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Responses to adenosine of isolated transverse or spiral strips of
sensitized guinea pig trachea: role of epithelium
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ABSTRACT

AIM: To determine the role of the epithelium in the re-
sponses to adenosine of isolated trachea from ovalbumin-
sensitized guinea pigs. METHODS.: Spimally cut tra-
cheal preparations were superfused or immersed in organ
baths and transversely cut strips were immersed. Epithe-
lium was removed mechanically from some strips and
confirmed by histological examination of a random
sample. Tissues were from unsensitized or ovalbumin-
sensitized guinea pigs. Isometric tension was measured
and responses to adenosine recorded. RESULTS: In
sensitized tissues, contractile responses to adenosine were
evident as contractions of superfused spirals or as right-
wards shift of the concentration-response curve compared
with non-sensitized immersed spirals. Epithelium re-
moval potentiated relaxation responses in both non-
sensitized and sensitized strips indicating release of con-
tractile mediators in both tissues. Dipyridamole potenti-
ated relaxation responses in sensitized tissues with and
without epithelium. CONCLUSION: Sensitization re-
veals a contractile response to adenosine. The epithelium
is not involved in this contractile response nor is it the
major site of uptake of adenosine in both sensitized and
non-sensitized tissues,

INTRODUCTION

The loss of, or damage to, the epithelial Iayer has
been shown to alter the responsiveness of airway smooth
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muscle preparations to a variety of agents. These effects
have been related to the epithelium serving as a diffusion
barrier'”?, as an uptake site!?, or a source of epithelium-
derived relaxant factor ( EpDRF)®), Removal of the
epithelivm for example by ozone exposure causes airway
hyperreactivity 1o spasmogensm. The epithelivm-
derived relaxant factor is probably nitric oxide since pre-
vention of its formation also causes airway hyperreacti-
vity'” .  Deficiency of endogenous nitric oxide generated
via constitutively expressed or inducible nitric oxide syn-
thases (iNOS) in the epithelium or other sources in the
aitways can explain the airway hypemreactivity after viral
infection'™ or allergen challenge of sensitized guinea
pigs[6] ,

Adenosine administered to the immersed isolated
trachea usually induces a dose-dependent relaxation'”"®
occasionally preceded by a small transient contrac-
tion'*?. Removal of the epithelium has been reported
to increase the sensitivity of the isolated trachea to the re-
laxant response to adenosine. This was proposed to be
due to the epithelium acting either as a metabolic-uptake
sink{®) or as the source of an excitatory substance!®’.
We have shown that the contractile component of the re-
sponse to adenosine is enhanced in tracheal preparations
and airway perfused lungs taken from guinea pigs sensi-
tised to ovalbumin{''~™. This is comparable to the
asthmatic or atopic patient who responds to inhaled
adenosine with bronchoconstriction, compared with no
response in normal subjects! 1%

Loss or damage to the epithelial layer is a distinctive
feature of asthma''®) and may contribute to the airway hy-
perreactivity of asthmatic subjects!'”). This study there-
fore investigates the effects of adenosine in isolated ra-
cheal strips from both untreated and sensitized animals in
an attempt to determine the role of the epithelium in the
relaxation and contractile responses.  Since the method of
cutting the tracheal strips has been shown to affect the
demonstration of relaxation or contractile responses i




ISSN 0253-9756  Acta Pharmacol Sin

~ 482 - E-mail aps @ muail . shene. ac. cn

FRFEER 2001 Jun; 2 (6)
Phn/Fax 86-21-6474-2629

adenosine" , we set up both immersed spirally cut tra-
cheal strips and immersed transversely cut tracheal strips.
The latter were more convenient for examining the re-
moval of epithelium. We also compared immersed and
superfused spirally cut tracheal preparations. The role of
the epithelium as an uptake sink for adenosine was further
examined by use of the adenosine transport inhibitor,
dipyridamole in both epithelium intact and denuded strips
from sensitized animals.

MATERIALS AND METHODS

Animals Male Dunkin-Hartley guinea pigs
(Halls, Staffordshite, UK) weighing 300 —400 g ai pur-
chase were housed at (22 £ 1) T under 12 h nommal
phase light-dark cycle. They were fed on Special Rabbit
Pellet (plain} 680 (Crain Harvesters, Canterbury, Kent,
UK). Drinking water supplemented with ascorbic acid
was provided ad libiem . Animals were killed by cervi-
cal dislocation, the tracheae excised and placed in Krebs-
bicarbonate solution of composition ( mmol/L ). NaCl
118, NaHCO; 24.9, KCl 4.6, CaCly 2.5, MgSO,
1.15, KH,PO4 1.15, and glucose 5.5.

Superfused tracheal spirals The trachea was
cut spirally (2 mm wide) and lengths (3 — 4 cm) were
suspended in a heated jacket (37 ). They were super-
fused with warmed gassed (5 % COy in oxygen) Krebs-
bicarbonate solution at a constant flow rate of 5 mL/min.
One end was attached to a tissue holder and the other to a
Devices UF1 isometric wansducer (57 g sensitivity
range) .

Transverse tracheal strips Following the re-
moval of adhering fat and connective tissue, the trachea
was slit open along its longitudinal axis, directly opposite
the smooth muscle. Two adjacent transverse strips con-
sisting of three cartilage rings were prepared. For those
strips where the epithelium was to be removed, the
Iuminal surface (both smooth muscle and cartilage) was
gently rubbed with a cotton-tipped applicatorng] .

The strips were then set up, with one cartilage end
attached to the aerator-tissue holder, the other to a De-
vices UF1 isometric transducer and immersed in warmed
(37 T) Krebs-bicarbonate solution gassed with 5 % COy
and 95 % O in 15 mL organ baths, Some experiments
were also performed with tracheal spirals immersed in the
same way .

In both tracheal spirals and strips, intrinsic tone was
allowed to develop by leaving the strips to equilibrate
under an applied tension of 1 g for 60 min. Changes in

tension were recorded on a Devices MI9 polygraph
( Lectromed, Welwyn Garden City, Hertfordshire,
UK).

Experimental protocols In superfused spirals,
adenosine was added as 0.1 mL bolus doses injected into
the perfusion solution immediately prior to entry to the
warming coil. Dose-response curves were constructed by
halflogarithmic increments in dose, each dose added
when the tension had returned to the resting level after the
changes from the previous dose. In immersed spirals or
strips, cumulative concentration-response curves were
constructed to adenosine, increasing concentration at half-
logarithmic increments. After the final response, a
supramaximal concenttation of isoproterenol ( isoprena-
line) 14 pmol/L was added. The responses to adenosine
were then expressed as a percentage of this maximum,

The tissues were used as pairs, either one being de-
nuded of the epithelium, and the other remaining intact or
one in the absence and the other in the presence of dipyri-
damole (2 pmol/L) which was preincubated for 30 min.
The tissues were removed from untreated or ovalbumin-
sensitized guinea pigs. Sensitization with ovalbumin was
performed by administation of ovalbumin by intra-
peritoneal (ip) injections at 14 d (5 mg) and 12 d (10
mg) before use. The ovalbumin was dissolved in water
for injection {150 mg in 3 mL)™),

Analysis of results Responses were measured at
each concentration or dose of adenosine as the peak
change in tension from the resting level. These were
then expressed as percentage (x + 5. ) of the response to
a supramaximal dose of isoproterenol .

Concentration-response curves were plotted for indi-
vidual tissues and the ECy, or EC5y measured as the molar
concentration for a 30 % or 50 % of the isoproterenol
maximum response by linear interpolation between points
on either side. Geometric mean ECy or ECy values
were then calculated together with their 95 % confidence
limits.

Significance of difference was calculated by paired
or unpaired, two-tailed r-tests between responses from
the same or different animals, respectively. Significance
was assumed at the 5 % probability level.

Histology  Four pairs of tissues were selected for
histological examination. Sections of intact and denuded
tracheae, 10 —30 um thick, were prepared, stained with
haematoxylin and eosin and examined microscopically for
the presence or absence of epithelium.

Drugs Adenosine, dipyridamole, and (-)-isopro-
terenol bitartrate were obtained from Sigma ( Dorset,
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UK and ovalbumin from BDI { Doeser, UK) . Adeno-
sine and isoproterenol were dissolved mo (09 % saline
fnommal satine) and dipyridamole was initially dissolved
in 0.1 mL of HCl {1 mol /L) before further dilution with
normal saline.  Solutions ol isoproterenal  contzined
ascorhic acid (3 mmol/L) as an antioxidant.

RESULTS

Comparison of superfused and immersed
spirals  In unsensitized superfused tracheal spirals,
adenosine caused dose-related relaxation responses only.
In sensitized preparations, there was a small contractile
response al lower doses, which converted o a relaxation
at higher doses ( Fig 1A), In immersed tracheal spirals
from sensitized anmals with intact epithelium, the con-
strictor phase was absent from the concentration- response
curves | Fig 1B},  However. the concentration-response
curve for the relaxation response in the sensitized tissue
was 1o the right of that in the non-sensitized trachea,
The relaxation nesponses at the intermediated doses were
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Fig 1. Effect of adenosine on A) superfused and B} im-

mersed tracheal spirals from unsensitized [ ') or ovalbu-
min-sensitized (M) guinea pigs.  Geometric mean EC,, val-
ues are shown by &, x+ 5. " <0.05 vs control tissues.

significantly less in the sensitized lssues (P <005 ).

Epithelium removal-histology  Bxamination of
unrubbed tracheae using a light microseope confirmed the
presence of the epithelium and  individual cilia were
clearly seen (Fig 240, Conversely, in rubbed tissue,
the epithelium was completely removed (Fig 2B) . Both
photographs in Fig 2 clearly showed smooth musele and
cartilage.

Fig 2. Micrographs of sections of guinea pig tracheal
strips, stained with haematoxylin and eosin, showing
imtact (A} and denuded (B epithelium under phase
contrast,  » 300,  Bronchial smooth mmscle (M,
cartilage [Ca), and the submucosa (SM) may be seen
in both, but ciliated colummar epithelivm | Ep) is only
present in the intact tissue.

Epithelitm removal-effect on adenosine re-
sponses in unsensitized tracheal strips  Adenosine
induced  concentration dependent  nelaxations  in - bath
rubbed and control (epithelium mtact | immersed tracheal
strips ( Fig 3). In denuded preparations, the higher
doses induced significantly greater relaxatons { P <005,
Fig 3A).

Effects of ovalbumin-sensitization on tracheal
strips  In tmcheal strips from sensitized puinea pigs.
adenosine  induced  concentration-dependent  relixations
{Fig 3B) without initial contractions at low concentri-
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tions. The concentration-response curve for the denuded 2000 1 O Initial tone
preparation fell to the left of the intact tissue (Fig 3B) W Max isoproterenol
with the relaxation responses at the higher doses sigmifi-
cantly greater than in the intact tracheas (P <0.05).
5
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E Fig4. Comparison of initial baseline tone and maxi-
g -0 - , . mum relaxation responses to isoproterenol 5.4 pmol/L
P 10 w9 w101 in tracheal strips, with the epithelial layer intact or
B a- mechanically denuded. Tissues were obtained from
é B unsensitized (Control, n=5) and ovalbumin-sensitized
- [} guinea pigs (n=6). % £ 5. "P<0.05 vs intact
& tissues. P <0.05 vs control.
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Fig3. Effects of adenosine on epithelium intact ([1) g 0
and epithelium-denuded () paired immersed tracheal £ 0
strips from A) unsensitized (n =5) and B) ovalbumin- 2 - m e
sensitized guinea pigs (n = 6). Geometric mean g
ECy values are shown by A, % £ s,. "P<0.05 vs 5 20
2 ]
Both the final isoproterenol response and the initial .20
baseline tone in sensitized tissue were significantly lower -
in the denuded tissue compared with the intact tissue
(P <0.05, Fig 4). No differences were observed be- 60
tween unsensitized and intact sensitized resting tone and 50
isoproterenol-induced relaxation .
Comparision of immersed tracheal strips from A0 T e 10w
untreated and ovalbumin-sensitized guinea pigs, showed 0o 10 .
little difference in either intact (Fig SA) or denuded Concentration of adenosine/pmol * L
tracheae {Fig 5B). .
A Fig 5. Effects of adenosine on tracheal strips from

Effect of dipyridamole upon responses to
adenosine in intact and denuded tracheal strips
from sensitized guinea pigs In the presence of the
adenosine transport inhibitor, dipyridamole (2 pmol/L),

umsensitized ([, n=>5) and ovalbumin-sensitized guinea
pigs (M, n=6) in which the epithelium was A} intact or
B) mechanically removed. Geometric mean ECy, values
are shown by &, X+ 5.
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the submaximal responses to adenosine of sensitized tra-
cheal strips were potentiated in both intact and denuded
preparations (Fig 6). The curves were significantly
shifted to the left by 20 folds in both intact and denuded
tissues { P < 0.05). Similarly, for both preparations,
the maximum relaxation induced by adenosine in the
presence of dipyridamole was significantly reduced
(P <0.05).
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Fig 6. Effects of dipyridamole on the responses of tra-
cheal strips from ovalbumin-sensitized guinea pigs to
sine were obtained in the absence {control, (1, n=5)
or presence of dipyridamole 2 pmol/L (I, n=5) in
trachenl strips in which the epithelium was A} intact or
B) mechanically removed. Geometric mean ECy, val-
ues are shown by &, 2+ s,. "P<0.05 vs control.
P < (.05 vs ECyvalues of dipyridamole-treated group.

DISCUSSION

The predominant response of isolated guinea pig
tracheal preparations to adenosine is relaxation”'%) .
Occasionally, however, contractions have also been
described!® 23] The contraction is usually observed
in response to the lower doses and, nommally, only in
preparations which have been allowed to equilibrate under

intrinsic tone.  Contractions were also favoured in
spirally cut tracheal preparations compared with trans-
versely cut preparations"™ . In the present study, no
contractions occurred in unsensitized preparations of either
spirally cut or transversely cut tissues. The predominant
relaxation is consistently induced at higher doses and at
any level of resting tome, intrinsic or precontracted.
Holroyde(" reported that contractions could only be in-
duced in epithelium-denuded preparations. In the present
study denuding of the epithelium did not reveal a contrac-
tion in umsensitized tissues. However, the relaxation re-
sponses were significantly greater after epithelium denud-
ing and this would suggest the removal of an underlying
constrictor component which would normally oppose the
predominant relaxant response. Indeed, Farmer er al'%
suggested that an excitatory (contractile) substance was
released from the epithelium by adenosine. The possible
nature of such a contractile agent is prostaglandin F,, or a
leukotriene'” . There was no evidence of epithelium-
derived relaxant factors (EpDRFs), such as PGE; and
nitric oxide, that are proposed to be released by other
broncho-active agents(r‘"%'m. Removal of such factors
by denuding the epithelium would have reduced the
relaxation response, not enhanced it.

In confirmation of our previous observations(" =1,
adenosine produced a contractile response at lower doses
in the superfused tracheal spiral from sensilized guinea
pigs. This contrasts with the relaxation responses seen in
unsensitized tissue. In the immersed preparations, how-
ever, there was no contractile phase of the concentration-
response curve. In the immersed tracheal spiral, the
concentration-response curve for sensitized tissue was to
the right of that for the unsensitized tissue. This
suggests that the underlying constrictor component to the
adenosine response in sensitized tissues is opposing the
dominant relaxation response. In the immersed trans-
verse tracheal sirips, however, there was no difference
between sensitized and non-sensitized tissues. These tis-
sues would appear to display a highly dominant relaxation
response in which the contractile response to adenosine of
sensitized tissue is overwhelmed. This is probably due
to the additive effects of transverse cutting of the tissue
which does not appear to favour the contractile ele-
ments{'®) and immersion rather than superfusion. If the
contractile responses are due 1o release of mediators!”,
then they may readily diffuse into the bathing fluid and be
diluted before they can exert their full effects. In super-
fused tissues, the local levels of mediators may remain
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relatively high before being washed away .

Epithelial removal in sensitized tissues had an identi-
cal effect on the adenosine concentration-Tesponse curve to
that in non-sensitized tissues. The potentiation of the re-
laxation response indicated that there was an epithelium-
derived contractile factor also in sensitized tissue but sen-
sitization did not alter this. Thus, in sensitized tissues
there was no additional shift of the curves to the left when
the epithelium was removed, compared with that seen in
unsensitized tissues. Therefore it was unlikely that the
epithelium was the source of any further underlying con-
tractile component. The contraction seen in the sensi-
tized superfused tracheal spirals therefore had a separate
origin to the epithellum-derived contractile factor that
occurs in both sensitized and non-sensitized tissues.

The resting tone was reduced by epithelium removal
only in sensitized tracheal strips and this was accompanied
by a reduced relaxation response to the maximally effec-
live concentration of isoproterenol. The resting tone of
bronchial tissue, from as far back as [975, has been
speculated to result from the apparently spomtaneous re-
lease of various mediators from within the tissue such as
products of the cyclooxygenase cascade including
PGF,,'?'.  Subsequently, various groups have per-
formed experiments in isolated respiratory preparations in
the presence of indomethacin to minimise this resting
wone®~®)  The in vifro response of guinea pig trachea
to exogenous arachidonic acid was converled from a re-
laxation to a contraction in the presence of indomethacin.
Removal of the epithelium had a similar effect, implying
epithelial involvement in prostaglandin synthesis''”**'!.
However, in a similar preparation to that used in the
present study, Lundblad and Persson™ concluded that
mechanical removal of the epithelium apparently has littie
influence upon the development of spontaneous tone in
the guinea pig isolated trachea. This is consistent with
the results obiained in the present study using unsensitized
tissue. Only in the sensitized tissues did epithelial re-
moval reduce resting tone suggesting that the epithelium
was responsible for some resting tone in sensitized tissues
only,

To determine the role of the epithelium as an uptake
site for removal of adenosine, the transport inhibitor,
dipyridamole, was examined in sensitized tracheal strips.
In confirmation of its effects in previous studies n non-
sensitized epithelium-intact tracheal preparations!'®-2'/,
dipyridamole  potentiated the adenosine relaxation
responses. ‘There is therefore an efficient system for re-

moval of adenosine and when this is inhibited by dipyri-
damole, more extracellular adenosine is available for in-
teraction with the extracellular A, receptors mediating re-
laxation®) . The attenuation of the maximum response
10 adenosine observed in the present study has been as-
cribed to the removal of an intracellular P-site by dipyri-
damole’®).  Denuded sensitized tracheae behaved in a
similar fashion with a similar depression of the maximum
and a comparable shift to the left, in the presence of
dipyridarmole.  Similar effects were found by Advenier
et al'® who observed a potentiation of the relaxant ef-
fects of adenosine in non-sensitized guinea pig trachea
with intact epithelivm in the presence of dipyridamole.
In the denuded preparation, they found dipyridamole still
potentiated adencsine but had no effect additional to ep-
ithelial removal.  They concluded that the epithelium was
an uptake and metabolism site for adenosine, but this
conclusion was not supported by the present study.
Since dipyridamole still potentiated the response to adeno-
sine in the absence of the epithelium, uptake and
metabolism must, therefore, occur at another site.  Pur-
ther studies should include altemative inhibitors of adeno-
sine transport, such as p-nitrobenzylthioinosine (NBTI),
to confirm these cbservations.

In conclusion, this study has shown that the
epithelium has a minimum role in the responses of
isolated trachea to adeposine. There is no evidence for
the epithelium operating as a site of adenosine uplake or
of adenosine-induced telease of relaxant mediators.
There was evidence of the epithelivm being a site of re-
lease of a contractile mediator by adenosine in both non-
sensitized and sensitized trachea. This is not the source
of the contractile response seen only in sensitized super-
fused tracheal spirals. Thus, the pathological observa-
tion of epithelial loss in asthma'®! would not be expected
to affect the bronchoconstriction by adenosine in asthmat-
ics»%) The bronchoconstriction would appear to be
independent of the epithelium. Further studies using su-
perfused tissues and bronchioles from sensitized guinea
pigs could provide additional insight into this issue.
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