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Endothelin, vasopressin, and substance P like
immunoreactivity in cultured and intact
epithelium from rabbit trachea

R E Rennick, A Loesch, G Burnstock

Abstract
Background The control of airways
reactivity is essential to our understand-
ing of disease processes such as asthma.
Many studies have examined the neural
control of the airways, but more recently
there has been evidence to show that the
epithelium lining the airways may
influence airways reactivity.
Methods Rabbit tracheal epithelial cells
were dispersed with enzymes, grown in
primary culture and fixed. Tissue from
intact tracheas was also sampled and
fixed. Localisation of the vasoactive sub-
stances endothelin-1, arginine-vasopres-
sin, and substance P was investigated by
immunolabelling techniques.
Results Scattered immunolabelling to
endothelin-1, arginine-vasopressin, and
substance P was found throughout the
cultures (with < 20% of cells staining
positively to each antibody). At the
ultrastructural level this immuno-
reactivity was found in the cytoplasmic
matrix. In addition, immunoreactivity of
intact tissue to endothelin-1, arginine-
vasopressin, and substance P was
examined and positively staining cells
were found to be scattered through the
epithelium.
Conclusions The presence of these
vasoactive substances within the epithe-
lium lining the airways supports the view
that epithelial cells may provide an
additional mechanism in the control of
airways reactivity.
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Hyperreactivity of the airways is a characteris-
tic feature of asthma. In such patients damage
or loss of the airways epithelium is a common

finding.' The epithelium lining the airways was
originally considered merely as a barrier
preventing passage of dust, microorganisms,
and other airborne particles into the underlying
tissue. More recently, however, it has been
shown that removal of the airways epithelium
leads to increased responses of the smooth
muscle of the airways to various contractile
stimuli.2 This phenomenon occurs in the air-
ways of a number of different species, including
dog, guinea pig, rabbit, and man.8 Studies by
Flavahan and Vanhoutte9 showed that there
was increased sensitivity of the airways to
histamine, acetylcholine, and 5-hydroxytryp-

tamine (5-HT) after removal of the epithelium.
They suggested that this might indicate that an
epithelium derived relaxing factor, analogous
to the endothelium derived relaxing factor
released from vascular endothelial cells,'" is
active in the airways. Orehek et al examined the
influence on airways reactivity ofdrugs inhibit-
ing prostaglandin synthesis and their results
suggested that release of products of the
cyclooxygenase pathway may be responsible
for airways relaxation."

Since the early 1970s it has been known that
there are amine precursor uptake and decar-
boxylation (APUD) cells present in the airways
epithelium."2 These cells are found throughout
the airways in innervated groups, known as
neuroepithelial bodies, but in the trachea they
occur only as single cells.'3 Studies using
microspectrofluorometry have shown that these
cells contain amines such as 5-HT.'4'5 It is
possible that other vasoactive substances that
may influence airways reactivity are present
within the airways epithelium. In this study,
tracheal epithelial cells were isolated and cul-
tured and the presence, in both isolated cells
and intact tissue, of endothelin- 1 (ET- 1),
arginine-vasopressin (AVP), and substance P
(SP) examined at the light and electron micro-
scopic levels.

Methods
CELL CULTURE
Male New Zealand White rabbits aged 4-6
months were injected with a lethal dose of
Sagatal (RMB Animal Health, Dagenham,
UK) and exsanguinated. Tracheal epithelial
cells were isolated by enzymatic treatment.'6
Briefly, the trachea was removed under sterile
conditions and placed in Hanks' Balanced Salt
Solution (HBSS; Gibco/Life Technologies,
Paisley, UK) supplemented with penicillin
(2 x 10' units/l; Glaxo Laboratories, Green-
ford), cleaned of adherent muscle and connec-
tive tissue, then clamped at one end and filled
with a solution of 0- 1% protease (Sigma, Poole,
UK) in HBSS. The other end was clamped so
that the tissue formed a sealed tube, and the
tissue was then incubated overnight at 4°C.
The following morning the tissue was un-
clamped, the lumen washed thoroughly with
HBSS, and the resulting suspension centri-
fuged at 100 g for 5 minutes. The resulting
pellet was resuspended in HBSS and spun as
above. The cells were resuspended in Ham's
F12 media (Gibco) supplemented with 5%
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FCS (fetal calf serum; Gibco), glutamine
(Gibco) and penicillin (1 x 105 units/l; Glaxo)
and seeded directly into four-well multidishes
(12 mm diameter; Gibco/Life Technologies,
Uxbridge) for electron microscopy or into
multidishes in which glass coverslips (10 mm
diameter) had been placed for histology.

HISTOLOGY
To confirm that the cells obtained from protease
treatment of the trachea were epithelial, the
cells were taken on days 3 or 4 of culture, fixed
in 4% paraformaldehyde for one hour, washed
in 80% ethanol and made permeable in Triton-
X-100. The cells were then incubated with
antibodies to smooth muscle myosin (the gift of
Dr Groschel-Stewart), fibronectin (Dako, High
Wycombe) or a-keratin (Incstarr, Stillwall,
Minnesota), then washed and incubated with
swine antirabbit labelled fluorescein (Nordic,
Tilberg, The Netherlands). The coverslips
were mounted in Citifluor (Citifluor, London)
and viewed under a Zeiss IIIRS microscope. In
addition, the periodic acid Schiff(PAS) method
for mucopolysaccharides was used to identify
goblet cells.'7

CELLULAR ADHERENCE
Tracheal epithelial cells were isolated as des-
cribed above, counted with a haemocytometer,
and seeded into culture. At 1, 2, 3, 4, 5, and 24
hours the supernatant was removed and 0-5 ml
of 0-5 mol/l NaOH was added to the wells to
solubilise the adherent cells. The protein con-
tent ofeach ofthe wells was then determined by
the method ofLowry et al 8 and compared with
that ofthe whole cell suspension before plating.

IMMUNOCYTOCHEMISTRY
Cell culture
After 3-5 days in culture the cells were fixed for
two hours at 4°C in 0 1 mol/l phosphate buffer,
pH 7-4, containing 4% paraformaldehyde, 0 1-
0 2% glutaraldehyde, 1-8% DL-lysine HC1 and
0 2% sodium m-periodate.'9 The cultures were
then washed in buffer for three hours, incubated
for 30 minutes in 0-3% hydrogen peroxide in
methanol (to block endogenous peroxidases)
and stored overnight at 4°C in 041 mol/l Tris
buffer, pH 7-4. The avidin-biotin-peroxidase
complex (ABC) method20 was used for the
localisation of ET-1, AVP, and SP in tracheal
epithelial cells cultured on glass coverslips and
in 12 mm diameter wells. The ABC Kit
(Vectostain Elite Kit, Vector Laboratories,
Peterborough) was used with 01 mol/l Tris
buffer for the immunoprocedure. The fixed cells
were first incubated with normal goat serum
(Nordic Immunology, Tilberg, The Neth-
erlands) at a dilution of 1:50 for 30 minutes,
washed in buffer for 15 minutes, then exposed
overnight to polyclonal antisera for rabbit
ET- 1 (Cambridge Research Biochemicals,
Cambridge), AVP (provided by Professor C J
Johnston, Monash University, Melbourne,
Australia), and SP (Cambridge Research Bio-
chemicals, Cambridge) (dilutions 1:500-
1:2000). The cells were washed for 45 minutes,
then incubated for 45 minutes, with the bio-
tinylated second antibody. Following another

wash (30 minutes), the cells were incubated
with the ABC complex for 45 minutes, washed,
then incubated with 0-05% 3'3'-diaminoben-
zidine (DAB; Sigma) in Tris for five minutes
followed by incubation for 10 minutes with
0 05% DAB containing 0 01% hydrogen
peroxide. The cells were then washed in Tris
buffer, postfixed with 1% osmium tetroxide for
30 minutes, washed in buffer and dehydrated in
a graded series of ethanol, followed by
propylene oxide. Coverslips were then moun-
ted on glass slides in Araldite for viewing under
a Zeiss IIIRS light microscope.
For ultrastructural analysis of the immuno-

staining, cells were grown directly in 12 mm
culture wells and treated as above. The samples
were then exposed to propylene oxide and
rapidly removed from the culture dish into
Araldite resin. After polymerisation, sections
were cut, stained with uranyl acetate and lead
citrate, and examined with a Philips-300 elec-
tron microscope.

Intact tissue
The trachea was removed from 4-6 month old
New Zealand White rabbits and fixed as des-
cribed above for cultured cells. After fixation
the trachea was divided into three levels
(upper, medial, and lower) and frozen rings,
7 pm thick, were cut on a Reichert-Jung
Cryocut 1800 cryostat from each level of the
trachea. The sections were then processed for
detection of ET-1, AVP, and SP according to
the same immunocytochemistry procedure
described above. Specimens were postfixed
with 0-1% osmium tetroxide for 10 seconds,
dehydrated in ethanol, embedded in mountant
(BDH, Poole) and viewed under a Zeiss IIIRS
light microscope.

Controls
A number of controls were used to determine
the specificity of the immunolabelling at the
light microscopic level. The primary antiserum
and IgG steps respectively were omitted. In
addition, normal goat serum and normal rabbit
serum (Nordic) (dilution 1:500-2000) were
substituted for antisera to ET- 1 and AVP.
Control preabsorptions of the above antisera
(24 hours at 4°C) with synthetic human ET- 1,
synthetic AVP, and synthetic SP (all from
Cambridge Research Biochemicals) inhibited
immunostaining.

Figure I Phase contrast micrograph of rabbit tracheal
epithelial cells in culture.
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Figure 2 Light microscopy of cultured rabbit tracheal epithelial cells labelledfor ET-1 (a), AVP (b), and substance
P (c). The cells display distinctive cytoplasmic staining (appearing as a dark brown stain in the original
preparations), especially of the perinuclear regions (black arrows). In (a) the immunonegative cells (transparent
arrows) and the cells with labelled cilia (curved arrows) are also seen; N-cell nucleus. Note the unlabelled cells in (d)
processedfor control immunocytochemistry by omission of the primary antibody step. (a) and (d)-cells cultured on
glass coverslip; (b) and (c) -cells cultured in plastic dish.

Results
CHARACTERISATION OF TRACHEAL EPITHELIAL
CELLS IN CULTURE
Cells isolated from the rabbit trachea by
incubation overnight with protease were
harvested and seeded into culture. Approxi-
mately 2 5 x 106 cells may be obtained from one
rabbit trachea, but this is only a rough estimate
because the cells slough off from the airways in
large sheets making it difficult to quantify cell
numbers accurately. After two hours in cul-
ture, approximately 25% of these cells adhered
to the culture dish. This increased to 29% at
four hours and 35% by five hours and a
maximum of 40% of cells had adhered to the
plastic 24 hours after seeding. Under the phase
contrast microscope, these cells appeared flat-
tened and polyhedral in shape (fig 1), resem-
bling the cobblestone appearance of vascular
endothelium in culture. Both ciliated (approx-
imately 37-5%) and non-ciliated cells were
present, generally with groups of two or three
ciliated cells distributed among the non-
ciliated cells. The cilia were up to 3 um in
length and continued to beat for as long as five
days in culture. When fixed and stained by the
PAS method for mucopolysaccharides,
approximately 25% of 100 cells from each dish
stained positively. Further immunofluorescent
staining to characterise the epithelial nature of
the isolated cells showed no fluorescence when

antibodies against smooth muscle myosin and
fibronectin were tested, but all cells stained
strongly when incubated with antibodies to oc-
keratin, a marker commonly used to identify
epithelial cells.

IMMUNOCYTOCHEMISTRY
Cultured cells
When the immunohistochemical preparations
were viewed under the light microscope, cells
staining positively for ET-1, AVP, and SP
were present in the tracheal epithelial cultures
(fig 2a-c). No reactivity was found in controls
(fig 2d). At the level of the light microscope,
immunoreactivity was observed in both ciliated
and non-ciliated cells. This was especially clear
in cells labelled for ET-1 (fig 2a). The staining
intensity of the cells positive for ET- 1, AVP,
and SP also varied considerably from one cell to
another. The intensive staining, a brown-black
cytoplasmic precipitate, was confined mainly to
the central region of the cells. Interestingly, in
some preparations the cilia ofboth positive and
negative cells stained strongly (fig 2a).
Under the electron microscope the diverse

nature of the isolated cells was again confirmed
by the presence of ciliated, non-ciliated, and
smaller cells which may be basal cells. It was
found, however, that the cells staining posi-
tively for ET-1, AVP, and SP were ciliated.
These positive cells had a diffuse pattern of
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Figure 3 Electron
micrographs of cultured
rabbit tracheal epithelial
cells. (a) A fragment of an
ET-1 positive cell showing
immunoprecipitate in the
perinuclear region of the
cytoplasm and in
association with
cytophilia. Note unlabelled
cell nucleus and nucleolus.
cf-cytophilia; N-
nucleus; nu-nucleolus.
(b) A fragment of
cytoplasm of an AVP
positive cell showing
clustered
immunoprecipitate
(arrows). i-
mitochondria.
(c) An example of
substance P positive (white
asterisk) and negative
(black asterisks) cell
profiles. Note the close
apposition of the basal
parts of the cells.
(d) An A VP negative cell
(asterisk) showing
cytophilia displaying
surface associated AVP
immunoprecipitate. Note
strong immunoreactivity of
the material attached to
the cilia profile. ci-cilia;
bb-basal bodies; pl-
plasticfrom culture wells.
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staining throughout the cytoplasm (fig 3a-c).
The particles of immunoprecipitate were
mostly spread throughout the whole cyto-
plasmic matrix without preferential labelling of
particular subcellular organelles. The strong
staining of the cilia, which was seen at the level
of the light microscope, was seen more clearly
at this level (fig 3a-c). It was also apparent that
positively stained cilia were clearly associated
with non-staining cells (fig 3d).

Intact tissue
Cells showing positive immunoreactivity for
ET- 1, AVP, and SP were scattered throughout
the epithelium lining the trachea (fig 4). The
positive cells were round or ovoid in shape and
strong immunoreactivity was observed to ET-
1, AVP, and SP. The pattern of staining was
similar at all levels of the trachea examined.

Discussion
This study shows that cells cultured from the
tracheal epithelium react positively to antisera

for ET-1, AVP, and SP. This staining is
unlikely to be artefactual as the antisera used in
this study were specific for the peptides under
investigation and appropriate controls were
included. Furthermore, ET-1 and AVP are
released from tracheal epithelial cultures upon
stimulation with thrombin (Rennick and
Milner, unpublished observations). At the
light microscope level, this reactivity of cul-
tured epithelium was observed within both
ciliated and non-ciliated cells. However, elec-
tron microscope observations of the labelled
cells showed that the immunoprecipitate was
present within ciliated cells exclusively. This
apparent difference between light and electron
microscopic findings may be due to the density
and length of the cilia of these cells-that is,
cells with sparse, short cilia were not clearly
visible under the light microscope. There was
also some variability in the intensity of staining;
this may be due to variable cell spreading across
the culture surface or genuine differences in
storage levels between cells. In addition, the
possibility that the presence of immunolabell-
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Figure 4 Light
microscopy of intact rabbit
tracheal epithelial cells
labelledfor ET-1 (a),
AVP (b), and SP (c).
The labelled cell profiles
(arrows) display
cytoplasmic staining
(appearing as a brown
stain in the original
preparations). Ep-
respiratory epithelium;
Lp-lamina propria;
ci-cilia. Note lack of
labelled cells in (d),
processedfor control
immunocytochemistry by
omission of the primary
antibody step.
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ing of the cytophilia or cilia ofboth labelled and
unlabelled cells may be related to the release of
these substances from the epithelium cannot be
excluded. This activity was not confined to
culture since positive immunoreactivity to ET-
1, AVP, and SP was also observed in sections of
intact tissue. These positively staining cells
resembled goblet cells in shape. However, since
co-localisation of PAS staining and immuno-
reactivity to ET-1, AVP, and SP was not
examined, we can only speculate on this point.

Previous studies of the cellular populations
within the airways epithelium of a number of
different species have shown a mixed cellular
population containing ciliated cells, mucous
goblet cells and basal cells."'52' In these
studies the subpopulations found in the air-
ways epithelium not only varied from species to
species, but also varied according to the level of
the airways studied. These and other studies
have examined the airways of the rabbit and
have shown a number of cellular subpopula-
tions to be present. 2 1 1 22 Ofparticular interest
to the present study is the finding of non-
ciliated, elongated cells containing numerous
dense core vesicles in their cytoplasm within
the epithelium in sections of trachea." These
cells occur singly in the trachea but in clusters
known as neuroepithelial bodies further down
the respiratory tract. The single cells of the
trachea, referred to as APUD,'2 Kultchisky,"
or neuroepithelial2' cells, contain polypeptides
and 5-HT'5 within the dense core vesicles. The
Kultchisky cells and their dense core vesicles
were situated close to the basement membrane
and it has been proposed that this localisation is
indicative of a secretion being directed towards
the underlying structures such as the airways
muscle" or, alternatively, nearby nerve end-
ings." Indeed, the presence of these cells
containing factors such as 5-HT supports the
present findings that the airways epithelium
contains factors which may regulate airways
reactivity. However, in the present ultra-
structural studies, ET- 1, AVP, and SP were
found in ciliated cells and were present
throughout the cytoplasmic matrix-that is,
the cells that stained positively for ET, AVP,
and SP did not have the dense core vesicles

characteristic of APUD cells described by
Sonstegaard et al."2 The present findings sug-
gest that there is some heterogeneity of the cells
with respect to their immunoreactivity to
ET-1, AVP, and SP rather than just a single
population as reported for 5-HT.'2

Previous studies have found vasoactive pep-
tide, peptide histidine methionine, calcitonin
gene related peptide, galanin, SP, neuropep-
tide Y, and bombesin in association with the
nerves of the respiratory tract,2425 but more
recently ET has been localised in rat bronchial
epithelial cells26 as well as in human tracheal
epithelial cells,27 28 and SP immunoreactive
endocrine like cells have been reported in the
guinea pig trachea.29 These previous findings
confirm that the reactivity observed in the
present studies is not an artefact of cell culture,
supporting the use of this system as a con-
venient method for further study of release and
other characteristics of this mixed cellular
population.
The presence of vasoactive substances such

as ET- 1, AVP, and SP may be of importance to
airways reactivity as organ bath studies have
shown that the sensitivity of airways smooth
muscle to various drugs is altered when the
epithelium is removed from airways prepara-
tions.29 From such pharmacological studies it
has been suggested that the epithelium is the
source of factors that act on the airways smooth
muscle to cause relaxation. It may be possible
that factors such as those identified in this study
are released to the underlying smooth muscle,
as well as to the lumen, thus influencing both
airways reactivity and mucociliary clearance.
Indeed, postmortem examination of airways
from asthmatics has shown that the epithelium
is altered in these subjects,' 30 suggesting that
the normal control mechanisms which main-
tain airways reactivity are either removed or
inactive.

Studies in this laboratory not only have
localised neuropeptides in the endothelium of
the intact artery wall,3""35 but also have localised
and co-localised neuropeptides in cultured vas-
cular endothelium.'6 These peptides may also
be released from the endothelium under condi-
tions of fast flow and hypoxia-that is, condi-
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tions in which there is an increased vascular
resistance.7-39 If the cells of the airways epi-
thelium release these neuropeptides to main-
tain airways calibre, then mechanisms similar
to those involved in control of vasospasm may
be active in the airways.
At present it is not known whether the cells

of the airways epithelium take up these
neuropeptides from an exogenous source (such
as mucous or other cell types), or whether the
epithelium itself may synthesise the peptides.
Ericson et al' have shown that 5-HT localised
within APUD cells of the trachea is synthesised
from exogenous amine precursors. More recent
studies by Armour et al4 suggest that the
epithelium itself may synthesise the peptides.
They examined autoradiographically the
presence of ET-1 receptors in the trachea and
found these receptors to be present on smooth
muscle and parasympathetic nerves but not on
the epithelium. It is also not known whether
epithelial cells containing ET-1, AVP, and SP
release these peptides under conditions that
cause airways constriction. Such questions are
currently under investigation and their answers
may contribute to our understanding of air-
ways control both in health and in disease
conditions such as bronchial asthma.

R E Rennick and A Loesch are British Heart Foundation
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and Ms D Bailey for their technical assistance.
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