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Abstract

A new guinea pig model of allergic asthma was used to investigate the effects of low doses of the phosphodiesterase
inhibitors, rolipram (phosphodiesterase IV selective), ORG 20241 ( N-hydroxy-4-(3,4-dimethoxyphenyl)-thiazole-2-carboximida-
mide; dual phosphodiesterase IIT1/IV inhibitor with some selectivity for the phosphodiesterase IV isoenzyme), and of theophyl-
line (non-selective) on allergen-induced early and late phase asthmatic reactions, bronchial hyperreactivity to histamine
inhalation, and airway inflammation. Theophylline (25 mg/kg i.p.) and ORG 20241 (5 mg/kg i.p.) did not affect histamine-in-
duced bronchoconstriction, whereas rolipram (75 pg/kg i.p.) only slightly reduced the response to histamine at 7 h after
administration. However, bronchial hyperreactivity after the early and after the late rcaction was significantly reduced by
theophylline, rolipram and ORG 20241, while bronchoalveolar lavage studies revealed a selective inhibition of airway inflamma-
tion by the phosphodiesterase inhibitors. Theophylline significantly reduced the number of eosinophils, neutrophils and
macrophages; rolipram reduced the number of neutrophils and lymphocytes, and ORG 20241, the number of eosinophils and
macrophages. None of the compounds at the dosage indicated reduced the early and late reaction when administered i.p. 1 h
before allergen exposure to defined dual responding animals. These results indicate that non-bronchodilator doses of these
phosphodiesterase inhibitors markedly reduce the allergen-induced development of bronchial hyperreactivity as well as airway
inflammation, presumably by selectively inhibiting cellular migration. The results suggest that an orchestrated series of cellular
interactions is involved in the development of bronchial hyperreactivity. It is concluded that phosphodiesterase inhibitors may be
very useful in the treatment of bronchial asthma.
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1. Introduction review see Torphy and Undem, 1991). Given the ap-

parent multiplicity of phosphodiesterase isoenzymes, it

Cyclic nucleotide phosphodiesterases are a family of
enzymes which hydrolyse the 3'-ribose phosphate bond
of the naturally occurring second -messenger nu-
cleotides, 3',5-cyclic adenosine and guanosine
monophosphates (cAMP and ¢cGMP), to form the bio-
logically inactive 5-nucleoside monophosphates. At
least five isoenzyme classes have been defined bio-
chemically, each containing two or more subtypes (for
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is not surprising that the distribution of these isoen-
zymes may vary markedly between different cells and
tissues, providing a unique therapeutic opportunity for
the development of highly family-selective phospho-
diesterase inhibitors, which may permit selective ma-
nipulation of various pathophysiological processes, such
as bronchial asthma.

The cAMP-specific phosphodiesterase 1V isoenzyme
has been functionally identified as regulating cAMP
levels in human T-lymphocytes (Robicsek et al., 1989),
guinea pig peritoneal macrophages (Turner and
Gueremy, 1991; Giembycz and Dent, 1992), and hu-
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man as well as guinea pig eosinophils and neutrophils
(Wright et al., 1990; Dent et al., 1991; Schudt et al.,
1991; Souness et al., 1991). Moreover, in vitro studies
have established that inhibitors of the cGMP-inhibited
phosphodiesterase III as well as phosphodiesterase IV
relax effectively pre-contracted airway smooth muscle
preparations of guinea pig, bovine and human origin
(Harris et al., 1989; Shahid et al., 1991; De Boer et al.,
1992).

Therefore, phosphodiesterase IV is presently con-
sidered as a major molecular target for novel anti-
asthmatic agents (Torphy and Undem, 1991). Due to
their cardiovascular side-effects, selective phospho-
diesterase IIl inhibitors are not expected to prove
useful in the treatment of bronchial asthma. However,
hybrid drugs which combine phosphodiesterase III and
IV selectivity in the same molecule may provide opti-
mal anti-inflammatory and bronchodilator activity. Ex-
amples of these drugs are benzafentrine (AH 21-132),
zardaverine (B 842-90), ORG 30029 and the more
recently developed N-hydroxy-4-(3,4-dimethoxyphen-
yl)-thiazole-2-carboximidamide, ORG 20241 (Nichol-
son et al., 1992).

To investigate the potential importance of the anti-
inflammatory effects of phosphodiesterase inhibitors in
the treatment of bronchial asthma, we now studied the
effectiveness of low, sub-bronchodilator dosages of the
selective phosphodiesterase IV inhibitor, rolipram, the
dual phosphodiesterase III /IV inhibitor, ORG 20241,
and the non-selective phosphodiesterase inhibitor,
theophylline, on allergen-induced early and late phase
asthmatic reactions, bronchial hyperreactivity, and air-
way inflammation in a recently described guinea pig
model of bronchial asthma (Santing et al., 1992, 1994).

2. Materials and methods
2.1. Animals

Male specific pathogen-free guinea pigs (Charles
River SAVO, Kiszlegg, Germany), were sensitized to
ovalbumin at 3 weeks of age as described previously
(Santing et al., 1992). Briefly, 0.5 ml of an allergen
solution containing 100 wg ovalbumin and 100 mg/ml
AI(OH); was injected i.p., while another 0.5 ml was
divided over seven s.c. injection sites in the proximity
of lymph nodes in the paws, lumbar regions and neck
(Van Amsterdam et al., 1991). The animals were oper-
ated in week 3 following sensitization and were used
experimentally in weeks 4-8. The animals were housed
in individual cages in climate controlled animal quar-
ters and were given water and food ad libitum.

All protocols described in this study were approved
by the University of Groningen Animal Health Com-
mittee.

2.2. Measurement of airway function

Airway function was assessed by pleural pressure
(Pp,) measurement as described previously (Santing et
al., 1992). In brief, a small latex balloon (HSE, Freiburg,
Germany), connected to a saline-filled cannula, was
surgically implanted inside the thoracic cavity. The
cannula was driven subcutaneously to and permanently
attached in the neck of the animal. After connection
via an external fluid-filled cannula to a pressure trans-
ducer (Gould P23ID, Gould Medical, Bilthoven,
Netherlands), P, was continuously measured using an
on-line computer system.

Using a combination of flow measurement with a
pneumotachograph implanted inside the trachea, and
pressure measurement with the pleural balloon, we
had previously shown that changes in P, are linearly
related to changes in airway resistance and hence can
be used as a sensitive index for both allergic and
non-allergic bronchoconstriction (Santing et al., 1992).
Baseline P, measurements remained stable and no
signs of inflammation were observed at the sites of
surgery for several weeks. Using this model, airway
function can be repeatedly and continuously measured
for periods of at least 24 h, while the animals are
unaware that measurements are being taken.

2.3. Provocation procedures

Ovalbumin and histamine provocations were per-
formed by inhalation of aerosolized solutions. These
provocations were carried out in a specially designed
9-1 animal cage, in which the guinea-pigs could move
freely (Santing et al., 1992). A DeVilbiss nebulizer
(type 646, DeVilbiss, Somerset, PA, USA) driven by an
airflow of 8 1/min provided the aerosol required with
an output of 0.43 ml /min.

The animals were habituated to the experimental
conditions and the provocation procedures during sev-
eral training sessions. Each allergen and histamine
provocation was preceded by an additional adaptation
period of at least 30 min, which was followed by two
saline challenges lasting 3 min each, separated by 10-
min intervals. A baseline P, value was calculated by
averaging the P, values from the last 20 min of the
adaptation period.

Histamine provocations were performed starting
with a 25 ug/ml solution in saline, followed by increas-
ing dose steps of 25 pg/ml. Exactly as with the saline
challenges, each provocation lasted 3 min and was
separated by 10-min intervals. The animals were chal-
lenged until the P, increased by more than 100% for
at least 3 consecutive min. Depending on the reactivity
of the animal, three or more doses of histamine were
applied. The provocation concentration causing a 100%
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increase in P, (PC ) was calculated by linear intrapo-
lation.

Allergen provocations were performed by inhalation
of increasing concentrations of 1.0, 3.0 and 5.0 mg/ml
ovalbumin in saline for 3 min, separated by 10-min
intervals. Allergen inhalations were discontinued when
an increase in P, of more than 100% was observed.
Under these conditions none of the animals developed
anaphylactic shock after allergen provocation.

2.4. Experimental protocol

The phosphodiesterase inhibitors used in this study
were dissolved in 10% dimethylsulfoxide in saline, this
vehicle being used as control. Theophylline was studied
in a dose of 25 mg/kg, rolipram of 75 ug/kg, and
ORG 20241 of 5 mg/kg body weight. All drugs were
administered i.p.

The effect of the phosphodiesterase inhibitors on
histamine-induced bronchoconstriction was evaluated
by measuring the PC,,, values at 24 h before, and at 1,
7 and 25 h after administration. These time points
were chosen to correspond to the allergen provocation
protocol.

Allergen provocations were performed 24 h after a
PC,,, measurement with histamine. At 6 h after aller-
gen provocation (between the early and late asthmatic
response) and at 24 h (after the late response), the
PC,,, values for histamine were re-assessed to calcu-
late changes in airway reactivity at these time points as
ratios of PC,,, pre/post allergen provocation. Airway
functions were measured continuously during the whole
procedure for the quantitative assessment of early and
late phase asthmatic responses. Between the measure-
ments of PC,,, values at 6 h and 24 h, the animals
were placed in a larger cage, where they could move
around freely and eat and drink ad libitum. During this
transfer, the animals remained connected to the mea-
surement system.

The effect of treatment with vehicle or phospho-
diesterase inhibitors on the allergic obstructive re-
sponses and the development of bronchial hyperreac-
tivity was investigated 7 days later in the same animals.
The second allergen provocation was identical to the
first exposure with respect to allergen dose and was
performed 1 h after treatment with vehicle or phospho-
diesterase inhibitor. Only dual responding animals en-
tered this part of the study, because it was found that
bronchial reactivity was significantly increased in dual
responders only (Santing et al., 1994).

2.5. Bronchoalveolar lavage procedure
At 24 h after the second allergen provocation, the

animals were anaesthetized with 20 mg/ml Brietal-
sodium, 35 mg/kg ketamine hydrochloride and 6

mg/kg Rompun i.p. The lungs were gently lavaged via
a tracheal cannula using 5 ml of sterile saline at 37°C,
followed by three subsequent aliquots of 8 ml of saline.
The recovered lavage samples were cooled on ice, and
centrifuged at 200 X g for 10 min at 4°C. The pellets
were combined and resuspended to a final volume of
1.0 ml in RPMI-1640 medium. Total cell numbers were
counted in a Biirker-Tiirk chamber. For cytological
examination, cytospinpreparations were stained with
May-Griinwald and Giemsa. Cell differentiation was
performed by counting at least 400 cells in duplicate.

2.6. Chemicals

Histamine hydrochloride, ovalbumin (grade III),
aluminum hydroxide, theophylline and May-Griin-
wald/ Giemsa stain were obtained from Sigma Chemi-
cal Co. (St. Louis, MO, USA), and rolipram from
Schering (Berlin, FRG). ORG 20241 (N-hydroxy-4-
(3,4-dimethoxyphenyl)-thiazole-2-carboximidamide)
was supplied by Organon Laboratories (Newhouse,
Scotland).

Brietal-sodium (methohexital) was purchased from
Eli Lilly (Amsterdam, Netherlands), ketamine hydro-
chloride from Parke-Davis (Barcelona, Spain), Rompun
(2-(2,6-xylidino)-5,6-dihydro-4 H-1,3-thiazine-hydro-
chloride, methylparaben) from Bayer (Leverkusen,
Germany) and RPMI-1640 medium from Gibco Life
Technologies (Paisley, Scotland).

2.7. Data analysis

The magnitudes of the allergen-induced early and
late asthmatic responses were expressed as the area
under the P, time-response curve (AUC) between 0
and 6 h after allergen provocation for the early asth-
matic reaction, and between 8 and 24 h after provoca-
tion for the late asthmatic reaction. P, was expressed
as percentage change from baseline and AUC was
determined by trapezoid integration over discrete (5
min) time periods. Based on AUC values from saline
control inhalations, threshold values (mean + 2 X
standard deviation; 99% confidence interval) of
1185% x5 min for a positive early asthmatic reaction
and 2790% =5 min for a positive late asthmatic reac-
tion were defined (Santing et al., 1994). Using these
criteria, animals were characterized as single early re-
sponders or dual responders (i.e. animals expressing an
early asthmatic reaction as well as a late asthmatic
reaction).

Changes in allergen-induced obstructive reactions as
well as in bronchial reactivity were analyzed using
Student’s ¢-test for paired observations. Protection
against histamine-induced bronchoconstriction due to
treatment as well as cellular contents of broncho-
alveolar lavage were analyzed using analysis of variance
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Table 1

Effect of phosphodiesterase inhibitors on bronchial reactivity to histamine inhalation

Treatment ? PC,g histamine (xg/mb)

24 h before 1 h after 7 h after 25 h after

administration administration administration administration
Vehicle 1278+ 9.7 120.3 + 16.0 142.2 +18.2 131.9+ 133
Theophylline 103.6 £ 11.5 1089+ 12.4 110.7 £ 11.7 108.9 + 11.8
Rolipram 1286 + 154 154.7 £+ 26.1 165.6 + 183 ° 146.4 + 13.5
ORG 20241 1199+ 9.7 1132+ 94 112.3 £ 10.0 113.8 + 10.7

* Administration i.p. in 10% DMSO in saline; rolipram: 75 pg/kg, ORG 20241: 5 mg/kg, theophylline: 25 mg/kg. Data represent mean
values + S.E.M. for five to seven animals. Statistical analysis: ANOVA, coupled with Dunnett’s ¢-test: ® P < 0.05, compared with PCipp 24 h

before administration.

(ANOVA), coupled with Dunnett’s ¢-test. Differences
were considered to be statistically significant when
P <0.05. All data are presented as means + S.E.M.

3. Results
3.1. Effect on bronchial reactivity to histamine

To determine the protective effect of the phospho-
diesterase inhibitors on histamine-induced bron-
choconstriction, the reactivity (PC,,,) to histamine in-
halation was measured 24 h before administration of
phosphodiesterase inhibitors, as well as at 1 h, 7 h and
25 h thereafter (Table 1).

Administration of the vehicle did not significantly
affect subsequent PC ,, measurements. Treatment with
theophylline (25 mg/kg i.p.) and ORG 20241 (5 mg /kg
1.p.) did not change bronchial reactivity to histamine
either. With rolipram (75 pg/kg), only a small reduc-
tion in bronchial reactivity to histamine inhalation was
observed, which reached significance at 7 h after appli-
cation.

3.2. Effect on allergen-induced asthmatic responses

Allergen provocation in this model induces a pro-
nounced bronchoconstriction that could be clearly di-
vided into an early (0—6 h) and a late component (8-24
h). Early asthmatic reactions evoked by the first aller-
gen challenge were comparable between the groups of
animals, although the ‘rolipram’ group had a somewhat
greater initial early response (Table 2). This difference
was, however, not statistically significant.

After the second allergen provocation, which was
preceded by vehicle or phosphodiesterase inhibitor
treatment, the magnitude of the early reaction was
comparable to that of the first early reaction in all
groups.

No statistically significant differences were observed
in the severity of the late asthmatic reaction after the
first and second, vehicle- or drug-treated, allergen

Table 2
Effect of phosphodiesterase inhibitors on allergen-induced early and
late phase reactions

AUC (% *5 min)

Early asthmatic reaction

Treatment ?

Late asthmatic reaction

Before After Before After

treatment treatment treatment treatment
Vehicle 2841+615 2017+ 640 6900+ 1384 5455+ 658
Theophylline 2180+452 3737+1039 9703+3187 8699+2931
Rolipram 4326+484 3105+ 886 61934+ 933 4524+ 895
ORG 20241  2338+561 32714+ 895 554141008 4841+1170

* Administration i.p. in 10% DMSO in saline 1 h before the second
allergen provocation; rolipram: 75 ug/kg, ORG 20241: 5 mg/kg,
theophylline: 25 mg/kg. Data are presented as area under the %
change in P, time-response curve between 0 hand 6 h after allergen
provocation for the early asthmatic reaction and between 8 h and 24
h after allergen provocation for the late asthmatic reaction. Data
represent mean values+ S.E.M. for five to seven animals. Statistical
analysis: Student’s t-test for paired data (before /after treatment)
showed no significant differences.

provocation. Also, the magnitude of the late asthmatic
reaction was comparable between all groups (Table 2).

3.3. Effect on allergen-induced bronchial hyperreactivity

Allergen exposure to dual responding guinea pigs
induced a considerable increase in bronchial reactivity
to histamine aerosol, as determined after resolution of
the early (6 h) as well as the late asthmatic response
(24 h) (Fig. D.

Bronchial reactivity was significantly enhanced at 6
h after the first allergen provocation in all groups. No
significant differences were observed between these
groups. At 6 h after the second allergen provocation a
significant bronchial hyperreactivity was observed only
in the control group (P < 0.01), which was very similar
to that observed after the first allergen provocation. In
the remaining three groups, treated with phospho-
diesterase inhibitors, bronchial hyperreactivity at 6 h
after allergen provocation was significantly reduced by
theophylline (P < 0.05) and ORG 20241 (P <0.05),
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Fig. 1. Effects of theophylline (25 mg/kg i.p.), rolipram (75 ug/kg
i.p.) and ORG 20241 (5 mg/kg i.p.) on allergen-induced bronchial
hyperreactivity to histamine inhalation at 6 h (upper panel) and 24 h
(lower panel) after allergen exposure. The open bars represent the
ratio of PC,y, before /after allergen provocation after the first aller-
gen provocation (untreated), and the hatched bars that after the
second allergen provocation (treated). PC, o, values at 24 h before
the first allergen provocation were 188.8 +36.9 (vehicle group), 104.5
+7.9 (theophylline group), 151.5+23.2 (rolipram group), and 228.0
+69.3 (ORG 20241 group). At 24 h before the second allergen
provocation, these values were 194,3+40.7, 113.1+7.8, 142.6+22.5
and 216.8 +56.8, respectively (N.S.). Statistical analysis: paired Stu-
dent’s ¢-test compared to pre-challenge PC,q,, and to first allergen
provocation, * P <005 " P<001; *** P<0001; *P=0.06,
N.S.: not significant.

while the reduction by rolipram just did not reach
significance (P = 0.06) (Fig. 1).

Bronchial hyperreactivity at 24 h after the first and
second allergen provocation was very similar in the
vehicle-treated group. However, in the remaining three
groups, treated with phosphodiesterase inhibitors, al-
lergen-induced development of bronchial hyperreactiv-
ity after the late reaction was completely prevented.

In all treatment groups, the baseline P, before
assessment of histamine reactivity at 6 h and 24 h after

allergen provocation was not statistically significantly
different from the baseline values assessed at 24 h and
1 h before each allergen provocation, indicating that
the bronchial hyperreactivity at these time points was
not influenced by (effects on) bronchial tone.

3.4. Effect on allergen-induced inflammation

Bronchoalveolar lavage was performed at 24 h after
the second allergen provocation (Table 3). In all groups
the recovery of the lavage fluid was high, with an
overall average of 85.6 + 0.5% (n = 25). The viability of
the recovered cells averaged 96.2 + 0.4%.

Theophylline treatment significantly reduced the
number of eosinophils (P < 0.001), neutrophils (P <
0.05) and macrophages (P <0.01) in the broncho-
alveolar lavage fluid, as well as the total number of
cells (P < 0.001) (Table 3). Rolipram reduced the num-
ber of neutrophils (P < 0.05) and lymphocytes (P <
0.05), while the total number of cells was not signifi-
cantly reduced (P = 0.09). Finally, ORG 20241 reduced
the number of eosinophils (P < 0.001) and macrophages
(P < 0.05) as well as the total number of cells (P <
0.001).

4. Discussion

In this study it was found that sub-bronchodilator
dosages of phosphodiesterase inhibitors that did not
reduce basal P, histamine-induced bronchoconstric-
tion and allergen-induced early and late phase reac-
tions, markedly inhibited the subsequent development
of bronchial hyperreactivity to histamine inhalation.
This inhibition was accompanied by a selective reduc-
tion in the number of inflammatory cells infiltrated
into the airway lumen.

Rolipram was previously shown to be effective
against ozone-induced bronchial hyperreactivity to in-
haled histamine in guinea pigs at a concentration of
100 pwg/kg i.p. (Holbrook and Hughes, 1992). To inves-
tigate the effects of rolipram on allergen-induced
bronchial hyperreactivity, we used a concentration of

Table 3

Total and differential leukocyte counts in bronchoalveolar lavage 24 h after the second allergen provocation

Treatment 2 Total cells Eosinophils Neutrophils Lymphocytes Macrophages
(X 10%) (x10%) (x10%) (x10%) (x109)

Vehicle 32.30 + 2.87 11.67 + 0.61 1.64 + 0.54 0.42 +0.05 18.40 + 2.35

Theophylline 1417+ 1.18 ¢ 420+0.72¢ 022 +0.04° 0.28 + 0.09 9.40+0.98 ©

Rolipram 24.92 +2.63 8.82 + 1.62 0.10 + 0.03 ® 0.1340.05° 15.63 + 1.48

ORG 20241 1628 +2.32 ¢ 3.63 +0.60 ¢ 0.79 + 0.40 0.34 +0.12 11.50 + 1.64 ®

* Administration i.p. in 10% DMSO in saline 1 h before second allergen provocation; rolipram: 75 ug/kg, ORG 20241: 5 mg/kg, theophylline:
25 mg/kg. Data represent mean values + S.EM. for five to seven animals. Statistical analysis: ANOVA, coupled with Dunnett’s ¢-test:

®p< 0.05; ¢ P < 0.01; dp< 0.001, compared with vehicle.
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75 ng/kg i.p., since this concentration had virtually no
effect on histamine-induced bronchoconstriction 1 h
after injection. Based on observations that the bron-
chodilating potency ratio for rolipram and theophylline
ranges from 130 to 875 (Harris et al., 1989; Cortijo et
al., 1993), we used theophylline at a dose of 25 mg /kg,
which was also without effect on histamine-induced
bronchoconstriction. The dose of ORG 20241 (5 mg /kg
i.p., 60-fold higher than rolipram) was chosen because,
for bovine tracheal smooth muscle, the potency of
ORG 20241 to relax histamine- and methacholine-in-
duced contraction was about 10-50 times lower than
that of rolipram (Shahid et al., 1991; Zeilstra and
Zaagsma, unpublished observations). This dose of ORG
20241 also did not affect histamine-induced bron-
choconstriction.

Except for a small bronchodilator effect of rolipram
on histamine-induced bronchoconstriction at 7 h after
application, no substantial bronchodilator effects were
observed that could account for the reduced histamine
PC,,, after allergen provocation. Consistent with the
absence of direct bronchodilator activity against his-
tamine-induced bronchoconstriction, treatment with
the phosphodiesterase inhibitors did not affect the
magnitude of allergen-induced early and late phase
reactions. A recent study by Underwood and col-
leagues (1993), showed a dose-dependent inhibition of
the allergen-induced early asthmatic reaction after in-
tragastric application of rolipram to conscious guinea
pigs. However, the lowest dose in their study (1 mg/kg
i.g.), which only slightly inhibited the early reaction,
was still 40 times higher than the intraperitoneal dose
used in the present study.

Remarkably, the allergen-induced development of
bronchial hyperreactivity was completely prevented by
administration of all three phosphodiesterase in-
hibitors. Moreover, the allergen-induced influx of in-
flammatory cells into the airways was also inhibited by
the non-bronchodilating concentrations of these com-
pounds, indicating that the anti-inflammatory effects of
the phosphodiesterase inhibitors may be important for
the treatment of bronchial asthma.

Recently it has been shown that guinea pig peri-
toneal eosinophils express predominantly a membrane-
bound phosphodiesterase IV (Dent et al., 1991; Souness
et al.,, 1991). Functional studies in isolated intact
eosinophils have shown that inhibitors of the phospho-
diesterase IV isoenzyme, such as rolipram and denbu-
fylline, but also ORG 20241, increase the cAMP con-
tent in the cell and markedly reduce respiratory burst
activity (Dent et al., 1991; Souness et al., 1991; Nichol-
son et al., 1992). As in eosinophils, the predominant
phosphodiesterase isoenzyme in human neutrophils is
a membrane-associated phosphodiesterase IV (Wright
et al., 1990). Interestingly, the kinetics of cAMP hydro-
lysis catalyzed by phosphodiesterase in guinea pig

eosinophils and neutrophils are non-linear, suggesting
that these cells may contain more than one phospho-
diesterase IV (Giembycz and Dent, 1992).

Recent evidence emphasizes the importance of
CD4" T-lymphocytes in allergic asthma. A functional
subset of CD4* cells, Th,-lymphocytes, produce a
number of cytokines, including granulocyte-
macrophage colony-stimulating factor, interleukin-3,
tumor necrosis factor-a, which promote IgE produc-
tion (Ricci et al., 1993) and bronchial mucosal
eosinophilic inflammation (Gulbenkian et al., 1992).
Recently, Kings et al. (1990) reported that eosinophil
accumulation into guinea pig airways induced by sub-
cutaneous and intraperitoneal injection of human re-
combinant granulocyte-macrophage colony-stimulating
factor and interleukin-3, as well as mouse tumor necro-
sis factor-a was effectively prevented by prior adminis-
tration of the phosphodiesterase III /1V inhibitor, ben-
zafentrine. This is of particular interest since it implies
that selective phosphodiesterase inhibitors are able to
block the deleterious actions of both acute and chronic
inflammatory mediators (Giembycz, 1992). Indeed, the
phosphodiesterase isoenzyme population of human T-
lymphocytes has been shown to consist of both phos-
phodiesterase III and IV isoenzymes (Robicsek et al.,
1989).

Another important site of action for anti-inflamma-
tory drugs is at the vascular endothelium where pro-in-
flammatory cells and plasma proteins leave the circula-
tion. When fluorescene isothiocyanate-labelled dextran
was used as a plasma protein marker, allergen-induced
plasma extravasation in sensitized guinea pigs was in-
hibited by phosphodiesterase IV, but not phospho-
diesterase I and III inhibitors (Raeburn et al., 1992).
However, Suttorp et al. (1991) had shown earlier that
the phosphodiesterase III inhibitor, motapizone, inhib-
ited H,O,-induced increases in endothelial permeabil-
ity, indicating that both phosphodiesterase III and IV
may be active at this site.

The selective inhibition of inflammatory cell infiltra-
tion by the various phosphodiesterase inhibitors as
found in this study may also point to an inhibitory
effect on selective inducible adhesion molecules on the
luminal surface of vascular endothelial cells. This is
important since adherence is an obligatory step in the
migration of leucocytes from the microvenules to the
airways. To date, however, no conclusive evidence is
available for an interaction between phosphodiesterase
inhibitors and expression of endothelial cell adhesion
molecules.

Eosinophilic infiltration of the airways is considered
of primary importance for the development of
allergen-induced bronchial hyperreactivity (Venge,
1990). The prevention of allergen-induced eosinophilic
inflammation by theophylline and ORG 20241, as ob-
served in this study, may thus underlie the reduction in
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the development of bronchial hyperreactivity. Surpris-
ingly, in the dosage applied, rolipram did not signifi-
cantly inhibit eosinophilic infiltration into the airways.
This observation is in contrast with reports that a
reduction in the number of eosinophils was observed
after treatment with rolipram, even when rolipram was
administered after allergen provocation (Sturm et al.,
1990). In atopic monkeys, rolipram (10 mg/kg, s.c.)
inhibited allergen-induced increases in bronchoalveolar
lavage fluid and neutrophils after both acute and
chronic allergen exposure as well as the development
of bronchial hyperreactivity after chronic exposure
(Turner et al., 1994). Inhibition of bronchial hyperreac-
tivity 24 h after acute allergen provocation by pretreat-
ment with rolipram was recently reported for ovalbu-
min-sensitized guinea pigs (Howell et al., 1993). The
dose of rolipram used (10 mg/kg, p.0.), caused inhibi-
tion of the allergen-induced early obstructive reaction
as well as of histamine-induced bronchoconstriction,
but showed no residual bronchodilator effect at the
time of airway reactivity measurement, 24 h after the
allergen provocation. Moreover, at 3 mg/kg i.g. (but
not 1 mg/kg), rolipram significantly inhibited the
eosinophil influx in the airway lumen of conscious,
ovalbumin-challenged guinea pigs (Underwood et al.,
1993). In the present study, however, lower doses of
phosphodiesterase inhibitors were used, which did not
substantially affect histamine-induced bronchoconstric-
tion and allergen-induced early and late phase reac-
tions. Nevertheless, rolipram potently reduced the in-
crease in the number of neutrophils and lymphocytes
in the bronchoalveolar fluid after allergen exposure. It
is still unknown whether this reduction is directly re-
sponsible for the attenuation of bronchial hyperreactiv-
ity or acts indirectly, e.g. via modulation of (the activa-
tion state of) the eosinophils. This important question
remains to be resolved.

In conclusion, this study has shown that low, sub-
bronchodilating doses of the phosphodiesterase in-
hibitors theophylline (non-selective), rolipram (phos-
phodiesterase IV-selective) and ORG 20241 (dual
phosphodiesterase IV /111 inhibitor), which did not re-
duce histamine-induced bronchoconstriction and aller-
gen-induced early and late phase reactions, were effec-
tive to preventing the allergen-induced development of
bronchial hyperreactivity to histamine inhalation.

The inhibition of bronchial hyperreactivity was asso-
ciated with a selective reduction in airway inflamma-
tion. The mechanism by which inflammatory cells in-
duce bronchial hyperreactivity is still unclear, but prob-
ably involves an orchestrated complex series of cellular
interactions. The anti-inflammatory effects of the phos-
phodiesterase inhibitors at non-bronchodilating con-
centrations suggest that these compounds may be of
significant therapeutic value in the treatment of
bronchial asthma.
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