Int. J. Dev. Biol. 37: 491-495 (1993)

491

Short Contribution

Expression and immunohistochemical localization of

laminin and type IV collagen in developing human
fetal tracheal glands
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ABSTRACT The expression and distribution of laminin and type IV collagen, two major
components of the basement membrane, were investigated at the epithelio-mesenchymal inter-
face of the human developing tracheal glands from 10 to 37 weeks of gestation. The localization
of these molecules was assessed by indirect immunoperoxidase and indirect immunofluorescence
staining and correlated to morphogenesis and epithelial cell differentiation. Laminin and type IV
collagen were detected as early as 10 weeks of gestation in a continuous, linear pattern in the
basement membrane surrounding the epithelial tracheal tube. By 12 weeks of gestation the
basement membrane developed large openings at the tips of the budding glands beneath poorly
differentiated cells, concomitant with the onset of morphogenetic movements. The remodeling of
the basement membrane led to branching epithelial morphogenesis. The maturation and the
functional differentiation of the secretory cells appeared later in the epithelium, when the
basement membrane was strongly labeled with both anti-laminin and anti-type IV collagen
antibodies, after 24 weeks of gestation. At this time the basement membrane became regular and
thick and the maturation of serous cells increased progressively. These results suggest that the
remodeling of the basement membrane takes place very early during gestation and that the
morphogenesis and the maturation of the tracheal glands are rapidly achieved in humans.
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Cell-matrix interactions are major events during development
and morphogenesis. Laminin (LN) and type IV collagen are two of the
key substances involved in such interactions as they are important
components of the basement membranes (BM) (Leblond and Inoue,
1989). LN is a large multidomain glycoprotein arranged in a
cruciform shape composed of three chains (A, B1, B2) (Von der
Mark and Kuhl, 1985; Beck et al., 1990; Mecham, 1991). The type
IV collagen molecule is composed of a triple helix formed by three
a chains (Timpl and Martin, 1982). LN, the first extracellular matrix
protein to appear during development, was reported as early as the
2-cell stage (Wu et al., 1983; Richoux et al., 1989), while type IV
collagentakes place later, inthe blastocyst (Leivo et al., 1980). This
suggests their important role during morphogenesis through the
BM.

The alterations of the BM during the branching morphogenesis
and the epithelial maturation of the kidney (Ekblom et al., 1986),
the salivary gland (Spooner and Faubion, 1980:; Bernfield and
Banerjee, 1982; Bernfield et al., 1984) and the mammary gland
(Sakakura, 1983) have been described in different experimental
models. There are no data directly related to the development of
human tracheal glands.

A few studies have described the morphological development of
human fetal tracheal glands (Thurlbeck et al., 1961 ; Tos, 1966; De
Haller, 1969). They take into account their number during gestation
or their histological and functional differentiation (Jeffery et al.,
1992). Bucher and Reid (1961) described the first bronchial glands
at 14 weeks of gestation as primitive foci of cellular multiplication
inside the endodermal epithelium which grow and ramify into the
surrounding mesenchyme, canalize and then divide dichotomously.
This way of development implies cell-matrix interactions between
the epithelium and the underlying connective tissue.

The present report describes both the morphological changes of
the epithelium and the alterations of the BM in vivo, in developing
human fetal tracheal glands. In order to follow the chronological
events and to determine the pattern of growth of these glands in
connection with extracellular modifications, we have focused our
study on the alterations of the BM surrounding the tracheal glands
at different stages of gestation. We have approached this question
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by studying the deposition of LN and type IV collagen, two major
components of the BM, using immunohistochemistry.

Four different stages were identified, according to the morpho-
logical changes of the tracheal glands during their growth and
maturation.

Before 12 weeks of gestation

Before 12 weeks of gestation the trachea appeared as a single
epithelial tube lined by undifferentiated columnar cells with
multilayered nuclei and clear cytoplasm. At this stage, there was no
glandular structure.

LN and type IV collagen were present in the BM surrounding the
trachea. Both molecules appeared as thin and regular lines along
the epithelial tube beneath the surrounding mesenchyme. The
labeling for LN was weak in the BM and was not detected in the
mesenchyme. In contrast, the labeling for type IV collagen was
strong in the BM and slighter throughout the mesenchyme around
the tracheal epithelium .

Between 12 and 16 weeks of gestation

Between 12 and 16 weeks of gestation the tracheal glands
appeared. When the surface epithelium began to differentiate with
a few ciliated and secretory cells, the first glandular buds could be
detected. They appeared first as small round nests of undifferentiated
cells budding from the tracheal epithelium (Fig. 1). They grew and
bulged downward, into the mesenchyme to form tubular structures
with a small central lumen. Then, these ducts divided at their free
end. They were lined by regularly well ranged but poorly differenti-
ated cells which exhibited scarce mucous secretions. At the free
end of the growing glandular tubes the cells remained
undifferentiated, disorganized and piled up, exhibiting many mitoses.

At this stage the BM was dramatically changed and had an
irregular labeling. In the proximal portion of the growing glandular
tubule, the BM remained regular with a thin and delicate labeling
with anti-LN antibody. At the tips of the epithelial tubules, the
labeling became weak with focal disappearance along the disorgan-
ized epithelial cells. With the anti-type IV collagen antibody, the BM
was clearly labeled with a strengthened positivity at the sites of
division of the glandular tubules. At the free end of the tracheal
budding glands the labeling of the BM disappeared.

In the mesenchyme the BM surrounding the vessels was also
clearly labeled with both anti- type IV collagen and anti-LN antibod-
ies.

Between 16 and 24 weeks of gestation

Between 16 and 24 weeks of gestation the ramifications of the
glands carried out their growth caudally and in the deepness of the
tracheal wall. The maturation of the glandular epithelium became

clear. In almost all the tubes, the epithelial cells were perfectly
aligned along the BM and exhibited abundant mucous secretions.
However, some of the glands remained lined by poorly differentiated
and disorganized cells (Fig. 2).

The mature glands were surrounded by a regular BM strongly
stained with both anti-LN and anti-type IV collagen antibodies. This
labeling was clear in the distal area of the glands as well as in their
proximal portion.

The less differentiated glands were surrounded by an irregular,
vanishing labeling with anti-LN and anti-type IV collagen antibodies.

At this stage, the BM surrounding the vessels and the muscle
fibers in the mesenchyme were strongly labeled, whereas the
extracellular matrix was unstained.

From 24 to 37 weeks of gestation

From 24 to 37 weeks of gestation the tracheal glands appeared
mature, with a tubulo-acinar architecture. The cells were well
differentiated with abundant mucous secretions and the number of
serous cells increased progressively during the third trimester.

In these mature glands, the cells were always aligned along a
regular BM. There was no more budding at the free end of the
epithelial tubes. The acini were outlined by a strong positivity with
anti-LN and anti-type IV collagen antibodies without any disruption
(Fig. 3).

The most active period of growth of the tracheal glands has been
reported between 13 and 27 or 30 weeks of gestation (Thurlbeck
et al., 1961 ; De Haller, 1969). Thurlbeck observed that about 92
percent of glands are present at 30 weeks of gestation. In our
experiment we find a rather earlier development and a shorter
period of active multiplication of the tracheal glands, reflected by
the disruptions of the BM between 12 and 24 weeks of gestation.
During this period and later, the visualization of the remodeling of
the BM dramatically decreases. The precocity of the maturation in
human trachea, in contrast with experimental models, has already
been demonstrated for the surface epithelium which is fully mature
and functional as early as the 24th week of gestation, thus less than
2/3 of gestation (Gaillard et al., 1989). Our present findings show
that the growth and maturation of the tracheal glands also appear
earlier in humans than in experimental models usually studied
(Leigh etal., 1985a,b, 1986) where the number of glands increases
after birth.

Budding and ramifying epithelial tubes into the underlying con-
nective tissue imply modifications of the extracellular matrix.
However, the molecular mechanisms of growth are poorly studied
in the tracheal glands.

In the respiratory tract, the alterations of the BM have been
studied during the maturation of the pulmonary alveolar ducts
(Grant et al., 1983; Riso, 1983; Jaskoll and Slavkin, 1984;

Fig. 1. Development of the first tracheal glandular bud. (a) Tracheal glands at 12 weeks of gestation appear in the epithelium as small nests o}
undifferentiated cells. (Hematoxylin-Phloxine-Safran: HPS). (b) Immunolocalization of LN. (¢) Immunolocalization of type IV collagen. At this stage a thin
and regular BM is observed around the epithelial nests. There is no disruption in front of the budding areas.

Fig. 2. Ramification and growth of the glands. (a) Tracheal glands at 22 weeks of gestation are made of mucous cells, and some undifferentiated cells

are observed at their free end. (HPS). (b) Immunohistochemical localization of LN. (€) Immunostaining with anti- type IV collagen antibody. The staining
with both antibodies is intense and regular in the areas where the cells are mature. Conspicuous disruptions of the BM are observed in front of

undifferentiated and piled up cells at the free end of the growing glands.

Fig. 3. Maturation of the glands. (a) Tracheal glands at 24 weeks of gestation are mature and contain mucous cells; serous cells begin to differentiate.
(HPS). (b) Immunofluorescent localization of LN. (¢) Immunofluorescent localization of type IV collagen. Both immunostainings show a continuous BM
around the tracheal glands. The arrows (A) indicate the areas where the BM is regular; the arrows (A) point to disruptions of the BM. e, surface epithelium,

m, mesenchyme. Bars, 20 um.



LN and type IV collagen in fetal tracheal glands 493




494 A.V. Lallemand et al.

Adamson and King, 1985; Takaro et al., 1985). Most of these
experimental results correlated the disappearance of the BM to the
late maturation of the pneumocytes in the fetal lung. The alterations
of the BM during earlier stages of lung development have only been
described in chicken (Koch et al., 1991) by immunohistochemistry
and in the embryonic murine lung (Csato, 1989) by electron
microscopy.

Ourresults also show very important remodeling of the BM during
the morphogenesis of the tracheal glands in human fetuses. The
disruptions, visualized through the disappearance of LN and type IV
collagen, take place very early, as soon as the first epithelial tubules
grow into mesenchyme. These gaps are conspicuous, as they are
visualized at the light microscopy level. They are located at the tips
of the growing tubes where the cells are piled up undifferentiated
and exhibit mitoses. The poor differentiation of these cells may be
related to their ability to divide and move into the mesenchyme. The
disruptions of the BM in tracheal glands as well as in other ramified
tissues allow early process of cell migration in order to form new
epithelial ducts and to maintain the lobular morphology. On the
other hand, the secreting well differentiated cells in the fetal
tracheal glands are observed in areas where the BM is thick and
regular.

The epithelioomesenchymal interactions are thus implicated in
early morphogenesis and not only in late maturation process and
functional differentiation of the epithelium.

Different hypotheses may be proposed to explain the remodeling
of the BM during the branching morphogenesis of the tracheal
glands. The disappearance of macromolecules such as LN and type
IV collagen may be correlated to their degradation by
metalloproteinases. These enzymes have been reported to be
expressed very early during embryonic development (Brenner et al.,
1989). Theirtissularinhibitor (TIMP) is implicated in morphogenesis
of ramified organs as it stimulates cleft formations of mouse
salivary gland in vitro (Nakanishi et al., 1989).

This enzymatic system may be also involved in degradation of BM
during development of the tracheal glands. Besides, the plasmin
system can degrade type IV collagen and activate collagenases
(Barret, 1981; Mackay et al., 1990). Enzymatic proteolysis seems
to be a very important process during the fetal development.

However, numerous studies have demonstrated that the loss of
BM implies disorganization, regression and abnormalities in the
development of epithelial cells in vitro (Lwebuga-Mulkasa et al.,
1984; Shuger et al., 1990). In our study, in spite of the disappear-
ance of the BM components at the light microscopy level, budding
and branching of the glandular ducts are not affected: the cell
migration and the epithelial morphogenesis remain normal.

The restoration of the injured tracheal epithelium after bronchitis
involves the reappearance of fetal morphological characteristics
concerning ciliogenesis as well as secretory products (Reid, 1960;
MacDowell et al., 1987; Gaillard et al., 1989). Important changes
in the rate of synthesis of extracellular matrix components have
been reported after a chemical injury of the lung (Turino, 1985) and
the same pattern of response has been observed in different
experimental models such as regenerating limbs (Toole and Gross,
1971) and salivary glands (Thompson and Spooner, 1983). The
modifications of the extracellular matrix during reparation of an
injury have also been studied in lung parenchyma (Riso, 1983). They
are described as a cascade of events: disappearance of the BM,
reparation of the injured epithelium and then, restoration of the BM.

Taken together, all these latter experiments suggest that knowl-
edge of normal morphogenesis in human, including cellular matu-
ration and differentiation, as the remodeling of the extracellular
matrix components, may be helpful to understand the mechanisms
implied in the repair of an injured tissue.

Our present results reinforce the concept of the BM as a major
regulator of organogenesis and of the early development and
maturation of the human respiratory tract.

Experimental Procedures

Material

Twenty normal non-infected fetuses ranging in gestational age between
10 and 37 weeks were studied. They were the result of spontaneous
miscarriages, medical inductions or voluntarily interrupted pregnancies.
This study was carried out in accordance with the Regional Ethics Committee
on development and reproduction.

The gestational age was determined according to the menstrual age and
to usual morphological criteria: weight, crown-rump length, foot-length,
organ weight (Streeter, 1920; Trolle, 1948; Shepard et al., 1988). The
respiratory tract was dissected under a dissecting microscope and the
trachea was transversally cut to collect the two rings under the thyroid gland.
The tissues were then fixed in 10% formalin or immediately frozen.

Immunohistochemical methods

The immunohistochemical staining was carried out either by an indirect
method using a peroxidase conjugate second antibody or by an indirect
immunofluorescence technique.

Immunoperoxidase method

For this method the tracheal specimens were fixed in 10% formalin and
embedded in paraffin. The 6 pm thick transverse sections were mounted on
glass slides coated with gelatin. Deparaffinized and rehydrated sections
were treated with 0.4% pepsin in 0.01N HCI for 90 min at 37°C. Hydrogen
peroxide was used to remove endogenous peroxidase in tissue. Sections
were reacted with an immunoperoxidase based method (Universal
Immunoperoxidase Staining Kit CRL-Ortho Diagnostic system Inc.). The
sections were incubated with normal sheep serum for 20 min and were
rinsed in phosphate buffered saline (PBS) (pH 7.4). The primary antibody
was a polyclonal rabbit immunogiobulin directed against human LN (Biolyon)
used at a dilution 1:200 in PBS or a monoclonal mouse immunoglobulin
directed against human type IV collagen (Dako) used at adilution 1:100. The
sections reacted overnight at 4°C in a humidified chamber. Thereafter the
sections were rinsed with PBS and incubated with the secondary antibody
used as a linking reagent. The peroxidase anti-peroxidase immunoenzyme
complex was used to mark the antigen’s localization. The localization of LN
and type IV collagen was visualized by addition of a complex peroxidase anti-
peroxidase revealed by a chromogenic substrate (3 amino-9 ethyl carbazole:
AEC). The BM was labeled by a brownish-red precipitate. The slides were
counterstained by hematein. Negative control slides were stained using the
same procedure and either omitting the primary antibody or adding a non-
immune serum.

Immunofiuorescence method

Frozen sections of 4 um thick were spread on glass slides and allowed
to dry at room temperature for one hour. Thereafter they were fixed in
acetone for 10 min. The staining procedure was the same as for
immunoperoxidase but without hydrogen peroxide step. The primary anti-
body was a rabbit serum directed against mouse-LN (Institut Pasteur), used
at adilution of 1:40. It was incubated for 30 min at room temperature. Then
the slides were washed in PBS and incubated for 30 min with a fluorescent
rabbit antibody (Institut Pasteur) used at a dilution of 1:20 at room
temperature. The sections were washed again in PBS and mounted in 90%
glycerol. Specimens were observed and photographed on an Aristoplan
(Leitz) immunofluorescence microscope.




References

ADAMSON, LY. and KING, G.M. (1985). Epithelia-mesenchymal interactions In
postnatal rat lung growth. Exp. Lung Res. 8: 261-274.

BARRET, A.J. (1981). Which enzymes degrade cartilage matrix? In Cellular Interactions
(Ed. J.T. Gordon). North Holland Biomed, Amsterdam, p. 185.

BECK, K., HUNTER, |. and ENGEL, J. (1990). Structure and function of laminin: anatomy
of a multidomain glycoprotein. FASEB J. 4: 148-160.

BERNFIELD, M.R. and BANERIJEE, S.D. (1982). The turnover of basal lamina
glycosaminoglycan correlates with epithelial morphogenesis. Dev. Biol. 90: 291-
305.

BERNFIELD, M.R., BANERIEE, S. and KODA, J.E (1984). Remodeling of the basement
membrane: morphogenesis and maturation. Ciba Found. Symp. 108: 179-196,

BRENNER, C.A., ADL‘ER, R.R., RAPPOLEE, D.A., PEDERSEN, R.A. and WERR, Z. (1989).
Genes for extracellular matrix degrading metalloproteinases and thelr inhibitor,
TIMP, are expressed during early mammalian development. Genes Dev. 3: 848-
859.

BUCHER, U. and REID, L. (1861). Development of mucus-secreting elements in human
lung. Thorax 16: 219-225.

CSATO, W. (1989). The morphology of the basal lamina and periepithelial collagen
during growth and branching of the embryonic lung of mice. Histol. Histopathol. 4:
205-216.

DE HALLER, R. (1969). Development of mucus-secreting elements. In The Anatomy of
the Developing Lung (Ed. ). Emery). Heinemann Medical Books, Ltd., London, pp.
94-113.

EKBLOM, P., THESLEFF, |. and SARIOLA, H. (1986). The extra-cellular matrix in tissue
morphogenesis and angiogenesis. In The Cell in Contact (Eds. G.M. Edman and J.P,
Thiery). J. Wiley and Sons, New-York, pp. 365-392.

GAILLARD, D.A., LALLEMAND, A.V., PETIT, A.F. and PUCHELLE, E.S. (1989). In vivo
ciliogenesis in human fetal tracheal epithelium. Am. J. Anat, 185: 415-428.
GRANT, M.M., CUTTS, N.R. and BRODY, 1.S. (1983). Alterations In lung basement

membrane during fetal growth and type 2 cell development. Dev. Biofl. 97:173-183.

JASKOLL, T.F. and SLAVKIN, H.C. (1984). Ultrastructural and immuno-fluorescence
studies of basal lamina alterations during mouse lung morphogenesis. Differentia-
tion 28: 36-48.

JEFFERY, P.K,, GAILLARD, D. and MORET, 5. (1992). Human airway secretory cells
during development and in mature airway epithelium. Eur. Respir. J. 5: 93-104.

KOCH, M.. WEHRLE-HALLER, B., BAUMGARTNER, S., SPRING, J., BRUBACHER, D. and
CHIQUET, M. (1991). Epithelial synthesis of tenascin at tips of growing bronchi and
graded accumulation in basement membrane and mesenchyme. Exp. Cell Res.
194: 297-300.

LEBLOND, C.P. and INOUE, S. (1989). Structure, composition and assembly of the
basement membrane. Am. J. Anat. 185: 367-390.

LEIGH, M.\W., CHEN, P.N. and BOAT, T.F. (1985a). Glycoconjugates and their release
vary with age in ferret trachea. Am. Rev. Respir. Dis. 131: A246.

LEIGH, M.W., CHENG, P.W. and BOAT, T.F. (1985h). Mucin sulfation increases with
development of goblet cells and glands in ferret trachea. Am. Rev. Respir. Dis, 131:
A2486,

LEIGH, M.W., GAMBLING, T.M., CARLSON, J.L., COLLIER, A.M., WOOD, R.E. and BOAT,
T.F. (1986). Postnatal development of tracheal surface epithelial and submucasal
glands in the ferret. Exp. Lung Res. 10: 153-169.

LEIVO, L., VAHERI, A., TIMPL, R. and WARTIOVAARA, J. (1980). Appearance and
distribution of collagens and laminin in the early mouse embryo. Dev. Biol. 76:100-
114.

LWEBUGA-MULKASA, J.S., THULUN, G., MADRI, J.A., BARETT, C. and WARSHAW, J.B.
(1984). An acellular human amniotic membrane medel for in vitro culture of type
2 pneumocytes: the role of the basement membrane in cell morphology and
function. J, Cell. Physiol. 121: 215-225.

MACKAY, A.R., CORBITT, R.H., HARTZLER, J.L. and THORGEIRSSON, U.P. (1990).

LN and type IV collagen in fetal tracheal glands 495

Basement membrane type IV collagen degradation: evidence for the involvement
of a proteolytic cascade independent of metalloproteinases. Cancer Res. 50:
5987-6001.

McDOWELL, E.M., BEN, T., CARNELL- NEWKRIK, T.B., CHANG, S. and DE LUCA, L.M.
(1987). Differentiation of tracheal mucociliary epithelium in primary cell culture

recapitulates normal fetal development and regeneration following injury in ham-
ster. Am. J. Pathol. 129: 511-522.

MECHAM, R.P. (1991). Laminin receptors. Annu. Rev. Cell Biol. 7: 71-91.

NAKANISHI, Y., SUGIURA, J., KISHI, J.I. and HAYAKAWA, T. (1989). Collagen inhibitor
stimulates cleft formation during early morphogenesis of mouse salivary gland.
Dev. Biol. 113: 201-206.

REID, L. (1960). Measurement of bronchial mucous layer: a diagnostic yardstick in
chronic bronchitis. Thorax 15; 132-141.

RICHOUX, V., DARRIBERE, T., BOUCAUT, J.C., FLECHON, J.E. and THIERY, J.P. (1989).
Distribution of fibronectin and laminin in the early pig embryo. Anat. Rec. 223: 72-
81.

RISO, J. (1983). Morphology of epithelio-mesenchymal interaction during lung develop-
ment of the mouse. Cell Differ. 13: 309-318.

SAKAKURA, T. (1983). Epithelic-mesenchymal interactions in mammary gland devel-
opment and its perturbation in relation to tumorogenesis. In Understanding Breast
Cancer (Eds. M.A. Rich, J.C. Hager and P. Furamansky). Clinical and Laboratory
Concepts, Marcel Dekker Inc., New York, pp. 261-284.

SHEPARD, T.H., SHI, M., FELLINGHAM, G.W., FUJINAGA, M., FITZSINNONS J.M.,
FANTEL, A.G. and BARR, M. (1988), Organ weight standards for human fetuses.
Pediatr. Pathol. 8: 513-523.

SHUGER, L., O'SHEA, S., RHEINHEIMER, J. and VARANI, J. (1990). Laminin in lung
development: effects of anti-laminin antibody in murine lung morphogenesis. Dev.,
Biol. 137: 26-32.

SPOONER, B.S. and FAUBION, J.M. (1980). Collagen involvement in branching
morphogenesis of embryonic lung and salivary gland. Dev. Biol. 77: 84-102.
STREETER, G.L. (1920). Weight, sitting height, head size, foot length and menstrual

age of the human embryo. Carnegie Inst. Contrib. Embryol. 11; 143,

TAKARO, T., PARRA, S.C. and PEDUZZI, P.N. (1985). Anatomical relationship between
type Il pneumocytes and alveolar septal gaps in the human lung. Anat. Rec. 213:
510-550.

THOMPSON, H.A. and SPOONER, B.S. (1983). Inhibition of branching morphogenesis
and alteration of glycosaminoglycans biosynthesis in salivary glands treated with
B-D xyloside. Dev. Biol. 89: 417-424,

THURLBECK, W.M., BENJAMIN, B. and REID, L. (1961). Development and distribution
of mucous glands in the foetal human trachea. Br. J. Dis. Chest 55: 54-64.
TIMPL, R. and MARTIN, G.R. (1882). Components of the basement membrane. In
Immunohistochemistry of the Extraceflular Matrix (Ed. H. Furthermayr). CRC Press,

Boca Raton, pp 119-150.

TOOLE, B.P. and GROSS, J. (1971). The extracellular matrix of the regenerating newt
limb: synthesis and removal of hyaluronate prior to differentiation. Dev. Biol. 25:
57-77.

TOS, M. (1966). Development of the tracheal glands in man. Acta Pathol. Microbiol.
Scand. 68 (Suppl. 185): 1-130.

TROLLE, D. {1948). Age of foetus determined from its measures. Acta Obstet. Gynecol.
Scand. 27: 327.

TURINO, G.M. (1985). The lung parenchyma: a dynamic matrix. Am. Rev. Respir. Dis.
132:1324-1334.

VON DER MARK, K. and KUHL, U. (1985). Laminin and its receptor. Biochim. Biophys.
Acta 823: 147-160.

WU, T.C., WAN, Y.J., CHUNG, A.E., and DAMJANOV, . (1983). Immunohistochemical
localization of entactin and laminin in mouse embryos and fetuses. Dev. Biol. 10:
496-505.

Accepted for publication: June 1993



