
&p.1:Abstract Tracheal occlusion in utero has been shown to
cause accelerated fetal lung growth and is now being
considered as a therapeutic modality for pulmonary hy-
poplasia. We report the effects of tracheal ligation on the
surfactant-producing type II pneumocyte population.
Three groups of fetal lambs underwent tracheal ligation
of 2 weeks’, 4 weeks’ and 6 weeks’ duration, respective-
ly, and all were sacrificed at 136 days’ gestation (9 days
pre-term). Nonoperated twins served as controls. The
type II pneumocyte population was studied morphomet-
rically using a combination of anti-surfactant protein B
immunohistochemistry and computer-assisted stereolog-
ic morphometry at light and electron microscopic levels.
Single-factor ANOVA was used for statistical analysis.
Two weeks of tracheal ligation resulted in doubling of
the total lung volume as a result of airspace distension
and, to lesser extent, growth of the tissue compartment.
With increasing duration of tracheal ligation, there was
no additional lung growth. However, more prolonged tra-
cheal occlusion was found to result in significant reduc-
tion of the surfactant system, as reflected in the marked
decrease of total pneumocyte type II volume (3.14 cm3,
0.95 cm3, and 0.46 cm3, after 2, 4, and 6 weeks of liga-
tion, compared with 5.96 cm3 for controls) and total
pneumocyte type II number (13.9 × 109, 3.8 × 109, and
2.4 × 109, compared with 53.2 × 109 for controls). Ultra-
structural analysis of the type II cells in obstructed lungs
showed vacuolar degenerative changes that, after 6
weeks of ligation, were apparently irreversible. In utero

tracheal ligation causes fetal lung hyperplasia, but results
in reduction of and injury to the surfactant-producing
cell population. Before tracheal occlusion can find wide-
spread clinical application, its pathophysiology needs to
be further elucidated.
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Introduction

Experimental tracheal occlusion in fetal sheep and rab-
bits has been shown to cause accelerated lung growth be-
fore birth [2, 4, 5, 10, 12, 13, 18, 25]. The enhanced lung
growth has been ascribed to increased intratracheal pres-
sure, acting in concert with humoral growth factors pres-
ent in the tracheal fluid [18]. With the development of
better techniques for intrauterine surgery [15], tracheal
occlusion in utero is now being considered as a therapeu-
tic modality for various forms of pulmonary hypoplasia,
mainly for otherwise lethal forms of severe congenital
diaphragmatic hernia [25]. Most recently, two centers
have reported their initial human experience in treating
congenital diaphragmatic hernia-associated pulmonary
hypoplasia by tracheal plugging or clipping in the fetus
[6, 9].

Before clinical application of in utero tracheal occlu-
sion becomes widespread, it is imperative to elucidate
the pathophysiology of lung development induced by tra-
cheal occlusion. Whereas the architectural maturation of
obstructed lungs has been studied in detail, little empha-
sis has been placed on the cellular effects of tracheal oc-
clusion, in particular the effects on the type II pneumo-
cyte population. Type II pneumocytes are of major clini-
cal significance, since these cells are the progenitor of
the gas-exchanging type I pneumocyte, produce surfac-
tant, and are the major ion-exchanging cell types [16].

A recent report by O’Toole et al. has demonstrated
surfactant deficiencies in obstructed sheep lungs, as sug-
gested by their decreased alveolar phospholipid content
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[17]. The aim of the present study is to investigate the ef-
fects of varying periods of tracheal occlusion on the de-
velopment of type II (surfactant-producing) pneumo-
cytes. We analyzed the surfactant system of fetal sheep
exposed to 2–6 weeks of tracheal occlusion. To monitor
the evolution of the type II pneumocyte population, we
applied a morphometric technique based on computer-
assisted stereological volumetry in combination with an-
ti-surfactant protein-B immunohistochemical detection
of type II cells [22]. Surfactant protein-B has been
shown to be expressed early during fetal lung develop-
ment [14] and is therefore suited for identification and
quantitation of type II cells. The morphometric technique
was supplemented by transmission and scanning electron
microscopic analysis of the type II cells. Our findings
confirm that fetal tracheal ligation results in pulmonary
hyperplasia. However, this accelerated lung growth is as-
sociated with quantitative and qualitative alterations of
the type II pneumocyte population that are most dramatic
following prolonged (more than 2 weeks) tracheal occlu-
sion.

Methods

Fetal lambs were divided into four experimental groups. Three
groups of fetal lambs underwent tracheal occlusion in utero at 122
(n = 5), 108 (n = 3), and 94 (n = 3) days of gestation, respectively
(full term=145 days). Non-operated twins served as controls
(n = 6). All fetuses were killed near term (day 136; 2, 4 and 6
weeks after ligation, respectively). Tissues were processed for
light and electron microscopic morphological and morphometric
analysis.

Fetal tracheal ligation was performed in time-dated pregnant
ewes. The ewes underwent midline laparotomy under general ha-
lothane anesthesia (0.5–2.0% in 100% O2) after intravenous induc-
tion with ketamine (1 g). A small hysterotomy was made trans-
versely near the uterine horn with exteriorization of the fetal head
and neck. The uterine wall was secured around the fetal neck with
Allis clamps to minimize amniotic fluid loss. The fetal trachea
was then exposed and tracheal ligation was performed with a #2
silk suture. The fetal head and neck were returned to the uterus.
Antibiotics (ampicillin 200 mg and chloramphenicol 250 mg)
were added to the amniotic fluid. The hysterotomy was closed us-
ing a two-layer continuous closure, followed by closure of the ab-
dominal wall.

At 136 days’ gestation the ewe underwent Cesarean section
under the same anesthetic conditions. The previous hysterotomy
was utilized to deliver the fetuses. Fetal breathing was prevented
by placing a surgical glove over the fetus’ head. The fetuses were
sacrificed by injection of a euthanasia solution (3 ml of Beuthana-
sia-D Special, Shering-Plough Animal Health Corp., Kenilworth,
N.J.) into an umbilical vein after clamping of the cord.

The fetal body weight was recorded, and the lungs and trachea
were removed en bloc. The wet weight of the lungs and attached
tracheal stump was determined. After placement of a leak-proof
ligature, small tissue samples were removed from the right upper
lobe and fixed in Karnovsky’s fixative (4% paraformaldehyde,
2.5% glutaraldehyde, 0.1 M sodium cacodylate buffer pH 7.2) for
ultrastructural analysis. Fixation of the remainder of the lung was
accomplished by tracheal instillation of 10% buffered formalde-
hyde maintained at a pressure of 25 cm H2O with the lungs im-
mersed in a beaker containing buffered fixative. The lungs of cor-
responding twins were fixed in parallel to eliminate fixation vari-
ability. After at least 1-week fixation at 21°C, the volume of the
lungs was estimated by the volume displacement method [1]. The
left lung was cut in standardized sections (3–5 mm thick) and ran-

dom blocks were taken from the center and periphery of each lobe
and embedded in paraffin. Hematoxylin-eosin-stained slides (4µm
thick) were prepared from each paraffin block (4 per animal).

Two sections per lung (central upper lobe, peripheral lower
lobe) were processed for avidin–biotin-immunoperoxidase stain-
ing using a polyclonal rabbit antibody against surfactant protein
B (SP-B). The polyclonal anti-bovine SP-B antiserum was kindly
provided by Dr. J.A. Whitsett [22]. After treatment with 3,3’-di-
aminobenzidine tetrachloride (DAB; Sigma, St. Louis, Mo.), sec-
tions were either left unstained (for immunodensitometry) or
lightly counterstained with hematoxylin, cleared and mounted.
Controls for specificity consisted of omission of the primary anti-
body.

To estimate the cellular concentration of surfactant protein, the
specific absorbance of SP-B-immunostained type II pneumocytes
was determined according to well-established methods that make
the measure independent of section thickness, nonspecific back-
ground, or variations in photometric illumination [19]. To this end,
lung sections were immunostained in one session and anti-SP-B
antiserum was used at a high dilution to optimize quantitative
measurement. To assess the specificity of labelling, the anti-SP-B
antibody was omitted. Under these conditions, the optical density
of the type II cells was the same as that of the surrounding lung
parenchyma.

Total SP-B-immunoreactive volume, as a measure of total
pneumocyte type II volume, was determined using standard ste-
reological volumetric techniques [3, 8]. To avoid sampling bias,
design-based sampling methods [3] were used throughout the ex-
perimental protocol. Tissue sections from the left lung, stained
with hematoxylin-eosin or anti-SP-B antibody, were analyzed
morphometrically using a computerized image analysis system
[Olympus BX-40 microscope (Olympus) interfaced via a CCD
video camera (KP-161, Hitachi) to a Power Macintosh 7100/80AV
(Apple Corp., Cupertino, Calif.) equipped with software for image
analysis (Image NIH 1.59 for Macintosh, National Institutes of
Health, Bethesda, Md.)]. The number of fields to be examined for
each type of measurement was determined by testing the repro-
ducibility of results in a pilot study. Statistical analysis was per-
formed using the StatView program (StatView, Abacus, Berkeley,
Calif.). Data derived from measurements of the left lung were ex-
trapolated to both lungs. The critical data set and hierarchical
equations, obtained by examining the lung at increasing levels of
magnification, comprised:

Volume of lung: V(lu)
Volume of parenchyma: V(pa)

V(pa) =AA(pa/lu) ×V(lu) = 0.9 ×V(lu)
Volume of air-exchanging parenchyma: V(ae)

V(ae) =AA(ae/pa) ×V(pa)
Volume of surfactant-positive (type II) compartment: V(pnII)

V(pnII) = AA(pnII/ae) × V(ae)
Volume of surfactant-positive (type II) cell: V(pnIIcell)

V(pnIIcell) = 4/3π r3

Total number of type II pneumocytes per lung:
#pnII = V(pnII)/V(pnIIcell)

Volume of lung

The volume of fixed lung was determined according to the Archi-
medes principle [1]. As the lungs of experimental and control ani-
mals were processed identically, no correction was made for dehy-
dration and embedding.

Volume of parenchyma

Subsequent steps in the structural hierarchy involved point count-
ing methods based on computer-assisted image analysis. The pa-
renchymal areal density was estimated by dividing the number of
points falling on parenchyma (lung excluding large bronchi and
blood vessels) by the number of points falling on the entire lung
(magnification 10×). In a pilot study, the parenchymal areal densi-
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ty consistently approached 90 ± 2% in all experimental groups.
V(pa) was subsequently estimated by multiplying V(lu) by 0.9.

Volume of air-exchanging parenchyma

The areal density of air-exchanging parenchyma [AA(ae/pa)],
which represents the parenchymal tissue fraction was estimated by
studying random fields of peripheral lung parenchyma and divid-
ing the number of points falling on air-exchanging parenchyma
(peripheral lung parenchyma excluding airspace) by the number of
points falling on the entire field (tissue and airspace) (magnifica-
tion 100×). The optical density of air-exchanging parenchyma dif-
fered sufficiently from that of air spaces to allow automatization
of this procedure. The total volume of air exchanging parenchyma
was calculated by multiplying its areal density by the parenchymal
volume. AA(ae/pa) represents the tissue fraction of the lung, and as
such is inversely related to the air space fraction (ASF), a tradi-
tional measure of fetal lung maturation [AA(ae/pa) = 1-ASF].

Volume of surfactant-positive (type II) compartment

To determine the areal density of the SP-B-immunoreactive com-
partment, sections immunostained with anti-SP-B antibodies and
lightly counterstained with hematoxylin were used (magnification
200×). For each section the illumination was optimized by
Koehler illumination, and the light intensity was standardized by
calibration of the threshold using endothelial cell (surfactant-nega-
tive) cytoplasm as standard. Based on the fact that the immunohis-
tochemical staining of type II cells produces a higher grey level
than that of the background, the surfactant-positive area was eval-
uated automatically. To maximize the detection of type II cells
with low surfactant content, the primary antibody was used at high
concentration and the grey level threshold was interactively adjust-
ed when indicated. The operator was blinded with respect to the
source of the tissues.

Individual volume of surfactant-positive (type II) cell

To determine the individual pneumocyte II profile area, surfactant-
positive cells were manually traced at a final magnification of
600× and their profile area and radius (r) determined. At least 50
pneumocytes per animal were analyzed, from 5 different micro-
scope fields. The individual pneumocyte II volume was calculated
by the following formula, based on the observation that the shape
of type II pneumocytes approaches a spherical configuration:
V(pnIIcell) = 4/3π r3.

Total number of type II pneumocytes per lung

The total number of type II pneumocytes per lung was calculated
by dividing the total pneumocyte II volume [V(pnII)] by the indi-
vidual pneumocyte II volume [V(pnIIcell)].

For transmission electron microscopy, lung tissue fragments
were fixed in Karnovsky’s fixative, osmicated, dehydrated in etha-
nol, and embedded in epoxy-resin. Ultrathin sections of blocks
that did not contain large blood vessels or airways were stained
with uranyl acetate and lead citrate, and examined with a Philips
301 electron microscope operated at 60 kV. Sections were pre-
pared from two randomly selected blocks from fetuses of groups II
and III (4 weeks’ ligation and controls).

Type II pneumocytes were defined by the presence of microvil-
li and lamellar bodies. The first ten type II cells observed in the
right upper corner of a section-covered grid hole were photo-
graphed at a constant magnification (7,500×). Analysis was limit-
ed to those cells in which the nucleus was sectioned. Bias was
avoided in the selection of cells to be photographed by the coding
of the grids and by systematic scanning of each grid. The nega-
tives were printed at a constant enlargement (final magnification
24,000×), and analyzed using morphometric methods [20, 23].
The electron micrographs were evaluated using a flatbed scanner
(Scanmaker E3, Microtek, Redondo Beach, Calif.) interfaced to
image analysis software (Image NIH). The profile area of each cell
[A(cell)] and its nucleus were determined by planimetry. The areal
density of the nucleus [AA(nucl/cell)] was estimated by dividing
the number of points falling on nucleus by those falling on cell
[ΣP(nucl)/ΣP(cell) (%)]. The profile areas of lamellar bodies with-
in each cell were also measured by planimetry. The areal density
of lamellar bodies [AA(lambod/cell)] was calculated by dividing
the sum of points falling on lamellar bodies by the number of
points falling on cell cytoplasm (cytoplasmic area = whole cell ar-
ea – nucleus area) [ΣP(lambod)/ΣP(cyto) (%)].

For scanning electron microscopy, formaldehyde-fixed lung
samples were post-fixed in Karnovsky’s fixative, dehydrated in a
graded acetone series, and critical-point-dried with liquid CO2.
Samples were partially cut with a razor blade and then pulled apart
to reveal fractured surfaces free of cutting and compression arti-
facts. Specimens were glued to aluminum stubs and sputter coated
with a thin layer of gold/palladium prior to examination at 15 kV
with a Philips 515 scanning electron microscope (Philips Electron-
ics, Mahwah, N.J.). Digital images were acquired using the
PGT/IMIX (Princeton Gamma Tech Inc., Princeton, N.J.) digital
interface system and printed on a Codonics dye sublimation print-
er (Codonics, Middleburg Heights, Ohio).

Statistical analysis was performed using single-factor analysis
of variance (ANOVA) for comparison of four nonparametric
groups. Where appropriate, values are expressed as mean ± stan-
dard deviation (SD). A P-value < 0.05 was considered statistically
significant. All procedures and protocols were approved by the
Brown University Animal Care and Use Committee and in accor-
dance with standard principles of laboratory animal care (NIH
publication no. 85-23, revised 1985).

Results

Fetal body weights were similar in all experimental
groups studied (Table 1). The ratio of lung weight nor-
malized to body weight (LW/BW) increased two-fold af-
ter 2 weeks of ligation. LW/BW was comparable after 2,
4 and 6 weeks’ ligation (Table 1).

The lungs of control fetuses were divided into small,
regular alveolar units (Fig. 1A). The bronchioles were
easily recognizable and opened into relatively short and
inconspicuous alveolar ducts. The alveoli appeared well
defined by prominent alveolar septa (Fig. 1A). In ob-
structed lungs, the future air spaces were more dilated,
with associated attenuation of the septa and flattening of
the crests (Fig. 1B, C). The air space dilatation appeared
more prominent after 4 and 6 weeks than after 2 weeks
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Table 1 Lung and body
weight. Values shown are
mean±SD obtained in (n) ani-
mals&/tbl.c:&tbl.b:

Control (6) 2 week ligation (5) 4 week ligation (3) 6 week ligation (3)

Body wt. (kg) 3.68±0.59 4.00±0.69 3.67±0.73 3.59±0.81
Lung wt/Body wt. (%) 4.72±0.54 9.25±2.45* 9.49±2.74** 9.83±2.16**

* P<0.02; ** P<0.01 versus control (other differences not statistically significant)&/tbl.b:
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Fig. 1A–C Histological appearance of normal and obstructed
lungs. Light microscopic appearance of lungs of control animals
(A) and animals exposed to 2 (B) and 4 (C) weeks of tracheal liga-
tion in utero (sacrifice day 136, term 145 days). (Hematoxylin-eo-
sin stain, original magnification ×100)&/fig.c:
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Fig. 2A–C Surfactant protein B immunohistochemistry. Immuno-
histochemical detection of surfactant protein B in lungs of control
animals (A), and animals exposed to 2 (B) and 4 (C) weeks of tra-
cheal ligation in utero. Normal fetal lamb lungs show numerous
immunoreactive type II pneumocytes along the alveolar walls as
well as intraluminal surfactant secretions (a, arrows). Type II
pneumocytes and secreted surfactant are less numerous in fetuses
after 2 (B) and 4 (C) weeks of tracheal ligation. (Antisurfactant
protein B, ABC peroxidase, hematoxylin counterstain, original
magnification ×400)&/fig.c:



of ligation. The bronchi and vascular structures appeared
similar in all experimental groups.

Anti-SP-B immunohistochemistry revealed positive
staining in type II cells as well as in nonciliated bronchi-
olar (Clara) cells. In control animals, type II pneumo-
cytes appeared to be relatively abundant; usually one or
two type II cells were seen in each primitive airspace
(Fig. 2A). Numerous type II cells showed apical surfac-
tant-positive aggregates adherent to the cell, interpreted
as actively secreted surfactant. In addition, many future
air spaces displayed coarsely granular immunoreactive
deposits, representing recently secreted surfactant
(Fig. 2A). In ligated animals, the lungs showed a relative
paucity of anti-SP-B immunoreactive cells (Fig. 2B, C),
which was more striking after 4 and 6 weeks’ ligation.
Furthermore, the staining in ligated animals appeared to
be more intense than that in control animals. Whereas
following 2 weeks’ ligation, lungs still showed rare lumi-
nal surfactant deposits, no immunoreactive surfactant
was observed in the air spaces of lungs following more
prolonged ligation.

The impression of increased SP-B immunoreactivity
in obstructed lungs was confirmed by the quantitative de-
termination of the specific absorbance. The specific ab-
sorbance of type II cells, reflecting their cellular surfac-
tant content, was significantly higher in obstructed lungs
than in control animals (Table 2).

Two weeks of tracheal obstruction resulted in a dou-
bling of the total lung volume [V(lu)] (Table 2). Interest-
ingly, no additional increase in lung volume was seen in
lungs that had been obstructed for 4 or 6 weeks. The ar-
eal density of air exchanging parenchyma [AA(ae/pa)]
showed a progressive decrease in obstructed lungs, i.e.,
the air space fraction [1 –AA(ae/pa)] progressively in-
creased following ligation. The total volume of air ex-
changing parenchyma [V(ae)], which takes into account
both V(pa) and AA(ae/pa), significantly increased after 2
weeks’ ligation. There was no further increase in V(ae)
in lungs that had been exposed to 4 or 6 weeks’ ligation.
The relative contribution of V(ae) to V(pa) was found to
be smaller in ligated fetuses than in controls, indicating
that distension of air spaces, rather than actual tissue
growth, was proportionally more important in causing
the lung expansion.

The total type II cell volume [V(pnII)] showed a two-
fold reduction following 2 weeks of ligation and a more
than 6-fold reduction following 4 and 6 weeks’ ligation
(3.14 ± 2.38 cm3 after 2 weeks’ ligation, 0.95 ± 0.19 cm3

after 4 weeks’ ligation, 0.46 ± 0.18 cm3 after 6 weeks’ li-

gation, versus 5.96 ± 2.98 cm3 in control fetuses;
Fig. 3A). The individual cell volume [V(pnIIcell)] of
type II cells in obstructed lungs showed a 100% increase
compared with control fetuses (225.1 ± 51.4µm3 after 2
weeks’ ligation, 247.8 ± 94.2µm3 after 4 weeks’ liga-
tion, 256.5 ± 84.3µm3 after 6 weeks’ ligation, versus
112.2 ± 23.3µm3 in control fetuses; Fig. 3B). Dividing
V(pnII) by V(pnIIcell) to estimate the total pneumocyte
II number per lung (#pnII), revealed a profound reduc-
tion of the type II pneumocyte population following liga-
tion (from 53.2 × 109 in control animals to 13.9 × 109 af-
ter 2 weeks’ ligation and 2.4 × 109 after 6 weeks’ liga-
tion; Fig. 3C).

The air-exchanging parenchyma of control lungs re-
vealed a well-preserved architecture on transmission elec-
tron microscopy, with relatively cellular and thick alveo-
lar septa. Numerous alveolar type II cells were observed,
showing characteristic microvilli and osmiophilic lamel-
lar bodies, and also numerous mitochondria and a promi-
nent endoplasmic reticulum (Fig. 4A). The luminal sur-
face of the cells showed prominent microvillous projec-
tions and pit-like depressions suggestive of secretory ac-
tivity. Whorled and lamellar electron-dense material, con-
sistent with recently secreted surfactant, was frequently
observed in the future air spaces (Fig. 4A).

In trachea-ligated lungs, the alveolar septa appeared
markedly attenuated. Type II pneumocytes appeared to
be infrequent, and larger than those of control lungs
(Fig. 4B). The cellular swelling was associated with the
accumulation of vacuoles in the cytoplasm, some of
which showed poorly preserved lamellar inclusions.
The plasma membrane, microvilli and nucleolar com-
plex did not show significant alterations following 2
weeks’ ligation. Cytoplasmic degenerative changes
were more prominent after 4 weeks’ ligation, and after
6 weeks were associated with marked mitochondrial
swelling and damage to the cell membranes (not
shown). No secreted surfactant was observed in the air
spaces. Glycogen pools were not seen in any of the ex-
perimental groups at this advanced gestational stage.
Morphometric analysis of the electron micrographs re-
vealed marked differences between normal pneumo-
cytes and those of ligated lungs (Table 3). The cellular
profile area of type II cells showed a 50% increase fol-
lowing 4 weeks of ligation as compared with controls.
The nuclear areal density showed a concomitant 100%
decrease. The areal density of presumably surfactant-
associated bodies showed a 6-fold increase following
ligation (Table 3).
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Table 2 Stereological mor-
phometry (light microscopy).
Values shown are mean±SD in
(n) animals (V (lu) lung vol-
ume, V (pa)parenchymal vol-
ume, AA (ae/pa)areal density
of air exchanging parenchyma,
V (ae)volume of air exchang-
ing parenchyma)&/tbl.c:&tbl.b:

Control (6) 2-week ligation (5) 4-week ligation (3) 6-week ligation (3)

V (lu) (cm3) 177±39 362±85† 345±90† 364±75†
V (pa) (cm3) 159±33 326±77†† 310±75†† 328±57††

AA (ae/pa) (%) 29.3±3.4 24.4±1.9* 20.6±0.6† 18.8±2.4††

V (ae) (cm3) 46.6±7.2 79.5±20.3†† 63.9±13.4* 61.7±14.6*
Specific Absorbance 0.22±0.05 0.27±0.06 0.32±0.04* 0.33±0.07*

* P<0.05; † P<0.01; †† P<0.02 versus control&/tbl.b:



In control animals, the lung parenchyma showed reg-
ularly distributed alveolar ducts and alveoli, which ap-
peared uniform in size and shape on scanning electron
microscopy (Fig. 5A, B). Type II pneumocytes were
identified as spherical to cuboidal cells with microvillous
projections, protruding from the alveolar wall. On aver-
age, each alveolus was found to contain one to three type
II pneumocytes. The lung parenchyma of animals 4
weeks after tracheal ligation appeared to be distorted due
to a marked enlargement of the alveolar ducts and sacs
(Fig. 5C, D). The alveoli varied markedly in size and
shape and appeared smooth-walled and much deeper
than those of control animals. Only sparse type II pneu-
mocytes were found in the lungs of ligated animals
(Fig. 5D).
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Table 3 Type II pneumocyte morphometry (electron microscopy).
Values shown are mean±SD obtained in (n) animals (A (cell) pro-
file area of type II cell, AA(nucl/cell) nuclear areal density of type
II cell, AA (lambod/cell)areal density of lamellar bodies or (in ob-
structed lungs) presumably surfactant-associated bodies, sq px
square pixels)&/tbl.c:&tbl.b:

Control (3) 4 week ligation (3)

A (cell) (×103 sq px) 83.5±10.0 116.1±18.0††

AA (nucl/cell) (%) 46.5±6.5 24.6±2.4†

AA (lambod/cell) (%) 6.2±2.4 40.0±3.6†

†P<0.01; ††P<0.02 versus control
&/tbl.b:

Fig. 3A–C Stereological morphometric analysis of type II cell
population (light microscopy). A Total volume of type II popula-
tion [V(pnII)]. B Individual volume of type II cell [V(pnIIcell)]. C
Total number of type II pneumocytes per lung (#pnII). Values de-
picted represent mean ± SD. *P < 0.05 versus controls, †P < 0.01
versus controls&/fig.c:

A B

Fig. 4A, B Transmission electron microscopy. Ultrastructural ap-
pearance of type II pneumocytes in lungs of control animals (A)
and animals after 4 weeks of tracheal ligation (B). The type II
cells contain microvilli and are located in the angulated portion of
the air space. In normal fetuses, surfactant-containing bodies are
concentrated along the luminal aspect of the type II cell and show
distinct lamellation of the surfactant content (A). Whorled aggre-
gates of recently secreted surfactant are seen in the lumen of the
air space (A, arrow). The type II cells of obstructed lungs appear
enlarged and show vacuolization of the cytoplasm without obvious
lamellation (B). The mitochondria are enlarged, but the cell mem-
brane and microvilli appear intact. A, B Taken at the same magni-
fication (c, capillary). (Lead citrate and uranyl acetate, final mag-
nification ×8,150)&/fig.c:



Discussion

The basic architecture of the air exchanging or alveolar
region of mammalian lungs is strikingly similar between
species. Two types of cells cover the alveolar surface: the
type I cell is characterized by attenuated cytoplasm to
enhance gas exchange, and the type II cell is cuboidal to
spherical, frequently found in the angulated portion of
the alveolus, and characterized by an abundance of mi-
crovilli on the alveolar surface and osmiophilic lamellar
inclusion bodies which contain pulmonary surfactant.
Type I cells cover the largest area, approximately 95% of
the alveolar surface area, whereas type II cells, which are
almost twice as abundant, have a much smaller size.

Alveolar type II cells synthesize and secrete pulmona-
ry surfactant, a surface-active material composed of

phospholipid-rich lipoproteins that reduces surface ten-
sion at the alveolar surface, promoting lung expansion on
inspiration and preventing lung collapse on expiration
[11]. The importance of a functioning surfactant system
to lung function is clearly demonstrated by the acute res-
piratory failure due to atelectasis that complicates pre-
mature birth before maturation of the surfactant system,
and the dramatic response of these infants to intratrache-
ally instilled exogenous surfactant.

Little is known about the fate of the surfactant system
in fetal lungs that have been subjected to tracheal occlu-
sion. This procedure, known to promote lung growth in
utero, has been advocated – and applied – as a therapeu-
tic measure in severe forms of congenital diaphragmatic
hernia (CDH) [6, 9, 12, 25]. Congenital diaphragmatic
hernia in itself is associated with surfactant deficiency
[7, 21, 24]. Hence, if tracheal occlusion in utero is to be
used in this setting, the effect of tracheal obstruction on
type II cells is of critical importance.

In the present study, we report a stereological mor-
phometric analysis of the effect of varying periods of tra-
cheal occlusion in utero on the type II pneumocyte popu-
lation. The degree of total lung growth associated with
tracheal ligation in this study was similar to that reported
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Fig. 5A–D Scanning electron microscopy. Scanning electron mi-
crographs of lungs of control animals (A, B) and animals after 4
weeks of tracheal ligation (C, D). The alveolar spaces of normal
fetal lungs contain numerous type II cells, easily recognized by
their spherical shape and microvillous projections (A, B). Ob-
structed lungs show enlarged air spaces (C, D) with only sparse
type II cells (d, bottom right). (Size bar: 10µm)&/fig.c:



by others [2, 5, 10, 25]: lung weight and volume more
than doubled after 2 weeks of tracheal ligation.

Although most of the lung expansion was found to be
due to distension of the air spaces, there was also a sig-
nificant increase of the air-exchanging parenchymal vol-
ume. The increase in parenchymal tissue indicates that
the lung growth induced by this procedure involves actu-
al growth of the tissue, and not mere passive dilatation as
a result of retained lung fluid. Thus, the increased air-ex-
changing parenchymal volume can be considered to be
the morphometric correlate of previously reported in-
creases in total DNA content [10, 25]. The morphometric
technique has the advantage of allowing visualization of
the tissue under investigation. DNA analysis, in contrast,
requires homogenization of the tissue, and variable
amounts of extrinsic elements such as passenger leuko-
cytes and hematopoietic cells may contribute to the total
pulmonary DNA content.

Interestingly, tracheal occlusion of more than 2
weeks’ duration did not result in additional lung growth:
both the total lung volume and total air-exchanging pa-
renchymal volume were similar in fetuses exposed to 2,
4, or 6 weeks of ligation. These results suggest that there
is no further tissue growth or distension (and, presum-
ably, secretion) after 2 weeks of tracheal occlusion. In
the clinical setting, limitation of tracheal occlusion to 2
weeks or less may thus be indicated, in order to promote
lung growth without causing adverse effects on the fetal
lungs. However, the 2 weeks’, 4 weeks’ and 6 weeks’ li-
gation groups may not be fully comparable, since they
were at different developmental stages at the time of tra-
cheal ligation (122days, 108days, and 94days of gesta-
tion, respectively). Whether the gestational age at the
time of tracheal occlusion plays a part in the extent of
accelerated lung growth awaits further study.

Combination of computer-assisted stereological volu-
metry with immunohistochemical detection of type II
cells using anti-surfactant protein-B antibodies allowed
specific monitoring of the surfactant compartment fol-
lowing tracheal occlusion. At the cellular level, tracheal
ligation was found to cause profound quantitative and
qualitative alterations in the surfactant system. There
was a significant reduction of the type II pneumocyte
population; both total number and total volume of type II
pneumocytes were dramatically decreased. Furthermore,
the type II cells of obstructed lungs demonstrated
marked morphological alterations, best described as vac-
uolar degeneration. The cell injury observed may well be
related to previously reported in vitro functional deficits
of type II cells in obstructed lungs [17]. Several in vivo
morphological observations made during our study sug-
gest the existence of a secretory defect. Type II cells of
obstructed lungs were engorged with cellular surfactant,
and surfactant secretions were conspicuously absent
from the air spaces.

It is uncertain to what extent the observed depletion
of the type II cell population is attributable to decreased
cell proliferation, increased differentiation to type I
pneumocytes, or cell death. The reduction of the type II

cell population is most probably in large part attributable
to accelerated terminal differentiation to type I pneumo-
cytes, induced by stretch. Indeed, the residual type II
cells did not display light or electron microscopic evi-
dence of apoptosis (programmed cell death) or necrosis.
Type II cells exposed to 6 weeks of tracheal ligation dis-
played ultrastructural evidence of irreversible cell injury,
including extensive damage to plasma membranes and
prominent mitochondrial swelling. However, the injury
observed following 2 and 4 weeks of ligation appears to
be reversible, since the plasma membranes were found to
remain intact.

In conclusion, this stereological morphometric study
demonstrates significant quantitative and qualitative im-
pairment of the surfactant system in lungs following pro-
longed tracheal obstruction. If tracheal occlusion is to be
used clinically in fetuses with pulmonary hypoplasia
who are already exposed to surfactant deficiencies due to
their immaturity, the implications and pathogenetic
mechanisms of the surfactant depletion need to be fur-
ther defined experimentally. Stereological morphometry
of the type II cell compartment, based on immunohisto-
chemical detection of type II cells in conjunction with
computer-assisted stereological morphometry, allows
precise quantitation of the surfactant system and is in-
valuable in monitoring the type II cells under various ex-
perimental conditions.
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