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Rapid communication

Epithelial barrier formation by airway basal cells

J S Erjefält, F Sundler, C G A Persson

Abstract progression and airway hyperresponsiveness.
However, mucosal permeability in allergic air-Background – Epithelial shedding pro-

cesses in airway inflammation and defence way disease is a controversial issue and failures
of physiological tests to corroborate an in-may produce damaged areas where basal

cells are the main remaining epithelial cell creased inward perviousness of the airway mu-
cosa in asthma1 and rhinitis2 is a continuingtype. The present study examines the cap-

acity of basal cells to form an epithelial enigma.3 The apparent inconsistency between
epithelial damage and lack of barrier dys-barrier structure after loss of columnar

epithelial cells. function may in part be explained by the high
speed of airway epithelial restitution afterMethods – A technique was developed

which allows selective removal of co- denudation.4 5 If complete denudation occurs,
bordering secretory and ciliated cells thus de-lumnar epithelial cells from isolated air-

ways. A drop of tissue adhesive glue was differentiate into flattened cells that migrate
quickly (about 2 lm/min) to cover the nakedapplied on the mucosal surface shortly

after excision of guinea pig trachea and basement membrane.5 6 We reasoned that, if
only columnar epithelial cells are lost, the air-human bronchus. Gentle removal of the

glue, together with attached columnar ways should be even more apt than at complete
denudation to produce a new barrier structure.6cells, left a single layer of cobbled, solitary

basal cells. The tissue was kept in culture In a previous study Wang et al7 observed
flattening of basal cells by day 4 after smokemedia. Morphological changes of the basal

cells were monitored by immuno- exposure but did not report early changes in
these cells. Other previous reports8 9 on “basalhistochemistry and scanning and trans-

mission electron microscopy at several cell changes” after epithelial injury suffer from
uncertainties concerning what degree of injurytime points.

Results – After 20 minutes the basal cells has been inflicted, at what point in time shed-
ding has occurred and, in the end, what cellshad undergone extensive flattening and

established contact with each other. The have actually been examined.
We have now developed a method for se-basement membrane thus became covered

by a poorly differentiated epithelium in lective removal of epithelial columnar cells from
well defined areas of airway whole mount pre-both guinea pig and human airways.

Abundant interdigitating cytoplasmic pro- parations. In this model, where attempts are
made to maintain an in vivo like milieu, wetrusions were observed at cell borders.

Conclusions – Basal cells promptly flatten have examined structural changes occurring as
early as 20 minutes in basal cells that have lostout to cover the basement membrane at

loss of neighbouring columnar cells. These their cover of columnar cells. The experimental
focus is on guinea pig trachea complementeddata may explain why the epithelial barrier

function may be uncompromised in by observations in human bronchus. These
airways are equipped with similar pseudo-desquamative airway diseases. Further-

more, they suggest the possibility that stratified epithelium.
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  cytokeratin 13,15,16-stained basal cells) wave-
length. The distribution of columnar and basalIn the guinea pig tracheal preparations used

for immunohistochemistry and subsequent cells was recorded on double exposed photo-
graphs. The tracheal preparations were thenscanning electron microscopy the columnar

epithelial cells were stained using lectin histo- subjected to scanning electron microscopy as
described below. The degree of columnar epi-chemistry. Tracheal segments were connected

to a plastic catheter (outer diameter 1.8 mm) thelial cell loss was examined immediately after
the removal of columnar epithelial cells. Toand the mucosal surface was gently rinsed with

fluorescein isothiocyanate (FITC)-labelled lec- examine possible effects of tracheal pre-
paration, stretching, and incubation on thetin B4 from Bandeira simplicifolia (Sigma, St

Louis, USA) diluted to 10 lg/ml in PBS buffer mucosal structure, separate preparations (in
which the gluing was omitted but otherwisefor five minutes at room temperature (lectin B4

does not penetrate the intact epithelial barrier). treated as above) were analysed at 0, 40, and
90 minutes (n=9) and compared with “naiveTracheal segments were then rinsed, cut along

the ventral side, and stretched out on petri tracheas” which were collected and immersed
in fixative immediately after sacrifice (n=3).dishes. Lectin-stained epithelium displayed the

same morphology and ciliary activity as non- These controls were cut into segments and
subjected to immunohistochemical visual-stained control epithelium (data not shown).
isation of basal cells (on cryo sections) and
transmission electron microscopy. Specimens
for cryosectioning were frozen in freezing

     medium (Tissue-tek, Miles Inc, USA) im-Guinea pig or human preparations were gently mediately after excision. The experiments in-rinsed with PBS buffer and placed in air for volving human bronchus were terminated afterone minute, allowing the remaining fluid to 0, 20, and 40 minutes of incubation. Theevaporate until the mucosal surface became preparations were then placed directly in fix-matt. The evaporation of the thin meniscus of ative and subjected to scanning and trans-water was observed using a preparation micro- mission electron microscopy (see below).scope with side illumination from a fibreoptic
light source. Drops of tissue adhesive glue
(Histoacryl, B Braun, Melsungen, Germany)

with a diameter of about 5 mm were applied Antibodies10 recognising cytokeratin 13, 15,to the mucosal surface and allowed to harden and 16 were used for immunohistochemicalin air for 30 seconds before cell culture medium visualisation of epithelial basal cells. Airway(Dulbecco’s modified Eagle’s medium sup- cryostat sections of whole mount preparationsplemented with 10% fetal calf serum, 5% were exposed to the primary antibody (mono-plasma, streptomycin and benzyl penicillin, clonal anticytokeratin, clone no. K8.12, Sigma,0.1 g/l) was added to the tissue. After 30 sec- dilution 1:40 in PBS supplemented with 0.25%onds the polymerised glue was gently removed triton X) overnight at 4°C. After thoroughwith forceps and the specimens were rinsed rinsing in PBS+0.25% triton X-100 thewith culture medium and incubated in the samples were incubated with secondary anti-same medium in a carbon dioxide incubator bodies for one hour at room temperature. After(Biocenter 2001, Salvis, Germany) at 37°C rinsing in PBS+0.25% triton X-100 the speci-until termination of the experiment. mens were mounted in PBS:glycerine (1:1) and
then examined with a fluorescence microscope.
As secondary antibody a tetramethylrhodamine
isocyanate (TRITC)-labelled goat anti-mouse     

 IgG antibody (Jackson, West Grove, Penn-
sylvania, USA, dilution 1:80) was used. NoThe experiment involving guinea pig pre-

parations was terminated at 0, 20, 40, and 90 staining was found in control sections in-
cubated with only secondary antibodies or nor-minutes after removal of columnar cells (n=4

at each time point). Each tracheal preparation mal goat serum.
was cut into two segments. One segment was
processed for immunohistochemistry and sub-
sequent scanning electron microscopy, the    

other for transmission electron microscopy (see
below). The tracheal preparations used for Tracheal whole mount preparations were

immediately placed in fixative (PBS buffercombined immunohistochemistry and scan-
ning electron microscopy were immersed in containing 1% glutaraldehyde and 3% formal-

dehyde) overnight and the specimens were pro-fixative (2% formaldehyde in PBS buffer) for
five minutes, rinsed with buffer, dehydrated cessed for routine scanning electron micro-

scopical analysis.11 With the aid of previouslythrough graded ethanol solutions and then re-
hydrated, rinsed with buffer, and subjected recorded distribution of columnar and basal

cells on fluorescence micrographs it was pos-to immunohistochemical analysis (see below).
The specimens were then examined with a sible to examine specifically areas with basal cell

epithelium where no lectin-stained columnarfluorescence microscope and columnar and
basal epithelial cells were visualised by epi- cells were present. For transmission electron

microscopy tracheal segments were immersedillumination using excitation light with 495 nm
(visualisation of FITC, lectin stained columnar in a fixative (same as for scanning electron

microscopy), fixed overnight, and processedcells) and 552 nm (visualisation of TRITC,
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as described previously.11 The samples were over the basement membrane (fig 1d). Scan-
ning electron microscopy showed sharp bordersexamined using a Jeol 200 CX or Philips CM-

10 transmission electron microscope. between the remaining intact epithelium and
the area subjected to columnar cell removal.
Only a few scattered columnar epithelial cells
could be detected in the glued area. TheseResults

     remaining cells were found in clusters, thus
creating small “islets” of easy recognisable in-

Examination of lectin-stained cryo sections tact epithelium. Examination of the removed
glue confirmed that columnar but not basalfrom guinea pig control tracheas revealed that

the lectin staining was restricted to the apical cells were attached to the polymerised glue.
lining of columnar epithelial cells (fig 1a).
Immunohistochemical analysis of control epi-
thelium showed an intense immunoreactivity

     for cytokeratin 13, 15, and 16 restricted to basal
    cells (fig 1b). Examination of whole mount Only glued areas displaying an absence of lec-preparations of control tracheas (subjected to tin-stained columnar cells were used to ex-both columnar and basal cell staining) showed amine changes in basal cells. Immediately aftera lectin-stained epithelial surface (fig 1c). After the de-epithelialisation procedure a single layerde-epithelialisation, lectin-stained columnar of cells with a cobbled morphology was presentcells were almost completely absent in the ma- (fig 2a). After 20 minutes of incubation annipulated area and a single layer of cytokeratin extensive flattening of most remaining basal13,15,16-immunoreactive basal cells remained cells was observed (fig 2b); overlapping cyto-
plasmic protrusions were present at the borders
between the cells (fig 2c). Scattered cells with
a similar morphology to the original solitary
basal cells were also seen in between the
flattened cells (fig 2b). Transmission electron
microscopy confirmed the presence of inter-
digitating cytoplasmic protrusions at cell
borders. In areas with relatively few remaining
basal cells the basement membrane was
covered by thin cytoplasmic protrusions (fig
2d). No apparent further structural changes of
the basal cells could be observed at 40 and 90
minutes. Bright field and transmission electron
microscopy revealed that basal cells in non-
glued control tracheas displayed normal in situ-
like morphology – for example, no flattening
had occurred – after 40 and 90 minutes of
incubation.

A single layer of rounded basal cells remained
in the glued area immediately after removal of
the columnar epithelial cells from the human
bronchial preparations (fig 2e and f). At 20
and 40 minutes these remaining cells displayed
a flattened morphology, similar to that observed
in the guinea pigs, and had established apico-
lateral cell-cell contacts through overlapping
cytoplasmic protrusions (fig 2g).

Discussion
By using a gluing technique it was possible to
remove the columnar epithelial cells selectively
from the tracheal explants. This manoeuvre
left behind a single sheet of cobbled basal cells
that had flattened out by 20 minutes and made
frequent cell border contacts. Thus, the base-Figure 1 Fluorescence micrographs demonstrating the

distribution of FITC-labelled lectin (green in a,c) and ment membrane became covered by an un-
TRITC-labelled (red in b,d) cytokeratin (13,15,16)- differentiated epithelium quite distinct fromimmunoreactive cells in the epithelium. Cryo sections from

the loosely connected or separated basal cellscontrol tracheas reveal that only the apical part of the
columnar epithelial cells are lectin-labelled (a), whereas present immediately after columnar cell de-
the immunoreactivity for cytokeratin 13,15, and 16 is epithelialisation. These data suggest that therestricted to basal cells (b). Double stained whole mount

basal cells may be well equipped to take overpreparations revealed the pattern of lectin-stained
columnar epithelial cells (observed from above) in non- a barrier structure promptly when columnar
glued areas (c, FITC image only). Glued areas display a epithelial cells are shed. Such a property of
single layer of immunoreactive basal cells (d, combined airway basal cells would be important in healthFITC and TRITC) with no lectin-stained cells. Scale bars
100 lm. and disease.
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Figure 2 Electron micrographs of guinea pig trachea (A–D) and human bronchi (E–G). Immediately after removal of
the glue a layer of cobble-like basal cells remains on the basement membrane (A). After 20 minutes numerous cells with
flattened morphology can be observed (B). The non-flattened round cells scattered in (B) have not been identified but
may be basal cells injured by the gluing procedure. Higher magnification reveals the presence of overlapping cytoplasmic
membranes at the borders between flattened cells (C). In areas with few remaining basal cells an extreme flattening may
occur to cover the basement membrane. Figure 2D depicts overlapping cytoplasmic protrusions at the cell border between
these flattened cells. Figure 2E illustrates the pseudostratified morphology of the human bronchial epithelium. This picture
is obtained by carrying out mechanical denudation, as previously described,5 in a fixed bronchial specimen; the arrow
indicates the “site of cleavage” between the columnar (CEC) and basal epithelial (BC) cells. A few seconds after
removal of the columnar cells the mucosal surface is covered by a single layer of cobble-like basal cells (F). After 20
minutes the remaining cells have become flattened to form a continuous apical cell layer (G). Scale bars: A,C=10 lm,
B=40 lm, D=400 nm, E=20 lm, F=100 lm, G=15 lm.

Airway basal cells had long been considered to the basement membrane. Thus, the actual
attachment of columnar epithelial cells to thethe main stem cell from which secretory and

ciliated cells derive12 when, during the 1980s, underlying tissue is through basal cells that have
hemidesmosomal contact with the basementthis particular role was transferred almost en-

tirely to the secretory cell.13 However, recent membrane.14 The present findings support the
notion that shedding of columnar cells candata suggest that both the ciliated and secretory

cells participate equally in generating the poorly generally occur in human and guinea pig large
airways without loss of basal cells.differentiated flat epithelium that provides the

first cellular cover of denuded basement mem- The extensive flattening of basal cells and
the interdigitating cytoplasmic protrusions atbranes in vivo.5 In the late 1980s Evans and

coworkers14 proposed that the major role of the cell borders observed in this study would con-
tribute a provisional epithelial barrier structure.basal cell is to anchor columnar epithelial cells
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