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THE aim  of the  pre sen t s tudy was to  com pare the
effe cts  of selective phosphodiesterase  (PDE) 3, 4 and
5 in hibitors  on  antigen -induced airw ay hyperre -
sponsiveness  in  sen sitized guinea-pigs . Wh en  the
sensitized guinea-pigs  w ere orally pre -treated w ith
the  se lective  PDE4 in h ibitor, Ro 20–1724 (30 m g/kg),
and s tudied 48 h after OA, a s ign ifican t reduction
(P<0.01) of the leftw ard sh ift of the dos e –response
curve  to ACh  w as noted, whereas  it w as  ine ffe ctive at
the  lower dose  (10 m g/kg). Adm in is tration  of the
se lective  PDE3 in hibitor, m ilrinone  (30 m g/kg) also
elicited a s ign ifican t reduction  (P<0.01) of th e airw ay
hyperresponsiveness , whereas  th e PDE5 in hibitor
zaprin ast (30 m g/kg) was in effe ctive. Th ese results
show  that both  PDE3 and PDE4 inh ibitor s  are  able to
in hibit the  an tigen -induced airw ay hyperresponsive -
ness  in  sen sitized guinea-pigs  and support the  poten -
tial utility  of selective PDE inh ibitors  in  the treatm ent
of asthm a.
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Introduction

Bronchial as thma is  a disease characterized by varia-
ble  airw ay obstruction and airw ay hype rre sponsive-
ne ss that has be en linked to mucosal inflammation
and particularly, the influx  and activation of eosino-
phils .1 One w ay to reduce  the development of airw ay
hyperresponsiveness is to inhibit the associated
inflammation by anti-inflammatory drugs. How ever,
under certain conditions, airw ay hyperre sponsivene ss
has been obse rved despite  the absence  of any
inflammatory proce ss, such as eosinophil re cruit-
ment. We  have  previously demonstrated that sub-
stance P is able to induce  airway hyperre sponsivene ss
not assoc iated w ith eosinophil rec ruitment, but w ith
an enhancement of alveolar macrophage ac tivation.2

The cyclic  nucleotides, cyclic adenosine monop-
hosphate  (cyclic AMP) and cyclic guanosine monop-
hosphate  (cyclic  GMP), are  important second mes-
sengers of c ellular func tion. Phosphodieste rases
(PDEs) are a group of enzymes that regulate  the
breakdow n of cyclic  nucleotides. Among PDEs, PDE3
and PDE4 appear to be the most important for the
regulation of cyclic  AMP, w hereas PDE5 is re sponsible
for the  level of intracellular cGMP. As  far as anti-
inflammatory drugs are conce rned, much attention has
been focused on the therapeutic  potential of se lec tive
PDE4 inhibitors  (for re view  see  Refs 3 and 4). It has also

been frequently reported that PDE3 inhibitors do not
have potent anti-inflammatory e ffe cts. This has been
clearly demonstrated on eosinophil rec ruitment
induced by antigen challenge , PAF ae rosol ex posure or
intratra cheal administration of IL-5.5,6 This is probably
due to the  fac t that in most inflammatory cells,
including eosinophils, the  low  Km cyclic  AMP-specific
members of the  PDE4 family are the  most prominently
ex pressed.4,7 However, in mononuclear cells, PDE3 is
also involved in the re gulation of cyclic AMP levels. In
macrophage s, in the  presence  of the adenylyl cyclase
ac tivator, PGE2 , PDE3 inhibitors are  as effec tive as
PDE4-selective drugs in inhibiting TNF-a re lease.8 We
also recently demonstrated that PDE3 and PDE4
isoenzymes are  present in alveolar macrophage s from
sensitized guinea-pigs and that PDE4, but also PDE3,
regulate the re lease of inflammatory mediators.9

Numerous studie s have reported the ac tual efficacy
of PDE inhibitors , name ly se lective PDE4 inhibitors,
on the development of airw ay hyperresponsiveness.
How ever the effects  of PDE3 inhibitors  appear
controversial.10 –15

The  pre sent study w as  undertaken in order to
compare the e ffec t of milrinone , a se lec tive PDE3
inhibitor, Ro 20–1724, a se lective PDE4 inhibitor, and
zaprinast, a se lec tive PDE5 inhibitor, on the deve lop-
ment of airw ay hyperresponsiveness in sens itized and
challenged guinea-pigs .
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Methods

Materials

The follow ing drugs w ere  used : ovalbumin (OA,
chicken egg, grade  V) and milrinone (Sigma, St. Louis,
MO, USA), Ro 20–1724 (RBI, Natick, MA, USA),
urethane  (ethylcarbamate, Prolabo, Paris, France),
pancuronium bromide  (Pavulon, Organon, Fresnes,
France ). Racemic  rolipram w as  synthesized at the
Institut de Recherche Jouve inal/Parke -Davis, Fresnes,
France . Zaprinast w as a generous gift of Rhône-
Poulenc  Rorer (UK).

Sensitization procedure and challenge

Specific  pathogen-fre e male Hartley guinea-pigs
(300–350 g, Charles  Rive r, St. Aubin le s Elboeuf,
France ) we re  used throughout the  study. Follow ing
purchase, they were  housed in our standard animal
care facilities . All guinea-pigs w e re  fed standard pe lle t
(UAR, Villemoisson-Sur-Orge, France) and given w ater
a d libitu m . Guinea-pigs w ere  sens itized and chal-
lenged as  previously described.16 Briefly, they w ere
placed in a Plex iglas chamber (30 3 50 3 30 cm) and
ex posed tw ice  for 30 min to an ae rosol of ovalbumin
(OA) 2 mg/ml in saline (NaCl, 0.9 %), w ith a 48-h
inte rval. The aerosol w as generated by a Devilbiss
ultrasonic  nebulizer (Ae rodynamic mean mass median
particle diameter of 0.5–5 m M, ULTRA-NEB 99, Som-
merset, PA, USA). Fifteen to 20 days afte r the initial
sensitization procedure, the  guinea-pigs we re  chal-
lenged by 15-min ex posures to five  success ive  solu-
tions of OA of respec tively 10 m g/ml, 100 m g/ml,
1 mg/ml, 5 mg/ml and 10 mg/ml. Control guinea-pigs
w ere  ex posed to a saline  solution for an equivalent
period of time.

Assessment of airway hyperresponsiveness

Bronchopulmonary re ac tivity to ac etylcholine w as
asse ssed 48 h after antigen challenge  or saline ex po-
sure. Guinea-pigs are anaesthe tized (urethane,
1.2 g/kg, i.p.) and placed in a dorsal recumbent
position. A trachea cannula w as  inserted and the  lungs
w ere  mechanically ventilated w ith a constant tidal
volume (1 ml laboratory air/100 g body w eight) w ith a
respiratory pump (Ugo Basile , Vare se , Italy, 60
breaths/min). Spontaneous breathing w as  abolished
w ith pancuronium bromide (2 mg/kg), injec ted in the
poste rior penis ve in. Airw ay inflation pressure (AIP),
an index  of intrathoracic  airw ay caliber, w as  mon-
itored from a late ral port of the  ventilator circuit using
a Ugo basile  bronchospasm transduce r according to
the previously desc ribed method.16

After a 10-min equilibration pe riod, three succes-
sive 1-min aerosol administrations of Ach (50, 100,
200 and 500 m g/ml) we re  performed at 10-min
inte rvals  w ith constant monitoring of the airway

inflation pressure . The  aerosol w as  gene rated by a
Devilbiss  ‘Pulmosonic ’ ultrasonic nebulizer perma-
nently connecte d in se rie s w ith the  affe rent limb of
the ventilator circuit. The airw ay inflation pre ssure
w as ex pressed as  percent change over the  100%
obtained by clamping the tracheal cannula at the end
of the ex pe riment.

Protocol

All drugs w ere  prepared ex temporaneously in dis-
tilled w ater containing 5% Arabic  gum. Sens itized
guinea-pigs w ere  tre ated orally w ith either Ro
20–1724 (10 or 30 mg/kg) or milrinone (30 mg/kg) or
zaprinast (30 mg/kg), 24 and 3 h before  the antigen
challenge or saline  ex posure .

Data analysis

Results are ex pressed as means±SEM. Statistical differ-
ences betw een the  dose -responses to Ach in the
groups receiving the  various treatment w ere  analyzed
by tw o-w ay analysis of variance . It w as  thus possible
to ex amine  the w hole dose –response curves obtained
in these  diffe rent groups of animals .

Results

Ex posure of anaesthe tized guinea-pigs  to the succe s-
sive ae rosols of ACh (50, 100, 200 and 500 m g/ml)
induced a dose -re lated bronchopulmonary response.
When the animals w ere  previously ex posed to OA,
the dose –response  curve to ACh w as significantly
shifted to the left (P<0.001) (Figs  1–4).

When the sensitized guinea-pigs w ere  pre treated
w ith Ro 20–1724 (30 mg/kg), and studied 48 h after
OA, a significant reduction (P<0.05) of the leftw ard
shift of the  dose –re sponse  curve to ACh was note d
(Fig. 1), w here as  no e ffec t w as observed at the low er
dose (10 mg/kg) (Fig. 2).

Administration of milrinone  (30 mg/kg) also e li-
cited a significant reduction (P<0.05) of the  leftw ard
shift of the dose –response curve to ACh after OA
challenge (Fig. 3), w here as , zaprinast (30 mg/kg) had
no effe ct (Fig. 4).

Discussion

The present study demonstrated that the se lec tive
PDE4 inhibitor, Ro 20–1724 and the  se lec tive  PDE3
inhibitor, milrinone , but not the  se lective  PDE5
inhibitor, zaprinast, are able to inhibit the deve lop-
ment of airw ay hyperre sponsivene ss induced by
antigen challenge  in sensitized guinea-pigs .

Airw ay hyperre sponsivene ss induced by antigen
challenge is  generally assoc iated in humans and in
ex pe rimental animals w ith an influx  of inflammatory
ce lls  in lung tissue1,16 and the  ac tivation of re sident
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pulmonary cells  such as alveolar mac rophages.9 ,17 ,1 8

We have  also reported that mac rophages recove red in
the BAL fluid of e ithe r saline-ex posed or OA-chal-
lenged sensitized guinea-pigs ex hibit a PDE type  3 and
a PDE type 4 isoenzyme  activity.9 It c an there fore  be
suggested that the  profile  of PDE activities in macro-
phage s may influence  the ac tivity of PDE inhibitors.
In this  regard, we  observed that the combination of
milrinone and the se lective PDE4 inhibitors , rolipram
or Ro 20–1724 had a significant inhibitory effe ct on
arachidonate  re le ase.9 We recently proposed that the
reduced activity of alveolar macrophage s may be
involved in the inhibition of the  deve lopment of
airw ay hype rresponsiveness  by both PDE3 and PDE4
inhibitors  and suggest that activation of alveolar
macrophage s is a key event in the bronchopulmonary
alterations that follow  antigen challenge.

Such a hypothe sis is not consis tent w ith the fac t
that the  deve lopment of airw ay hyperre sponsivene ss
is closely associated w ith eosinophil influx  in airw ays.
We and othe rs have  previously demonstrated that
PDE4 inhibitors, but not PDE3 inhibitors, are able  to
reduce the eosinophil recruitment induced either by

antigen challenge in sensitized guinea-pigs5 ,19 or
administration of chemotac tic  factor, such as  PAF and
IL-5 in naive guinea-pig s .5,6 This would suggest a
dissociation be tw een eosinophil re cruitment and the
development of airw ay hyperresponsiveness . This
dissociation take s into account the  fac t that eosino-
phils  do not contain PDE3 isoenzyme ,4 and then that
PDE3 inhibitors  are  not able to block mediator re lease
from these inflammatory ce lls.1 9 This hypothe sis is
also strengthened by the re sults obtained w ith ae rosol
ex posure of guinea-pigs to substance P. Indeed, the
development of airw ay hype rre sponsivene ss induced
by aerosol administration of substance P is assoc iated
w ith alveolar macrophage  ac tivation rathe r than
granulocyte re cruitment.2 A proposed mechanism for
the inhibition of antigen-induced airw ay hyperre-
sponsiveness  by PDE inhibitors is the  regulation of
cyclic  AMP by PDE3 and 4 contributing to the
modulation of neuronal sens itivity in the  airw ays and
of tachykinin re lease .20 ,21

It is now  generally ac cepted that se lective  PDE4
inhibitors  are able to reduce airw ay hype rre sponsive-
ne ss, and that this effec t is assoc iated w ith anti-
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FIG. 1. Influence of Ro 20± 1724 (30mg/kg) on cumulative
dose± response curve for acetylcholine (50, 100, 200 and
500 m g/ml) in anaesthetized guinea-pigs, 24h after ovalbu-
min challenge (OA). Sensitized guinea-pigs were treated
orally with Ro 20± 1724 (30mg/kg), 24 and 3h before the
antigen challenge (OA) or saline exposure (SAL). Symbols
represent control with ( h ) or without ( s ) Ro 20± 1724 and
after OA challenge with ( j ) or without ( d ) Ro 20± 1724
(n=6± 20). Significant difference between OA and Ro
20± 1724+OA is P<0.05. No significant difference is noted
between SAL+Ro 20± 1724 and OA+Ro 20± 1724.

FIG. 2. Influence of Ro 20± 1724 (10mg/kg) on cumulative
dose± response curve for acetylcholine (50, 100, 200 and
500 m g/ml) in anaesthetized guinea-pigs, 24h after ovalbu-
min challenge (OA). Sensitized guinea-pigs were treated
orally with Ro 20± 1724 (10mg/kg), 24 and 3h before the
antigen challenge (OA) or saline exposure (SAL). Symbols
represent control with ( h ) or without ( s ) Ro 20± 1724 and
after antigen challenge with ( j ) or without ( d ) Ro 20± 1724
(n=4± 20). No significant difference is noted between OA and
OA+Ro 20± 1724. Significant difference between SAL+Ro
20± 1724 and Ro 20± 1724+OA is P<0.05.



inflammatory activities.1 0 –12 ,21 Howeve r, recent stud-
ie s  have reported the  e ffec ts of tw o PDE3 inhibitors.
Using cilostazol, Uno and colle ague s1 5 have reported
an inhibition of LPS-induced bronchial hyperreac tivity
in guinea-pigs, and Fujimura e t a l.13 a reduced
bronchial hyperresponsivene ss in asthmatic patients.
Finally, Bardin e t a l.14 have reported that the  se lec tive
PDE3 inhibitor, MKS492, is able to prevent early
bronchoconstric tor response in asthma and attenu-
ates  late  response.

Since PDE3 inhibitors have bronchodilator and
bronchoprotective  propertie s,2 2 it can also be sug-
gested that the  bronchoprotec tive effe ct obse rved in
these  latter studies w as  due  to their re lax ant ac tivity
on smooth muscles .23 In the  present study, w e
ex cluded such a possibility since the bronchopulmo-
nary re sponse induced by acetylcholine  w as not
modified by milrinone  in unchallenged animals.

In conclusion, the  present study showed that PDE3
(milrinone ) and PDE4 inhibitors (Ro 20–1724), but
not the PDE5 inhibitor (zaprinast), are able  to reduce
the development of airw ay hype rre sponsivene ss in
sensitized guinea-pigs  and suggests that this group of

se le ctive  compounds may have  a role to play in the
tre atment of asthma.
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