS
Experimental Animals

The details of lung growth in some rodents are known
to vary by strain (Le Cras et al., 1999; Soutiere and
Mitzner, 2006); we used the outbred Wistar rat (Crl:WI)
strain obtained from Charles River Laboratories (Wil-
mington, MA) in all of our experiments. Rats, rather
than mice, were used because their larger lungs allowed
for better fixation in the inflated state in the neonates.

The animals were maintained on a 12-hr light/dark
cycle in microinsulator cages within the animal care fa-
cility of the Harvard School of Public Health. The rats
were allowed commercial stock food pellets and water ad
libitum. The animals were treated in accordance with all
local, state, federal and institutional guidelines and con-
sistent with animal protocols approved by the Animal
Care and Use Committee overseeing the School of Public
Health.

The experimental time points for the killing of the ani-
mals were selected to preferentially sample periods of
rapid developmental restructuring of the lung. For the
growth series, the lungs from a minimum of five ani-
mals/time point were collected at postnatal day 2, 7, 14,
21, and 35. Rats reach sexual maturity at 40 to 60 days
(Kohn and Clifford, 2002). Five mature adults (~15
weeks) were also examined. The postnatal series of rats
less than 21 days old was obtained using seven litters.
This many litters were used to minimize litter-size
effects on growth. Litter size ranged between 10 and 12
pups. Offspring were weaned from their mothers at 21
days. Up to 21 days of age, no distinction was made
regarding the sex of the animals, because growth rate
and lung development is not thought to differ signifi-
cantly between the sexes up to that point (Burri et al.,
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1974). Adult rats were all female; male rats grow and
develop enlarged thoraces even as adults (Dawson,
1927).

Lung Fixation and Paraffin Processing

All methods of lung fixation, whether by immersion fix-
ation, intratracheal instillation, vascular perfusion or
freezing, produce some artifactual change from the nor-
mal in vivo condition of the lung. Vascular perfusion fixa-
tion presents technical difficulties in the neonate rat pups
because of their small size. Because intratracheal fixation
may wash out lung exudates and inflammatory cells, it is
generally inappropriate for studies of edema, macro-
phages, or surfactant (Brain et al., 1984; Renne et al.,
2001). Peripheral airspace morphology differs between
air-filled and fluid-filled lungs (Gil et al., 1979). Neverthe-
less, instillation fixation can be well suited to quantitative
studies of parenchymal morphology. In their review of
rodent lung fixation methods, Renne et al. (2001) con-
cluded that intratracheal fixation provides the best pres-
ervation and is the preferred technique for quantitative
studies of alveolar morphometry, therefore, this mode of
fixation was used for our investigation.

To minimize the formation of microthrombi and occlu-
sion of circulatory beds, rats were heparinized using
1,000 U/kg of heparin (American Pharmaceutical Part-
ners, Schaumberg, IL) injected intraperitoneally (.p.).
The animals were anesthetized and euthanized using
200 mg/kg sodium pentobarbital (Fatal Plus, Vortech
Pharmaceuticals, Dearborn, MI) injected i.p. Each rat
was then weighed using a Mettler PM 600 balance. The
depth of anesthesia was verified by absence of pedal
(digital withdrawal) and corneal reflexes before begin-
ning the procedure. The trachea was intubated using
heat-flared polyethylene tubing (Becton Dickinson,
Sparks, MD) varying in size from PE 50 to PE 205,
depending on the age of the rat. The animal was killed
by means of severing the aorta and pneumothorax was
produced by puncturing the diaphragm from the abdom-
inal side. Fixation of the exposed lungs was performed
open chest rather than closed chest. The compliance of
the chest wall is age-dependent (Fisher and Mortola,
1980); with the chest wall open, transrespiratory and
transpulmonary pressures are essentially equal, thus
eliminating this confounding variable. The lungs were
fixed using cold 4% paraformaldehyde (Electron Micros-
copy Science, Hatfield, PA) in phosphate buffered saline
(PBS; Invitrogen, Carlsbad, CA), pH 7.4. The fixative
was instilled by gravity into the tracheal tubing with a
head pressure of 23 cm H,0. At this pressure, instilla-
tion of formalin-based fixative is expected to produce a
lung displacement volume approaching total lung
capacity (Hayatdavoudi et al., 1980). While fixation at a
lower pressure might be of greater physiological rele-
vance, it can result in significant distortion of the lung.
On the other hand, fixations at higher pressures (e.g.,
>25 ecm Hy0, or > total lung capacity) can induce leak-
age, particularly in neonate lungs (Massaro et al., 1985).
A leak-free preparation was confirmed by noting
whether the transpulmonary pressure remained steady
at 23 cm Hy0 for 20 min; in these cases, the trachea
was then tied off and fixation was continued by immers-
ing the lungs in 4% paraformaldehyde for at least 48 hr
at 4°C. In some cases, for rats less than 14 days, the

heart was removed before instillation. Over 90% of
attempted fixations produced successful, that is, leak-
free, lungs; most of the unsuccessful attempts were in
neonates.

After fixation, the volume of the fixative-filled lung
was determined by volume displacement, assuming that
the density of fixative was 1 g/ml. Blocks were cut from
the medial portion of the left lung perpendicular to the
long axis of the lung for histological processing. The
lung was sampled systematically at fixed intervals
(>100 pm apart) with the position of the first cut being
determined by choosing a random number within the
interval (i.e., random start, see Bolender et al., 1993).
The tissue was washed, dehydrated through a graded
ethanol series, cleared, and paraffin embedded according
to standard histological methods. Paraffin blocks were
step sectioned, microtomed to ~5um thickness every
100um. Sections were affixed to glass microscope slides
by baking for at least 4 hr at 50°C.

Immunofluorescent Labeling for a-Smooth
Muscle Actin

Sections were deparaffinized using Neo-clear xylene
substitute (EMD Chemicals, Gibbstown, NJ), and the
tissue was rehydrated through a graded ethanol series
and washed in PBS. Because fixation can form cross-
links that mask antigenic sites, proteinase K solution
(Dako, Carpinteria, CA) was applied for 5 min to break
protein cross-links and unmask antigens to enhance im-
munofluorescent labeling. After additional washing, non-
specific staining was blocked using 5% normal goat se-
rum (Vector Labs, Burlingame, CA) in PBS for 30 min.
Mouse monoclonal anti-SMA IgGya (clone 1A4, Sigma,
St. Louis, MO), supplied at a concentration of 2 mg anti-
body/ml, was diluted 1:100 in blocking buffer and
allowed to incubate on sections for 45 min. This antibody
is specific for the single isoform of a-SMA. After the pri-
mary antibody was washed from the sections, 1 mg/ml
stock solution Texas Red—conjugated secondary antibody
(Jackson Immunoresearch, West Grove, PA) was diluted
1:500 in blocking buffer and applied for 30 min. A red
fluorophore was chosen to avoid potential confounding
signal from the innate autofluorescence of lung elastin
in the green channel. After thorough washing, slides
were cover-slipped using Fluoromount-G mounting
media (Electron Microscopy Sciences). The labeling of
airway smooth muscle in the sections was used as an in-
ternal positive control for the immunolabeling of a-SMA
in the lung parenchyma. Negative secondary-only con-
trol slides were run omitting the primary antibody from
the blocking buffer.

Confocal Laser Scanning Microscopy

Confocal microscopy minimizes out of focus haze, allow-
ing visualization of fine detail that is lost using standard
epifluorescence microscopy. Slides were scanned using a
Leica TCS NT laser scanning confocal microscope fitted
with argon and krypton lasers. Images were recorded
using a 40X oil objective lens and tetrarhodamine isothio-
cyanate filter settings for Texas Red to visualize a-SMA
expression. Fluorescein isothiocyanate (FITC) filter set-
tings were used to detect any elastin-based autofluores-
cence in the lung. No bleed-through across channels was
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detected. For the majority of scans, laser power and pho-
tomultiplier tube (PMT) settings were held constant.
However, although images from neonates and immature
rats could be scanned using a constant PMT setting, the
much lower a-SMA signal in adults required use of a
slightly higher PMT setting in some cases.

Nonoverlapping fields of view of lung parenchyma
that lacked readily identifiable airways or major blood
vessels were recorded from each slide. The fields con-
taining large vessels and airways were rejected to avoid
a-SMA-labeled vascular and airway smooth muscle.
Parenchymal fields of view were thus thought to be lim-
ited to alveolar septa, alveolar ducts, and capillaries,
and, therefore, a-SMA labeling limited to myofibroblasts
and pericytes. Any sections containing autofluorescing
erythrocytes were rejected. For each individual animal,
a minimum of five fields of view was recorded from each
of at least six independent (i.e., >100 um apart in the z-
axis) lung slabs.

Image Processing and Morphometric Analysis

Areal density and volume proportion (a stereological
point counting measure of the number of test points fall-
ing on the constituent of interest divided by the number
of test points falling on tissue) measures are widely used
in the quantification of a-SMA and other lung constitu-
ents (see, for example, Escolar et al., 1997, Tanaka
et al., 2001; Huang et al., 2007a,2007b). We performed
our image processing and quantification using MATLAB
software (Mathworks Inc., Natick, MA). Segmentation
by means of thresholding of pixel intensity was used to
distinguish between area of interest and background.
Threshold pixel intensities defining (1) a-SMA-—positive
tissue, (2) all tissue, and (3) airspace/cellular debris
were determined. The segmentation of tissue was auto-
mated. The image was further processed by removing
clusters of pixels smaller than 2 X 2 to reduce artifact.
The segmented image was smoothed using a five-pixel
disc-shaped close operation to clean up small artificial
breaks in tissue connectivity. A five-pixel border was
also cropped off to remove uncertainty generated by the
close operation. The original image was then manually
segmented to show a-SMA-—positive tissue only. Images
used for quantification had no additional processing
beyond that described above. In pictures used for display
purposes only, the brightness and/or contrast of the
entire image were adjusted slightly in some cases to
enhance detail.

For each field of view (fov), the two-dimensional (2D)
area occupied by all tissue, and the 2D area occupied by
a-SMA—positive tissue was measured (area represented
the number of pixels multiplied by the pixel size), and
the percentage of a-SMA-—positive tissue/fov and total
tissue/fov calculated. The areal density was found by
dividing the number of pixels representing o-SMA by
the number representing tissue. Values were averaged
to determine the mean «-SMA—positive tissue area/total
tissue area for each animal and time point. The total
number of fields of view quantified was ~1,000.

Any process of fixation and dehydration likely creates
artifact, and paraffin processing, particularly the dehy-
dration steps, can result in tissue shrinkage. Unfortu-
nately, alternative tissue processing methods that avoid
paraffin-embedment (see, for example, Dorph-Petersen

et al., 2001) were not compatible with other aspects of
our study (e.g., cryosectioning did not result in suffi-
ciently preserved morphological detail for our purposes,
and resin embedment was not compatible with our im-
munofluorescent labeling protocol). We took steps to
limit dehydration artifact in our paraffin processing,
using a slow, gradual ethanol series to minimize shrink-
age. Although it is possible that the degree of tissue
shrinkage could vary with age, gross measurements of
the dimensions of lung slabs before and after processing
did not show appreciable age-dependent differences in
the degree of shrinkage. No shrinkage correction factor
was applied to the morphometric analysis in this study
because areal density is a relative rather than absolute
measure. We assumed that shrinkage within the tissue
was uniform, that is, differences in the extent of shrink-
age of SMA-positive and SMA-negative cells were negli-
gible. Any other type of shrinkage, whether associated
with age, fixation, or processing, does not contribute ar-
tifact to the areal density measure.

Results are reported as means = 1 SD. To compare
values among the different age groups, one-way analysis
of variance was used. Means were considered signifi-
cantly different at a probability level of 5% (P < 0.05).

For comparative purposes, for a subset of data, the
amount of a-SMA—positive tissue was quantified by an
additional technique. A stereological estimate of volume
proportion, Vv, was calculated using point counting
methods with a test line grid. Vv was determined for the
a-SMA-—positive tissue and total tissue. The volume frac-
tion of «-SMA (percentage of tissue that was o-SMA-
positive) was defined as the number of hits on a-SMA—
positive tissue divided by the total number of tissue hits.
No significant difference in a-SMA proportion was found
between this stereological point-counting estimate using
a test grid and the automated full pixel count method
described above (results not shown). Thus, all data were
analyzed using the automated pixel-counting method.

RESULTS
Concomitant Increases in Lung Volume
and Body Mass With Age

To characterize the postnatal growth of the rats in our
litters, body weight and fixative-filled lung volume (at
an inflation pressure of 23 cm H;0) were plotted against
age. Lung volume was determined by the displacement
method, with the density of paraformaldehyde solution
at 1 g/ml. Body weight and lung volume both increased
with age over the duration of the study (Fig. 1A,B),
although not always perfectly proportionately (Fig. 1C).
Despite the switch from calorie-dense nursing to rat
chow on postnatal day 21, body weight and lung volume
both increased rapidly after weaning in our animals.
There was a slight though nonsignificant decrease in the
ratio of lung volume to body weight with age (Fig. 1C).
The lungs were fixed at volumes approaching total lung
capacity, and no gross or histological evidence of uneven
inflation or fixation was detected.

Antibody Specificity

Both immature and mature rat lungs displayed strong
labeling in the smooth muscle of the walls of conducting
airways and large blood vessels that were used as an in-
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Fig. 1. Change in body mass and fix-filled lung volume with age

for outbred Wistar rats. A: Body mass vs. age. B: Fixative-filled (infla-
tion pressure = 23 cm H,0) lung volume vs. age. Ratio of lung volume
to body mass. C: Mean values are plotted for each age group (n = 5
animals/group). Error bars represent + 1 SD.

ternal positive control for a-SMA reactivity with lung
contractile elements. No specific staining was observed
in the negative (secondary antibody-only) control slides
(Fig. 2D, inset{FIG2}). Elastin-based autofluorescence in
the FITC channel often displayed a similar spatial pat-
tern to that of the a-SMA, particularly at the tips of sep-
tal crests. Images were checked for bleed-through to
ensure that none of this elastin signal was contributing
to a-SMA signal in the other channel.

Location and Abundance of -SMA Expression
Changes Through Development

Lung parenchymal tissue immunofluorescently labeled
using the antibody to «-SMA was examined in a post-
natal series of paraffin-embedded rat lungs. Areas of
immunoreactivity within the alveolar parenchyma were
observed at all ages examined. Figure 2 shows represen-
tative images demonstrating the changing morphology
of the lung parenchyma with increasing postnatal age.
In the youngest (2-day) rat pups examined, the paren-
chymal tissue consisted of thick-walled primitive septa
with small ridges that protruded slightly into the airspa-
ces. The a-SMA was expressed within the interstitium of
the primary septa and at the small ridges (Fig. 2A, as-
terisk), the presumptive sites of future secondary sep-
tum formation. Immature rats had both large elongate,
slender a-SMA-—positive cells (Figs. 2A, 3, arrowheads;
2-day old) and more round a-SMA-—positive cells (Figs.
2A, 3 arrows; 2-day old, 7-day old).

With increasing age and secondary septation, the air-
spaces became smaller, the alveolar septa more elongate
and the alveolar walls thinner. The a-SMA at the lead-
ing tips of secondary septa is shown in Figure 2B (arrow,
7-day rat). With septal thinning (Fig. 2C, 21 days), the
amount of parenchymal interstitial tissue decreased.
The most prominent o-SMA labeling was observed in
the young rats. In adult rats, a-SMA staining was
fainter and less abundant, and individual concentrations
often appeared smaller. The «a-SMA was primarily local-
ized to the entrance rings of alveolar ducts (septal ends),
and septa bends (Fig. 2D, arrows). Following Oldmixon
et al. (2001), a septal bend was defined as border of an
alveolar septum that joins one other septum at a defina-
ble angle, and a septal end as the free border of an alve-
olar septum. Rarely, a-SMA was observed at a septal
junction, the intersection of three septa. The very large,
elongate concentrations of a-SMA, such as found in the
immature animals, were not seen in the adults.

Density of «-SMA in the Lung Parenchyma
Peaks in 21-Day Old Rats

The fovs used for quantification were selected to avoid
large airways and blood vessels, so that only alveolar
parenchymal tissue was examined. The total tissue area
thus comprised the following cell types: types I and II al-
veolar epithelial cells, vascular endothelial cells, fibro-
blasts, myofibroblasts, pericytes, and macrophages.

The images of a-SMA-labeled parenchyma were digi-
tally analyzed to determine changes in the quantity of
«-SMA over time. Figure 3 illustrates the image process-
ing steps used to ascertain o-SMA areal density. The left
hand column shows representative confocal images of
immature rat lung parenchyma before any processing.
Each image was segmented to obtain areal values of tis-
sue-only and a-SMA-positive tissue only. The resultant
segmentation for each original image is illustrated in
the middle and right-hand columns.

The amount of SMA in the lung parenchyma, as esti-
mated by the areal density of a-SMA—positive staining
in alveolar interstitium, is relatively modest, always
<8% of the total tissue area. In neonate (2-day) rats, an
average of ~4% of the parenchymal tissue was positive
for «-SMA. The amount of «a-SMA increased dramati-
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Fig. 2. Representative images of rat lung parenchyma showing
changes in morphology with age. Paraffin sections immunofluores-
cently labeled with alpha-smooth muscle actin (@-SMA) and Texas
Red. A: Two-day-old rat (period of lung expansion) with large concen-
trations of a-SMA within the thick primitive septa. Elongate concentra-
tion of a-SMA (arrowhead); round concentration of «-SMA (arrow).

cally during the first 3 weeks, particularly from the sec-
ond to third week (Fig. 4). The peak at 21 days was fol-
lowed by a continual decline toward adulthood. The per-
centage of a-SMA-—positive parenchyma ranged from a
low of ~3% in adults to a high of a little over 7% on
postnatal day 21. The amount of «-SMA at 21 days is
significantly higher than that of the younger rats
sampled or adults (P < 0.05).

The asterisk indicates «-SMA at the septal ridge. B: Seven-day rat
(period of septation) with a-SMA at the septal tip (arrow). C: Twenty-
one-day rat with a thinned alveolar septa. D: An adult rat with a-SMA
at alveolar ends and bends (arrows) and presumed pericyte location
(arrowhead). Scale bar = 25 uM. Negative control shown in inset of D.

DISCUSSION

In the present study, we quantified the contractile ele-
ment content of the lung parenchyma through digital
analysis of confocal images of tissue immunofluores-
cently labeled for a-SMA. To our knowledge, this is the
first study to systematically quantify a-SMA content in
the alveolar septa through postnatal ontogeny. The main
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Fig. 3. Image processing of rat lung parenchyma immunofluores-
cently labeled with alpha-smooth muscle actin (@-SMA) and Texas
Red. The left-hand column shows original, unprocessed representative
confocal images from 2-day, 7-day, 14-day, and 21-day rats. Middle
columns show the same images automatically segmented to remove
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background and show total tissue (red), and manually segmented to
show a-SMA-positive tissue only (green). Right-most column shows
overlay of a-SMA (green) and tissue (red). Arrowheads indicate an
elongated, slender concentration of a-SMA; arrows indicate a more
rounded a-SMA-positive concentration.



©
(=}

SMA to Tissue Ratio
=]
&

0 ; ; . ; ; —\/ |

0 T 14 21 28 35 42 Adult
Age (days)

Fig. 4. Mean ratio of alpha—smooth muscle actin (a-SMA) -positive
tissue area/total parenchymal tissue area vs. age. Values were calcu-
lated using segmented images from a postnatal series of rat lungs.
Mean values are plotted for each age group, n = 5 animals per group.
Error bars represent = 1 SD. The proportion of parenchymal tissue
that was «-SMA-positive in 21-day old rats was significantly higher
than that of younger or adult rats (P < 0.05).

finding of our investigation was that the relative amount
of a-SMA—positive tissue increases rapidly from the neo-
natal stage, particularly from 14 to 21 days, peaks in 3-
week-old rats, then declines toward adulthood. The tim-
ing of this peak is consistent with the extensive develop-
mental remodeling occurring around this period. The
phase of active, myofibroblast-dependent alveolarization
in the first 2 weeks, followed by loss of tissue area by
means of septal thinning occurring through the third
week (Burri, 2006), likely contributes to this peak in the
ratio of a-SMA to tissue area at 21 days.

Alpha-SMA Distribution Changes
During Lung Maturation

Whereas «a-SMA expression begins relatively early in
lung development in the smooth muscle of airways and
large blood vessels, a-SMA in alveolar myofibroblasts
and pericytes has not been detected until after birth in
rats (Jostarndt-Fogen et al.,, 1998). Jostarndt-Fogen
et al. detected only faint staining at 8-hr postpartum,
but by the next time point sampled, 3 days, staining had
become intense. We found that intense staining was al-
ready present by the second postnatal day (Figs. 2A, 3).
Rats younger than 2 days were not investigated in our
study due to the technical difficulty of obtaining leak-
free lung fixation at this small size.

The spatial and temporal distribution of a-SMA in the
maturing lung that was found in this study confirmed
and extended the findings of previous investigators. Con-
sistent with data from cryosectioned material (Yamada
et al., 2005), in our paraffin sections, we found that the
thick-walled primary septa of neonate rats contained
slender a-SMA-—positive interstitial cells (Figs. 2A, 3, 2-
day rat). Postnatally, there was also a population of
round cells with a-SMA at tips of septa (Fig. 2B; 7 day
rat), as well as elongate cells with a-SMA in the intersti-
tium. Here, we term these two populations of «-SMA-
positive cells myofibroblast-like cells. In the adult rat
lung, Yamada et al. (2005) found that a-SMA-positive
cells were restricted to alveolar ends. We, however, also
found «-SMA-positive cells in the alveolar bends of
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adult rats. This finding is consistent with the observa-
tions of Oldmixon et al. (2001), and with their argument
that septal bends and ends are analogous structures
insofar as they necessarily contain stress-bearing tissue,
unlike the junctions where three septa meet. The popu-
lation of elongate a-SMA-—positive cells found within the
immature alveolar interstitium was not present in the
mature rats of Oldmixon et al., as «-SMA in the alveolar
septa was restricted to alveolar ends and bends, as in
our study. This finding suggests that this population of
elongate interstitial «-SMA-—positive cells may be lost
with maturity, as suggested by Yamada et al. (2005).
The similar spatial patterns we observed for both «-
SMA expression and elastin autofluorescence, for exam-
ple, at the tips of alveolar crests, are consistent with the
myofibroblasts’ role in tropoelastin synthesis.

o-SMA Areal Density Changes
During Lung Maturation

The observed rapid increase in the proportion of
parenchymal tissue that was a-SMA-—positive until the
21st day, followed by diminishment toward maturity,
parallels the period of rapid septation followed by the
slowing of alveolarization and septal thinning toward
adulthood. Previous studies did not quantify the amount
of a-SMA specifically within the alveolar interstitium in
developing rats. Oldmixon et al. (2001) investigated the
distribution of contractile elements, as estimated by the
areal density of a-SMA, for the airways, alveolar ducts,
and blood vessels of adult rats only. Tanaka et al. (2001)
examined a postnatal series of rat lung parenchymal
strips starting at 10 days, but airways and large blood
vessels were not excluded from this analysis. They found
that the volume proportion of «-SMA-—positive tissue
was 10.7% in 10- to 14-day-old rats, 7.3% in 21-day rats,
and 7.8% in 8-week rats. The extent of this change
occurring within the alveolar interstitium, rather than
in the smooth muscle of the airways and vessels, is
unknown, and likely accounts for the differences in
these results from our own. Unlike Tanaka et al., we
found that the proportion of a-SMA increased from the
second to third week (Fig. 4). Additionally, the «-SMA
percentage for the adult by Tanaka et al. is a great deal
higher than that found in our study, suggesting that the
investment of airways and large vessels with smooth
muscle contributes more a-SMA to the deep lung per
unit area than the alveolar septa and ducts. Because
our study was concerned with the major events of lung
restructuring occurring during early postnatal develop-
ment, we did not sample into old age, but changes in the
a-SMA content continue even late in life. The trend of
decreasing a-SMA with maturation may reverse with
advanced age: the number of a-SMA—positive septal tips
increased in rats >20 months (Yamamoto et al., 2003).

Types of a-SMA-Positive Cells

The «-SMA antibody is known to mark airway and
vascular smooth muscle cells, myofibroblasts associated
with development, injury, and BPD (Toti et al., 1997),
and depending on tissue type and species, microvascular
pericytes. The nomenclature in the literature is not uni-
form. Nonpericyte a-SMA—positive cells in the lung pa-
renchyma have variously been called precursor myofi-
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broblasts, myofibroblasts, contractile interstitial cells
and smooth muscle cells (see for example, Mitchell
et al., 1989; Kapanci et al., 1992). Pericytes themselves
are classified by some investigators as a subtype of myo-
fibroblast (Kapanci et al., 1992). The interrelated ontog-
eny of pericytes, myofibroblasts, and smooth muscle cells
is complex and largely unknown. The differences
between these cell types are continuous rather than dis-
crete, so discriminating among these cells types can be
challenging; for example, no pericyte-specific markers
are available.

The a-SMA-positive myofibroblast-like cells labeled in
this study thus likely represent more than a single pop-
ulation of contractile cells, depending on their spatial
and temporal distribution. Because large airways and
blood vessels were excluded from our analysis, the popu-
lations of a-SMA-expressing cells we found are most
likely to be restricted to development-associated myofi-
broblasts and microvascular pericytes in the interstitium
of the alveolar wall and, in adults, smooth muscle cells
forming the rings surrounding the alveolar entrances.
The identification and subdivision of the observed myofi-
broblast-like cells to microvascular pericytes vs. develop-
ment-associated myofibroblasts was beyond the scope of
the current study, but it should be noted that in addition
to labeling smooth muscle cells and myofibroblasts, «-
SMA is known to label pericytes in rat lung parenchyma
(Kapanci et al., 1992; Fehrenbach et al., 1999; Zhang
et al., 1999). Pericytes are not expected to contribute to
the majority of a-SMA in the lung parenchyma; Weibel
(1974) found that pericyte-coverage in adult lungs was
very low compared to that of systemic vessels. Nonethe-
less, a subset of the spindle-shaped a-SMA-—positive cells
we observed within the airspace walls, not in the region
of prospective alveolar ducts, were likely pericytes. The
occasional a-SMA signal we observed at alveolar junc-
tions is likely due to pericytes (Kapanci et al., 1992).
Because pericytes are markers of blood vessel maturity,
and vascular development is known to be intimately con-
nected to alveolarization and BPD (Stenmark and Bala-
subramaniam, 2005), pericyte prevalence is also ex-
pected to vary with age, presumably increasing as the
vascular bed matures. Although the data are not avail-
able for rat, such a trend has been found in bovine lung
(Sims and Westfall, 1983). Thus, while some populations
of myofibroblast-like cells may diminish during postnatal
development, another population may increase in number
with maturation. The proportion of a-SMA decreased in
our study after 21 days, following the period during
which the majority of microvessel maturation takes place.

Speculated Functional Importance of
Contractile Elements in the
Lung Parenchyma

Open questions remain concerning the functions of the
a-SMA-—positive lung parenchymal cells. During develop-
ment, myofibroblasts are required for normal septation,
and the addition of pericytes around microvessels is
associated with blood vessel maturity. Disregulation of
the normal quantity and functioning of a-SMA—positive
cells is associated with the pathogenesis of several dis-
eases, both in adult and immature animals. In the
healthy adult, a-SMA-—positive contractile cells are no
longer needed for lung morphogenesis, but appear to

still play a role in lung function. Pericyte contractility is
thought to be involved in regulating changes in micro-
vessel permeability, such as those accompanying lung
inflammation (Donoghue et al., 2006). Sims and Westfall
(1983) hypothesized that pericytes may profoundly influ-
ence lung parenchymal shape and function by altering
microvascular blood flow. Although there is not yet de-
finitive in vivo data, modeling indicates that the quan-
tity of contractile tissue within the alveolar entrance
rings contributes to pressure—volume and geometric hys-
teresis during breathing (Kojic et al., 2006). We con-
firmed SMA expression at septal end and bends, sites of
elastin and collagen-rich cables of proposed mechanical
significance (Oldmixon et al., 2001). Lindahl and Bet-
sholtz (1998) generalized that both «a-SMA-expressing
cell types, pericytes and myofibroblasts, are important
in maintaining the mechanical stability of small-diame-
ter hollow structures, microvessels and alveoli, respec-
tively. The functional effect of the changes in «-SMA
content that accompany lung maturation is an area
requiring investigation.

Comparison to Human Lung Parenchyma

The rat lung is arguably the most widely investigated
laboratory model for human pulmonary development
(Burri, 1997), and the extent of change in many lung pa-
rameters (e.g., relative increase in lung volume, septal
volume, and alveolar surface area) from birth to adult-
hood are remarkably similar in rats and humans
(Zeltner et al., 1987), though the timing of events varies
across species. Our time points were chosen to sample
major periods of structural change in the lung. The tim-
ing of the major lung developmental stages in mice,
another widely used model organism in pulmonary stud-
ies, is very similar (Dietert et al., 2000). The 2-day rat
lung represents a prenatal saccular stage of human lung
development. We found parenchymal «-SMA expression
at this age; a-SMA immunoreactivity has also been dem-
onstrated in the septa of human lungs at 28 weeks of
gestation (Toti et al., 1997). At 7 days, the rat lung is in
the midst of a period of rapid alveolar septation. The
postnatal human lung shows a similar pattern of a-SMA
expression at septal crests (Leslie et al., 1990). At 14
days, bulk alveolarization in the rat lung is diminished
and lung development proceeds predominantly by micro-
vascular maturation and septal thinning (Burri, 2006),
producing a miniature version of adult lung morphology
after 3 weeks in rats and ~3 years in humans (Burri,
2006). Alveoli are numerous at this stage, but they have
not yet grown to their adult size. This was the period of
peak «-SMA density in rat lungs; we are not aware of
quantitative data for the a-SMA content of human lungs
at this age. At 35 days, rat alveoli are still increasing in
size; Dietert et al. (2000) estimate that alveolar expan-
sion occurs from ages 2 to 8 years in humans. In adults
(>100 days in our study), the alveolar parenchyma has
reached its mature dimensions (Burri, 1997, 2006); lung
growth is complete in humans by 18-20 years (Levitzky,
1984). The a-SMA is less abundant in adults compared
with younger rats; similarly, the number of «-SMA—posi-
tive cells per unit area of in 22-year-old humans is
reduced compared with the childhood condition, and the
parenchymal distribution restricted to alveolar ducts
and pericytes (Leslie et al., 1990).
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To conclude, we found that the proportion of a-SMA-
positive alveolar parenchyma increased from neonates to
3 weeks of age, then decreased toward adulthood. The
alveolar development occurring between birth and 21-
days differs dramatically from that occurring after the
3-week mark. The rising level of a-SMA is presumably
related to the period of active septation and elastin dep-
osition in the first 2 weeks of life. Alveolar wall thinning
in the third week decreases the amount of parenchymal
tissue, contributing to the peak in a-SMA area to total
tissue area at 21 days. A population of the «-SMA-
expressing cells in the alveolar interstitium that is
found in immature animals appears to be lost with mat-
uration, resulting in a decreased amount of a-SMA in
adults. Greater understanding of the changes in distri-
bution and quantity of «a-SMA that accompany alveolar
maturation provides the groundwork for future investi-
gations of the functional consequences of such change
during postnatal ontogeny, as well as providing base
line values for comparison against pathology and experi-
mental manipulation.
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