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1 This study investigates the role of adrenal-derived catecholamines and corticosterone on the
inhibition by rolipram, a phosphodiesterase (PDE)-4 inhibitor, of pulmonary eosinophilia and
airway hyperresponsiveness (AHR) in allergic mice.

2 The following experimental groups were studied in mice sensitized and challenged with
ovalbumin (OVA): normal, adrenalectomized, propranolol (b-adrenoceptor antagonist) and
metyrapone (corticosterone synthesis inhibitor) treated. These interventions were studied both in
the absence and in the presence of rolipram. Eosinophil numbers in the bronchoalveolar lavage
(BAL) and AHR to methacholine were measured 24 h after OVA challenge.

3 Treatment of sensitized mice with rolipram (0.3 ± 10 mg kg71, p.o.), inhibited pulmonary
eosinophilia and the AHR to methacholine in OVA-challenged mice.

4 Adrenalectomy increased the number of eosinophils in the BAL of OVA-challenged mice but
had no e�ect on AHR to methacholine. Adrenalectomy attenuated both the rolipram-induced
inhibition of BAL eosinophilia and AHR to methacholine in OVA challenged mice. Propranolol
(10 mg kg71, p.o.) had no e�ect on the inhibition of eosinophilia by rolipram but attenuated the
inhibition of AHR to methacholine in OVA challenged mice. On the other hand, metyrapone
(10 mg kg71, p.o.) attenuated the inhibition of eosinophilia by rolipram but had no e�ect on the
inhibition of AHR to methacholine in OVA challenged mice. Metyrapone-treatment alone increased
the number of eosinophils in the BAL of OVA-challenged mice.

5 These results identify an important role for adrenal-derived catecholamines and corticosterone
on the inhibition of pulmonary eosinophilia and AHR by rolipram in allergic mice.
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Introduction

Phosphodiesterase (PDE) isoenzymes are found ubiquitously

throughout the body and regulate various biological responses,
some of which are potentially important in the pathogenesis of
pulmonary diseases. For example, PDE-4 inhibitors increase

cyclic AMP in many types of cells, relax airway smooth muscle
tone (Palfreyman & Souness, 1996), inhibit the release of
neuropeptides from pulmonary `C' ®bres (Undem et al., 1994)
and decrease airway microvascular leakage in response to

provocation with in¯ammatory mediators (Raeburn &
Karlsson, 1993; Howell et al., 1995). PDE-4 inhibitors also
suppress eosinophil and neutrophil migration into pulmonary

tissue (Underwood et al., 1994; 1998; Turner et al., 1994;
Gozzard et al., 1996) and potently inhibit the release of
cytokines and mediators from in¯ammatory cells (Dent et al.,

1994; Kambayashi et al., 1995; Crocker et al., 1996; Pettipher
et al., 1997; Torphy, 1998). Therefore, PDE-4 inhibitors may
have therapeutic utility for treatment of in¯ammatory lung
diseases (Torphy, 1998).

It is well established that PDE-4 inhibitors attenuate both
the in¯ux of eosinophils into the lungs and the airway
hyperresponsiveness (AHR) in response to bronchoprovoca-

tion with allergic or in¯ammatory stimuli in animals (Turner et

al., 1994; Underwood et al., 1994; Gozzard et al., 1996;
Holbrook et al., 1996; Danahay & Broadley, 1997). A number
of studies have identi®ed an interaction of PDE inhibitors with

the hypothalamo-pituitary-adrenal (HPA) axis where augmen-
ted release of catecholamines and corticosteroids from the
adrenal glands has been described (Hadley et al., 1996; Cheng
et al., 1997; Kumari et al., 1997; Pettipher et al., 1996; 1997;

Underwood et al., 1997; Sato et al., 1998). Underwood et al.
(1997) found that the inhibition of antigen-induced broncho-
constriction in guinea-pigs by PDE-4 inhibitors was abolished

by prior administration of b-adrenoceptor antagonists or
adrenalectomy. Furthermore, Griswold et al. (1993) reported
that b-adrenoceptor antagonists abolish the anti-in¯ammatory

e�ects of a PDE4 inhibitor in mice. On the other hand, Hughes
et al. (1996) found that the antiin¯ammatory activity of a
PDE-4 inhibitor against IL-5-induced pleural eosinophilia was
una�ected by adrenalectomy or by pre-treatment with b-
adrenoceptor antagonist in rats.

Previous studies in mice sensitized and challenged with
aerosolized OVA demonstrate pulmonary in¯ammation char-

acterized by an in¯ux of eosinophils into the lungs and AHR
(Kung et al., 1994; Hessel et al., 1995). The e�ect of PDE-4*Author for correspondence.
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inhibitors has not been assessed in this model, and it was the
aim of this study to determine the e�ects of rolipram, a
selective PDE-4 inhibitor (Torphy, 1998) on the pulmonary

eosinophilia and AHR in allergic mice. Experiments were also
performed to assess the role of adrenals on the actions of
rolipram by studying the e�ect of adrenalectomy, treatment
with metyrapone, a corticosterone synthesis inhibitor (De Bie

et al., 1996), and treatment with propranolol, a b-adrenoceptor
antagonist (Underwood et al., 1997).

Methods

Studies were performed on normal (Jackson Labs., Bar
Harbor, ME, U.S.A.) and adrenalectomized (Charles River,
MA, U.S.A.) male, B6D2F1 mice (25 ± 30 g). The mice were

fasted overnight before study, but given water ad libitum. The
adrenalectomized mice were given free access to a supply of
isotonic saline and were sensitized to ovalbumin 2 weeks after
the adrenalectomy procedure.

Sensitization and challenge procedure

The mice were sensitized by intraperitoneal (i.p.) injection of
15 mg of OVA adsorbed onto 2 mg of alum gel (Kung et al.,
1994). Non-sensitized mice received i.p. injection of the alum

gel. On day 5, the mice were given a booster injection of the
same alum or OVA/alum mixture intraperitoneally. Twelve
days after sensitization, the mice were challenged with

aerosolized OVA (0.5%) that was generated by an ultrasonic
nebulizer (DeVilbiss, Somerset, PA, U.S.A., model Ultra-Neb
99). The aerosol was circulated through a large plexiglass
chamber and mice were placed into the chamber for 1 h in the

morning and again in the afternoon (6 h apart) of a single day.
Twenty-four hours after OVA aerosol challenge, the mice were
prepared for the collection of BAL ¯uid or for the assessment

of AHR to methacholine.

Collection and assessment of BAL ¯uid

The mice were sacri®ced by CO2 inhalation and the trachea
was catheterized. Two separate 0.3 ml aliquots of isotonic
saline were injected into the tracheal cannula and collected as

the BAL ¯uid sample. Total cell counts were done by
haemocytometry. Slides were prepared on a Shandon cytospin
(Pittsburgh, PA, U.S.A.; model Cytospin 2) at 250 r.p.m. for

10 min. The slides were ®xed with methanol and stained with
Leukostat (Fisher Scienti®c, Pittsburgh, PA, U.S.A.). Di�er-
ential counts on at least 200 cells were done to identify the

number of eosinophils in each sample (Kung et al., 1994). Mice
were prepared for either the collection of BAL ¯uid or for the
measurement of AHR to methacholine (see below).

Measurement of respiratory mechanics and airway
hyperresponsiveness to methacholine

The mice were anaesthetized with i.p. injection of ketamine
(100 mg kg71) and xylazine (10 mg kg71) and prepared with
tracheal and jugular venous catheters. The animals were

arti®cially ventilated with a computer assisted ventilator
(FlexiVent SAV: Scienti®c Respiratory Equipment, Montreal,
Canada) using a tidal volume of 0.5 ml and a rate of 130

breaths per minute.
Respiratory resistance (Rrs) was measured with the same

system by the forced oscillation technique (Schuessler & Bates,
1995). Brie¯y, the ventilator was used to deliver two cycles of a

2 Hz sinusoidal volume waveform to the airway. Airway
pressure and delivered volume were measured continuously
and air¯ow was calculated from the derivative of volume. A

two element series resistance-elastance model for the airway
was ®tted to the ¯ow and pressure data to yield values of Rrs.

Rrs was measured during intravenous (i.v.) injection of
increasing doses (0.1 ± 1 mg kg71) of methacholine and the

peak value of Rrs produced by each injection was recorded.
Each methacholine dose was given in a volume of 70 ml,
approximately 4 min apart. Response to the methacholine was

calculated as per cent increase above baseline Rrs. A four-
parameter logistic equation was ®tted to the dose-response
curve (GraphPad Prism, San Diego, CA, U.S.A.) and from

this the provocative dose of methacholine that increased Rrs
by 100% above baseline (PD100) was calculated.

E�ect of adrenalectomy on the activity of rolipram

Rolipram was evaluated for its e�ects on the pulmonary
eosinophilia and AHR to methacholine in both normal and

adrenalectomized OVA challenged mice. Rolipram was given
orally to mice on two separate occasions 2 h before each
challenge of aerosolized OVA. Control animals received

methylcellulose vehicle (MC) 2 h before both OVA challenges.

E�ect of propranolol on the activity of rolipram

To study the role of endogenous catecholamines acting via b-
adrenoceptors on the activity of rolipram, mice were treated

with propranolol, ab-adrenoceptor antagonist. Propranolol has
a high ®rst-pass metabolism that may potentially limit its
activity with time. Tominimize this factor, a relatively high dose
of propranolol (10 mg kg71) was given one half hour before

each dose of rolipram.Rolipramwas given 2 h before eachOVA
challenge. This dose of propranolol has been previously used to
block b-adrenoceptor stimulation in mice (Elenkov et al., 1995).

E�ect of metyrapone on the activity of rolipram

To study the role of endogenous corticosteroids on the activity
of rolipram, mice were treated orally with metyrapone
(10 mg kg71), a compound that reduces plasma corticosterone
levels in mice (DeBie et al., 1996), which was given on three

separate occasions. The ®rst metyrapone dose was given 20 h
before the ®rst OVA challenge. The two subsequent
metyrapone doses were given 1 h before each dose of rolipram

that in turn was given 2 h before each OVA challenge. Control
groups received oral MC at the times mentioned above.

Statistical analysis

Data are presented as the mean+s.e.mean. Statistically

signi®cant e�ects between the di�erent treatment groups were
determined by Analysis of Variance and Fisher's least protected
di�erence (StatView, Abacus Concepts In., Berkeley, CA,
U.S.A.). A P-value less than 0.05 was accepted as statistically

signi®cant.

Drugs

The following drugs were used in this study: rolipram,
methacholine chloride, (+) propranolol hydrochloride and

ovalbumin (Sigma Chemical Co., St. Louis, MO, U.S.A.),
metyrapone (Aldrich Chemicals, Milwaukee, WI, U.S.A.) and
aluminum hydroxide gel (alum) (Reheis, Berkley Heights, NJ,
U.S.A.).
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Animal care and use

This study was conducted with prior approval from the

Animal Care and Use Committee of Schering-Plough Research
Institute that is a facility accredited by the American
Association for the accreditation of Laboratory Animal Care.

Results

E�ects of rolipram in intact mice

OVA challenge to sensitized mice increased the number of total

cells and eosinophils in the BAL ¯uid 24 h after the challenge.
Rolipram (0.3 ± 3 mg kg71, p.o.) dose-dependently inhibited the
number of total cells and eosinophils in the BAL ¯uid of

sensitized, challengedmice (Figure 1). No greater inhibition was
produced by 10 mg kg71 of rolipram.

Intact, non-sensitized mice challenged with aerosolized OVA
had a baseline value for Rrs of 1.17+0.08 cmH2O ml71 s71

(n=10). Bronchoprovocation with i.v. methacholine at 0.1, 0.3
and 1.0 mg kg71 increased Rrs values of 1.74+0.07, 2.39+0.28
and 3.12+0.36 cmH2O ml71 s71 (or 49, 104 and 167% increase

above baseline), respectively (Figure 2). OVA challenge to
sensitizedmice producedAHR that wasmanifest as a signi®cant
increase inmethacholine-induced brochoconstriction compared

to mice that were sensitized but challenged with aerosolized
saline or to mice that were non-sensitized and challenged with
aerosolized OVA (Figure 2, Table 1). In these comparisons, the

PD100 values for methacholine-induced bronchial responses
were signi®cantly lower in mice that were sensitized and
challenged with OVA (Table 1) and numerically this amounted
to a 3 fold increase in AHR. AHR to methacholine in OVA-

challenged, sensitized mice was signi®cantly reduced by
rolipram at oral doses of 2 and 10 mg kg71 (Table 1).

E�ect of adrenalectomy on the activity of rolipram

OVA challenge increased the number of BAL eosinophils in

both sham-operated and adrenalectomized sensitized mice

although signi®cantly more eosinophils were found in the BAL
¯uid of adrenalectomized animals after OVA challenge (Figure
3). Rolipram (10 mg kg71, p.o.) reduced the number of BAL

eosinophils in both sham-operated and adrenalectomized,
sensitized mice although the inhibition by rolipram in
adrenalectomized mice (30% inhibition, not statistically
signi®cant) was less than that in sham-operated controls

(73% inhibition, P50.05) (Figure 3).
AHR to methacholine was not di�erent between OVA-

challenged adrenalectomized and sham-operated, sensitized

mice (Table 2). However, in adrenalectomized mice, rolipram
(10 mg kg71, p.o.) did not inhibit AHR to OVA-challenge
(Table 2).

E�ect of propranolol on the activity of rolipram

Propranolol (10 mg kg71, p.o.) had no e�ect on the number of
BAL eosinophils in sensitized, OVA-challenged mice. Further-
more, propranolol had no e�ect on the inhibition by rolipram
(10 mg kg71, p.o.) of the BAL eosinophilia produced by OVA

challenge in sensitized mice (Figure 4).
Propranolol (10 mg kg71, p.o.) had no signi®cant e�ect on

AHR to methacholine in both non-sensitized (data not shown)

and sensitized OVA-challenged mice, but signi®cantly

Figure 1 E�ect of rolipram on the number of total cells and
eosinophils in the BAL ¯uid of antigen challenged allergic mice. All
groups were challenged with OVA. Values represent the mean+
s.e.mean (n=6 per group). *P50.05 compared to sensitized, MC-
treated group.

Figure 2 E�ect of rolipram on airway hyperresponsiveness to
methacholine in antigen challenged allergic mice. All groups were
challenged with OVA. Values represent mean+s.e.mean (n=6 per
group) of per cent increase Rrs over baseline. *P50.05 compared to
sensitized, MC-treated group.

Table 1 E�ect of rolipram on airway hyperresponsiveness
in allergic mice

Experimental
group Challenge

Treatment
(mg kg71, p.o.)

BID

PD100 of
methacholine*{
(mg kg71)

Sensitized Saline MC 0.44+0.08{
Non-sensitized OVA MC 0.38+0.07{
Sensitized OVA MC 0.13+0.02
Sensitized OVA Rolipram 0.2 0.19+0.02
Sensitized OVA Rolipram 2.0 0.46+0.11{
Sensitized OVA Rolipram 10.0 0.47+0.13{

*PD100 : Provocative dose of methacholine increasing Rrs by
100% above baseline. {Values are mean+s.e.mean (n=5±8
per group). {P50.05 compared to sensitized, challenged
with OVA and treated with MC vehicle.
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(P50.05) attenuated the inhibition by rolipram (10 mg kg71,
p.o.) of the airway hyperresponsiveness to OVA challenge in
sensitized mice (Table 3).

E�ect of metyrapone on the activity of rolipram

OVA challenge to sensitized mice increased the number of

BAL eosinophils in both vehicle and metyrapone (10 mg kg71,
p.o.) treated animals although signi®cantly more eosinophils
were found in the BAL ¯uid of the metyrapone-treated mice

(Figure 5). Rolipram (10 mg kg71, p.o.) reduced the number
of BAL eosinophils in both vehicle and metyrapone treated
mice although the inhibition by rolipram in metyrapone-

treated mice (23% inhibition, not statistically signi®cant) was
less than that produced by rolipram in vehicle treated animals
(52% inhibition, P50.05).

Metyrapone (10 mg kg71, p.o.) had no e�ect on AHR to
methacholine in both non-sensitized (data not shown) and
sensitized mice that were challenged with OVA (Table 3).
Furthermore, metyrapone had no e�ect on the inhibition by

rolipram of the AHR to OVA challenge in sensitized mice
(Table 3).

Discussion

Rolipram is a selective inhibitor of the PDE-4 isoenzyme that
inhibits allergen-induced pulmonary eosinophilia and AHR in
guinea-pigs, rabbits and monkeys (Turner et al., 1994;

Underwood et al., 1994; Gozzard et al., 1996; Holbrook et
al., 1996; Danahay & Broadley, 1997). In this study, rolipram
inhibited the pulmonary eosinophilia and AHR produced by

antigen challenge in allergic mice. Although we did not
measure blood levels of catecholamines or corticosterone, the
results of this study suggest a signi®cant involvement with

adrenal-derived mediators on the inhibitory action of
rolipram. Previous studies have shown that PDE inhibitors
may stimulate the release of catecholamines and corticoster-
oids from the adrenals which may account for part of their

anti-in¯ammatory activity (Hadley et al., 1996; Cheng et al.,

Figure 3 E�ect of adrenalectomy on the inhibition of pulmonary
eosinophilia by rolipram in OVA challenged allergic mice. Values
represent the mean+s.e.mean (n=6 per group). *P50.05 compared
to sensitized, sham-operated, MC-treated group. NS=not signi®cant.

Table 2 E�ect of adrenalectomy on the inhibition by rolipram of airway hyperresponsiveness in allergic mice

Dose PD100 of methacholine*{
Animal Sensitization Treatment (mg kg71, p.o.) (mg kg71)

Sham-operated Non-sensitized MC Vehicle ± 0.41+0.07{
Sensitized MC Vehicle ± 0.18+0.02
Sensitized Rolipram 10 0.49+0.05{

Adrenalectomized Non-sensitized MC Vehicle ± 0.50+0.06{
Sensitized MC Vehicle ± 0.19+0.04
Sensitized Rolipram 10 0.15+0.02

PD100 : Provocative dose of methacholine increasing Rrs by 100% above baseline. {Values are mean+s.e.mean (n=5±10 per group).
{P50.05 compared to sensitized, challenged with OVA and treated with MC vehicle.

Figure 4 E�ect of propranolol on the inhibition of pulmonary
eosinophilia by rolipram in OVA challenged allergic mice. Values
represent the mean+s.e.mean (n=6 per group). *P50.05 compared
to sensitized, MC-treated group.

Table 3 E�ect of propranolol and metyrapone on the
inhibition by rolipram of airway hyperresponsiveness in
allergic mice

Sensitization Treatment
Dose

(mg kg71, p.o.)

PD100 of
methacholine*{
(mg kg71)

Non-sensitized MC Vehicle ± 0.47+0.10{
Sensitized MC Vehicle ± 0.21+0.10}

Sensitized Rolipram 10 0.49+0.05{
Sensitized Propranolol 10 0.17+0.01}

Sensitized Rolipram+
Propranolol

10 0.24+0.02}

Sensitized Metyrapone 10 0.23+0.02}

Sensitized Rolipram+
Metyrapone

10

*PD100 : Provocative dose of methacholine increasing Rrs by
100% above baseline. {Values are mean+s.e.mean (n=5±
10 per group). {P50.05 compared to sensitized, challenged
with OVA and treated with MC vehicle. }P50.05 compared
to sensitized, challenged with OVA and treated with
rolipram 10 mg kg71
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1997; Kumari et al., 1997; Sato et al., 1998). However, the
results in this study are the ®rst to show an interaction between

rolipram and the adrenal glands on the inhibition of
pulmonary eosinophilia and AHR after antigen challenge in
allergic mice.

Pulmonary eosinophilia is a characteristic feature of human
asthma that may contribute to the pathology of this disease
(Kay, 1991). Corticosteroids are e�ective drugs for the

treatment of the in¯ammatory component of asthma and are
known to reduce pulmonary eosinophilia associated with
antigen challenge in mice (Chapman et al., 1998). Endogenous
corticosteroids are also anti-in¯ammatory and may serve an

important protective function in conditions of acute and
chronic lung in¯ammation (DeBie et al., 1996). Recent studies
in rodents have ascribed an involvement of endogenous

corticosterone to the antiin¯ammatory activity of rolipram
and other PDE-4 inhibitors (Hadley et al., 1996; Pettipher et
al., 1997; Kumari et al., 1997; Sato et al., 1998) and in our

study, the inhibitory e�ect of rolipram against the pulmonary
eosinophilia after antigen challenge was suppressed in
adrenalectomized and in metyrapone-treated mice. These
results strongly suggest involvement of endogenous corticos-

terone in this response. It is unlikely that circulating
catecholamines participate in the inhibition of pulmonary
eosinophilia by rolipram because propranolol, a b-blocker,
had no e�ect. These results con®rm the observations made by
Underwood et al. (1997) who found that b-blockers had no
e�ect on the inhibition of antigen-induced pulmonary

eosinophilia by rolipram in guinea-pigs.
Airway hyperresponsiveness is another important feature

of human asthma and is demonstrated in allergic mice

after antigen-challenge (Hessel et al., 1995). In this study,
a 3 fold increase in AHR to methacholine was observed
24 h after antigen challenge. Treatment of sensitized mice
with rolipram suppressed the antigen-induced AHR.

Importantly, the inhibitory e�ects of rolipram on the
AHR was ameliorated in both adrenalectomized and
propranolol-treated mice; but was una�ected by metyr-

apone treatment. These results identify an important role
for endogenous catecholamines, acting through b-adreno-
ceptors, on the inhibition of AHR by rolipram in allergic

mice. The fact that propranolol suppressed the inhibition
of AHR by rolipram but had no e�ect on the inhibition
of pulmonary eosinophilia con®rms previous observations
in animals that eosinophil numbers in the lungs do not

always correlate with the presence of AHR (Mauser et al.,
1993; Lilly et al., 1996; Tournoy et al., 2000).
Furthermore, the inability of metyrapone to a�ect the

inhibition of AHR by rolipram suggests that endogenous
corticosterone is not involved in this response. These
results clearly indicate that the inhibitory activities of

rolipram against eosinophilia and AHR are regulated
through di�erent adrenal factors.

The exact mechanism by which rolipram interacts with

the adrenal glands remains to be elucidated, but several
explanations can be postulated. PDE inhibitors increase
hypothalamo-pituitary-adrenocortical (HPA) activity in
rodents (Hadley et al., 1996; Kumari et al., 1997; Sato

et al., 1998). Hadley et al. (1996) found that the PDE-4
inhibitor denbufylline caused an increase in plasma
corticosterone in rats by stimulating the release of ACTH

from the anterior pituitary. Kumari et al. (1997) con®rmed
these ®ndings and also reported that other PDE-4
inhibitors, such as rolipram and BRL 61063, activated

the HPA axis in the rat at both the anterior pituitary and
the hypothalamus. Therefore, rolipram may stimulate the
release of corticosterone in mice which in turn ameliorates

the in¯ux of eosinophils into the lungs following antigen
challenge. PDE inhibitors, such as theophylline and
aminophylline, increase the levels of circulating catechola-
mines in humans and this e�ect may be important for the

anti-asthma e�cacy of these drugs. (Higbee et al., 1982;
Vestal et al., 1983). PDE-inhibitors increase tissue levels of
cyclic AMP and may potentiate the actions of endogenous

catecholamines at e�ector cells (Torphy, 1998). The latter
has been proposed as the mechanism of action for
rolipram to inhibit antigen-induced bronchoconstriction in

guinea-pigs (Underwood et al., 1997), and this may be
important for inhibition of AHR after antigen challenge in
our study.

In conclusion, the results of this study identify a

signi®cant involvement with adrenal-derived catecholamines
and corticosterone on the inhibitory actions of rolipram
against pulmonary eosinophilia and AHR in allergic mice.

These results added to a growing list of observations that
identi®es an important role for the HPA axis on the
pharmacological actions of PDE-4 inhibitors. However, as

suggested previously, the adrenal involvement of PDE-4
inhibition may be a condition that is unique to rodents
and not seen in humans (Pettipher et al., 1996). If so,

then experiments in rodents may overestimate the e�cacy
of PDE-4 inhibitors in humans.

The authors thank Ms Carol Battle for the preparation of this
manuscript.

Figure 5 E�ect of metyrapone on the inhibition of pulmonary
eosinophilia by rolipram in OVA challenged allergic mice. Metyr-
apone (10 mg kg71, p.o.) was given on three separate occasions (see
Methods). Values represent the mean+s.e.mean (n=6 per group).
*P50.05 compared to sensitized, MC-treated group. NS=not
signi®cant.
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