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Abstract-The interaction between selective inhibitors of 3’,S’-cyclic-nucleotide phosphodiesterase 
(PDE) III (cyclic GMP inhibited phosphodiesterase) and selective inhibitors of PDE IV (Ro 20-1724 
inhibited phosphodiesterase) to attenuate fetal bovine serum-stimulated incorporation of [3H]th~idine 
into DNA and cell proliferation was studied in a line (AlO) of vascular smooth muscle cells (VSMC). 
The nonselective PDE inhibitors 3-isobutyl-l-methylxanthine (IBMX) and papaverine attenuated DNA 
synthesis with ECU values (16 and 18 PM, respectively) in the same range as their published ICKY values 
(2-50 and Z-25pM, respectively) as PDE inhibitors. The selective PDE III inhibitors CI-930 and 
cilostamide used alone attenuated DNA synthesis with EC% values (>300 and 5.3 FM, respectively) 
that were much higher than published msO values (0.1.5-0.46 and 0.005-0.064 PM, respectively) for 
inhibition of PDE III. In the presence of the PDE IV inhibitor rolipram (IOpM), their EC& values 
were shifted (0.66 and O.l6pM, respectively) much closer to their respective rcsO values. When the 
selective PDE IV inhibitors rolipram and Ro 20-1724 were used alone, they attenuated DNA synthesis 
with IQ, values (111 and >lOOpM, respectively) much higher than their rcso values (0.6-2.6 and 2- 
13 PM, respectively) as inhibitors of PDE IV, but 10 PM CI-930 (PDE III inhibitor) shifted their EC50 

values (0.56 and 1.5 ,uM, respectively) much closer to their rCSo values. In experiments that assessed 
VSMC proliferation using the MIT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
method, IBMX and papaverine attenuated proliferation with EC, values (27 and 58 PM, respectively) 
close to their lcso values. CI-930 and cilostamide used alone did not cause 50% attenuation of 
proliferation at the highest concentrations tested (100 and lOpM, respectively). In the presence of 
5pM rolipram, however, their effects were enhanced greatly with ECSo values (0.86 and 0.23pM, 
respectively) that were close to their IC 50 values as PDE III inhibitors. Similarly, rolipram and Ro 20- 
1724 attenuated VSMC proliferation with EC5~ values close to their icso values in the presence (2.1 and 
4.6,&I, respectively) but not in the absence (>lOO and >lO/cM, respectively) of 2pM CI-930. The 
interactions between PDE III inhibitors and PDE IV inhibitors to attenuate DNA synthesis and VSMC 
proliferation were synergistic as determined by the combination index. The data demonstrate that the 
synergistic interactions that attenuate incorporation of [~Hlthymidine into DNA are accompanied by 
synergistic attenuations of VSMC division. The closeness of the ECsO values of PDE III inhibitors when 
PDE IV is blocked, and of the PDE IV inhibitors when PDE III is blocked, to their respective K+, 
values as selective PDE inhibitors supports the view that the effects on DNA synthesis and cell division 
are caused by inhibition of the respective PDE isozymes. A hypothesis is proposed to explain the 
synergistic interactions. 
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Proliferation of VSMCS is an essential feature of 
the pathogenesis of atherosclerosis [l]. In addition, 
VSMC proliferation is a well-documented cause of 
the restenosis that occurs in a large percentage of 
patients following coronary angioplasty [2]. Rational 
development of pharmacological agents to impede 

these very significant pathogenic processes depends 
on a clear understanding of the mechanisms that 
control VSMC proliferation. 

Substances that stimulate adenylyl cyclase activity 

* This work was presented by Xiaolei Pan in partial 
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5: Abbreviations: CI-930, 3-(2H)-pyridazinone-4,5-d& 
hydro-6-[4-(Hf-imidazol-lyl) phenyll-5-methyl-mono- 
hydrochloride; CAMP, adenosine-3’,5’-cyclic monophos- 
phate; cilostamide, N-cyclohexyl-N-methyl-4-( 1,2-di- 
hydra-2-Oxo-6-quinolyloxy) butyramide; IBMX, 3-iso- 
butyl-l-methylxanthine; M’IT, 3-~4,5-dimethvlthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide; PDE, 3’,5’-cyclic- 
nucleotide phosphodiesterase (EC 3.1.4.171: Ro 20-1724. 
d,l-1,4-j3-butoky-4-methoxybenzyl]-Z-in;ihaze~ 
rolipram. 
pyrrolidinone: 

4-[3-(cyclopentyIoxy)-4-methoxyphenyl]-2- 
and VSMC, vascular smooth muscle cells. 
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attenuate DNA synthesis in VSMC as a result of (Nutley, NJ), respectively. Cilostamide was provided 
CAMP a~umulation 13-81. Similar effects can be pro- by the Otsuka Pharmaceutical Co., Ltd. (Tokushima, 
duced by theophylline and IBMX, which raise CAMP Japan). All other chemicals and reagents were 
levels by nonselective inhibition of PDEs [7-9]. purchased from Sigma. 

More than 25 isozymes of PDE have been reported 
and have been classified according to their kinetic 
characteristics, responses to modulators, and primary 
amino acid sequences [lO-121. The classification 
proposed by Beavo and Reifsnyder [lo] is used to 
designate isozymes in this paper. 

Little is known about the contribution of individual 
PDE isozymes to the regulation of CAMP levels in 
cells f13] or about the capacity of individual isozymes 
to modulate cell proliferation. Development of 
pharmacological inhibitors with remarkable sel- 
ectivity for individual isozyme families has provided 
probes to search for answers to these questions [14]. 
Robicsek et al. [15] recently reported that CI-930, 
a selective inhibitor of PDE III, interacted 
synergistically with Ro 20-1724, a selective inhibitor 
of PDE IV, to attenuate mitogen-stimulated 
incorporation of [3HJthymidine into DNA in human 
T lymphocytes. More recently, Souness et ai. [7] 
reported a similar synergistic interaction between 
SK&F 94836 (PDE III inhibitor) and rolipram (PDE 
IV inhibitor) to attenuate incorporation of [3H]- 
thymidine in VSMC cultured from pig aorta. 

VSMCculture. A10 VSMC were cultured in 75 cm2 
flasks in Dulbecco’s Modified Eagle’s Medium 
(DMEM) containing 10% (v/v) FBS, 25 U penicillin 
G and 25 pg streptomycin. All cell cultures were 
incubated at 37” under a humidified atmosphere of 
95% air and 5% COz. The presence of smooth 
muscle cu-actin in the cultured cells was confirmed 
using a specific monoclonal antibody (63-793-l) ICN 
Biomedical, Irvine, CA), an FITC-labeled anti- 
mouse IgG secondary antibody, and fluorescence 
microscopy. Cells between passages 16 and 50 were 
used in all experiments. 

PDE assay. Confluent A10 cells in 75 cm2 flasks 
were detached by scraping, centrifuged (lOOg, 
5 min), resuspended in 1 mL of assay buffer (50 mM 
Tris-HCl, pH 8.0; 0.05% BSA; 10 PM CaCl,; 10 mM 
MgCl3 containing 20 ,ug/mL of leupeptin and 100 
kallikrein U/mL of aprotinin, and sonicated to 
disrupt the cells. The sonicate was centrifuged at 
23,600 g for 30 min at 4”, and the pellet was washed 
once and resuspended in 0.5 mL of the same buffer. 

The purpose of the present investigation was to 
further elucidate the synergistic interactions between 
inhibitors of PDE III and PDE IV in VSMC. Specific 
goals were: (1) to determine ‘whether there is a 
synergistic effect to attenuate mitogen-induced 
increases in cell numbers, (2) to compare the ECSa 
values for effects on DNA synthesis and cell 
replication with known 1~5s values for the same 
compounds as PDE inhibitors, and (3) to determine 
whether the synergistic interactions could be 
reproduced by combinations of nonselective PDE 
inhibitors, or combinations of PDE inhibitors 
selective for the same isozyme family. In addition, 
a hypothesis is presented to explain the synergism. 

The assay described by Thompson and Appleman 
[20] as modified in this laboratory [15] was used. 
Briefly, dilutions of soluble and particulate cell 
extracts were incubated for 10 min at 37” with 0.2 PM 
[3H]~AMP (40,000 cpm/assay) in 20 PL volumes of 
assay buffer containing 3.75 mM /I-mercaptoethanol 
and 0.02 U/pL of alkaline phosphatase. Reactions 
were started by addition of cell extracts and stopped 
by addition of 0.5 mL volumes of a 1: 3 (v : v) slurry 
of AG l-X8 anion exchange resin in a mixture of 
equal volumes of water and isopropanol. After 
centrifugation (550 g, 15 min) to remove resin-bound 
[3H]~~MP, the labeled reaction product was counted 
using liquid scintillation spectrometry. 

A line of VSMC (AlO) derived from embryonic 
rat aorta was used for this purpose. These cells 
possess morphological and biochemical charac- 
teristics similar to VSMC of the synthetic phenotype, 
and exhibit stable pharmacological responsiveness 
between passages 16 and 150 [l&17]. Some of the 
results of this study were published previously in 
abstract form (18, 191. 

MATERIALS AND METHODS 

Materials. A10 VSMC were purchased from the 
American Type Culture Collection (Rockville, MD). 
[3~]Thymidine (4.7 Ci/mmol) was purchased from 
NEN Research Products (Boston, MA). Fetal 
bovine serum (FBS) was purchased from HyClone 
Laboratories, Inc. (Logan, UT). Trypsin/EDTA, 
penicillin/streptomycin, papaverine, IBMX and 
MTT were purchased from the Sigma Chemical Co. 
(St. Louis, MO). CI-930 was provided by Parke- 
Davis, Pharmaceutical Research Division of Warner- 
Lambert Co. (Ann Arbor, MI). Rolipram and Ro 
20-1724 were gifts from Berlex Laboratories, Inc. 
(Cedar Knolls, NJ), and Hoffmann-LaRoche, Inc. 

Assay of DNA synthesis. Optimal cell and FBS 
concentrations and incubation times were determined 
in preliminary studies. Confluent VSMC (AlO) in 
75 cm2 flasks were detached with trypsin-EDTA (1) 
and plated in 96-well plates at concentrations of 
SO~cells/well in 2OOpL DMEM containing 10% 
FBS. The cells were allowed to adhere for 24 hr, 
and then brought to quiescence by changing to 
DMEM containing no serum. Twenty-four hours 
later, cells were stimulated by addition of fresh 
medium containing 0.5% (v/v) FBS. PDE inhibitors 
were added at the same time. After incubution for 
20 hr, [3H]thymidine was added. After an additional 
4-hr incubation, VSMC were harvested as described 
by Sauro and Zorn [21] using a SKATRON (Lier, 
Norway) cell harvester, and radioactivity in the 
DNA that was collected on filters was counted by 
liquid scintillation spectrometry. For a typical 
experiment, addition of 0.5 @i/well resulted in 
14,00O-15,OOOcpm counted on filters for control 
wells (no PDE inhibitors). More than 90% of the 
cells were alive at the time of harvesting, as 
determined by Trypan blue exclusion. 

Assay of cell proliferation. Cell numbers were 
assayed by the MIT method [22]. Optimal cell and 
FBS concentrations and incubation times were 
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Fig. 1. Effect of selective PDE inhibitors on soluble PDE 
activity from A10 celi extracts. ~nb~b~t~rs were used at 
lOr_rM concentrations except for &&amide, which was 
used at 0.1 PM. Enzyme activity was assayed as described 
in Materials and Methods. Means Z!Z SEM from 3 assays 

are shown. 

Fig. 2. Effect of selective PDE inhibitors on particulate 
PDE activity from Al0 cell extracts. Inhibitors were used 
at 1.0 FM concentrations except for cilostamide, which was 
used at 0.1 PM. Means 2 SEM from 3 assays are shown. 

determined in preliminary studies. Absorbance was 
found to be linearly correlated (not shown) with the 
number of VSMC in the culture system used in these 
studies, and the presence of PDE inhibitors had no 
effect on the MTT assay. 

Confluent VSMC (AlO) in 7.ScmZ Basks were 
detached with trypsin/EDTA and plated in 96well 
plates at concentrations of 10,000 cells well in 200 @L 
volumes of DMEM containing 10% FBS. The cells 
were allowed to adhere for 48 hr, washed twice with 
serum-free DMEM, and then brought to quiescence 
by incubation in serum-free medium far 48 hr. The 
cells were then stimulated to roliferate by addition 
of DMEM containing 5% (v P v) FBS and allowed to 
grow in the absence or presence of PDE inhibitors 
for an additional 48 hr. The number of live cells was 
assayed by adding 10 PL of MIT solution (10 mg,/’ 
mL in PBS) to each well for the final 2.5 hr of the 

.l 1 10 100 1000 

PDE inhibitors [PM] 

Fig. 3. Effects of IBMX and papaverine on the i~~rparntion 
af [3H~thymidine into VSMC DNA. FBS was used to 
stimulate VSMC prohferation for 24 hr in the presence 
of the concentrations of PDE inhibitors indicated. 
Incorporation of [‘Hlthymidine was measured during the 
last 4 hr of the incubation period as described in Materials 
and Methods. Means 2 SEM from 4 (IBMX) or 6 

(papaverine) experiments are shown. 

incubation, and then adding 5OpL of 20% SDS to 
dissolve the formazan crystals that were formed. 
Color development was read at 570 nm in an ELISA 
plate reader with a reference at 630 nm. Absorbance 
for control wells (no PDE inhibitors added) typically 
ranged from 0.29 to 0.32 O.D. units. Cell viability 
was >95% in all experiments. 

Statistical anaZysis. Interactions between PDE 
inhibitors were analyzed by calculating the com- 
bination index [23] based on EC4 or P,c~~ values as 
indicated. The EC%, EC4 and ECHO values were 
determined from ~on~ntration-response curves by 
computer analysis (InPlot program from GraphPad, 
San Diego). Data are expressed as means k SEM 
and were analyzed by one-way anatysis of variance 
(ANOVA) or Student’s t-test. P < 0.05 was 
considered statistically significant. 

RESULTS 

PDE ~t~o~~. The activities measured in soluble 
and pa~iculate cell extracts are shown in Figs. 1 and 
2, respectively. Soluble activity represented about 
three-fount and particulate activity about one- 
fourth of the total activity measured. CT-930 and 
cilostamide were used to detect the presence of PDE 
III, whereas roiipram and Ro 20-1724 were used to 
detect PDE IV. By these criteria, PDE III 
represented U--20% and PDE IV represented 63- 
73% of the soluble activity. PDE III represented 
about 30% and PDE IV about 70% of the particulate 
activity. 

Effect of nonselective PDE inhibitors on [3H]- 
thymidine incorporation into DNA. To evaluate the 
effects of nonselective inhibition of PDE isozymes, 
IBMX and papaverine were used. Figure 3 shows 
that both agents produced ~on~ntrati~n~d~pendent 
attenuation of the incorporation of ~3~]thym~dine 
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Fig. 4. Effect of selective PDE inhibitors on the incor~ration of [3H]thymidine into VSMC DNA. The 
experimental protocols were the same as for Fig. 3. Means + SEM are shown. The number of 

experiments represented by each curve ranged from 4 to 12. 

into VSMC DNA. The ECjo values for IBMX and 
papaverine were 16 and 18 PM. Both agents produced 
more than80% attenuationat 100 ~Mconcentrations. 

E#ect of PDE ZZZ inhibitors on [3H]thymidine 
incorporation info DNA. U-930 and cilostamide 
were used as selective inhibitors of PDE III. Both 
caused weak concentration-dependent attenuation 
of [3H]thymidine incorporation when used alone 
(Fig. 4, A and B). However, when either agent was 
used in combination with 10 PM rolipram, a selective 
PDE IV inhibitor, greater attenuation was observed. 
CL930 alone produced less than 50% attenua~on at 
the highest concentration tested (300 ,uM), and 
therefore the combination indexes shown in Table 
1 were calculated using EC& values. Addition of 
10pM rolipram shifted the EQ, values of CI-930 
about 714-fold, from 186 to 0.26pM, and the 
combination index was less than 1.0, indicating 
a synergistic interaction. Cilostamide interacted 
synergistically with 10pM rolipram (Table 1) to 
cause a 24-fold shift in its EC& from 2.14 to 0.09 yM. 

Effect of PDE ZV inhibitors on [3Hfthymidine 
incorporation into DNA. Rolipram and Ro 20-1724 
were used as selective inhibitors of PDE IV. 

Rolipram alone produced more than 70% attenuation 
of [3H]thymidine incorporation (Fig. 4C), but 200 PM 
concentrations were required. Addition of 10pM 
CI-930 interacted synergistically (Table 1) with 
rolipram to shift the ECdO 225-fold from 56 to 0.25 PM. 
CI-930 (10 ,uM) also interacted syner~stically with 
Ro 20-1724 (Fig. 4D, Table 1), shifting the EC40 471- 
fold from 80 to 0.17 ,uM. 

Effect of nonselective PDE inhibitors on VSMC 
proliferation assessed by MTT assay. Both IBMX 
and papaverine caused concentration-dependent 
attenuation of VSMC proliferation, as illustrated in 
Fig. 5. The ECsa values were 27 and .58pM, 
respectively. Although 10 and ZOpM papaverine 
shifted the EC50 of IBMX 8.6- and 8.0”fold, 
respectively, the combination indexes indicated 
antagonistic interactions (Table 2). 

Effectof PDEZZZinhibitorson V‘~MCpro~iferation. 
Both CI-930 and cilostamide caused only slight 
concentration-dependent attenuation of VSMC 
proliferation, but these effects were enhanced by 
addition of 5 ,uM rolipram (Fig. 6, A and B). Because 
the PDE III inhibitors alone did not cause 40% 
attenuation in the concentrations tested, EC3o values 
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Table 1. Combination indexes for attenuation of VSMC DNA synthesis 

831 

PDE inhibitors 

Cl-930 + 10 +uM rolipram 
Cilostamide + 10 FM rolipram 
Rolipram + 10 @I Cl-930 
Ro 20-1724 + 10 ,uM Cl-930 

~mbinatiou 
index* 

0.18 r 0.0005 (5) 
0.21 -e 0.~4 (4) 

0.061 2 0.0004 (6) 
0.056 -?10.0809 (4) 

Probability~ 

P < O.Oc@l 
P < O.Of@l 
P < 0.0001 
P cc 0.0001 

Type of 
interaction 

Synergism 
Synergism 
Synergism 
Synergism 

Ecm alone 

ECm in combination 

714 
24 

225 
471 

* The experimental protocols were the same as in Fig. 3. Each experiment was carried out using a 96well plate that 
contained various concentrations of one drug (drug a) in the absence and presence of the indicated concentration of a 
second drug (drug b). The combination index [23] was determined for each experiment and means 2 SEM are shown 
for the number of experiments indicated in parentheses. Combination index = (da/&),+ (&/&), where d, represents 
the ECU for drug (I used in combination with the d,, concentration of drug b. D, and Dr, represent EC40 values for drug 
a and drug b used alone, respectively. A combination index >l.O indicates an antagonist interaction, cl.0 indicates 
synergism, and equal to 1.0 indicates zero interaction. 

t P was calculated using Student’s r-test for comparison of the combination index with 1.0. Degrees of freedom = 
n- 1. 

-20 
,001 .Ol .l 1 10 100 

PDE inhibitors [PM] 

Fig. 5. Attenuation of VSMC proliferation by IBMX and 
papaverine. FBS was used to stimulate VSMC proliferation 
for 48 hr in the presence of the concentrations of PDE 
inhibitors indicated. At the end of the incubation period, 
the number of cells was determined using the M’IT method 
as described in Materials and Methods. Means t SEM are 
shown. Each curve represents data from 8 experiments. 

were chosen as the equi-effective concentrations for 
calculation of combination indexes, as shown in 
Table 2. Rolipram (5 PM) shifted the EC% for CI- 
930 250-fold from 32.5 to 0.13 ,uM, and the 
combination index was cl.0 indicating synergism. 
Although cilostamide alone did not produce 30% 
attenuation, the combination index was estimated 
using an EC30 > 10 @. This index was cl.0 (Table 
2), suggesting a synergistic interaction. It appears 
that 5 FM rolipram would have shifted the 1~30 for 
cilostamide >.588-fold from >lO to 0.017 PM. When 
concentration-response curves for cilostamide were 
constructed substituting 2pM CI-930 for 5 PM 
roiipram, the combination did not produce 30% 
inhibition at the highest concentrations tested (Fig. 
hB), so the combination index based on ECJO values 
could not be calculated. 

Effect of PDE [l/inhibitors on VSMCproliferation. 
Figure 6 (C and D) shows that rolipram and Ro 20- 
1724 used alone caused only slight concentration- 
dependent attenuations of VSMC proliferation, but 
that their effects were greatly enhanced by 2 yM CI- 
930. This concentration of the PDE III inhibitor 
shifted the EC% of rolipram 306fold from 33.7 to 
0.11 FM. The combination index was < 1 .O indicating 

Table 2. Combination indexes for attenuation of VSMC proliferation assessed using the MIT assay 

ECN alone 

Combination Type of 
PDE inhibitors index Probability? interaction w.& in combination 

IBMX + 10 @I papaverine 2.01 F 0.039 (5) P < 0.0001 Antagonism 8.6 
IBMX + 20 ,uM papaverine 3.94 -I- 0.077 (4) P < O.OGQl Antagonism 8.0 
Cl-930 + 5 @I rolipram 0.27 c 0.11 (5) P < 0.005 Synergism 250 
Cilostamide + 5 @vf rolipram CO.15 (9) Synergism >588 
Rolipram + 2 PM Cl-930 0.065 t 0.00 (6) P < 0.0001 Synergism 306 
Ro 20-1724 + 2 PM Cl-930 co.099 (8) Synergism >26 

The experimental protocols were the same as in Fig. 5. Combination indexes 1231 were calculated as 
indicated in Table 1 except that EC30 values were substituted for EC40 values, and are presented as 
means + SEM for the number of experiments indicated in parentheses, 

$ P was calculated using Student’s f-test for comparison of the combination index with 1.0. Degrees of 
freedom = n - 1. 
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Fig. 6. Attenuation of VSMC proliferation by selective PDE inhibitors. Experimental protocols were 
the same as for Fig, 5. Means t SEM are shown. The number of experiments represented by each 

curve ranged from 8 to 19. 

synergism (Table 2). Because Ro 20-1724 alone 
did not cause 30% attenuation at the highest 
concentration tested (10 PM), the combination index 
was estimated using EC30 > 10. This index was Cl.0 
suggesting synergism (Table 2). It appears that 
1OpM CL930 would have shifted the EC30 for Ro 
20-1724 > 26-fold from > 10 to 0.38 ,uM. When 5 ,uM 
rolipram was substituted for 2pM CI-930, the 
combination did not produce 30% inhibition at the 
highest concentration of Ro 20-1724 tested (Fig. 
6D), so the combination index based on EC30 values 
could not be calculated. 

DISCUSSION 

The A10 VSMC used in this investigation 
contained both PDE III and PDE IV activities (Figs. 
1 and 2). Schoeffter et al. [24] had shown previously 
that rat aortic myocytes in primary culture contain 
PDE I, and Souness et al. [7] have demonstrated the 
presence of PDE I, PDE III, PDE IV and PDE V 
in cultured VSMC from porcine aortic explants. 

The nonselective PDE inhibitors IBMX and 
papaverine attenuated DNA synthesis with ECUS) 

values in the same range as their reported lcsO values 
as PDE inhibitors (Tabie 3). By contrast, individual 
selective inhibitors of PDE III or PDE IV only 
weakly attenuated DNA synthesis with ECsO values 
considerably higher than their lcso values as inhibitors 
of their target isozymes. However, by adding an 
agent that blocked PDE IV (10 PM rolipram), 50% 
attenuation of DNA synthesis was produced by 
concentrations of PDE III inhibitors much closer to 
their respective xc5o values. Similarly, by adding an 
agent that blocked PDE III (10pM CI-930), 50% 
attenuation of DNA synthesis was produced by 
concentrations of PDE IV inhibitors much closer to 
their respective tcso values. No agents were added 
to stimulate CAMP synthesis in our experiments, but 
the synergistic interactions appeared similar to those 
reported by Souness et al. [7] using forskolin as an 
agonist. 

Although [3H]thymidine incorporation into DNA 
is often used as an indicator of cell division, it does 
not always correlate with the number of cells that 
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Table 3. Comparison of ECU,, values for attenuation of DNA synthesis and VSMC proliferation with 
published IC,, values for inhibition of PDE 

EC% for effects on VSMC (FM) 

Inhibitor 

Alone In combination 

DNA Cell DNA Cell 
. I.. 

IC~~ for PDE mhibitron 
synthesis proliferation synthesis proliferation (PM) 

IBMX 16 27 2-50 [lo] 
Papaverine 18 58 2-25 [lo] 
Cl-930 >300 >lOO 0.66* 0.86”r 0.15-0.46 (PDE III) [25,26] 
Cilostamide 5.3 >lO 0.16* 0.23t 0.~~.~4 (PDE III) [lo, 271 
Rolipram 111 >lOu 0.56$ 2.19 0.6-2.6 (PDE IV) [lo, 25,281 
Ro 20-1724 >I00 >lO 1.5$ 4.60 2-13 (PDE IV) [lo, 25,281 

The ECs~ values for attenuation of DNA synthesis were derived from experiments illustrated in Figs. 
3 and 4. The ECU,, values for attenuation of cell proliferation were derived from experiments illustrated 
in Figs. 5 and 6. The lcso values are from the references indicated. 

* Combined with 10 PM rolipram 
t Combined with 5 PM rolipram. 
$ Combined with 10 FM Cl-930. 
§ Combined with 2 PM Cl-930. 

progress through the cell cycle [29]. Because a major 
objective of this study was to examine the effects of 
PDE inhibitors on cell division, rather than on DNA 
synthesis per se, experiments were carried out using 
the MTT method to assess numbers of cells. The 
data indicated that PDE III and PDE IV inhibitors 
interacted synergistically to attenuate FBS-induced 
increases in the numbers of VSMC in culture. 
Furthermore, when PDE IV was blocked by 5 ,nM 
rolipram, the ECsO values for the PDE III inhibitors 
were shifted to the same range as the 1~50 values for 
inhibition of their target isozymes (Table 3). 
Similarly, when PDE III was blocked by 21(.M CI- 
930, the ECHO values for PDE IV inhibitors were 
shifted to the same range as their rcso values. 
Comparable synergistic interactions were not 
observed when the combinations contained two 
nonselective PDE inhibitors (IBMX + papaverine), 
two PDE III inhibitors (cilostamide + CI-930) or 
two PDE IV inhibitors (Ro 20-1724 + rolipram). It 
should be noted that these studies were carried out 
under conditions of presumably non-stimulated or 
basal adenylyl cyclase activity. The data do not show 
whether the synergy wouId be unchanged, enhanced, 
or abrogated if adenylyl cyclase were stimulated, for 
example, by hormones or forskolin. 

The cause of the synergistic interactions is not 
known. We hypothesize that it is caused by the 
mechanisms illustrated in Fig. 7. In this model, when 
PDE III is blocked, the hydrolysis of cAMPcatalyzed 
by PDE IV is increased (panel B). Conversely, when 
PDE IV is blocked, the hydrolysis of CAMP catalyzed 
by PDE III is increased (panel C). The most effective 
rise in CAMP levels is caused by the simultaneous 
inhibition of both PDE III and PDE IV such as is 
produced by the combination of selective PDE III 
and PDE IV inhibitors (panel D). In addition to the 
effects on cell proliferation, this mechanism might 
explain similar synergisms that have been reported 
for PDE inhibitors as relaxants of smooth muscle 

[25,30,31], positive inotropic agents [32] and 
inhibitors of mediator release from basophils [33]. 

The mechanisms by which the rate of hydrolysis 
catalyzed by these isozymes is increased are 
not known. Conti and coworkers 134-363 have 
demonstrated that rising CAMP levels in Sertoli cells 
and transfected MA-10 Leydig tumor cells can 
increase PDE IV activity by increasing the 
transcription of mRNA coding for the enzyme. Also, 
recent evidence from several laboratories has 
demonstrated that rising CAMP levels in rat 
adipocytes 137-391, liver [40] and hepatocytes [41,42] 
can cause activation of PDE III by phosphorylation. 
Therefore, it seems possible that elevation of CAMP 
caused by an inhibitor of PDE III induces the 
expression of PDE IV in VSMC, and that CAMP 
elevation caused by inhibition of PDE IV promotes 
activation of PDE III, thereby contributing to the 
synergism. In any case, if PDE III and PDE IV are 
unsaturated, which seems likely [43], the kinetic 
consequences of rising CAMP levels may be sufficient 
to increase CAMP hydrolysis by the non-inhibited 
isozyme even in the absence of lu, or maximum 
velocity changes. 

The model assumes that the synergistic interactions 
are produced by increases in intracellular CAMP 
levels. In their studies on pig aortic smooth muscle 
cells, Souness et al. [7] showed that, in the presence 
of 0.5, 5 or 10,nM forskolin, the combination of 
SK&F 94836 (PDE III inhibitor) and Ro 20-1724 
(PDE IV inhibitor) causes a significantly greater rise 
in CAMP levels than either PDE inhibitor alone. 
Enhancement of forskolin-induced elevations of 
CAMP levels by indi~dual PDE inhibitors diminished 
with time, but was still detected after 24 hr. Although 
these investigators did not find CAMP elevations 
unless forskolin was present, they did show that 
combined PDE III and PDE IV inhibitors greatly 
enhance CAMP-dependent protein kinase activity 
whether forskolin is present or not, suggesting that 
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Fig. 7. A simple model showing how inhibitors of PDE III may interact with inhibitors of PDE IV to 
produce synergistic effects. Cyclic AMP is depicted as the product of adenylyl cyclase (AC), and it is 
shown to be hydrolyzed by two alternative pathways, one catalyzed by PDE III and the other by PDE 
IV (panel A). Inhibition of PDE III is compensated for by increased hydrolysis of CAMP through the 
pathway catalyzed by PDE IV, resulting in little or no elevation of CAMP, and little or no effect on 
cell proliferation (panel B). Inhibition of PDE IV is compensated for by increased hydrolysis of CAMP 
through the pathway catalyzed by PDE III, resulting in little or no elevation of CAMP, and little or no 
effect on proliferation (panel C). Concomitant inhibition of both PDE III and PDE IV markedly 
increases CAMP levels causing an attenuation of cell proliferation (panel D), probably by activation of 
CAMP-dependent protein kinase (PK), Possible changes in CAMP hydrolysis catalyzed by other PDE 
isozymes or changes in the extrusion of CAMP from cells are thought to be insignificant as causes of 

the synergistic interactions, and are not illustrated. 

even in the absence of adenylyl cyclase stimulation, 
simultaneous inhibition of PDE III and PDE IV 
raises endogenous CAMP levels sufficiently to 
activate CAMP-dependent protein kinase. 
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