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1 The bovine isovolumic bronchial segment preparation has been used to study the sensitivity and
responsiveness of bronchial smooth muscle after various manipulations.
2 Addition of acetylcholine (ACh) to the lumen of the segments elicited an increase in intraluminal
pressure as a result of contraction of the airway smooth muscle. However, the increases in intraluminal
pressure were greater when the ACh was added to the adventitial surface of the preparation.
3 Addition of polyarginine to the bronchial lumen for 60-120 min resulted in an increased magnitude
of response and greater than 100 fold increase in sensitivity to ACh administered into the lumen.
Depolarizations induced by KCI were similarly enhanced when the solution was added into the lumen.
In contrast, the sensitivity and responsiveness to ACh or K'-induced depolarization administered
adventitially was unchanged.
4 The mechanical disruption of the epithelium produced a 32 fold increase in sensitivity to ACh
introduced via the lumen, whereas the sensitivity to ACh added adventitially remained unaltered.
5 Addition of polyarginine to the adventitial bathing medium resulted in no change in the respon-
siveness or sensitivity to ACh, irrespective of whether the ACh was given intraluminally or adventitially.
6 Histological examination revealed that polyarginine caused extensive disordering of the normal
architecture of the bronchial epithelium. Taken together with the unaltered responsiveness to adventitial
ACh (i.e. lack of change in intrinsic muscle sensitivity) these observations suggest that the effect of
polyarginine was most likely due to disruption of a diffusion barrier.
7 In contrast to the effects of polyarginine, the only effect of stimulated eosinophils was to produce a
small diminution in the responsiveness to ACh that had been added adventitially.
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Introduction

In diseases such as bronchial asthma or following certain
viral infections, the consequences of the mucosal immune
response result in the acquisition of enhanced bronchial re-
sponsiveness (Empey et al.,1977; Jennings et al., 1987; Cock-
roft, 1989). The mechanistic relationships between the func-
tional manifestation of bronchial hyperresponsiveness and
histological changes occurring in the airway mucosa are cur-
rently unknown. However, the apparent association between
the presence of activated inflammatory cells, injury of the
airway epithelium and the appearance of bronchial hyperre-
sponsiveness have fostered the belief that airway
inflammation is of primary and causal significance in its
pathophysiological development. Superficially, this viewpoint
is attractive because inflammatory cells certainly do have the
potential to liberate chemical mediators, such as free radicals,
cytotoxic proteins and proteolytic enzymes that are known to
elicit cell injury (Gleich et al., 1988; Gleich, 1990). This
site-directed injury might result in the exposure of intra-
epithelial nerve endings, cause a reduction in the production
or release of epithelium-derived inhibitory factors and
facilitate the destruction of a cellular diffusion barrier; events
which together might account for augmented bronchial re-
sponsiveness.

In studies of patients with mild asthma Beasley and col-
leagues (1989) reported an inverse correlation between the

' Author for correspondence.

number of exfoliated epithelial cells in bronchoalveolar
lavage fluid and the provocation concentration to metha-
choline. Other workers have reported the existence of an
inverse correlation between the proportion of eosinophils
present in bronchoalveolar lavage fluid (Lam et al., 1987;
Wardlaw et al., 1988) or the airway mucosa (Ohashi et al.,
1992) and the degree of bronchial responsiveness to inhaled
methacholine. Likewise, in asthmatic patients treated with a
topically active corticosteroid, data have been presented
which apparently link a reduction in airway eosinophil
numbers of a diminution (but not ablation) of bronchial
hyperresponsiveness (Djukanovic et al., 1992). Similar
evidence associating inflammatory cell infiltration with
heightened bronchial responsiveness exists in experimental
animals (Marsh et al., 1985; Murphy et al., 1986). On the
basis of these studies it has been argued that there is likely to
be a causal link between eosinophils, epithelial injury and the
acquisition of heightened bronchial responsiveness.

However, several investigations in man and experimental
animal models have provided contrary evidence which dis-
sociates the presence of increased numbers of eosinophils in
the airway from the development of bronchial hyperrespon-
siveness, or at least casts doubt on the obligatory and
dominant role of the eosinophil in this process (Sanjar et al.,
1990; Chapman et al., 1991; Djukanovic et al., 1990; 1992;
Elwood et al., 1992). The implication of these experiments is
that airway inflammation is not causally related to bronchial
hyperresponsiveness, or that the link between them is more
complex than originally believed. Thus, the relationships
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between eosinophils, epithelial damage and smooth muscle
responsiveness require further appraisal.

In the present paper we report the results of experiments in
which we have continued our mechanistic investigations into
mucosal injury and its relationship to functional changes in
the airway. Specifically we have compared the effects on
smooth muscle responsiveness of treatment with the poly-
basic polymer polyarginine (a surrogate for the arginine-rich
eosinophil granule proteins), treatment with eosinophils or
mechanical denudation of the epithelium. A preliminary
account of this work was presented to the British Pharma-
cological Society (Omari et al., 1991a).

Methods

Isovolumic bronchial segment preparation

Fresh bovine lungs were obtained from a local abattoir and
used not more than 1 h post mortem. On arrival at the
laboratory, bronchial segments, approximately 2 cm in length
and with a distal internal diameter of 0.3 cm, were dissected
from the upper lobes and cannulated at both ends. The
segments were placed in a modified organ bath (Omari &
Sparrow, 1992) and bathed at 37°C in Krebs solution (com-
position, mM: NaCl 121, KCI 5.4, MgSO4 1.2, NaH2PO4 1.2,
NaHCO3 25, glucose 11.5 and CaCl2 2.5) and gassed with
5% CO2 in 02. Krebs solution was also perfused through the
lumen of the segment from an external reservoir. The Krebs
solution bathing both the luminal and adventitial surfaces
was exchanged for fresh solution at regular intervals through-
out the experiment. Changes in muscle tone were recorded by
closing off proximal and distal taps leaving the segment in
series with a differential pressure transducer (type
MPXIODP, Motorola Semiconductors, Phoenix, USA). Re-
sponses were recorded on a Rikadenki R-50 chart recorder.

Agonists were introduced either on to the adventitial sur-
face of the segments or into the lumen, by use of a syringe
and 3-way tap situated at the distal end of the preparation.
The segments were also prepared to permit electrical field
stimulation (EFS) with platinum ring electrodes and a Grass
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Figure 1 Responses of the bovine isovolumic bronchial segment
preparation to electrical field stimulation (60V, 0.5ms, 20Hz) via
platinum ring electrodes after being maintained at a range of resting
intraluminal pressures. Data are mean ± s.e.mean of 4 separate
experiments.

S44 stimulator. The tissues were maintained at a resting
intraluminal pressure of 6 cmH20, this being determined as
optimal by studying the relationship between EFS stimula-
tion and response at different resting pressures (Figure 1).
Cumulative responses were recorded to acetylcholine (ACh)
added to the adventitial surface, while responses to ACh
introduced into the lumen were recorded non-cumulatively.
In some cases the tissues were also challenged with a KCI
depolarizing solution that contained 121 mM KCI in place of
NaCl.

In all experiments control responses to agonists and EFS
were first determined before undertaking a variety of
manipulations when the tissues had resumed their resting
tone and showed consistent responses to EFS.

Mechanical injury of bronchial epithelium

As a control for other manipulations, we examined the re-
sponsiveness of bronchial segments that had been subjected
to mechanical injury of their epithelium. The epithelium was
damaged by inserting into the lumen a cotton applicator tip
soaked in Krebs solution and rubbing it along the length of
the segment.

Treatment with polyarginine

Polyarginine was dissolved in Krebs solution each day and
diluted to appropriate concentrations for use. To determine
the effect of polyarginine when added to the lumen, expo-
sures of 1 mgml-' for 1 h as well as 10 and 100 ig ml-' for
2 h were tested. In experiments comparing the adventitial and
luminal administration of polyarginine, an exposure of
100 igml-l was used. In this set of experiments, after
obtaining control responses to EFS and ACh, the segments
were exposed to polyarginine via the adventitial surface and
the effects on the responses of the tissue observed. After
complete recovery, the lumen was then exposed to poly-
arginine and the responses to ACh studied once again. Thus,
in contrast to tissues in which the epithelium had been
injured mechanically, these studies incorporated within seg-
ment rather than between segment control responses.

Experiments with inflammatory cells

For each experiment, paired segments from the same lung
were used. After control responses had been obtained, each
segment was exposed to either stimulated or unstimulated
cells that had been obtained as described below.

Stimulation of eosinophils and neutrophils was achieved
with 5 ,UM ionophore A23187, a concentration that we have
previously shown to activate these cell types (Herbert et al.,
1991). The ionophore (or its dimethylsulphoxide (DMSO)
vehicle at a final concentration of 1.6%) was added to the
cells 1 min before they were introduced into the lumen of the
segments. After an exposure period of 1 h the segments were
then flushed with fresh Krebs solution and the perfusate
collected for the measurement of leukotriene B4 by radio-
immunoassay.

Preparation of inflammatory cells

A peritoneal eosinophilia was established in guinea-pigs by
injecting male Dunkin-Hartley strain animals i.p. with 1 mg
ml-' polymyxin B in saline twice weekly for 4 weeks. At 24 h
after the last injection, the animals were anaesthetized with
metofane and a 16G cannula (Critikon Ltd, Ascot, Berks.)
inserted into the peritoneal cavity. The cavity was lavaged
with 50 ml sterile saline and the lavage return collected into a
polypropylene tube. The lavage fluid was centrifuged at 150 g
for 10 min at room temperature and resuspended in 2 ml of
Dulbecco's phosphate buffered saline (DPBS, Ca2+- and
Mg2+-free). Erythrocytes were lysed by use of hypotonic
saline and an initial differential cell count then performed by
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use of eosin/pontamine sky blue. In some experiments the
cells were resuspended in an appropriate volume of Krebs
solution and used without further purification. In those
experiments which used purified eosinophils, further enrich-
ment was obtained by resuspending the cells in Tyrode solu-
tion containing gelatin and deoxyribonuclease (DNase) and
subjecting the cells to density centrifugation on Metrizamide
gradients.
The washed lavage cells were overlaid onto density

gradients which consisted of a cushion of 2ml Maxidens
upon which a discontinuous gradient of 16, 18, 20, 22, 24, 26
and 30% Metrizamide in Tyrode solution (supplemented
with gelatin and DNase) had been prepared. Each step in the
gradient had a volume of 2 ml and a maximum of 108 cells
was loaded onto each gradient. Centrifugation was per-
formed at 1200g for 45min at room temperature. The
eosinophil-rich band at the 24-26% Metrizamide interface
was carefully aspirated., washed in DPBS and the number
and purity of cells determined by use of eosin/pontamine sky
blue. Viability was determined by exclusion of trypan blue
and was generally >90%.
Human neutrophils were obtained from the blood of

volunteers who had taken no medication within at least one
week prior to donation. Eight volumes of citrate-antico-
agulated blood were treated with 1 volume of 6% dextran
(Mr 500,000) and 1 volume of normal saline. Erythrocytes
were sedimented at 1 g for 30 min, after which the plasma
layer was carefully aspirated, mixed with an equal volume of
phosphate-buffered saline and layered as 5 ml aliquots onto
5 ml of Mono-Poly resolving medium. After centrifugation at
400 g for 30 min the polymorphonuclear cell layer was
aspirated, the cells washed in Krebs solution and an aliquot
taken for a differential cell count by use of Wright's stain
and an assessment of cell viability with trypan blue.

Histology

At the end of the experiment segments were fixed for 48 h in
4% formaldehyde solution. Small pieces were then dissected
and embedded in Cryo-M-Bed prior to the preparation of
10 lsm cryostat sections. Sections were stained with
haematoxylin and eosin and the appearance of the airway
mucosa assessed by light microscopy (Zeiss Axiovert 10 or
Leitz Laborlux 12).

Data presentation

Data are shown as either the increase in intraluminal pres-
sure above the resting value of 6 cmH2O or as a percentage
of the maximal response to 10 mM ACh. The sensitivities of
the segments to adventitially added ACh were compared by
determining the EC50 values. The responses to intraluminal
ACh rarely exceeded 30% of maximum and consequently the
sensitivities were compared by calculating concentrations cor-
responding to EC20 of the maximum adventitial response.
Results are expressed as the mean ± s.e.mean of n prepara-
tions. The significance of any difference between means was
evaluated with Student's t test, with P< 0.05 being con-
sidered statistically significant. Tests for paired samples were
used to compare data obtained within individual segments
(i.e. control versus subsequent manipulation), whereas
unpaired tests were used to evaluate data between
experiments.

Materials

The following were purchased from Sigma (Poole, Dorset):
acetylcholine, ionophore A23187, polyarginine (Mr 11,600),
polymyxin B sulphate, dimethysulphoxide, gelatin (from
bovine skin) and DNase. DPBS and Mono-Poly resolving
medium were obtained from Flow Laboratories (Rickmans-
worth, Herts). Metrizamide and Maxidens were purchased
from Nycomed (Birmingham). Metofane (methoxyfluorane)

was obtained from C-Vet Ltd (Bury St Edmunds, Suffolk).
Reagents for the radioimmunoassay of leukotriene B4 were
purchased from NEN-Du Pont Research Products (Steven-
age, Herts). Stains for microscopy and all other laboratory
reagents were purchased from BDH (Poole, Dorset).

Results

Responses of the preparation

The responses of a bovine bronchial segment maintained at a
resting transmural pressure of 6 cmH2O are shown in Figure
2. Electrical field stimulation (EFS) at 60 V with a duration
of 0.5 ms and frequency of 20 Hz produced an increase in
intraluminal pressure which relaxed readily upon cessation of
the stimulus (Figure 2a). Also illustrated in Figure 2a is a
typical cumulative response to ACh that had been applied to
the adventitial surface, whereas Figure 2b displays the
significantly smaller and non-cumulative dose-response char-
acteristics for ACh injected intraluminally. For example,
1OmM ACh applied adventitially elicited a contraction that
produced a mean increase in pressure of 33.0 ± 1.8 cmH2O
(n = 45), whereas introduction of ACh into the lumen pro-
duced a pressure change of only 12.1 ± 1.2 cmH2O (n = 45,
Ps 0.01).

Effect ofpolyarginine

In these experiments, luminal or adventitial surfaces of
bovine bronchial segments were exposed to several concen-
trations of polyarginine. By itself, polyarginine altered
neither the resting tone of the bronchi, nor the responses to
EFS. However, the responses of bronchial segments to ACh
added intraluminally were significantly enhanced by prior
exposure of the lumen to 100 ig ml-' polyarginine for 2 h
(Figure 3a). For example, the response to 10 mM ACh added
into the lumen was increased from 7.3 ± 1.6 to
28.9 ± 3.9 cmH2O (n = 4, P . 0.01). This effect was not seen
if the polyarginine was added to the adventitial bathing
medium (Figure 3a). In contrast, the responses to ACh added
adventitially were unchanged by exposure of either the
luminal or adventitial surfaces to polyarginine when using
the same treatment regime (Figure 3b, n = 4 for each type of
exposure). In the case of EFS, the responses of bronchial
segments were unchanged by polyarginine, even after 1 h
exposure to I mg ml' (21.7 ± 6.2 versus 22.2 ± 7.4 cmH20
in control and treated tissues respectively, n = 4). However, it
was of interest that the responses to depolarization by KCI
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Figure 2 Increases in the intraluminal pressure of a bronchial seg-
ment contracting isovolumically to electrical field stimulation (EFS)
and acetylcholine (ACh) from a resting pressure of 6 cmH2O: (a)
illustrates the response to EFS and cumulative responses to ACh
added to the adventitial surface; (b) illustrates single responses to
ACh administered intraluminally.
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were enhanced in a similar way to those of ACh (Figure 4).
Table 1 summarizes the effect of different treatments with

polyarginine, as well as mechanical injury, on the EC20 and
EC50 values which indicate the sensitivity to luminally and
adventitially applied ACh respectively. Exposure to 10 lAg

.'
, ml-' polyarginine for 120 min did not alter the sensitivity to

ACh at all, whereas higher concentrations in the lumen
(100 ILg ml' and 1 mg ml') enhanced the sensitivity to
luminally-applied ACh by 110 and 135 fold respectively. The
EC50 values for ACh applied to the outside of the tissue were
unchanged by these treatments. Similarly, tissues that had
been subjected to mechanical trauma of the epithelium were
on average 32 fold more sensitive to ACh added into the
lumen when compared with epithelium-intact segments for
the same lung. However, there was no change in sensitivity to
ACh added to the adventitial side of mechanically injured
preparations (Table 1). Overall, there was no significant
difference in the changes in tissue sensitivity evoked by

10-2 polyarginine or mechanical trauma. That mechanical injury
appeared to be less effective than polyarginine treatment is
probably a reflection of the limitations of the different experi-
mental protocols used and the way in which control re-
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Figure 3 Effect of polyarginine on the responsiveness to acetyl-
choline (ACh). In (a), ACh was added into the lumen. In (b), ACh
was added to the adventitial surface. Each tissue served as its own
control (-) before exposure of the lumen (-) or the adventitial
surface (0) to 100 gml-' polyarginine for 2h. Data are
mean±s.e.mean of 4 separate experiments. *P <0.05; **P<0.01
with respect to appropriate control.
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Figure 4 Effect of polyarginine (PA, 1 mg ml-', 1 h in the lumen)
on the response to electrical field stimulation (EFS) and depolariza-
tion evoked by K+. Data are mean ± s.e.mean from 4 separate
experiments. *P < 0.01 with respect to appropriate control.

Table 1 Calculated EC20 and EC50 values for acetylcholine (ACh) added to either the luminal or adventitial sides of bovine bronchial
segments before and after exposure to polyarginine: also included are values obtained from tissues where the epithelium had been
injured mechanically and their corresponding epithelium-intact controls from the same lungs

Treatment

Polyarginine (10 fig ml1, 2 h)
pre-exposure
post-exposure

Polyarginine (100 ig ml', 2 h)
pre-exposure
post-exposure

Polyarginine (1 mg ml- ', 1 h)
pre-exposure
post-exposure

Epithelium-intact segments
Mechanically injured segments

loglo EC20 ACh
(luminal)

- 2.66 ± 0.17
- 2.93 ± 0.32

- 2.12 ± 0.11
-4.18 ± 0.26**

- 2.05 ± 0.36
- 4.18 ± 0.33*
- 2.48 ± 0.26

3.99 ± 0.12t

log,o EC50 ACh
(adventitial)

- 3.55 ± 0.11
- 3.30 ± 0.22

- 3.22 ± 0.12
- 3.29 ± 0.08

- 3.55 ± 0.12
- 3.48 ± 0.08
- 3.36 ± 0.09
- 3.34 ± 0.20

Asterisks indicate significant differences between pre- and post-exposure values, *P < 0.05; **P < 0.01. tSignificantly different from
intact segments, P < 0.01. All data are mean ± s.e.mean values from four experiments in each case.
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sponses were determined (see Methods). It is also possible
that mechanical injury failed to remove significant amounts
of the epithelium.

Effect of inflammatory cells

Bronchial segments were exposed to ionophore A23 187
(51M, intraluminally) to establish whether A23187 could be
used as a means of activating inflammatory cells without
interfering with the responsiveness of bronchial smooth mus-
cle. The ionophore produced a slow increase in bronchial
tone that reached 50% of the maximal response after approx-
imately 3 h (Figure 5). Despite the change in tone, the
smooth muscle responsiveness to ACh applied either intra-
luminally or adventitially was unaltered by a 60 min exposure
to 5 LM A23187 in the lumen (Figure 6).
When bronchial segments were exposed to either

stimulated or unstimulated guinea-pig peritoneal eosinophils
(15.9 ± 0.1 x 106 mI1 for 60 min) there were no significant
effects on the responsiveness to ACh administered intra-
luminally when this was compared with the corresponding
control responses made prior to the addition of cells (Figure
7). This was true irrespective of whether the eosinophils were
used as unfractionated peritoneal lavage cells or whether they
had been purified by density gradient centrifugation. How-
ever, when ACh was applied adventitially after exposure to
eosinophils it was noted that there was a small reduction in
the magnitude of response compared with the pre-eosinophil
control values. In segments exposed to stimulated eosinophils
this tendency was statistically significant at all but the highest
dose of ACh (Figure 7). Pre- and post-exposure EC20 and
EC30 values derived from these dose-response curves are illus-
trated in Table 2. In one series of studies we incubated
bronchial segments with eosinophil populations at 91.6 x 106
ml-' and purity of 92.6% (with and without ionophore
stimulation) and even under these conditions there was no
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Figure 6 Concentration-response curve to acetylcholine (ACh)
added either luminally (0) or adventitially (0) under control condi-
tions. Tissues were then exposed to SlM A23187 added into the
lumen (0) or into the adventitial bathing medium (-) for 60min
before retesting tissue responsiveness. Data are mean ± s.e.mean of
six experiments.

increase in muscle responsiveness (data not shown). As
judged by the release of immunoreactive leukotriene B4, the
eosinophils were activated for mediator release by A23187,
with a net release of 1.39 ± 0.29 ng LTB4 per 106 eosinophils
being detected in the fluid returned from the bronchial
lumen.

Similar experiments were performed with human neutro-
phils with 60 min exposures of bronchial segments to cell
numbers ranging from 6-330 x 106 neutrophils ml-' at an
average purity of 88.6 ± 4.2%. In no case was the respon-
siveness of the tissues materially altered by these treatments
(data not shown). These cells exhibited a net release of
leukotriene B4, (LTB4), confirming their stimulation by
A23187, with a net 2.81 ± 2.27 ng LTB4 per 106 neutrophils
being detected in the fluid recovered from the bronchial
lumen.

Histological effects

Cryostat sections prepared from control bronchial segments
or tissues that had been exposed to 10gml-' polyarginine
for 60 min showed preservation of a relatively intact, healthy
epithelium. At high magnification, abundant cilia were evi-
dent on cells, and focal intercellular contact was a notable
feature between suprabasal epithelial cells. In contrast, those
segments exposed to higher concentrations of polyarginine
exhibited cytoplasmic shrinkage, loss of interepithelial
adhesion and evidence of exfoliation (Figure 8). Interestingly,
the areas where exfoliation was noted showed retention of
basal cells and cellular debris on the matrix substratum.

Bronchial segments that had been exposed to either un-
stimulated or ionophore-stimulated eosinophils and neutro-
phils were also examined. In contrast to the effects of polyar-
ginine, the exposure to inflammatory cells was characterized
by little effect on the gross morphology of the airway
mucosa.

0 30
Min

Figure 5 A tracing of changes in intraluminal pressure in a bovine
bronchial segment that had been exposed to 5 g4M A23187 (Ca-io) on
the luminal side.

Discussion

In this series of experiments we have demonstrated that
exposure of the bronchial lumen to the basic amino acid
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Figure 7 The effect of exposure of bronchial segments to either
unstimulated (a) or ionophore stimulated (b) eosinophils. Control
concentration-response curves to acetylcholine (ACh) (solid symbols)
were initially undertaken before addition of the unfractionated
peritoneal eosinophils to the bronchial lumen (15.9 ± 0.1 x 106 ml at
an average purity of 68.6 + 0.1 %, n = 5). Responses after exposure
to eosinophils are denoted by open symbols. In each experiment one
tube of each pair dissected from the lung received unstimulated
eosinophils, the other received cells which had been activated by the
ionophore. Data are mean ± s.e.mean of 5 experiments and asterisks
denote significant differences from the appropriate control values.

Table 2 Calculated EC20 and EC50 values for acetylcholine
(ACh) added luminally or adventitially before and after
exposure of bronchial segments to guinea-pig peritoneal
eosinophils (15.9 x 106 ml-')

Treatment

Unstimulated eosinophils
pre-exposure
post-exposure

Stimulated. eosinophils
pre-exposure
post-exposure

loglo EC20 ACh
(luminal)

log,o EC50 ACh
(adventitial)

- 3.38 ± 0.47 - 4.06 ± 0.22
-3.00± 0.16 - 3.72± 0.12

- 3.21 ± 0.41 - 4.01 ± 0.23
-3.52 ± 0.38 -3.52 ± 0.27

Data are from five experiments in each case.

Figure 8 Sections of bronchial segments following (a) control treat-
ment, or (b) exposure for 2 h to 100 jig ml-' polyarginine. The scale
bars represent 200 jAm in each case.

polymer, polyarginine, results in a relatively rapid augmenta-
tion of the responsiveness of the underlying smooth muscle
to ACh and KCI-induced depolarizations, but not to EFS.
This enhancement was not observed if the adventitial surface
of the preparation was similarly treated. A further feature of
the 'sidedness' of this phenomenon was that only the re-
sponses to agonists introduced into the bronchial lumen were
enhanced. Responses to agonists applied adventitially were
unchanged, even in those bronchial segments which had been
treated with polyarginine in the bronchial lumen.

This pattern of alteration in the responsiveness of the
bronchial smooth muscle was similar to that seen in segments
in which the bronchial mucosa had been injured mechanically
(this study; Munakata et al., 1989; Sparrow & Mitchell, 1991;
Omari & Sparrow, 1991) and is consistent with the effects
seen after exposure of the mucosa to proteinases (Omari et
al., 1991b; Omari & Sparrow, 1992). Collectively, these
similarities suggest that polyarginine may be causing disrup-
tion of the airway muscosa, a view that was verified experi-
mentally by undertaking a histological evaluation before and
after treatment with various concentrations of polyarginine.
Tissues that had not been exposed to polyarginine, or those
which had experienced only low concentrations, exhibited a
normal appearance with an essentially intact epithelium. In
contrast, tissues incubated with concentrations of polyar-
ginine that significantly augmented the smooth muscle re-
sponsiveness were characterized by evidence of cytolytic
damage, cytoplasmic shrinkage and frank exfoliation. It was

a

[ACh]
b
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of interest that areas of mucosa that had been denuded of
epithelial cells in this way still retained a significant number
of basal cells. This pattern of tissue injury is thus in many
ways similar to that produced by stimulated eosinophils in an
in vitro model of mucosal injury (Herbert et al., 1991) which
has been suggested to represent a convenient model of the
mucosal lesion which characterizes lung diseases such as
bronchial asthma (Herbert et al., 1991; Montefort et al.,
1992). The retention of basal cells in injury of the airway
mucosa may arise because the desmosomal attachment of
columnar epithelial cells to basal cells is more susceptible to
cleavage than is the adhesion of basal cells to the biomatrix
(Montefort et al., 1992).
As the airway epithelium functions, in part, as a protective

barrier it seems plausible that one effect of polyarginine is to
render the mucosa more permeable to solutes as a conse-
quence of the cellular injury and loss of interepithelial tight
junctions. In support of this view Herbert et al. (1991) dem-
onstrated that polyarginine (1 mg ml-') significantly in-
creased the permeability of the bovine bronchial mucosa to
serum albumin. The failure of a lower concentration of
polyarginine to produce a significant effect on the net
unidirectional flux of albumin, compared to the present
results in smooth muscle, probably relates to the fact that
Herbert and colleagues focused their attention on macro-
molecular solute permeability rather than highly diffusible
low molecular mass drugs.
The airway epithelium has also been suggested as a source

of poorly-characterized factors which inhibit the respon-
siveness of the underlying smooth muscle (Barnes et al., 1985;
Vanhoutte, 1988; Spina et al., 1992). It is therefore possible
that removal of such inhibitory factors may contribute to the
heightened responsiveness seen in the present experiments.
Whilst the bovine bronchial epithelium does release sub-
stances, such as prostaglandin E2 (PGE2), which have relax-
ant effects on airway smooth muscle (Herbert & Robinson,
unpublished), we discount this as an explanation for our
observations in this study. Moreover, we also argue against
the possibility that polyarginine enhances responsiveness by
releasing bronchoconstrictor agents (e.g. histamine from mast
cells). The principal evidence against these hypotheses is that
addition of polyarginine to the bronchial lumen does not
change the responses of the tissue to agonists added adven-
titially, even though the responses to intraluminal ACh are
enhanced. Furthermore, in a study of mast cell heterogeneity
in bovine lung Hunt et al. (1991) demonstrated the refrac-
toriness of bovine mast cells to polybasic secretagogues.
Thus, we favour the view that the principal effect of polyar-
ginine is to disrupt the epithelial diffusion barrier. The
behaviour of the airway epithelium as a diffusion barrier
capable of modulating the actions of pharmacological
agonists has been suggested on the basis of other studies with
bronchial segments (Small et al., 1990; Sparrow & Mitchell,
1991; Omari & Sparrow, 1992; Omari et al., 1993).
One of our reasons for studying polyarginine in the present

experiments is that it may be a useful model of the arginine-
rich cytotoxic proteins of the eosinophil (Butterworth et al.,
1979; Uchida et al., 1990). Attention has been focussed on
the role of eosinophil-derived proteins, in particular the
major basic protein (MBP), in the pathogenesis of mucosal
injury (Gleich et al., 1988). Deposits of MBP have been
found adjacent to areas of epithelial exfoliation in the
asthmatic lung (Filley et al., 1982) and at relatively high
concentrations in vitro it is known to cause disruption of
nasal and bronchial epithelium (Frigas et al., 1980; Hastie et
al., 1987; Ayars et al., 1989; Motojima et al., 1989) and a
modest increase in the responsiveness of airway smooth mus-
cle (Flavahan et al., 1988). Other studies have demonstrated
that MBP causes an epithelium-dependent increase in bron-
chial tone in the guinea-pig and monkey (White et al., 1990;
Gundel et al., 1990) and an augmentation of responses to
agonists administered intravenously (Brofman et al., 1989;
White et al., 1990). However, the mechanism(s) of these

changes are not understood. In our studies polyarginine had
no effect on the resting tone of the bronchial segments, nor
did we observe any change in the response of the tissue to
ACh added adventitially. These data suggest that there may
be important differences between the action of MBP and
basic amino acid polymers, implying that the interaction
between MBP and target cells is more subtle than that
defined by cationic nature alone. Clearly, further work is
necessary to establish exactly how polyarginine, MBP and
other eosinophil proteins cause such an apparently targeted
injury of epithelial cells.

In view of the established toxicity of eosinophil granule
proteins and other eosinophil-derived mediators towards air-
way epithelium it was surprising to find that guinea-pig
peritoneal eosinophils that had been stimulated by A23187
produced only a small decrease in the responsiveness to ACh
added to the adventitial surface of the preparation. The basis
of this effect remains unknown. Relatively small numbers of
eosinophils were used in the present studies and it is con-
ceivable that the quantities of eosinophil-derived mediators
released were inadequate to affect airway function over the
time course of the experiment. Interestingly, Jongejan (1991)
did not observe any change in the sensitivity of human
bronchial rings to methacholine after exposure to granul-
ocytes (1-5 x 10' of which >90% were neutrophils) that
had been activated by zymosan. However, bronchial rings
incubated with larger numbers of granulocytes (10-20 x 106)
exhibited a decreased responsiveness. Similarly, McAlpine
and colleagues (1988) found that zymosan-activated neutro-
phils did not affect the responsiveness of rabbit bronchi. The
stimulation of the eosinophils and neutrophils was confirmed
in our own experiments by demonstrating a net release of
leukotriene B4 in the fluid recovered from the segments after
incubation with the cells. The most likely sources of this
leukotriene are the eosinophils and neutrophils because, in
contrast to the leukocytes bovine bronchial mucosa is only a
poor source of this eicosanoid (Sun et al., 1989; Herbert,
1992).

In contrast to the unexpected effect on bronchial respon-
siveness in this study, relatively small numbers of guinea-pig
eosinophils and human neutrophils (3-10 x 106 ml-') have
been shown to increase the net unidirectional flux of albumin
across the bovine bronchial mucosa by causing the exfolia-
tion of epithelial cells (Herbert et al., 1991; Herbert, 1992). In
the present work, histological examination of the bronchial
segments that had been exposed to stimulated leukocytes
showed considerably less disruption than those exposed to
polyarginine. These findings are in marked contrast to the
tissue morphology reported previously after exposure to
eosinophils obtained and stimulated by methods identical to
those used in the present study (Herbert et al., 1991). How-
ever, there are several important differences which may
account for the absence of eosinophil-induced tissue injury.
Firstly, in the current study the eosinophils were added to the
bronchial lumen and not the adventitial side of the isolated
epithelium as reported by Herbert et al. (1991). Secondly, no
special measures were taken to promote eosinophil adhesion
to the target tissue within the bronchial lumen. This is in
contrast to the experiments performed by Herbert et al.
(1991) in which eosinophils were incubated in a small volume
under conditions which promoted settling onto a limited and
defined area of bronchial mucosa. Moreover, these authors
presented specific evidence which indicated that the
eosinophil-dependent injury to the mucosa was a contact-
dependent phenomenon (Herbert et al., 1991).

In summary, these studies have shown that polyarginine is
able to augment the responsiveness of bronchial smooth
muscle to ACh in an effect which is dependent on the
removal of the diffusion barrier presented by the airway
epithelium. Eosinophils stimulated by the ionophore A23187
were unable to reproduce this phenomenon, suggesting that if
eosinophils are responsible for the bronchial hyperreactivity
seen in asthma then their ability to injure the airway mucosa



560 T. OMARI et al.

is a more chronic process than that produced in this in vitro
system. Alternatively, certain aspects of the interaction
between eosinophils and the airway epithelium may be
different in certain types of clinical asthma. In view of the
findings reported by Herbert et al. (1991) one such difference

may involve the nature of the physical contact between
eosinophils and the mucosal microenvironment.
We thank the British Council, The Medical Research Council and
The British Lung Foundation for financial support. Thanks are also
due to Dr Carolyn Herbert for helpful discussion.
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