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ABSTRACT: Lung development progresses through a process reli-
ant on mechanical cell stretch. However, this process is not well
defined at the molecular level. Our goal was to globally analyze the
transcriptome of fetal mouse lungs following short periods of tra-
cheal occlusion (TO) to identify cellular processes that are rapidly
modulated in response to intraluminal stretch increase. Serial analysis
of gene expression (SAGE) was used to examine the global tran-
scriptomic response of mouse prealveolar stage lungs to in vivo TO
at 1 and 3 h. SAGE results were extended by histo- and immuno-
chemical examination. Based on the 97 TO-modulated transcripts
identified, our results further point out that continuous stretch in
developing lungs leads directly to rapid and highly specific pheno-
typic modifications in a significant proportion of pulmonary cells. We
conclude that intraluminal stretch increase during prealveolar stage
of lung development induces a critical transition of pulmonary cells
phenotype in which there is an increase in a-smooth muscle actin
(a-SMA)-containing cells along with a relative decrease in lipid-
containing cells. (Pediatr Res 63: 124-130, 2008)

At the end of gestation, fetal lung volume is under the
influence of an important and continuous distention that
is secondary to the continuous intraluminal liquid secretion by
the fetal lung epithelium (1). Within developing lungs, this
liquid sequestration occurs by the active larynx closure during
the apnea (1), which accounts for the major portion of late
fetal life (2). Abnormal loss of lung liquid is detrimental to
lung development (3). Indeed, fetal cervical cord transection,
which results in a lack of coordination between larynx open-
ing and diaphragmatic movements, thus allowing excessive
loss of lung liquid during fetal breathing movements, leads to
lung hypoplasia (4). Similarly, loss of larynx tonus (5) and
bypass of the larynx by experimental tracheotomy (6) during
fetal life are both associated with excessive lung liquid loss
and severe lung hypoplasia. In contrast, stimulation of lung
growth and development can be achieved by using tracheal
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obstruction techniques at an appropriate developmental stage
(7). By sequestering intraluminal liquid, fetal tracheal occlu-
sion (TO) amplifies continuous stretch. TO represents a
unique in vivo methodology that facilitates examination of the
natural three-dimensional mechanical forces effect on lung
development.

Although the relationship between the degree of fetal lung
expansion and lung development is well established, the
mechanisms involved are not well understood. We hypothe-
size that an increase in fetal lung stretch causes a stimulus that
rapidly mediates gene expression before any change in fetal
lung structure is observed. To investigate the mechanisms
underlying stretch-induced lung maturation, we previously
created an in vivo murine model of TO that demonstrated a
significant structural acceleration of prealveolar stage lung
growth and development in a 24-h period (8). With this model,
we recently demonstrated that TO induces an immediate
cellular response (9). Indeed, when compared with sham-TO
and unoperated-on controls, TO induced an increase in pro-
liferating cell nuclear antigen (PCNA) protein expression in
differentiated epithelial airways within the first hour after
surgery. Here, our aim was to globally analyze the transcrip-
tome of fetal mouse lungs after precisely defined short periods
of TO to identify cellular processes that are rapidly modulated
in response to intraluminal stretch increase.

To identify the full module of mechanically transduced
genes, we compared transcriptomes of TO and sham-TO fetal
lungs at 1 and 3 h post-surgery using serial analysis of gene
expression (SAGE). Transcripts differentially expressed be-
tween correspondingly timed sham-TO and TO fetal lungs
were categorized by gene function. The major changes ob-
served concern cytoskeleton and metabolism related tran-
scripts. Because pulmonary interstitial fibroblasts are known
to present a switch from lipogenic to myogenic phenotypes
after birth (10), SAGE results were extended by histo- and
immunochemical analysis of both cellular lipids and contrac-
tile interstitial cells.

Abbreviations: a-SMA, a-smooth muscle actin; DAB, 3,3'-diaminobenzi-
dine; ORO, oil red O; SAGE, serial analysis of gene expression; TO, tracheal
occlusion
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MATERIALS AND METHODS

Surgical procedure and tissue harvesting. The Committee for Animal
Protection of Laval University approved the surgeries. TO was performed on
CD-1 mice at 16.5 d of gestation (late canalicular stage of lung development)
as described previously (8). The fetal trachea was occluded using a surgical
ligation clip. The fetus was returned to the uterus where gestation continued.
Control sham-TO fetuses underwent exactly the same surgery save actual TO.
Dams were killed 1 or 3 h after surgery and operated fetuses were delivered
by cesarean. The success of TO over such a short time frame (i.e. before gross
morphologic changes appear) was previously confirmed by the observation of
a significant increase in luminal space fraction by only 1 h of TO when lungs
were fixed with a surgical clip left in place (TO cases) or added before the
harvesting (sham-TO cases) (9). In addition, fetal neck was subjected to a
careful examination, as described previously (8). Fetal lungs were harvested,
snap-frozen in liquid nitrogen, and stored at —80°C. Lungs used for SAGE,
neutral lipid staining, and a-smooth muscle actin (a-SMA) immunofluores-
cence and immunohistochemistry came from different animals because the
tissue-fixation process differed among experiments.

SAGE. SAGE is a method that gives an overview of a sample’s gene
activity by capturing mRNAs and counting and identifying them. The four
SAGE libraries were separately generated as previously described (11) from
pooled fetal lungs (10 in each experimental TO and sham-TO group at 1 and
3 h). Resulting SAGE tags 15-bp long were matched in GenBank and
UniGene databases to identify corresponding transcripts. Reliable tag-to-gene
matching was attributed to tags corresponding with a polyadenylated se-
quence and whose last 3" Nlalll site was on the positive sequence strand.
When a tag did not meet these criteria for at least one expressed sequence tag
with a known poly-A™* tail in the UniGene cluster, it was not considered
further. To compare tag differential expression levels among libraries, data
were normalized to 50,000 tags per library. To detect the transcripts up-
regulated or down-regulated in response to TO with more than a twofold
change in tag levels, a comparative count display test was used (11). Differ-
ences among control and experimental libraries were considered statistically
significant at p < 0.05. Tag-to-gene matches have been categorized by gene
function based on information reported by Gene Ontology and TIGR Web
sites.

Identification of lipid-containing cells. Lipogenic cell phenotype was
specifically assessed using oil red O (ORO) staining (12). Lungs were
embedded in OCT medium and frozen at —80°C, and sections were cut.
Sections were fixed in formalin, rinsed in water, soaked in propylene glycol,
and immersed in ORO (FluKa Chemica, Oakville, Canada) to color neutral
lipids (mainly triglycerides). Sections were rinsed in propylene glycol and
water and counterstained with hematoxylin. Nuclei were stained with
Hoechst. Results were expressed as the ratio of the pixel area of ORO
staining, which autofluoresces at 570—-580 nm, over the pixel area of the
nuclei (13) to avoid potential bias resulting from difference in luminal space
over tissue fraction between sham-TO and TO groups. The numbers of fetal
lungs analyzed were 11 for 1-h TO, 10 for 1-h sham-TO, 10 for 3-h TO, 11
for 3-h sham-TO, 11 for 24-h TO, and eight for 24-h sham-TO.

Identification of a-SMA-containing cells. Indirect immunofluorescence
was performed on methanol-fixed cryosections as described previously (14).
Mouse monoclonal anti-a-SMA antibody (clone 1A4, DakoCytomation,
Glostrup, Denmark) was used. Secondary antibody was dichlorotriazi-
nylaminofluorescein-conjugated goat anti-mouse IgG-IgM (Chemicon, Te-
mecula, CA). Nuclei were stained with Hoechst. Results were expressed as
the ratio of the pixel area of a-SMA staining (520-530 nm) over the pixel
area of the nuclei (15). Digital images were captured using the red channel to
optimize contrast. The numbers of fetal lungs analyzed were 10 for 1-h TO
and sham-TO, nine for 3-h TO, and 10 for 3-h sham-TO. We also performed
3,3(1)-diaminobenzidine (DAB)-based immunohistochemistry to allow visu-
alization of the tissue context of a-SMA protein expression pattern. Formalin-
fixed and paraffin-embedded lung sections were deparaffinized in xylene and
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rehydrated in a decreasing ethanol gradient. Endogenous peroxidase activity
was blocked with 0.6% hydrogen peroxide/100% methanol. After blocking
(Tris-buffered saline, 0.5% bovine serum albumin, 1.5% normal goat serum),
sections were incubated with the anti-a-SMA antibody. The sections were
then incubated with biotinylated secondary antibody and revealed with a
Vectastain ABC Kit (Vector Laboratories, Burlingame, CA). After incubation
in a streptavidin-peroxidase solution, the slides were developed with DAB.
Counterstaining was performed with hematoxylin. The numbers of fetal lungs
observed were six for 1-h TO, five for 1-h sham-TO, six for 3-h TO, and seven
for 3-h sham-TO. For each immunostaining, two control sections were
identically treated except that blocking serum replaced primary antibody in
one and secondary antibody in the other. Negligible background was observed
for all controls.

Microscopic analyses. Lung section randomization and analyses were
conducted according to guidelines of Bolender er al. (16) to minimize
observer bias. On average, 10 randomized fields per fetus were analyzed from
a minimum of eight lungs in each of the experimental and control groups that
was used for quantification. Data regarding ORO fluorescence and immuno-
fluorescence of a-SMA protein were analyzed by analysis of variance and
Schefté post hoc tests (SAS software) performed on the averaged data from
each animal. Significance was deemed at p < 0.05.

RESULTS

Approximately 39,000-50,000 tags from each of the four
SAGE libraries were sequenced for a total of 186,189 tags
(Table 1). The percentage of tag species that correspond with
known mRNA sequence(s) in GenBank and UniGene data-
bases was similar among the four libraries (range, 32%—-39%).
The number of tags present at a level of expression >0.5%
was also consistent among the four libraries (range, six to 12)
as well as the number of those showing an expression level
>0.1% (range, 63-77).

As our interests concern early transcriptional response to
intraluminal stretch increase during late lung development, we
compared TO libraries with their corresponding sham-TO
libraries. Overall, a total of 97 unique tags were modulated
significantly at 1 and/or 3 h post-TO (p < 0.05). We observed
66 tags modulated after only 1 h of TO: 36 were up-regulated
and 30 down-regulated. In addition, we observed 60 tags
modulated by 3 h of TO: 27 were up-regulated and 33
down-regulated. To delineate the cellular processes that are
rapidly modulated by TO, differentially expressed tags have
been organized by functional families (Fig. 1). Based on this
classification, tags modulated by 1 and 3 h of TO correspond
to transcripts related to six major functional families: cell
structure and motility, metabolism, cell signaling and commu-
nication, cell cycle, RNA and protein synthesis, and cell and
organism defense. Other TO-modulated tags correspond to
transcripts for which the biologic function has not been yet
characterized.

Tags functionally corresponding with cell structure and
motility (cytoskeleton in Figure 1) represent an important

Table 1. Characterization of SAGE libraries obtained from fetal mouse lungs following 1 and 3 h of in utero TO or sham-TO surgery

Genes identified

Tags with an
expression level >0.5%

Tags with an
expression level >0.1%

No. of No. of
Library sequenced tags distinct tags No. Jo* No. 9o* No. Yo
1-h TO 39,119 18,259 6020 33 7 0.04 65 0.4
1-h sham-TO 50,411 24,694 7984 32 12 0.05 63 0.3
3-h TO 47,594 20,698 6527 32 12 0.06 77 0.4
3-h sham-TO 49,065 24,013 9478 39 6 0.02 66 0.3

* The percentage is the number X100 over the number of distinct tags.
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Up—ReguIated Down-ReguIated Figure 1. Distribution of TO-modu-
lated transcripts into functional fami-
A : B i lies. Distribution of functional families
RNA and protein Unknm:m function Unknou:n function of transcripts corresponding with
synthesis 14% (5) 6% (2) 10% (3) unique SAGE tags modulated by TO
Metabolism Cell Metabolism compared with sham-TO (p < 0.05).
W defense m— The number of tags modulated in
1h Cell 17% (6) 23% (7) 30% (9) each functional family appears in
(66 tags) | signaling Others Others parentheses.
8% (3) 8% (3) Cell cycle 17% (5)
10% (3
Cytoskeleton " Cell signaling
47% (17) 36 tags 10% (3) 30 tags
¢ Cell Unknown function D Unknown function
; ; 7% (2) Cell defense 6% (2)
signaling 22% (7)
15% (4) Metabolism " Metabolism
3h Glycolysis ||RNA and Lipids
RNA and 7% (2) protein 18% (6)
(60 tags) protein Others Synthesis Others
synthesis 7% (2) 12% (4) 18% (6)
7% (2) c kelet Cell cycle Cytoskeleton
S;tg; = 1650n 9% (3) Cellsignaling " 3% (1)
e 27 tags 12% (4) 33 tags

proportion of tags up-regulated by TO: 47% of tags up-
regulated by 1 h of TO (17 tags) and 56% of tags up-regulated
by 3 h of TO (15 tags). Among the 17 tags up-regulated by 1 h
of TO, 14 remained higher in the TO library than in the
sham-TO library at 3 h. Interestingly, eight of these transcripts
were fast isoforms of muscle-related proteins.

Tags corresponding with metabolism related transcripts
account for 25% and 14% of the tags up-regulated by TO at 1
and 3 h, respectively and for 47% and 36% of the tags
down-regulated by TO at 1 and 3 h, respectively. The major
metabolic response observed with TO concerns up-regulation
of glycolysis and down-regulation of lipid metabolism. In-
deed, six tags corresponding with glycolysis-related tran-
scripts were up-regulated by 1 h of TO. In contrast, lipid
metabolism-related transcripts were essentially down-
regulated by TO: nine tags at 1 h and six tags at 3 h. Four tags
were down-regulated by 1 and 3 h of TO and five tags were
down-regulated by 1 h of TO only. Tags corresponding to
genes related to metabolic processes other than glycolysis and
lipids were also up- and down-regulated by both 1 and 3 h of
TO. They principally represent energy metabolism, but also
amino acid and carbohydrate metabolic processes.

As mentioned previously, tags corresponding with proteins
related to other biologic processes were also rapidly modu-
lated by TO. For example, some tags corresponding with
genes related to RNA and protein synthesis as well as to cell
signaling were up-regulated by TO at both 1- and 3-h time
points. Conversely, tags corresponding with genes encoding
for cell defense—related proteins, cell cycle and cell signaling
were down-regulated by TO at both 1- and 3-h time points.
We also observed four tags corresponding with genes related
to RNA and protein synthesis and another one corresponding
with cytoskeletal protein that were down-regulated only at 1 h
of TO. Finally, we observed few tags up- and down-regulated

by both 1 and 3 h of TO for which the corresponding protein
function is unknown.

ORO coloration shows a temporal increase in neutral lipid
(primarily triglyceride) content from 1 to 24 h in both
sham-TO and TO lungs (Fig. 2). The staining is restricted to
mesenchyme and is virtually absent in epithelium. At 1 and
3 h, no significant difference was observed among TO and
sham-TO groups (Fig. 2G). However, the neutral lipid content
of the TO group after 24 h is lower than that of the sham-TO
group (p < 0.05). Myogenic phenotype was visualized by
a-SMA bright-field immunohistochemistry (Fig. 3A-D) and
quantified by using immunofluorescence (Fig. 3E-H). a-SMA
is considered a marker for the initial differentiation of smooth
muscle cells and is also detected in alveolar myofibroblasts
and microvascular pericytes (17). A significant increase in
density of cells expressing a-SMA occurs in TO cases when
compared with controls (Fig. 37). This increase is observed 1 h
after surgery and is sustained at 3 h (p < 0.05). However,
Western blot analysis at 1 and 3 h does not show significant
difference in a«-SMA protein total amount between sham-TO
and TO lungs (data not shown). In sham-TO cases, a-SMA
staining is virtually restricted to the mesenchyme surrounding
developing airway epithelium (Fig. 3B and D) while, in TO
group, it appears also within the mesenchyme surrounding
acini in lung periphery (Fig. 34 and C).

DISCUSSION

SAGE is a well-established technology allowing rapid and
efficient identification as well as quantitative assessment of
genes expressed during developmental, physiologic, or patho-
logic conditions (11,18). Here, SAGE was used to obtain a
prospective overview of cellular processes that are rapidly
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Figure 2. Assessment of lipid-containing cells within the lung in response to
TO. ORO triglyceride staining in mouse lungs after TO (left column) and
sham-TO (right column). Examples after 1 h (A, B) and 24 h (C—F) observed
in both bright-field (A-D) and fluorescence (E, F). Nuclei are stained blue
with hematoxylin (bright field) and Hoechst (fluorescence). Triglyceride
staining appears as dark spots in bright field and red in fluorescence. (G) Ratio
of the pixel area of ORO staining over the pixel area of nuclei (mean = SEM).
Brace indicates significant difference (p < 0.05) between TO and sham-TO.
Arrows, mesenchymal cells; arrowheads, epithelial cells; solid columns, TO,
open columns, sham-TO.

modulated within the lung by pulmonary intraluminal stretch
increase resulting from TO.

The proportion of tags matching with sequences in Gen-
Bank and UniGene databases reported here is consistent with
other SAGE studies (11,19,20). Moreover, the reproducibility
of SAGE methodology has been established previously by us
(21) and by others (22). Furthermore, consistency of the
differentially expressed tags identification in the four indepen-
dent libraries corroborates the validity and reproducibility of
SAGE results. Finally, histo- and immunochemistry demon-
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Figure 3. Assessment of a-SMA-containing cells within the lung in response
to TO. a-SMA staining in mouse lungs after TO (left column) and sham-TO
(right column). Examples after 1 h (A, B) and 3 h (C, D) visualized by
DAB-based immunohistochemistry. Examples after 1 h (E, F) and 3 h (G, H)
by using immunofluorescence in which nuclei are stained blue with Hoechst
and a-SMA staining appears as red. (/) Ratio of the pixel area of a-SMA over
the pixel area of nuclei (mean * SEM). Braces indicate significant difference
(p < 0.05) between TO and sham-TO. Arrows, mesenchymal cells; arrow-
heads, epithelial cells; solid columns, TO; open columns: sham-TO.

strate that changes observed in lipid- and a-SMA-containing
cells are consistent with SAGE results.

Our results demonstrate that transcriptional response to TO
is triggered within 1 h and sustained to a comparable intensity
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for at least 3 h. This agrees with in vitro studies that show
rapid gene regulation and protein activation after stretch of
fetal lung cells in culture (23). The number of identified
transcripts modulated in response to TO underline a rapid and
important transcriptional response in pulmonary cells to in-
traluminal stretch increase. Classification of these TO-
modulated tags according to their specific corresponding
genes function suggests principally that TO induces 1) a
modification of the cytoskeleton with a noteworthy increase in
cellular levels of fast muscle isoforms and 2) a metabolic
switch from cellular lipid synthesis and accumulation to gly-
colysis.

Tags corresponding with cell structure and motility genes
represent an important portion of all tags up-regulated by TO.
This suggests that reorganization of cytoskeleton and/or cell
motility take place in response to mechanotransduction within
the lung. At both time points examined, a substantial portion
of differentially expressed up-regulated tags matches cytoskel-
etal transcripts. Almost exclusively, these tags are associated
with contractile apparatus and, in large part, correspond with
actin-, myosin-, and troponin-associated genes. Thus, it ap-
pears that mechanotransduction induced by TO supports up-
regulation of muscle phenotype.

Examination of TO-regulated tags corresponding with me-
tabolism-related transcripts suggests that a rapid metabolic
response occurs because of TO-induced mechanotransduction.
Specifically, the six tags corresponding with transcripts related
to glycolysis, which are up-regulated by 1 h of TO (aldolase
1, enolase 3, glyceraldehyde-3-phosphate dehydrogenase,
phosphofructokinase, phosphoglycerate mutase 2, and pyru-
vate kinase) account for six of the 10 enzymes essential for
glucose to pyruvate metabolism (Table 2). This suggests that
TO stimulates the glycolytic pathway in pulmonary cells. This
is reinforced by the TO increase in abundance of fast isoforms
of muscle-related proteins, which are characteristic of glyco-
lytic tissue (24). TO-down-regulated transcripts related to
lipid metabolism correspond with enzymes or proteins in-
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volved in synthesis, storage, and trafficking of lipids. This
suggests that TO is associated with a down-regulation of both
lipid synthesis and storage in pulmonary cells as well as with
lipid trafficking modulation. These data propose that TO in-
duces a metabolic switch from cellular lipid synthesis and
accumulation to glycolysis within the lung. This is supported
by the decrease in lipid-containing cells and the increase in
a-SMA-containing cells observed by immuno- and histo-
chemistry.

Because glycolysis is an anaerobic fermentation process
and energy production by lipid metabolism is an oxidative
process, the metabolic switch that we report could result from
TO-induced tissue hypoxia. Indeed, it has been reported that
liquid expansion of fetal lung results in increased vascular
resistance and thus reduced pulmonary blood flow (25). How-
ever, it is unlikely that the increase in the small luminal space
fraction observed after 1 h of TO (4.0 £ 0.4 versus 2.7 = 0.3
for the sham-TO group; p < 0.01) causes significant compres-
sion of the blood vessel (9). Moreover, lungs subjected to
short-term TO (Figs. 2 and 3) or to longer term TO (24 and
36 h) (8) do not show any morphologic deleterious effect when
compared with sham-TO lungs. In addition, hypoxia-inducible
factors (e.g. HIF-1«, HIF-18, HIF-2«, HIF-3«) were neither
up- nor down-regulated by TO in our study. Taken together,
these observations argue against a hypoxic effect of short-term
TO within the fetal lung.

Expression of tags related to various other processes is
modulated by TO. These tags concern cell signaling and cell
communication, cell cycle, RNA and protein synthesis, and
cell and organism defense. This confirms that a rapid, com-
plex, and important pulmonary response occurs after mech-
anotransduction during late lung development. Transcripts
encoding for proteins related to cell and organism defense
account for the most important part of these other processes
modulated by TO. It is hard to assert about the role of cell
defense—related proteins in the developmental lung process.
Interestingly, these tags showed a lower expression level in

Table 2. Examples of transcripts significantly up-regulated in response to TO as revealed by SAGE

1h 3h
No. of tags No. of tags
Fold Fold
Transcript (accession no.) Sham-TO TO change Sham-TO TO change
Aldolase 1, A isoform (BC043026) 59 225 3.8% 112 256 2.3
a-SMA (actin, o, cardiac) (AK014303) 45 294 6.5% 152 484 3.2%
Enolase 3, beta muscle (BC013460) 5 79 15.8* 42 87 2.1
Glyceraldehyde-3-phosphate dehydrogenase (AK081405) 60 190 3.2% 108 287 2.7*
Myosin heavy polypeptide 4, skeletal muscle (AJ278733) 17 288 16.9% 149 480 3.2%
Mpyosin light chain, alkali, fast skeletal muscle (AK003182) 7 88 12.6* 127 439 3.5%
Mpyosin light chain, phosphorylatable, fast skeletal muscle 17 441 25.9% 183 676 3.7%
(AK010483)

Phosphofructokinase, muscle (BC005526) 1 37 37.0% 17 54 3.2
Phosphoglycerate mutase 2 (BC010750) 2 58 29.0* 32 142 4.4%
Pyruvate kinase, muscle (BC016619) 15 54 3.6* 34 63 1.9
Troponin C, fast skeletal (BC024390) 15 293 19.5% 105 365 3.5%
Troponin I, fast skeletal 2 (BC028515) 12 328 27.3*% 161 564 3.5%
Troponin T3, fast skeletal (BC003747) 2 114 57.0% 104 330 3.2%
Troponin T3, fast skeletal (1L.49467) 14 197 14.1%* 67 210 3.1%

* Significant difference between timely corresponding sham-TO and TO groups.
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sham-TO lungs at 3 h than in sham-TO lungs at 1 h. This
observation raises two possibilities: 1) TO accelerates the
decrease in the expression of defense-related proteins that
normally takes place during lung development and 2) TO
exacerbates the decrease in the expression of defense-related
proteins in consequence of the surgery itself. It is also note-
worthy to emphasize the fact that, among the 10 different tags
corresponding with genes of this class, seven are related to
homeostasis, whereas only three are associated with immune
response. Homeostasis is a normal process in cells, particu-
larly those subject to major stimulus, as is the case with lung
expansion resulting from TO. Thus, this result does not nec-
essarily suggest a tissue injury. Moreover, it has been dem-
onstrated that some cell defense-related proteins have the
potential, in addition to their protective role, to interact with
other signaling networks and influence the outcome of com-
plex developmental programs, such as limb (26) and organ
regeneration (27).

During lung maturation, interstitial fibroblasts largely dif-
ferentiate along either an adipogenic (lipofibroblasts) or a
myogenic (myofibroblasts) phenotypic pathway (28). Myo-
genic and lipogenic phenotypes refer to cells presenting mus-
cle-specific and adipose-specific gene and metabolism char-
acteristics, respectively. It has been proposed that balance
among different fibroblastic subpopulations is centrally impor-
tant in signaling communication between the mesenchyme
and epithelium. This signaling is known to be a crucial
determinant of lung maturation (10). In utero, lipofibroblasts
predominate within the perinatal lung where they participate
in extracellular matrix structural proteins synthesis and are
accessory cells of type II pneumocytes in surfactant synthesis
(10). After birth, however, the proportion of lipofibroblasts
decreases rapidly (10). In addition, it has been suggested that
alveolar overdistention causes a decrease in the lipofibroblast
number (29). Thus, the metabolic switch from lipid production
and accumulation to glycolysis observed here could be the
reflection of an increase in the myofibroblast/lipofibroblast
ratio. Our histochemical data suggest that 1 and 3 h of TO has
no measurable effect on lipid content in mesenchymal cells.
However, 24 h of TO reduces the abundance of lipid pheno-
type compared with controls. This delay between transcrip-
tional down-regulation and lipid phenotype diminution likely
represents the time for the integration of new natural turnover
of proteins and its consequence on actual presence of lipids.
Moreover, TO cases at both 1- and 3-h time points possess
significantly more mesenchymal a-SMA-containing cells
than correspondingly timed control cases. Furthermore, SAGE
data reveal a pronounced up-regulation by TO of myogenic
transcripts presumably associated with myofibroblasts (e.g.
a-SMA, myosin light chain, myosin heavy polypeptide 4,
troponins C, I, and T3 and others) (Table 2). However, the
TO-driven increase in myofibroblastic phenotype, along with
a relative decrease in lipofibroblastic phenotype in lung mes-
enchyme, has to be confirmed by more direct functional
studies.

This study provides a novel comprehensive overview of
cellular processes that are rapidly modulated by pulmonary
intraluminal stretch increase resulting from TO. As outlined in
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Figure 4. Summary and contextualization of cellular processes rapidly mod-
ulated by TO. TO was executed in mice at 16.5d of gestation, when the fetal
lung presents a limited size and immature morphology characterized by a poor
surface exchange area. SAGE data (white box) delineated rapid transcriptional
modulation of genes corresponding with various cellular processes that occur
at 1 and 3 h after TO. In addition, immuno- and histochemical data (gray
boxes) reveal an increase in a-SMA—containing cells at 1 and 3 h as well as
a relative decrease in triglyceride-containing cells in response to 24 h of TO,
along with an observed increase in lung size and structural maturation (8).

Figure 4, we identified cellular processes that are modulated
by TO before the previously reported increase in lung size and
structural maturation that is observable 24 h after surgery (8).
Overall, our data delineated cellular processes rapidly modu-
lated by TO at a transcriptional level and also revealed an
increase in a-SMA-containing cells at 1 and 3 h as well as a
relative decrease in triglyceride-containing cells at 24 h. This
study suggests that continuous stretching in a developing lung
leads directly to rapid and highly specific phenotypic modifi-
cations in a significant proportion of pulmonary cells. Based
on our data, we conclude that the intraluminal stretch increase
during the prealveolar stage of lung development induces a
critical transition of pulmonary cell phenotype in which there
is an increase in a-SMA-—containing cells along with a relative
decrease in lipid-containing cells. This investigation offers a
comprehensive overview of cellular processes rapidly modu-
lated by the pulmonary intraluminal stretch increase, provid-
ing a basis for further mechanistic analysis of TO response
and potential novel avenues to understand the physiopathol-
ogy of abnormal lung development associated with congenital
diaphragmatic hernia, chronic loss of amniotic fluid, or, more
frequently, extreme prematurity.
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