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ABSTRACT. Phosphodiesterase 4 (PDE4) inhibitors are novel anti-inflammatory compounds. Unfortunately, 
the archetypal PDE4 inhibitor rolipram produces central nervous system and gastrointestinal side-effects. To 
exploit these agents, we need to identify PDE4 inhibitors that retain the anti-inflammatory activity with a 
reduced potential to elicit unwanted side-effects. PDE4 possesses both cyclic AMP catalytic activity that is 
inhibitable by rolipram and a high affinity binding site for rolipram. The function of this high affinity rolipram 

binding site is unclear; however, certain pharmacological effects of PDE4 inhibitors are associated with com- 
petition for this site. Since PDE4 inhibitors suppress both monocyte and neutrophil activation, the present 
experiments were carried out to establish a correlation between suppression of monocyte activation [tumor 

necrosis factor alpha (TNFa) formation] or suppression of neutrophil activation (degranulation) with inhibition 
of either PDE4 catalytic activity or [3H]rolipram binding. Suppression of TNFa formation demonstrated a strong 
correlation with inhibition of PDW catalytic activity (r = 0.87; P < 0.01; Spearman’s Rho = 0.79, P < 0.05), 
whereas there was no correlation with inhibition of [3H]rolipram binding (r = 0.21, P > 0.5; Spearman’s Rho = 
0.16, P > 0.5). Suppression of neutrophil degranulation was not associated with inhibition of PDE4 catalytic 
activity (r = 0.25, P > 0.4; Spearman’s Rho = 0.33, I’ > 0.2), but was associated with inhibition of [‘Hlrolipram 
binding (r = 0.68, I’ < 0.05; Spearman’s Rho = 0.6, P = 0.06). Th ese results indicate that anti-inflammatory 
effects of PDW inhibitors can be associated with either inhibition of PDE4 catalytic activity or high affinity 
rolipram binding. BIOCHEM PHARMACOL 51;7:949-956, 1996. 
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Previous studies with selective inhibitors of the low K,,, 

CAMP**-specific phosphodiesterase (PDE4) have demon- 
strated impressive in vitro anti-inflammatory actions [l-7]. 
The promise that these inhibitors may be useful anti-in- 
flammatory agents is tempered by concern over their side- 
effects. In initial clinical trials, rolipram, a prototypical 
PDE4 inhibitor, and zardaverine, a mixed PDE3/4 inhibi- 
tor, produced gastrointestinal side-effects, i.e. pyrosis, nau- 
sea, and emesis, that were dose limiting [8, 91. Furthermore, 
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rolipram was being developed as an anti-depressant agent 
[lo], indicating that it possesses psychotropic activity [ll]. 
These pharmacological actions of rolipram are likely to 
limit its usefulness as an anti-inflammatory agent. The chal- 
lenge for drug discovery is to identify the mechanism re- 
sponsible for these effects and to design novel PDE4 inhib- 
itors that retain the anti-inflammatory actions of rolipram 
but with a reduced potential to elicit unwanted side-effects. 

Along with its catalytic activity, PDE4 also possesses a 
high affinity (Kd = 1 nM) binding site for rolipram [12, 131. 
Surprisingly, the rank order potency of a variety of PDE4 
inhibitors for this binding site differs from their rank order 
potency for inhibiting CAMP hydrolysis [12]. The func- 
tional role of the high affinity site is unknown, although it 
may represent an allosteric site [12, 141, or, alternatively, 
the catalytic site of one of two co-existing but conforma- 
tionally distinct forms of PDE4 [12, 151. Even though the 
exact function of the high affinity [‘Hlrolipram-binding site 
relative to the actions of PDE4 inhibitors is unknown, cer- 
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tain biological actions of selective PDE4 inhibitors seem to 
correlate with the ability of these compounds to displace 
[3H]rolipram from this site and not with their ability to 
inhibit PDE4 catalytic activity. For example, the ability to 
reverse gastric glands [I 71 correlates with the ability of 
these compounds to displace rolipram from its high affinity 
site. In contrast, suppression of guinea pig mast cell activa- 
tion by PDE4 inhibitors is better correlated with the ability 
of these compounds to inhibit PDE4 catalytic activity [18]. 
Thus, it appears that certain side-effects are associated with 
inhibition of rolipram binding and at least one potential 
therapeutic effect is correlated with inhibition of catalytic 
activity. These findings suggest that one approach to in- 
creasing the therapeutic index of PDE4 inhibitors is the 
design and synthesis of compounds with reduced ability to 
displace rolipram from its high affinity binding site. The 
success of this approach depends on defining which desir- 
able pharmacological effects are associated with inhibition 
of PDE4 catalytic activity and which are associated with 
competition for rolipram binding. Since previous studies 
have shown that prototypical PDE4 inhibitors block the 
activation of both monocytes [19, 201 and PMNs [3, 5, 6, 
20, 211, the present studies were carried out to fulfill two 
objectives: (1) to compare the ability of selective PDE4 
inhibitors to suppress monocyte (measured by LPS-induced 
TNFa formation) or neutrophil (measured by MPO re- 
lease) activation; and (2) to determine if an association 
exists between the ability of PDE4 inhibitors to suppress 
activation in these two cell types and their ability to inhibit 
PDE4 catalytic activity or [3H]rolipram binding. 

MATERIALS AND METHODS 
Materials 

RPM1 1640 medium was purchased from MA Bioproducts 
(Waldersville, MD) and fetal bovine serum was obtained 
from Hyclone Laboratories Inc. (Logan, UT). Bacterial LPS or 
endotoxin (Escherichia coli 055:B5), fMLP, PGE,, o-dianisi- 
dine, cytochalasin B, Histopaque 1077, HEPES, gelatin and 
Earle’s balanced salt solution were obtained from the Sigma 
Chemical Co. (St. Louis, MO). Horseradish peroxidase was 
purchased from Boehringer Mannheim (Mannheim West 
Germany). Hydrogen peroxide was obtained from the J. T. 
Baker Chemical Co. (Phillipsburg, NJ). Recombinant human 
TNFor was provided by Dr. J. Strickler (SmithKline Beecham 
Pharmaceuticals, King of Prussia, PA). Peroxide conjugated 
goat anti-rabbit antibodies were purchased from Pierce (Rock- 
ford, IL). The following compounds were synthesized by 
Dr. S. B. Christensen and colleagues (SmithKline Beecham 
Pharmaceuticals, King of Prussia): R-rolipram; S-rolipram; (A) 
4 cyano-4-(3-cyclopentyloxy-4-methoxyphenyl) cyclohex- 
anone; (B) R (+)-l-(4-aminobenzyl)-4-(3cyclopentyloxy- 
4-methoxyphenyl)-2-pyrrolidinone; (C) S (-)-l-(4.amino- 
benzyl)- 4-( 3 - cyclopentyloxy - 4 - methoxyphenyl)- 2 - pyrrolid- 
inone; (D) R (+)-I-(4-acetamidobenzyl)-3-(3-cyclopentyloxy 
4-methoxyphe-nyl)-2-pyrrolidinone; (E) S (-)-l-(4-acetami- 
dobenzyl)-3-(3-cyclopentyloxy-4-methoxyphenyl)-2-pyrrolid~ 

inone; (F) S (-)-l-(4-aminobenzyl)-4-(3-cyclopentyloxy-4- 
methoxyphenyl)-2-imidazolidinone; (G) R (+)-I-(4-amino- 
benzyl)-4-(3-cyclopentyloxy-4-methoxyphenyl)-2-imidazolid- 
inone; (H) R (+)-l-(4spyridinylbenzyl)-3-(3-cyclopentyloxy- 
4-methoxyphenyl)-2-pyrrolidinone; and (I) S (-)-l-(4.pyrid- 
inylbenzyl)-3-(3-cyclopentyloxy-4-methox~henyl)~2~pyrroli~ 
dinone. 

Isolation and Culture of Peripheral Blood Monocytes 

Peripheral blood monocytes were purified from freshly ob- 
tained buffy coats or plasma-phoresis residues of blood ob- 
tained from normal donors according to the procedure of 
Collata et al. [22]. Purified mononuclear cells (>85% mono- 
cytes) were seeded at a density of 1 x lo6 cells/mL in RPM1 
1640 medium + 1% heat-inactivated fetal bovine serum, 
penicillin and streptomycin (10 U/mL) onto 24-well mul- 
tidishes. The cells were allowed to adhere for 1 hr at 37”. 
After this incubation, non-adherent cells were removed by 
aspiration, and 1 mL of fresh medium was added to the 
enriched adherent monocytes. The cells were incubated for 
45 min to 1 hr in the absence or presence of various con- 
centrations of PDE4 inhibitors prior to the addition of LPS 
(0.1 yg/mL; f ma concentration). Culture supernatants 1 
were removed from the monocytes after 14-16 hr of incu- 
bation at 37”, 5% CO,, and centrifuged at 1000 g to remove 
cell debris. TNFa levels of these samples either were de- 
termined immediately by ELISA or the culture superna- 
tants were stored at -70” until assayed. 

Isolation and Purification of PMN 

PMNs were isolated from heparinized blood by gradient 
centrifugation using Ficoll (Histopaque 1077) followed by 
dextran sedimentation to remove the erythrocytes. Any 
remaining erythrocytes were lysed with water for 30 set, 
and isotonicity was restored using 10x DB-PBS, without 
Ca2+ or Mg’+). PMNs were isolated by centrifugation and 
were washed one additional time with lx DB-PBS prior to 
determining cell number and viability (trypan blue dye ex- 
clusion). Cell number was adjusted to 0.75-1.5 x lo6 cells/ 
mL depending on the individual donor. 

Measurement of TiVFa 

Levels of TNFcr were measured using a sandwich ELISA 
[23] employing a murine monoclonal anti-human TNFa 
antibody as the capture antibody and a polyclonal rabbit 
anti-human TNFa as the second antibody. For detection, a 
peroxidase-conjugated goat anti-rabbit antibody was added 
followed by the addition of 1 mg/mL of o-phenylenedi- 
amine with 0.1% urea peroxide. TNF~x levels in samples 
were calculated from a standard curve generated with re- 
combinant human TNF~x produced in E. coli. Monoclonal 
antibodies to human TNFa were prepared from spleens of 
BALB/c mice immunized with human TNFo by a modifi- 
cation of the method of Kohler and Milstein [24]. Poly- 
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clonal rabbit anti-human TNFa antibodies were prepared 

by repeated immunization of a New Zealand white rabbit 

with recombinant human TNFa emulsified in complete 

Freund’s adjuvant. 

Degranulatim (Release of MPO) 

An aliquot (0.1 mL) of the above cell suspension was in- 

cubated in Earle’s Balanced Salt Solution containing 20 

mM HEPES buffer (pH 7.4) and 0.1% gelatin in the pres- 

ence of 5 Fg/mL of cytochalasin B for 5 min at 37” in a 

shaking water bath. Cells were pretreated for an additional 

5 mm with various concentrations of selective PDE4 in- 

hibitors and PGE, (3-10 nM) prior to addition of fMLP (30 

nM). fMLP was added, and the incubation was continued 

for an additional 30 min. The reaction was terminated by 

placement of the samples on ice followed by centrifugation. 

The supernatant fraction was removed and stored frozen 

(-30”) until assay for MPO activity. 

MPO activity was determined using o-dianisidine as sub, 

strate and horseradish peroxidase as a standard. Briefly, an 

aliquot (50 FL) of supernatant was incubated with 100 FL 

of substrate (o-dianisidine, 0.53 mM; HzO,, 0.147 mM; 

final concentration) in 50 mM sodium phosphate buffer 

(pH 6.0). The reaction was terminated by the addition of 

50 FL of 4 M H,SO,. Product formation was determined by 

measuring absorbance at 410 nm, and activity was deter- 

mined by comparison to the standard curve using horserad- 

ish peroxidase. Data were expressed as percent of control 

(amount of MI’0 released in the presence of PGE, alone). 

Since the maximum inhibition produced by PDE4 inhibi- 

tors was approximately 30%, in 1~~s values were calculated 

by linear interpolation, using the responses obtained in 3-6 

experiments. 

PDE and ~3H]Roliprum Binding Assays 

PDE4 activity was determined by the method of Davis and 

Daly [25] using either partially purified PDE4 from mono- 

cytes or recombinant human PDE4A expressed in yeast and 

CAMP (1 FM) as the substrate [26]. [3H]Rolipram binding 

to rat brain microsomes was measured as previously de- 

scribed [12]. 

Statistical Analyses 

To determine if an association existed between suppression 

of monocyte activation and inhibition of PDE4 activity or 

competition with high affinity [3H]rolipram binding, we 

calculated the linear (r) or rank order correlation (Spear- 

man’s Rho) between the mean log ( IC& values for suppres- 

sion of TNFa formation and the log (I& values for inhi- 

bition of PDE4 catalytic activity or displacement of the 

high affinity [‘Hlrolipram binding. A correlation was con- 

sidered significant if a P value < 0.05 was obtained, using 

the STATVIEW I1 program written for the Macintosh 

computer. Similar comparisons were performed using the 

mean log (1~~~) values obtained for the neutrophils. 

RESULTS 

Previous studies have demonstrated that PDE4 inhibitors 

suppress LPS-induced TNFol formation, as well as neutro- 

phi1 degranulation or superoxide formation [3, 6, 7, 21, 27, 

281. This suppression was correlated with the ability of 

these compounds to elevate CAMP content in these cells [6, 

191. In this study, we compared the ability of PDE4 inhib- 

itors to suppress TNFol formation or to inhibit fMLP-in- 

duced MPO release. Intriguingly, selective PDE4 inhibitors 

behaved differently in the two cell types. First, rolipram 

inhibited TNFcY formation in monocytes without the addi- 

tion of an exogenous activator of adenylyl cyclase, whereas 

in PMNs rolipram was without effect in the absence of a 

threshold concentration of PGEz (data not shown). Sec- 

ond, the enantiomers of rolipram, which display a marked 

difference in their ability to compete for [3H]rolipram bind- 

ing but little difference in their ability to inhibit PDE4 

purified from human monocytes, differed in their relative 

potency against the activation of monocytes versus PMNs. 

In monocytes, R-rolipram (rcsn = 0.065 FM) was about 

15-fold more potent than S-rolipram (ICjo = 0.95 FM) at 

inhibiting TNFa formation (Fig. IA). This difference in 

potency is similar to the differences observed between these 

two enantiomers at displacing [3H]rolipram binding (Table 

1). In neutrophils, R-rolipram was about 3-fold more potent 

than S-rolipram (1~~s = 0.037 p,M, R-rolipram; lclj = 0.11 

p,M, S-rolipram), which is similar to the potency of these 

two enantiomers as inhibitors of PDE4 catalytic activity 

(Table 1). These initial results suggested that inhibition of 

TNFa formation was associated with displacement of roli- 

pram binding and not inhibition of PDE4 catalytic activity, 

while the opposite was true for suppression of PMN acti- 

vation. 

To further characterize the relationship between suppres- 

sion of cell activation and inhibition of PDE4 catalytic 

activity or displacement of [‘Hlrolipram binding, we exam- 

ined a number of structurally diverse PDE4 inhibitors for 

their ability to inhibit TNFa or MPO release. Within this 

series of compounds, there was no correlation between the 

ability to inhibit PDE4 catalytic activity and the ability to 

displace [3H]rolipram binding (r = 0.11, P > 0.5; Spear- 

man’s Rho = -0.016, P > 0.5) (Table 1). In contrast to the 

limited results with R- and S-rolipram, there was strong 

correlation between suppression of LPS-induced TNFa for- 

mation and inhibition of PDE4 catalytic activity (r = 0.87, 

P < 0.01; Spearman’s Rho = 0.79, I’ < 0.01; Fig. 2A). There 

was no statistically significant association between suppres- 

sion of TNFol formation and competition for [3H]rolipram 

binding (r = 0.21, P > 0.5; Spearman’s Rho = 0.16, P > 0.5; 

Fig. 3A). Thus, although the initial results with the enan- 

tiomers of rolipram suggested otherwise, results obtained 

with a broader panel of compounds indicate that suppres- 

sion of TNFa formation is better correlated with inhibition 
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FIG. 1. Effects of Rerolipram and S-&pram on TNFw fore 
mation in monocytes (A) or tMLP&duced MPO release in 
PMNs (B). Data are expressed as a percent of the response 
to LPS (0.1 &mL) or fMLP (30 nM) in the absence of drug 
(control) and are the means lr: SEM of 8-9 (R-x&pram) or 
6-7 (S-rolipram) experiments. In these experiments, LPS- 
induced TNFcY formation was 5 +- 1.25 ngll x lo6 cells, and 
fMLP increased the release of MPO from 1.9 + 1 .O X 10e3 
to 19 -C 2.6 X 10v3 UlmL. 

of PDE4 catalytic activity than with inhibition of [3H]ro- 
lipram binding. The opposite association occurred with 
neutrophil degranulation. Inhibition of fMLP-induced 
MPO release did not correlate with inhibition of PDE4 
catalytic activity (r = 0.25, I’ > 0.4; Spearman’s Rho = 0.33, 
P > 0.2; Fig. 2B). I n contrast, there was a significant linear 
correlation with inhibition of MPO release and competi- 
tion for [3H]rolipram binding (r = 0.68, P < 0.05; Spear- 
man’s Rho = 0.6, P = 0.06; Fig. 3B). Thus, our results 

indicate: (1) that the relative difference in potency for each 
enantiomer of rolipram is not always predictive of the as- 
sociation of that pharmacological effect with inhibition of 
PDE4 catalytic activity or competition for rolipram bind- 
ing; and (2) that in a similar manner to certain undesirable 
actions of PDE4 inhibitors, some anti-inflammatory actions 
of PDE4 inhibitors may be associated with competition for 
rolipram binding. 

DISCUSSION 

The enthusiasm surrounding the potential utility of PDE4 
inhibitors as anti-inflammatory agents is dampened by the 
possibility of CNS and gastrointestinal side-effects [8, 9, 
111. A key question for drug discovery is whether the side- 
effects of these compounds can be separated from their 
anti-inflammatory effects. One of the more fascinating 
properties of PDE4 is the presence of a high affinity binding 
site for [3H]rolipram on this protein [12, 291. Selective 
PDE4 inhibitors not only inhibit catalytic activity of this 
enzyme but also compete for the high affinity rolipram 
binding. However, there does not appear to be a direct 
correlation between the potencies of compounds for these 
two effects [12]. Consequently, the functional role of the 
high affinity site is unknown, although it may represent an 
allosteric site [12, 141 or, alternately, the catalytic site of 
one of two co-existing but conformationally distinct forms 
of PDE4 [12, 151. Although the exact function of this high 
affinity site is unknown, certain biological actions of selec- 
tive PDE4 inhibitors seem to correlate with the ability of 
these compounds to displace [3H]rolipram from this site. 
For example, the ability of PDE4 inhibitors to reverse re- 
serpine-induced hypothermia [16] and to enhance acid se- 
cretion [17], both potential side-effects, is better correlated 
with the ability of these compounds to compete for [3H]ro- 
lipram binding than with their capacity to inhibit PDE4 
catalytic activity. In contrast, certain potential beneficial 
effects of PDE4 inhibitors, such as inhibition of fMLP-in- 
duced superoxide generation in guinea pig eosinophils [30] 
and suppression of antigen-induced bronchoconstriction in 
anesthetized guinea pigs [ 181, are better correlated with the 
ability of PDE4 inhibitors to inhibit the catalytic activity of 
PDE4 than with their ability to displace [‘Hlrolipram bind- 
ing. 

In this report, we have evaluated the effects of a variety 
of PDE4 inhibitors on LPS-induced TNFol formation and 
fMLP-induced degranulation. As observed previously [7, 
191, PDE4 inhibitors suppressed the production of TNFa. 
This activity correlates with their ability to elevate CAMP 
[19]. In our studies, R-rolipram was 15-fold more potent 
than S-rolipram at inhibiting LPS-induced TNFcx forma- 
tion. This finding is similar to that of Semmler et al. [7], 
who found that R-rolipram was approximately 5-fold more 
potent than the S enantiomer. At first glance, our findings 
suggest that suppression of TNFa is more closely associated 
with competition for rolipram binding than with inhibition 
of PDE4 catalytic activity. Indeed, these results are similar 
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TABLE 1. Comparison of the abiIity of selective PDE4 inhibitors to suppress LPS&duced TNFa formation and neutrophil 
degranulation with their capacity to inhibit PDE4 catalytic activity or to compete for [3H]roIipram binding 

Compound 

TNFol 
suppression 
Log 0%) M 

Inhibition of 
MPO release 
Log (I%) M 

Inhibition of 
human monocyte 

PDE4 activity 
Log 0%) M 

Inhibition of 
[ 3H JroIipram binding 

Log (G,,) M 

R-Rolipram 
S-Rolipram 
A 
B 
C 
D 
E 
F 
G 
H 

-71.9 f 0.11 (9) 
-6.02 + 0.13 (6) 

-7.5 (2) 
-6.06 f 0.19 (4) 
-6.84 f 0.07 (4) 

-6.05 (2) 
-7.85 (2) 
-6.87 (2) 
-5.76 (2) 
5.76 (2) 

-6.79 (2) 

-7.43 f 0.34 (8) -5.86 -8.39 
-6.95 f 0.29 (7) -6.06 -7.43 
-6.43 f 0.12 (4) -7.1 -6.88 
-6.0 k 0.28 (6) -5.65 -7.44 

-6.26 f 0.2 (6) -6.82 6.70 
2-4.00 (6) -5.65 -5.89 

-6.40 + 0.19 (6) -7.36 -7.20 
-6.93 f 0.42 (4) -6.00 -6.10 
-6.28 + 0.36 (4) -5.07 -7.00 
-5.54 AZ 0.44 (3) -5.13 -6.17 
-5.57 f. 0.06 (3) -6.14 -5.68 

The log (c,,) values &tamed with the selective PDE4 inhibitors for suppression of LPS-induced TNFol formation are expressed as the means f SEM (or the average where N 

= 2) of the number of experiments indicated 1x1 parentheses. The log (IC,~) values obtained for inhibition of MPO release are expressed as the means ZY SEM of the number of 

expermxents indicated in parentheses. The log (1~~~) values for inhibition of PDM cat&x activity or competition for 13Hlrohpram bmdq are the averages of 1-2 experunents. 

See Mater& and Methods for chemical names of compounds. 

to our findings with the enantiomers of rolipram on both 
acid secretion and superoxide production in eosinophils 
[17, 301. However, when we examined additional PDE4 
inhibitors we discovered that although the enantiomers of 
rolipram behaved comparably, the ability of PDE4 inhibi- 
tors to enhance acid secretion was related to their ability to 
displace high affinity rolipram binding [17], whereas the 
ability to inhibit superoxide formation [30] and TNFar for- 
mation (present study) was correlated more strongly with 
their ability to inhibit PDE4 catalytic activity. Thus, these 
results indicate that the relative potency difference be- 
tween R- and S-rolipram is not uniformly predictive of the 
association of functional changes produced by PDE4 inhib- 
itors with their biochemical actions, i.e. inhibition of cat- 
alytic activity or competition for [3H]rolipram binding. In 
addition, it is important to emphasize that in these studies 
the comparison of functional effects to biochemical actions 
was made across species and cell types. However, it does not 
appear that the kinetic properties of PDE4 vary a great deal 
among species or cell types. Rolipram binding was deter- 
mined using rat brain cytosols, since measurement of 
[3H]rolipram binding sites in cellular extracts of monocytes 
met with little or no success, presumably because of the low 
abundance of these sites in these cells. Also, a small amount 
of specific binding was detected in neutrophils using heroic 
protein concentrations, which was not sufficient to run 
reliable competition studies. Since previous work has dem- 
onstrated similar binding affinities for compounds measured 
in rat brain versus rolipram binding to recombinant PDE4 
protein [12], we believe this to be a valid comparison. 

We also examined the ability of selective PDE4 inhibi- 
tors to reduce the activation of human neutrophils, as de- 
termined by the inhibition of fMLP-induced MPO release. 
Earlier studies demonstrated that activators of adenylyl cy- 
clase or PDE inhibitors reduce the release of granular con- 
stituents from human neutrophils [l, 211. As observed in 

our work, the maximal inhibition of release varied between 
20 and 40% regardless of whether the release of primary 
(MPO or P-glucuronidase) or secondary (lysozyme) gran- 
ules was determined (present study and Refs. 1 and 21). By 
comparison, when inhibition of the respiratory burst was 
used as a measure of neutrophil activation, a greater max- 
imal effect was observed with PDE4 inhibitors. Regardless 
of the measures of activation, PDE4 inhibitors were still the 
most potent and effective class of isozyme-selective PDE 
inhibitors identified [3, 61. 

In contrast to their action in human monocytes, guinea 
pig eosinophils, and rabbit gastric glands, the enantiomers 
of rolipram were approximately equipotent at inhibiting 
fMLP-induced degranulation of human neutrophils. In- 
deed, the pharmacological effects of a range of selective 
PDE4 inhibitors were associated with competition for 
[3H]rolipram binding rather than with inhibition of PDE4 
catalytic activity. These results are in contrast to our pre- 
vious results with human monocytes (present study) and 
guinea pig eosinophils [30]. We should stress that within 
the series of compounds evaluated in this study, most were 
more potent at displacing [3H]rolipram binding than inhib- 
iting PDE4 catalytic activity, and none demonstrated se- 
lectivity for inhibition of PDE4 catalytic activity. Conse- 
quently, even though the functional effects of PDE4 inhib- 
itors in monocytes and neutrophils were differentially 
associated with either inhibition of PDE4 catalytic activity 
(a low affinity form) or inhibition of high affinity rolipram 
binding (a high affinity form), we cannot eliminate the 
possibility that both forms of the enzyme are important. For 
example, it is possible that inhibition of the high affinity 
form is necessary but not sufficient, without the concomi- 
tant inhibition of the low affinity form of PDE4, to suppress 
monocyte activation. Nonetheless, our results do show that 
the functional effects of PDE4 inhibitors in inflammatory 
compounds can be associated with either inhibition of 
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FIG. 2. Comparison between the ability of PDE4 inhibitors 
to inhibit PDE4 catalytic activity and their abiity to sup- 
press LPS-induced TNF~Y formation (A) or reduce fMLl?- 
induced MPO release (B). The compounds used in these 
correlation are as follows: 1, R-rolipram; 2, S-x&pram; 3, A; 
4, B; 5, C; 6, D; 7, E; 8, F; 9, G; 10, H; and 11, I. See 
Materials and Methods for chemical names of compounds. 

PDE4 catalytic activity or- rolipram binding. This repre- 
sents, to our knowledge, the first reported comparison of 
PDE4 inhibitors among inflammatory cell types using the 
identical PDE4 inhibitors. 

Perhaps a reason for the varying functional associations 
of PDE4 inhibitors among cell types and tissues is the pres- 
ence of different subtypes of PDE4 in these cells. PDE4 
exists as a family of enzymes derived from four distinct 
genes [31]. Since at least two of the major PDE4 subtypes 
demonstrate high affinity rolipram binding [12, 131 as well 
as catalytic activity, it is possible that these subtypes differ 
in the proportion of the enzyme found in the high affinity 

A. 

r= 0.21 
p>o.5 

-8 -7 -6 
Inhibition of [3H]-Rolipram Binding 

Log W,, ] M 

-3 
B. 
r = 0.68 

-4 - p < 0.05 

-6 - 

-9 -0 -7 -6 -5 -4 
Inhibition of [3H]-Rolipram Binding 

Log W50 1 M 

-3 

FIG. 3. Comparison between the ability of compounds to 
compete for [3H]rofipram binding and their abiity to sup 
press LPS-induced TNFcw formation (A) or reduce fMLl’- 
induced MPO release (B). The compounds are as listed in 
the legend for Fig. 2. 

conformation as measured by rolipram binding. Thus, de- 
pending on the complement of PDE4 subtypes in a cell, the 
functional effects of PDE4 inhibitors may be associated 
with either inhibition of catalytic activity or competition 
for [3H]rolipram binding. Indeed, monocytes and PMNs 
appear to contain different subtypes [32, 331. Monocytes 
contain PDE4A and PDE4B, whereas PMNs contain pre- 
dominantly PDE4B [32, 331. With the availability of re- 
combinant proteins and the advent of subtype selective 
inhibitors, it should be possible to determine the role of 
high affinity rolipram binding in the functional actions of 
PDE4 inhibitors and to discern the functional role of the 
PDE4 subtypes. 

Based on our findings, the approach to minimize side- 
effect potential of newer PDE4 inhibitors by identifying 
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compounds with decreased ability to displace [3H]rolipram 

from its high affinity binding site may be limited, since 

certain therapeutic effects are also correlated with this bio- 

chemical action. In addition to inhibition of PMN degran- 

ulation, relaxation of histamine-induced bronchoconstric- 

tion in guinea pigs is associated with inhibition of the high 

affinity rolipram binding and not with inhibition of PDE4 

catalytic activity [34]. 

In summary, we have confirmed earlier studies that PDE4 

inhibitors are potent suppressors of monocyte and PMN 

activation and have demonstrated that these functional ac- 

tions are associated with different biochemical effects of 

PDE4 inhibitors, namely inhibition of catalytic activity 

versus competition for rolipram binding. 
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