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Differential effects of non-selective and selective
phosphodiesterase inhibitors on human eosinophil functions
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1 The effect of non-selective (3-isobutyl-l-methylxanthine, IBMX; theophylline) and type IV- or type
III/IV-selective (rolipram, RP 73401; zardaverine, tolafentrine) phosphodiesterase (PDE) inhibitors on
human eosinophil functions was investigated.
2 For this purpose human eosinophils were purified from blood of healthy donors by a magnetic cell
separation (MACS) technique to a purity > 99%. From the stimuli investigated (complement C5a;
N-formyl-methionyl-leucyl-phenylalanine, fMLP; platelet activating factor, PAF; opsonized zymosan)
C5a was selected to test the influence of the above mentioned compounds on secretion of granule
constituents (eosinophil cationic protein, ECP; eosinophil-derived neurotoxin, EDN) as well as on
formation of reactive oxygen species measured by luminol-enhanced chemiluminescence in intact cells.
For comparison, inhibition of PDE IV activity in the cytosol of disrupted cells, which contains about
75% of total PDE IV activity, was determined.
3 Both theophylline and IBMX inhibited the two cell responses with IC50 values which were in the
range of their IC50 values obtained for inhibition of PDE IV activity in the cell-free system. The
P2-adrenoceptor agonist, salbutamol (1 pmol 1-), which by itself did not substantially influence the two
cell responses, only marginally improved the potency of theophylline and IBMX in inhibiting ECP/EDN
secretion. Only the IC50 value of IBMX for inhibition of chemiluminescence was lowered by about one

order of magnitude in the presence of salbutamol.
4 In contrast, none of the selective PDE inhibitors tested substantially inhibited the two cell responses
at concentrations up to 10 pmolI 1. This was surprising because all of the compounds investigated
inhibited PDE IV activity in the cell-free system with IC50 values which were at least 30 fold lower than
the highest concentration of the compounds used with intact cells. In combination with salbutamol,
however, both ECP/EDN secretion and chemiluminescence was inhibited by rolipram and zardaverine
with IC50 values similar to the IC50 values for inhibition of PDE IV activity. Although RP 73401 and
tolafentrine also inhibited both cell responses in the presence of salbutamol, the potency of these two
compounds in inhibiting eosinophil function in intact cells was at least two orders of magnitude lower
than would have been expected from the inhibition of PDE IV activity in the cell-free system.
5 These results indicate that (i) C0a-stimulated human eosinophils are sensitive to inhibition by the
non-selective PDE inhibitors theophylline and IBMX, (ii) the inhibitory effect of these non-selective
PDE inhibitors cannot be mimicked by selective PDE IV or PDE III/IV inhibitors although human
eosinophils almost exclusively contain PDE IV; (iii) the selective PDE inhibitors need an additional
cyclic AMP trigger like a P2-adrenoceptor agonist to be effective; but (iv) under the latter conditions
inhibition of cell responses in intact cells does not correspond to inhibition of PDE IV activity in the
cell-free system.
6 We conclude that the non-selective PDE-inhibiting xanthines may inhibit C5a-stimulated human
eosinophil responses by other action(s) in addition to PDE IV inhibition, and that inhibition of PDE IV
activity in the cell-free system by the selective inhibitors may not generally represent the potency of the
compounds in intact cells.
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Introduction

In contrast to the former assumption that the basic defect in In most of the inflammatory cells elevated adenosine 3':
asthma lies in an abnormal contractility of airway smooth '-cycic monophosphate (cyclic AMP) levels are found to
muscle, the dogma that 'asthma is a chronic inflammatory inhibit cellular responses. One way to elevate cyclic AMP
condition of the airways' has been generally accepted in the within cells is to attenuate the breakdown of cyclic AMP
last few years (Barnes, 1992). The well-known anti- mediated by the action of phosphodiesterases (PDEs). PDEs

inflammatory as well as immunosuppressive actions of cor- comprise a family of isoenzymes which have been classified
ticosteroids together with the efficacy of this class of drugs in into PDEs I-VI according to the nomenclature proposed by
the treatment of asthma (Barnes & Pedersen, 1993) provide Beavo & Reifsnyder (1990). Interestingly, the predominant
one major piece of evidence for the importance of underlying PDE isoenzyme in inflammatory cells is PDE IV (Giembycz,
inflammatory processes in the pathophysiology of asthma. 1992) which is the only cyclic AMP-specific PDE among the
However, the use of corticosteroids is limited by some side classical IC)isoenzymes. Recenty, anotner cyclic AMr-
effects (Barnes & Pedersen, 1993), underlining the need for specific PDE has been cloned (Michaeli et al., 1993) as a

new anti-inflammatory drugs. representative of a previously unknown PDE family (PDE
VII) the role of which, however, has yet to be clarified. In
addition to the established presence of PDE IV in

I Author for correspondence. inflammatory cells, a considerable number of in vitro func-
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tional studies indicate that inhibition of PDE IV by selective
inhibitors indeed abrogates cellular responses of
inflammatory cells implicated in asthma pathogenesis (Giem-
bycz, 1992). Among these cells the eosinophilic granulocytes
are accepted as playing a pivotal effector role in the genera-

tion of airway obstruction observed in asthmatics (Gleich &
Adolphson, 1986). Eosinophils are not only capable of releas-
ing a multitude of mediators (bioactive lipids, cytokines) and
reactive oxygen species, but also of secreting several cytotoxic
proteins (major basic protein, MBP; eosinophil cationic pro-

tein, ECP; eosinophil-derived neurotoxin, EDN) stored in the
so-called specific granules (Bruijnzeel, 1989). Elevated levels
of these proteins have been demonstrated in association with
in vivo asthma symptomatology (Gleich, 1990). While the
inhibition of EDN release in human eosinophils by the non-

selective PDE inhibitors IBMX (3-isobutyl-1-methylxanthine)
and theophylline has been reported (Kita et al., 1991), little
information of the effect of selective PDE inhibitors on

human eosinophil responses is available. Preliminary work
has been published on the effect of the mixed-type PDE
III/IV inhibitor zardaverine on the respiratory burst activity
(Dent et al., 1990), on the effects of the PDE IV inhibitor
WAY-PDA-641 on PAF-induced superoxide generation
(Maruo et al., 1993) and on PAF- or N-formyl-methionyl-
leucyl-phenylalanine (fMLP)-induced migration (Tanimoto et
al., 1993), as well as on the effect of rolipram, zardaverine
and the PDE III inhibitor motapizone on interleukin-5- and
PAF-induced chemotactic responses (Shute et al., 1993).
In the present study the effect of the selective PDE IV
inhibitors rolipram (Schudt et al., 1991b) and RP 73401
(Karlsson et al., 1993) and the mixed-type PDE III/IV
inhibitors zardaverine (Schudt et al., 1991b) and tolafentrine
(Schudt et al., 1993) on ECP/EDN secretion as well as on
formation of reactive oxygen species in human eosinophils
was investigated in comparison with the non-selective PDE
inhibitors, IBMX and theophylline. Apart from these func-
tional studies in intact cells, the inhibition of PDE IV activity
by these compounds in the cytosol of disrupted cells was

assessed.

Methods

Isolation ofhuman eosinophils

Fresh human blood, 5 x 50 ml (anticoagulated with 0.3%
sodium citrate) from healthy donors was centrifuged at room
temperature for 15 min at 200 g. After aspiration of the
supernatant (platelet-rich plasma), the residue was diluted
with HBSS/HEPES (composition, mmol 1': KCl 5.4,
NaCl 137, Na2HPO4 0.3, KH2PO4 0.4, NaHCO3 4.2, glucose
5, HEPES 10, pH 7.4) to a total volume of 320 ml. Forty ml
each was mixed with 20 ml of a 5% dextran solution (in
HBSS/HEPES) and allowed to stand for about 30 min at
room temperature; 25 ml of the supernatant was layered on

top of 10 ml ficoll paque and centrifuged for 10 min at 800 g.
The sediments were resuspended in HBSS/HEPES (4C) and
washed by centrifugation for 5 min at 315 g. The remaining
red blood cells were lysed for 15 min at 4°C in a buffer
containing, mmol 1-': NH4Cl 155, KHCO3 10 and EDTA 0.1
(pH 7.4). Afterwards the cells were washed first twice in
HBSS/HEPES and then once in PBS/FCS (mmol I': KCl
2.7, NaCl 137, Na2HPO4 8.1, KH2PO4 1.5, FCS 2%, pH 7.4)
by centrifugation at 4°C for 5 min at 200 g. For the
purification of eosinophils the magnetic cell separation
(MACS) system from Miltenyi Biotec (Bergisch-Gladbach,
Germany) was applied as described by Hansel et al. (1991)
with some modifications. A two-step procedure was develop-
ed which reduces the consumption of anti-CD16 microbeads
to about one third. Briefly, granulocytes were resuspended in
PBS/FCS at a cell concentration of 107 cells/17.5 f1 before
addition of 2.5 p1 anti-CD16 microbeads. After incubation

for 30 min at 40C, 10 ml PBS/FCS (4C) was added and the
cell suspension transferred to the top of a D-separation
column in the magnetic field. The flow was adjusted to about
3.5mlmin-' by a 3-way tap. The non-magnetically labelled
cells (eosinophils) were eluted by rinsing the column with
about 130 ml PBS/FCS. After this first step, the purity of the
eosinophil cell suspension was 50-90%. After washing the
cells in PBS/FCS (40C) by centrifugation for 5 min at 200 g,
the cells were resuspended in 50 Itl PBS/FCS and the same
volume of anti-CD16 microbeads was added. The cell
suspension was again incubated for 30 min at 40C, then
0.9 ml PBS/FCS was added and the cell suspension transfer-
red to the top of a B2-separation column. Eosinophils were
eluted as described above with 12 ml of PBS/FCS and wash-
ed again in PBS/FCS. After this second purification step the
purity of eosinophils was > 99% as determined by combined
May-Grunewald/Giemsa staining, and the viability was
>97% as measured by Trypan blue exclusion. The yield of
eosinophils was 2.13 ± 1.16 x 107 cells 250 ml-' blood (n =
34). We did not determine eosinophil numbers of the blood
donors in whole blood; however, assuming an average
number of 0.17 x 106 eosinophils ml-' blood of healthy sub-
jects, the recovery of eosinophils by the isolation procedure
employed can be estimated to be about 50%.

Secretion ofECP and EDN

All assays were performed in duplicate at a cell concentration
of 106 cells ml-' in Dulbecco's phosphate buffered saline
(PBS) (pH 7.4) supplemented with 1 mmol I` Ca2+/Mg2+,
5 mmol 1' glucose and 0.1% (w/v) BSA. The cell suspen-
sions (1 ml) were preincubated for Omin at 37°C before
stimulation of the assays as indicated in the legends to the
figures. Thereafter, the cells were spun down by centrifuga-
tion for 30s in an Eppendorf centrifuge. Except for the
inhibition experiments (see below) the supernatants were
diluted 1:5 (v/v) in PBS containing 0.006% NP 40 and
1 mmol l-1 EGTA and stored at - 20C. The cell pellets were
resuspended in an equivalent volume of PBS containing 0.5%
NP 40 and 1 mmol I` EGTA and stored at - 20°C. The cell
pellets were diluted 1:50 (v/v) in PBS before radioimmunoas-
say (RIA) analysis. For the inhibition experiments the super-
natants of the incubations (0.25 ml) were frozen directly and
diluted 1:5 (v/v) in PBS prior to RIA analysis. Aliquots of
the samples (50 1d) were taken for ECP- and EDN-
measurements by a RIA method according to the manufac-
turers instructions.

Chemiluminescence assay

The formation of reactive oxygen species was assessed by
luminol-enhanced chemiluminescence essentially as described
(Schudt et al., 1991a). Briefly, aliquots (0.5 ml) of the cell
suspension (106 cells ml-') were preincubated for Omin at
37°C in a buffer consisting of mmol I`, NaCl 140, KCI 5,
HEPES 10, CaCI2/MgCI2 1, glucose 1 mg ml1, BSA 0.05%
(w/v) luminol 10 imol l' and microperoxidase 4 pmol -'.
The assays were then transferred into a 'Multi-Bioluminat'
LB 9505C from Berthold (Wildbad, Germany) before
stimulation of the assays as indicated in the legends to the
figures. Chemiluminescence was continuously recorded for
the indicated times and the AUC's (area under the curve)
calculated.

In order to assess unspecific quenching of
chemiluminescence, formation of 0° was triggered in the
absence of cells (but otherwise identical conditions) by xan-
thine oxidase (25 mu) in the presence of hypoxanthine
(0.3 ptmol I'). The chemiluminescence signal obtained under
these conditions was of comparable magnitude.
PDE activity

For measuring of PDE activity under cell-free conditions,
human eosinophils (107 cells ml') were suspended in PBS
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(pH 8.2) containing HEPES 10 mmol 1i and 1mmol 1`
EGTA, Mg2+ and P-mercaptoethanol before sonication of
the cells for 1-1.5 min at 4°C using a Branson sonifier
(microtip limit 1, duty cycle 10). Sonicates were centrifuged
for 1 h at 100 000g. Cytosolic and pellet fractions
(resuspended in a corresponding volume of homogenization
buffer) were stored at -20'C until measuring PDE
activity.
PDE IV activity was determined as described by Thomp-

son & Appleman (1979) with some modifications (Bauer &
Schwabe, 1980). The assay mixture contained Tris-
HCI40 mmol 1l (pH 7.4), MgCl2 5 mmol 1- i, cyclic
AMP 0.5 pmol 1- including [3H]-cyclic AMP (about 50000
c.p.m./assay), the indicated concentration of the inhibitor
and an aliquot of eosinophil cytosol (15-25gl4) at a final
assay volume of 200 ptl. The assays were incubated for 30 min
at 37°C and then stopped by the addition of 50 jil 0.2 N HC1.
The assays were left on ice for about 10 min, incubated with
25 1g 5'-nucleotidase (Crotalus atrox snake venom) for
10 min at 370C, and then loaded on QAE Sephadex A-25
columns (Econo colums, Bio-Rad, 1 ml bed volume). The
columns were eluted with 2 ml ammonium formiate (pH 6.0)
30 mmol 1- and the eluate was counted for radioactivity.
Results were corrected for blank values (measured in the
presence of denatured protein) which were below 2% of total
radioactivity. The amount of cyclic AMP hydrolyzed did not
exceed 20% of the original substrate concentration.

Chemicals and solutions

BSA (bovine serum albumin), complement C5a, dextran
(mol.wt. 515,000), DMSO (dimethyl sulphoxide), EGTA
(ethylene glycol-bis-[P-aminoethyl ether]NNN,N'-tetraacetic
acid), fMLP (N-formyl-methionyl-leucyl-phenylalanine),
glucose, hypoxanthine, IBMX, microperoxidase, nonidet P40
(NP 40), PAF (platelet activating factor), salbutamol,
theophylline, xanthine oxidase and zymosan A were pur-
chased from Sigma Chemie (Deisenhofen, Germany). HEPES
(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid])
was obtained from Serva (Heidelberg, Germany), luminol
from Boehringer (Mannheim, Germany), ficoll paque from
Pharmacia LKB (Freiburg, Germany) and FCS (foetal calf
serum) from Gibco (Paisley, Scotland). 1251 radioimmuno-
assays (RIAs) for ECP and EDN were purchased from Kabi
Pharmacia (Freiburg, Germany). All other chemicals and
solvents were of analytical grade and were obtained from
Merck (Darmstadt, Germany).
Rolipram was a generous gift from Schering AG (Berlin,

Germany), RP 73401 as well as zardaverine and tolafentrine
have been synthesized at the chemistry facilities of Byk
Gulden (Konstanz, Germany).
Opsonized zymosan was prepared by incubating zymosan

A for 30 min at 37°C in human serum. The opsonized
zymosan was washed three times in cold saline (0.9% NaCl
in water, w/v) and stored at a concentration of 100 mg ml'
at -20°C until use. Before opsonization, zymosan A had
been boiled for 1.5-2 h in saline at a concentration of about
10mg ml- and washed four times in boiling saline. A stock
solution from fMLP (10mmoll1') was prepared in DMSO
and diluted 1:1000 (v/v) in the incubation buffer (see below).
C5a was dissolved in water (100 jamol 1`) and diluted 1:10 in
buffer. A stock solution from PAF (1 mol 1-') was prepared
in ethanol and diluted 1:100 (v/v) in buffer. The solutions of
all four stimuli were further diluted 1:100 (v/v) in the assays
resulting in a final concentration of 100 nmol 1 for fMLP,
C5a and PAF and 1 mg ml-' for opsonized zymosan, respec-
tively. A stock solution from salbutamol (1 mmolI 1) was

prepared in water. Stock solutions from theophylline
(25 mmol 1-'), IBMX (25 mmol 1-') and zardaverine
(10 mmol 1-1) were prepared in NaOH and from tolafentrine
(10 mmol 1-1) in HCl so that the final assay concentrations of
NaOH and HCl, respectively, were below 0.001 N at the
highest inhibitor concentration tested. Stock solutions

(10mmol 1') of rolipram and RP 73401 were prepared in
ethanol and DMSO, respectively, so that the final solvent
concentration in the assays was below 0.01% at the highest
inhibitor concentration tested. Appropriate dilutions of the
inhibitors in water were further diluted 1:25 (v/v) in the
assays to achieve the final concentrations indicated.

Statistics

Results are given as mean ± s.d. (standard deviation) from
the number (n) of independent experiments (using cells from
individual subjects) indicated. IC50 values were calculated
from concentration-inhibition-curves by non-linear regression
analysis using GraphPad InPlot (GraphPad Software Inc.,
Philadelphia, U.S.A.). Statistical significance (P) was deter-
mined by the paired t test (InStat, GraphPad Software
Inc.).

Results

Secretion ofECP and EDN

In initial experiments the ability of fMLP, opsonized
zymosan, C5a and PAF to trigger eosinophil granule release
was compared. In a recent paper from Bach et al. (1991),
possible pitfalls in the measurement of the secretion of
granule proteins by human eosinophils have been described.
A major problem seems to be the low recovery of granule
proteins in the supernatant of stimulated cells compared to
the loss of these proteins in the cell pellets. In order to
address this problem under our experimental conditions, we

measured EDN and ECP both in the supernatant and in the
cell pellet of stimulated versus unstimulated cells (blank) after
incubation of the cell suspensions for 30 min at 370C.
We detected comparable amounts of EDN (2871 ± 833 ng/

106 cells; n = 6) and ECP (2706 ± 1111 ng/106 cells; n = 6) in
the cell pellet of unstimulated cells. These values are in
agreement with those reported by others (Abu-Ghazaleh et

al., 1992). Under these conditions, the percentage of EDN
and ECP measured in the supernatant of the cells was 3.7%
and 2.9%, respectively. Figure la shows that all four stimuli
tested lead to a comparable (2.5-3 fold compared to uns-

timulated cells) increase of both EDN- and ECP-levels in the
cell supernatants. In general, EDN and ECP were released in
parallel in agreement with the colocalization of these two
granule proteins in the matrix of specific granules (Gleich &
Adolphson, 1986). However, in the case of opsonized
zymosan almost no ECP was detected in the supernatant,
although a substantial portion of EDN was measured.
Quantification of the loss of granule proteins in the cell
pellets (expressed by the index: amount of the granule pro-
teins in unstimulated divided by the amount in stimulated
cells) revealed a similar pattern to that in the supernatants
(Figure lb). For opsonized zymosan a comparable loss of
EDN and ECP was found in the cell pellet. The fact that no

ECP could be detected in the cell supernatant with this
stimulus remains unexplained.

Based on the amounts of the granule proteins lost in the
cell pellets in stimulated versus unstimulated cells, the
recovery of the proteins in the supernatants was calculated.
For EDN the recovery was largely independent of the
stimulus used and was found to be about 75% on average
(data not shown). In contrast, for ECP the recovery was only
about 20-25% on average (data not shown) with the excep-
tion of opsonized zymosan for which no ECP could be
detected in the cell supernatant as already mentioned before.
Despite the low recovery for ECP it is obvious from the data
shown in Figure 1 that the stimulation pattern of granule
proteins reflected either as increase of EDN and ECP in the
cell supernatant (Figure la) or as decrease of the two pro-
teins in the cell pellet (Figure lb) is almost identical. These
results suggest that the relative amounts of both proteins
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measured in the supernatant of the cells are representative for
the activation status of the cells concerning the secretion of
EDN and ECP. Therefore, in further experiments assessing
the influence of the compounds on EDN- and ECP-secretion,
the supernatants of the cells were analysed.

For this purpose C5a was selected as a stimulus which
showed the most reproducible and efficient response with
respect to granule secretion (as shown above) and the
chemiluminescence measurements (see below). As a prere-
quisite, the kinetics of EDN- and ECP-release were
examined. Figure 2 demonstrates that the secretion of both
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Figure 1 Stimulus-dependent secretion of eosinophil derived
neurotoxin (EDN) and eosinophil cationic protein (ECP) by human
eosinophils. Aliquots (1 ml) of human eosinophils (106 cells ml-')
were preincubated for 10 min at 37GC before stimulation with fMLP,
C5a, PAF (100 nmol 1-', each) or opsonized zymosan (1 mgml-').
Non-stimulated cells served as blank. After 30 min the incubations
were stopped by centrifugation, the supernatants were removed and
the cell pellets solubilized as described in Methods. Aliquots of
appropriate dilutions of the supernatants (a) and pellets (b) were

assayed for EDN (crosshatched columns) and ECP (open columns)
by RIA. Amounts of EDN and ECP detected in the presence of the
stimuli are expressed relative to the values measured in unstimulated
cells by means of an index. In the supernatant the index is defined as

the ratio of the amount of EDN or ECP in stimulated cells divided
by that in unstimulated cells, in the pellet vice versa. Data are given
as mean ± s.d. from the number of independent experiments given in
parentheses. Statistical significance (**P<0.01; *P<0.05; NS, not
significant) using the paired t test was calculated comparing the
amounts of ECP and EDN measured in stimulated versus unstim-
ulated cells.

proteins occurs very rapidly and plateaus at about 15 min
Therefore, a stimulation time of 10 min was selected for the
inhibition experiments.
Under these conditions both theophylline and IBMX

concentration-dependently inhibited EDN- and ECP-release
almost in parallel with IC50 values of 347/589 ftmol 1I and
50/51SmolI 1, respectively (Figure 3). The P2-adrenoceptor
agonist, salbutamol, did not show a significant concentration-
dependent effect in the concentration-range tested (Figure 3).
In contrast, none of the selective PDE IV (rolipram, RP
73401) or PDE III/IV (zardaverine, tolafentrine) inhibitors
examined, substantially inhibited EDN- and ECP-release at
concentrations up to 10 Lmol I' (Figure 4). In combination
with salbutamol (1 #zmol l'-), however, secretion of both pro-
teins was inhibited by all four compounds tested in an
obviously synergistic manner (Figure 4).

Chemiluminescence measurements

The formation of reactive oxygen species in human
eosinophils was assessed by luminol-enhanced chemi-
luminescence. In analogy to the secretion experiments, the
ability of fMLP, PAF, CSa and opsonized zymosan to
stimulate a chemiluminescence response was investigated in
initial experiments. In contrast to secretion, the
chemiluminescence response differed markedly between the
four stimuli which is demonstrated by a representative
experiment shown in Figure 5. Whereas the soluble agonists
fMLP, PAF and CSa triggered a rapid chemiluminescence
signal within seconds, which declines to baseline levels in
about 1-3 min opsonized zymosan stimulated chemi-
luminescence with a slow onset but a long duration up to
30min. A quantitative evaluation of all experiments per-
formed is shown in Table 1 which summarizes the AUC's for
the corresponding time-periods of the stimuli in which the
most pronounced chemiluminescence signal was detected.
From these data it is evident that the CSa-stimulated
chemiluminescence response was most reproducible and
showed the highest relative efficacy compared to unstimu-
lated cells (blank). Therefore, inhibition experiments were
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Figure 2 Kinetics of CUa-stimulated release of eosinophil cationic
protein (ECP) and eosinophil derived neurotoxin (EDN) into the
supernatant of human eosinophils. Aliquots (I ml) of human
eosinophils (106 cells ml-') were preincubated for 10min at 37C
before stimulation without (open symbols) or with 100 nmol 1- C5a
(solid symbols). At the indicated times the incubations were centri-
fuged and the amount of ECP (0,.) and EDN (A,A) in the
supernatant of the assays determined by RIA. Results are given as
mean from two independent experiments.
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performed with C5a using a stimulation time of 1 min.
Similar to the secretion experiments both theophylline and
IBMX concentration-dependently inhibited chemilumi-
nescence with ICjO values of 525 jtmol 1I and 417 pmol 1',
respectively (Figure 6). It was evident, however, that the
potency of IBMX in inhibiting chemiluminescence was about
one order of magnitude lower than for inhibition of secre-
tion. Salbutamol also inhibited C5a-stimulated chemi-
luminescence in human eosinophils to some degree; however,
almost the same inhibitory effect of salbutamol on chemi-
luminescence was obtained in a cell-free system consisting of
hypoxanthine/xanthine oxidase (XOD) (Figure 6) which is
known to produce a chemiluminescence signal by the produc-
tion of superoxide anion radical (O°-). These results suggest
that most, if not all, of the inhibitory effect of salbutamol on

chemiluminescence in eosinophils is due to an unspecific
quenching of O2- rather than to an inhibition of the produc-
tion of reactive oxygen species themselves. A concentration
of 1 jmol 1-' salbutamol had only a modest effect on
chemiluminescence, therefore this concentration was used to
study the combined effect of salbutamol and theophylline or
IBMX, respectively, on C5a-stimulated chemiluminescence.
While the effect of salbutamol on the inhibition of
chemiluminescence by theophylline was simply additive (IC~v
of 331 gmol 1- versus 525 pmol 1'-), the IC5o value of IBMX
for chemiluminescence inhibition was improved by more than
one order of magnitude (31 pmol 1- versus 417 pmol 1-') in
the presence of salbutamol (Figure 6).

Similar to the secretion experiments, none of the selective
PDE inhibitors tested had a remarkable effect on C5a-
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combination with I mol I' salbutamol right panel) on C5a-stimulated secretion of eosinophil cationic protein (ECP) and

eosinophil derived neurotoxin (EDN) into the supernatant of human eosinophils. Aliquots (0.25 ml) of human eosinophils (106 cells
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After stimulation of the assays with C5a (100 nmol 1- i) for 10 min, the incubations were stopped by centrifugation. Aliquots of the

supernatants were taken for measurement of ECP (0) and EDN (0) by RIA. Drug effect (% inhibition) was calculated based on
the amount of ECP and EDN, respectively, measured in the absence of any compound (control). Results are given as mean ± s.d.
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stimulated chemiluminescence (Figure 7). Again, potency was
markedly improved on combination with 1 ftmol 1 l sal-
butamol which facilitates a synergistic inhibition of
chemiluminescence in the presence of all four selective PDE
inhibitors tested (Figure 7).

Inhibition ofPDE IV activity

In initial experiments the PDE isoenzyme activity pattern as
well as the subcellular localization of PDE isoenzymes was
investigated. For this purpose, cyclic nucleotide hydrolyzing
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activity was measured with either cyclic GMP or cyclic AMP
at a concentration of 0.5 pmol 1-. Compared to cyclic AMP-
PDE activity (235 ± 26 pmol x min' x 10-8 cell equivalents;
n = 10) only trace amounts (<3%) of cyclic GMP-PDE
activity (6.5 ± 3.2 pmol x min-I x 10-8 cell equivalents) were
found, indicating the absence of both PDE I and V in human
eosinophils. More than 95% of total cyclic AMP-PDE
activity was blocked by rolipram (10 molI 1). The residual
cyclic AMP-PDE activity was neither affected by the PDE
III-selective inhibitor motapizone (1 pmol 1') nor cyclic
GMP (5 pmol 1'-) or Ca2+/calmodulin which are the
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Figure 4 Influence of rolipram (a), RP 73401 (b), zardaverine (c) and tolafentrine (d) (either alone left panel, or in combination

with 1 imol 1-' salbutamol right panel) on C5a-stimulated secretion of eosinophil cationic protein (ECP) and eosinophil derived

neurotoxin (EDN) into the supernatant of human eosinophils. For assay conditions see legend to Figure 3. Symbols refer to ECP

(0) and EDN (@), respectively. Results are given as mean ± s.d. from 3-6 independent experiments.

.0

-

0

-20

100

80

60

40

20

-

.0
C

-5

a
-

.0
Dr._

C

c

I-0
c
0

.0
C

I

I
--------- ------------

I I

826 A. Hatzelmann et al

-

-----------



A. Hatzelmann et al Phosphodiesterase inhibitors and human eosinophils

Table 1 Quantitative analysis of the chemiluminescence response of human eosinophils stimulated by various agonists

Blank
(AUC, c.p.m. x 10')

2.6 ± 2.6

0.8± 1.0

0.5 ± 0.4

46.6 ± 25.7

Stimulated
(AUC, c.p.m. x 107)

19.4 ± 13.5

14.3 ± 2.9

3.1 ± 3.5

191.6 ± 64.2

n

8

AUC
Stimulated/Blank

(fold)

7.5a

9

8 6.2c

8

For assay conditions see legend to Figure 5. Data shown correspond to the AUC's (c.p.m. x 10') calculated for the chemiluminescence

signal at time-periods typical for each agonist: fMLP 0-3 min, C5a and PAF 0-1 min, and opsonized zymosan (Ops Zym) 0-30 min.
These time-periods are derived from kinetic experiments (see Figure 5), and cover the times at which a stimulus-dependent
chemiluminescence signal beyond the signal of unstimulated cells (blank) was measured. Results are given as mean ± s.d. from the

number of experiments indicated. Statistical significance (P) using the paired t test was calculated comparing the AUC's of stimulated
versus unstimulated cells. For abbreviations, see text.
aP<.0 0; bp<.oool; cP<0.05; dp= 0.0001.
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Figure 5 Stimulus-dependent chemiluminescence response of human
eosinophils. Aliquots (0.5 ml) of human eosinophils (106 cells ml-')
were preincubated for 10 min at 37'C before stimulation with
100nmoll'- fMLP (------), 100nmoll' C5a (---), 100nmoll'
PAF (---) or I mg ml1' opsonized zymosan (.). Non-stimulated
cells served as blank ( ). Luminol-enhanced chemiluminescence
was continuously recorded. The figure shows the traces of a

representative experiment.

activators of PDE I and PDE II, respectively. These results
indicate that PDE IV is the predominant PDE isoenzyme in
human eosinophils. In addition, about 75% of PDE IV
activity is located in the cytosolic fraction.

This fraction, therefore, was taken to investigate the effect
of the PDE inhibitors mentioned above on PDE IV activity
of human eosinophils under cell-free conditions. For all six
compounds monophasic inhibition curves were obtained, the
calculated IC50 values of which are summarized in Table
2.
A comparison of the IC50 values for inhibition of PDE IV

activity, secretion of ECP/EDN and chemiluminescence,
respectively, reveals (Table 2) that theophylline inhibited all
three parameters with about the same potency. On the whole
this is also true for IBMX except for the inhibition of
chemiluminescence, where IBMX required the presence of
salbutamol to achieve an IC50 value similar to that obtained
for inhibition of PDE IV activity in the cell-free system. In
contrast, none of the selective PDE inhibitors substantially
affected intact cell responses on their own, despite the fact
that these compounds were much more potent inhibitors of
PDE activity in the cell-free system compared to theophylline
and IBMX. Interestingly, the selective PDE inhibitors were

active in the presence of salbutamol in a synergistic manner.

Under these conditions, zardaverine and rolipram inhibited
both ECP/EDN secretion and chemiluminescence with IC50
values comparable to those obtained for inhibition of PDE
IV activity, while RP 73401 and tolafentrine in intact cells
were one to two or at least two orders of magnitude, respec-

tively, less potent than would have been expected from the
inhibition studies of PDE activity in the cell-free system.

Discussion

The present study addressed the question whether eosinophil
responses like granule secretion or formation of reactive
oxygen species, which are related to the inflammatory role of
these cells in asthma pathogenesis, are inhibited by PDE
inhibitors in vitro. This class of compounds has been pos-

tulated to be promising in asthma therapy and in particular
PDE IV-selective inhibitors have attracted attention because
of their general potential to suppress inflammatory cell func-
tions (Giembycz, 1992).
Although the eosinophil is accepted to play a pivotal role

as effector cell in the pathogenesis of asthma, very limited
information on the effect of PDE inhibitors on human
eosinophil functions is available. Kita et al. (1991) reported
the inhibition of sIgA- or IgG-stimulated EDN secretion in
human eosinophils by IBMX and theophylline. The IC50
values for IBMX (9 and 30 jimol 1') and theophylline (90
and 500 pmolI 1) reported in that study are comparable to
those we have found for both compounds in the present
study for CSa-stimulated ECP/EDN secretion (Table 2). In
addition, we have shown that both inhibitors are effective in
inhibiting formation of reactive oxygen species as measured
by luminol-enhanced chemiluminescence. From Kita's studies
it is evident that stimulus-dependent differences in the
potency of the compounds in inhibiting human eosinophil
secretion may occur. Based on initial experiments comparing
different physiological stimuli, we have selected complement
C5a for the inhibition experiments because under our experi-
mental conditions the cells responded to CSa most effectively
and most reproducibly. At least in the guinea-pig the impor-
tance of complement activation for antigen-induced bron-
choconstriction has been considered (Regal et al.,
1993a,b).
We have found that human eosinophils contain PDE IV as

the predominant PDE isoenzyme. Under our experimental
conditions most of the PDE IV activity (75%) was recovered
from the cytosol. According to our experimental protocol we

used freshly isolated cells for the preparation of subcellular
fractions. We have made the observation, however, that
freezing (storage at -20°C) of the cells before sonication or

fMLP
(0-3 min)
C5a
(0-1 min)
PAF
(0-1 min)
Ops Zym
(0- 30 min)
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Figure 6 Influence of salbutamol (a) and theophylline (b) or 3-
isobutyl-l-methylxanthine (c) (either alone or in combination with
I gimol I'-I salbutamol) on C5a-stimulated chemiluminescence res-
ponse of human eosinophils. Aliquots (0.5 ml) of human eosinophils
(106 cells ml-') were preincubated either in the presence or absence
of the indicated concentrations of the compounds for 10 min at
37°C. Then the assays were stimulated with C5a (100nmoll-') for
I min. Chemiluminescence was continuously recorded and the
AUC's calculated. Drug effect (% inhibition) was calculated based
on the chemiluminescence signal obtained in the absence of any
compound (control). Symbols refer to the effect of PDE inhibitors
alone (0) or in combination with gmol 1-' salbutamol (@), and
the effect of salbutamol itself (A), respectively. Unspecific quenching
of chemiluminescence by salbutamol (a, A) was assessed by trigger-
ing superoxide anion formation in a cell-free system using hypoxan-
thine (0.31smoll-') and xanthine-oxidase (25mu) under otherwise
identical conditions. Results are given as mean ± s.d. from 3-5
independent experiments.

enhancement of the energy output during sonication renders
total PDE IV activity to be membrane-bound (data not
shown). These results indicate that the handling of the cells
prior to and during disruption is a critical determinant of
PDE IV localization at least in human eosinophils.
Differences in the experimental procedure for the preparation
of subcellular fractions may therefore account for the memb-
rane localization of PDE IV reported by others in human
(Giembycz & Barnes, 1993) as well as guinea-pig (Souness et
al., 1991; Dent et al., 1991) eosinophils. In addition, the
localization of PDE IV in eosinophils may be species-
dependent.
Based on the PDE isoenzyme pattern, one would have

expected that the inhibition of human eosinophil functions
by the non-selective PDE inhibitors IBMX and theophylline
would be mimicked by selective PDE IV inhibitors, provided
that the action of IBMX and theophylline is a consequence
of PDE inhibition. Surprisingly, none of the selective PDE
inhibitors tested substantially inhibited ECP/EDN secretion
or the chemiluminescence response, although all of these
compounds were much more potent PDE IV inhibitors than
theophylline or even IBMX in the cell-free system. These
results are in contrast to guinea-pig peritoneal eosinophils,
the 02-formation of which has been demonstrated to be
sensitive to inhibition by selective PDE IV inhibitors both in
resting cells (Souness et al., 1991) and in opsonized zymosan-
stimulated cells (Dent et al., 1991). Whether this difference
represents species-specific effects or is due to differences in
the experimental conditions remains unexplained at the
moment.
One explanation for the failure of the selective PDE

inhibitors to inhibit human eosinophil responses could be the
insufficient basal cyclic AMP concentration in these cells.
Due to the requirement of large cell numbers we were not
able to perform cyclic AMP measurements: however, we tried
to assess the influence of an additional cyclic AMP trigger
indirectly by testing the influence of a 02-adrenoceptor
agonist (salbutamol). We are not aware of any literature
directly proving the existence of P2-adrenoceptors on human
peripheral eosinophils purified from healthy blood donors.
However, the enhancement of IBMX-mediated cyclic AMP
levels by P2-adrenoceptor agonists like salbutamol and
isoprenaline and its reversal by the P-adrenoceptor antagonist
propanolol as reported in the study of Kita et al. (1991)
provides circumstantial evidence for the presence of such
receptors on human eosinophils. In addition, P-adrenoceptors
of the p2-subtype that are coupled to adenylate cyclase have
been characterized in eosinophils from patients with
eosinophilia (Yukawa et al., 1990). In our own experiments
we used salbutamol and found that neither ECP/EDN secre-
tion nor chemiluminescence was substantially affected by this
compound. One should mention that according to the experi-
mental protocol used in our studies, cells were treated with
salbutamol 10 min prior to the stimulation with C5a; we
therefore cannot exclude the possibility that salbutamol
would have been effective after a shorter preincubation time
diminishing the extent of cyclic AMP degradation by the
action of PDE IV. The lack of effect of salbutamol on
eosinophil responses is in agreement with the study of Kita et
al. (1991), who showed no or only marginal inhibitory effects
of salbutamol and isoprenaline on sIgA- and IgG-stimulated
EDN secretion, respectively, but is in contrast to a recent
study of Munoz et al. (1994) who demonstrated an approx-
imately 50% inhibition of fMLP-stimulated EPO- (eosinophil
peroxidase) and leukotriene C4-release by salbutamol. The
latter group, however, used cytochalasin B as a non-
physiological agent in their assays which might facilitate the
inhibition of eosinophil responses by P2-adrenoceptor
agonists. In support of this assumption Yukawa et al. (1990)
failed to find an inhibitory effect of salbutamol on both O2-
generation and EPO release in eosinophils from patients with
eosinophilia. Formoterol at high concentrations
(l-l100moll-1) was reported to inhibit modestly (<40%)
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Figure 7 Influence of rolipram (a), RP 73401 (b), zardaverine (c) and tolafentrine (d) (either alone or in combination with
I gmol I-I salbutamol) on C5a-stimulated chemiluminescence response of human eosinophils. For assay conditions see legend to
Figure 6. Symbols refer to the effect of PDE inhibitors alone (0) or in combination with 1 imol 1-' salbutamol (0); the effect of
salbutamol itself is also shown (A). Results are given as mean ± s.d. from 3-4 independent experiments.

Table 2 IC50 values (jAmol 1-) of various PDE inhibitors for inhibition of C5a-stimulated secretion of ECP/EDN and the
chemiluminescence response in intact human eosinophils, as well as for inhibition of PDE IV activity in the cytosol of human
eosinophils

Secretion of
ECP/EDN

- Salbut + Salbut
IC50 (pM)

589/347
51/50
NE
NE
>10
NE

204/257
12/11
0.1/0.2

0.05/0.04
0.7/0.4
>10

Chemilwminescence
- Salbut + Salbut

IC50 (UM)
525
524
NE
NE
NE
NE

331
45

0.5
0.01
0.9
7.6

Studies of the effect of PDE inhibitors in intact cells were performed either in the absence or presence of salbutamol (Salbut)
(1 iLmolI 1) which by itself was without appreciable effect. IC50 values were calculated from concentration-inhibition-curves by
non-linear regression analysis from at least three independent experiments.
NE, no effect. For abbreviations, see text.

PAF-induced ECP release, however, this effect of formoterol
was not abolished by propanolol, making a 2-adrenoceptor-
triggered response unlikely (Eda et al., 1993).

Despite the lack of effect of salbutamol itself, this com-

pound allowed the selective PDE inhibitors to inhibit both
ECP/EDN secretion and chemiluminescence in a synergistic
manner. Obviously, only the cyclic AMP synthesis triggered
by the action of the P2-adrenoceptor agonist and the simul-
taneous inhibition of cyclic AMP degradation by PDE
inhibitors are sufficient to inhibit C5a-stimulated cell res-

ponses. Under these conditions the IC50 values of rolipram

and zardaverine for inhibition of eosinophil responses were in
the order of magnitude that would have been expected from
the IC50 values for inhibition of PDE IV activity in the
cell-free system. In contrast, such a conformity did not exist
for tolafentrine and RP 73401. Such a poor correlation
between the PDE inhibitory actions of certain compounds
and their effectiveness in inhibiting 2- formation has also
been observed in guinea-pig eosinophils and has been att-
ributed to a barrier impeding access of the compounds to the
enzyme (Souness et al., 1991). We have tested the compounds
used in the present study in other cells and have found no
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differences in the ability of the compounds to penetrate into
the cells. Alternatively, the aforementioned lack of correla-
tion may be explained by the existence of two sites (a
catalytic site and a second biologically important site) on
PDE IV as proposed for the guinea-pig eosinophil enzyme
(Souness et al., 1992). The second site seems to be (partially)
concealed in freshly prepared membranes but is exposed by
solubilization or vanadate/glutathione treatment. The ICM
values of inhibitors against solubilized PDE IV and their
potencies in intact cells (elevation of intracellular cyclic
AMP) strongly correlate, implying that in most eosinophils,
PDE IV exists in a form similar to the solubilized or
vanadate/glutathione-treated enzyme. Although these results
obtained with the membrane-bound guinea-pig PDE IV may
not directly translate to the cytosolic (soluble) human
enzyme, they raise the possibility that the state of human
eosinophil PDE IV, including inhibitor-sensitivity in the
cytosol, is different from the state of the enzyme in intact
cells. We are at present trying to clarify this hypothesis.

Based on the results discussed so far, the question arises
why the non-selective PDE inhibitors IBMX and theophyl-
line are able to suppress eosinophil functions in contrast to
the selective PDE IV and III/IV inhibitors. The fact that
human eosinophils contain PDE IV as the exclusive PDE
isoenzyme suggests that other mechanisms besides or in addi-
tion to PDE inhibition may contribute to the inhibitory
action of IBMX and theophylline. Other modes of action
have been described for these xanthine derivatives such as
inhibitions of calcium currents (Simasko & Shaochun, 1993),
blockade of the adenylate cyclase-inhibitory regulatory pro-
tein G, (Parsons et al., 1988), direct activation of cyclic
AMP-dependent protein kinase (Tomes et al., 1993) or, in
particular, adenosine receptor antagonism (Ukena et al.,
1993). These or other aspects have to be considered in further
experiments elucidating the precise mode of action of IBMX
and theophylline on human eosinophil functions. At the
moment we are able to exclude only adenosine receptor
antagonism in the actions of IBMX and theophylline on
human eosinophils, based on the fact that human eosinophils
have been reported to be very poor producers of adenosine
(Resnick et al., 1993) and that the chemiluminescence res-
ponse is not influenced by adenosine deaminase (data not
shown). Nevertheless, the different effects of the PDE
inhibitors described in this paper demonstrate that results
obtained with non-specific PDE inhibitors may not always
translate to specific PDE inhibitors even if the PDE isoen-
zyme pattern of a certain cell type has been considered as
shown here for human eosinophils. Theophylline is a well-
established drug in the therapy of airway diseases, although,

its mode of action in vivo is still controversial (Milgrom &
Bender, 1993). Although speculative, the direct inhibitory
effect of theophylline on human eosinophil responses
observed in vitro (Kita et al., 1991; present study) may
contribute to the recent clinical finding that after treatment
with theophylline a significant reduction in the number of
EG2-positive activated eosinophils beneath the lung epithelial
basement membrane of mild asthmatics was found (Sullivan
et al., 1994). PDE inhibition is ascribed a major role in the
action of theophylline on both bronchodilatation and inhibi-
tion of inflammation. The benefit arising from theophylline
therapy has encouraged the pharmaceutical industry to
develop more specific and more potent PDE inhibitors in
order to enhance efficacy in parallel with fewer side effects. It
will be interesting to see whether such compounds can mimic
the action of theophylline in patients suffering from airway
diseases. With the restriction that all conclusions are based
on experiments using one particular stimulus (C5a), the
results presented in this paper indicate that specific PDE IV
inhibitors need an additional cyclic AMP-triggering signal to
be effective towards eosinophils. We have used a P2-adreno-
ceptor agonist (salbutamol) in our in vitro experiments; how-
ever, it can be assumed that the action of salbutamol is
representative of other receptor agonists positively coupled to
adenylate cyclase in human eosinophils. Similar to other
leukocytes such agonists may include prostaglandins such as
PGE2, adenosine, histamine, endogenous adrenaline and
others presumed to be present in inflammatory loci.

In addition, one might speculate whether certain factors
(e.g. cytokines, colony-stimulating factors or other
inflammatory mediators) present in the circulation and/or in
the lung of atopic patients alter the sensitivity of eosinophils
towards PDE inhibitors. The study of Maruo et al. (1993)
may be interpreted in this direction. In that study, an
inhibitory effect of the PDE IV inhibitor WAY-PDA-641 on
PAF-induced superoxide generation was found in purified
eosinophils from allergic subjects, which is in contrast to our
own results demonstrating no effect of PDE IV and III/IV
inhibitors on CUa-stimulated chemiluminescence in
eosinophils from healthy donors. This general aspect is of
particular importance for assessing in vitro-data on the effects
of PDE inhibitors on pro-inflammatory cells for the in vivo-
efficacy of these drugs in asthmatic patients.
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zardaverine and RP 73401 as well as Dr Flockerzi (Byk Gulden,
Konstanz, Germany) for the synthesis of tolafentrine. The expert
technical assistance of Mrs Auriga, Mrs Goebel and Mrs Mueller is
highly appreciated.

References

ABU-GHAZALEH, R.I., DUNNETTE, S.L., LOEGERING, D.A.,
CHECKEL, J.L., KITA, H., THOMAS, L.L. & GLEICH, G.J. (1992).
Eosinophil granule proteins in peripheral blood granulocytes. J.
Leukoc. Biol., 52, 611-618.

BACH, M.K., BRASHLER, J.R., SANDERS, M.E. & BIENKOWSKY, M.J.
(1991). Pitfalls in the quantitative estimation of the secretion of
granule proteins in eosinophils. J. Immunol. Methods, 142,
243-250.

BARNES, P.J. (1992). New aspects of asthma. J. Internal Med., 231,
453-461.

BARNES, P.J. & PEDERSEN, S. (1993). Efficacy and safety of inhaled
corticosteroids in asthma. Am. Rev. Respir. Dis., 148, Sl-S26.

BAUER, A.C. & SCHWABE, U. (1980). An improved assay of cyclic
3',5'-nucleotide phosphodiesterase with QAE Sephadex A-25.
Naunyn-Schmied. Arch. Pharmacol., 311, 193-198.

BEAVO, J.A. & REIFSNYDER, D.H. (1990). Primary sequence of cyclic
nucleotide phosphodiesterase isozymes and the design of selective
inhibitors. Trends Pharmacol. Sci., 11, 150-155.

BRUIJNZEEL, P.L.B. (1989). Contribution of eosinophil-derived
mediators in asthma. Int. Arch. Allergy Appl. Immunol., 90,
57-63.

DENT, G., EVANS, P.M., CHUNG, K.F. & BARNES, P.J. (1990). Zar-
daverine inhibits respiratory burst activity in human eosinophils.
Am. Rev. Respir. Dis., 141, A392.

DENT, G., GIEMBYCZ, M.A. RABE, K.F. & BARNES, P.J. (1991).
Inhibition of eosinophil cyclic nucleotide PDE activity and
opsonized zymosan-stimulated respiratory burst by type IV-
selective PDE inhibitors. Br. J. Pharmacol., 103, 1339-1346.

EDA, R., SUGIYAMA, H., HOPP, R.J., OKADA, C., BEWTRA, A.K. &
TOWNLEY, R.G. (1993). Inhibitory effects of formoterol on
platelet-activating factor induced eosinophil chemotaxis and de-
granulation. Int. Arch. Allergy Immunol., 102, 391-398.

GIEMBYCZ, M.A. (1992). Could isoenzyme-selective phos-
phodiesterase inhibitors render bronchodilator therapy redundant
in the treatment of bronchial asthma? Biochem. Pharmacol., 43,
2041-2051.

GIEMBYCZ, M.A. & BARNES, P.J. (1993). Stimulus-response coupling
in eosinophils. In Immunopharmacology of Eosinophils. ed. Smith,
H, & Cook, R.M. pp.91-118. London, San Diego, New York,
Boston, Sydney, Tokyo, Toronto: Academic Press.

GLEICH, G.J. (1990). The eosinophil and bronchial asthma: current
understanding. J. Allergy Clin. Immunol., 85, 422-436.



A. Hatzelmann et al Phosphodiesterase inhibitors and human eosinophils 831

GLEICH, G.J. & ADOLPHSON, C.R. (1986). The eosinophilic
leukocyte: structure and function. Adv. Immunol., 39,
177-253.

HANSEL, T.T., DE VRIES, I.J.M., IFF, T., RIHS, S., WANDZILAK, M.,
BETZ. S., BLASER, K. & WALKER, C. (1991). An improved
immi nagnetic procedure for the isolation of highly purified
human blood eosinophils. J. Immunol. Meth., 145, 105-110.

KARLSSON, J.-A., SOUNESS, J., RAEBURN, D., PALFREYMAN, M. &
ASHTON, M. (1993). Anti-inflammatory effects of novel selective
cyclic nucleotide phosphodiesterase inhibitors. In T-lymphocyte
and Inflammatory Cell Research in Asthma. ed. Jolles, G., Karl-
sson, J.-A. & Taylor, J. pp. 323-351. London, San Diego, New
York, Boston, Sydney, Tokyo, Toronto; Academic Press.

KITA, H., ABU-GHAZALEH, R.I., GLEICH, G.J. & ABRAHAM, R.T.
(1991). Regulation of Ig-induced eosinophil degranulation by
adenosine 3',5'-cyclic monophosphate. J. Immunol., 146,
2712-2718.

MARUO, H., TANIMOTO, Y., BEWTRA, A.K. & TOWNLEY, R.G.
(1993). Effect of phosphodiesterase IV inhibitor (WAY-PDA-641)
on PAF-induced superoxide generation from human eosinophils.
J. Allergy Clin. Immunol., 93, 569.

MICHAELI, T., BLOOM, T.J., MARTINS, T., LOUGHNEY, K., FER-
GUSON, K., RIGGS, M., RODGERS, L., BEAVO, J.A. & WIGLER,
M. (1993). Isolation and characterization of a previously
undetected human cAMP phosphodiesterase by complementation
of cAMP phosphodiesterase-deficient Saccharomyces cerevisiae.
J. Biol. Chem., 268, 12925-12932.

MILGROM, H. & BENDER, B. (1993). Current issues in the use of
theophylline. Am. Rev. Respir. Dis., 147, S33-S39.

MUNOZ, N.M., VITA, A.J., NEELEY, S.P., MCALLISTER, K., SPAETHE,
S.M., WHITE, S.R. & LEFF, A.R. (1994). Beta adrenergic modula-
tion of formyl-methionine-leucine-phenylalanine-stimulated secre-
tion of eosinophil peroxidase and leukotriene C4. J. Pharmacol.
Exp. Ther., 268, 139-143.

PARSONS, W.J., RAMKUMAR, V. & STILES, G.L. (1988).
Isobutylmethylxanthine stimulates adenylate cyclase by blocking
the inhibitory regulatory protein GQ. Mol. Pharmacol., 34,
37-41.

REGAL, J.F., FRASER, D.G., ANDERSON, D.E. & SOLEM, L.E.
(1993a). Enhancement of antigen-induced bronchoconstriction
after intravascular complement activation with cobra venom fac-
tor. J. Immunol., 150, 3496-3505.

REGAL, J.F., FRASER, D.G. & TOTH, C.A. (1993b). Role of the
complement system in antigen-induced bronchoconstriction and
changes in blood pressure in the guinea-pig. J. Pharmacol. Exp.
Ther., 267, 979-988.

RESNICK, M.B., COLGAN, S.P. PATAPOFF, T.W., MRSNY, R.J., AWT-
REY, C.S., DELP-ARCHER, C., WELLER, P.F. & MADARA, J.L.
(1993). Activated eosinophils evoke chloride secretion in model
intestinal epithelia primarily via regulated release of 5'-AMP. J.
Immunol., 151, 5716-5723.

SCHUDT, C., WINDER, S., FORDERKUNZ, S., HATZELMANN, A. &
ULLRICH, V. (1991a). Influence of selective phosphodiesterase
inhibitors on human neutrophil functions and levels of cAMP
and Ca,. Naunyn-Schmied. Arch. Pharmacol., 344, 682-690.

SCHUDT, C., WINDER, S., MOLLER, B. & UKENA, D. (1991b). Zar-
daverine as a selective inhibitor of phosphodiesterase isozymes.
Biochem. Pharmacol., 42, 153-162.

SCHUDT, C., TENOR, H., WNEDEL, A., ELTZE, M., MAGNUSSEN, H.
& RABE, K.F. (1993). Influence of the PDE III/IV inhibitor
B9004-070 in contraction and PDE activities in airway and vas-
cular smooth muscle. Am. Rev. Respir. Dis., 147, A183.

SHUTE, J.K., SCHUDT, C. & CHURCH, M.K. (1993). Differential
inhibition of phosphodiesterase inhibitors of 11-5 and PAF
induced chemotactic responses of normal and atopic human
eosinophils. J. Allergy Clin. Immunol., 93, 298.

SIMASKO, S.M. & SHAOCHUN, Y. (1993). 3-Isobutyl-l-methylxanthine
inhibits sustained calcium current independently of cyclic AMP in
neuronal and endocrine cells. Mol. Pharmacol., 44, 622-627.

SOUNESS, J.E., CARTER, C.M., DIOCEE, B.K., HASSALL, G.A.,
WOOD, L.J. & TURNER, N.C. (1991). Characterization of guinea-
pig eosinophil phosphodiesterase activity. Biochem. Pharmacol.,
42, 937-945.

SOUNESS, J.E., MASLEN, C. & SCOTT, L.C. (1992). Effects of
solubilization and vanadate/glutathione complex on inhibitor
potencies against eosinophil cyclic AMP-specific phos-
phodiesterase. FEBS Letters, 302, 181-184.

SULLIVAN, P., BEKIR, S., JAFFAR, Z., PAGE, C., JEFFERY, P. &
COSTELLO, J. (1994). Anti-inflammatory effects of low-dose oral
theophylline in atopic asthma. Lancet, 343, 1006-1008.

TANIMOTO, Y., MARUO, H., BEWTRA, A.K. & TOWNLEY, R.G.
(1993). Effects of phosphodiesterase IV inhibitor (WAY-PDA-
641) on human eosinophil and neutrophil migration in vitro. J.
Allergy Clin. Immunol., 93, 570.

THOMPSON, W.J. & APPLEMAN, M.M. (1979). Assay of cyclic
nucleotide phosphodiesterase and resolution of multiple
molecular forms of the enzyme. Adv. Cycl. Nucl. Res., 10,
69-92.

TOMES, C., ROSSI, S. & MORENO, S. (1993). Isobutylmethylxanthine
and other classical cyclic nucleotide phosphodiesterase inhibitors
effect cAMP-dependent protein kinase activity. Cell. Signal., 5,
615-621.

UKENA, D., SCHUDT, C. & SYBRECHT, G.W. (1993). Adenosine
receptor-blocking xanthines as inhibitors of phosphodiesterase
isozymes. Biochem. Pharmacol., 45, 847-851.

YUKAWA, T., UKENA, D., KROEGEL, C., CHANEZ, P., DENT, G.,
CHUNG, K.F. & BARNES, P.J. (1990). Beta2-adrenergic receptors
on eosinophils. Am. Rev. Respir. Dis., 141, 1446-1452.

(Received June 23, 1995
Revised August 22, 1995

Accepted October 26, 1995)


