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ABSTRACT
In this issue, Tilley and Maurice (p. 596) show that differentia-
tion of vascular smooth muscle cells to a proliferative pheno-
type is associated with a profound up-regulation of specific
phosphodiesterase-4 (PDE4) isoforms because of increased
histone acetylation. The increased PDE4 activity is seen as
preventing cAMP from inhibiting the enhanced proliferation,

migration, and production of extracellular matrix seen in acti-
vated VSMC. This Perspective examines the proposal that se-
lective inhibition of PDE4D1/2 could find use in adjunctive
pharmacotherapy after percutaneous coronary interventions
and, in addition, discusses the recent genetic evidence that
PDE4D7 may provide a therapeutic target in stroke.

There is currently great interest in attempting to deploy
inhibitors specific for phosphodiesterase-4 (PDE4) to treat
conditions associated with inflammation, such as asthma
and chronic obstructive pulmonary disease (COPD) (Maurice
et al., 2003; Spina, 2004; Jeffery, 2005; Lipworth, 2005). The
development of such PDE4-selective, active site-directed in-
hibitors has recently been furthered by the elucidation of the
three-dimensional structure of the PDE4 catalytic unit and
that of other PDEs, which form the 11-member PDE super-
family (Xu et al., 2000; Card et al., 2005). However, not only
has an increasing range of PDE4 inhibitor scaffolds become
available but also the range of potential therapeutic uses for
such compounds has broadened.

The article by Tilley and Maurice (2005) in this issue of
Molecular Pharmacology highlights an exciting new aspect of
“PDE4-ology”, which relates to a potential role for PDE4
inhibitors in adjunctive pharmacotherapy after percutaneous
coronary interventions. In this case, the target cells in ques-
tion are vascular smooth muscle cells (VSMC), which can
undergo a phenotypic change from a “normal”, “contractile/

quiescent” state to an “activated”, “synthetic” state. Various
types of vascular injury can effect this transition, including,
in the case of percutaneous coronary intervention, both in-
flation of the intracoronary balloon and the metal of the stent
itself. The activation of proliferative capacities of VSMC
causes vessel wall remodeling associated with reduced con-
tractile capacity and thickening of vessels. Inappropriate
migration of VSMC into the intimal layer and the generation
of extracellular matrix disrupts normal vessel functioning
are characteristic of atherosclerosis and can promote post-
angioplasty “in-stent” restenosis. Provision of a means of
addressing these clinically important problems would thus
have considerable therapeutic potential. Pertinent to this, a
number of investigators have shown that increasing cAMP
levels in activated VSMC can profoundly inhibit their prolif-
eration and migration as well as the synthesis of extracellu-
lar matrix proteins (Vadiveloo et al., 1997; Kronemann et al.,
1999; Hayashi et al., 2000; Koyama et al., 2001; Pelletier et
al., 2005). On this basis, one might expect activated smooth
muscle cells to deploy a mechanism that would protect them
from potential inhibitory effects of cAMP. In their study,
Tilley and Maurice (2005) identify just such a mechanism,
namely the induction of specific PDE4 isoforms, which serve
to desensitize the susceptibility of activated VSMC to the
inhibitory action of cAMP.

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.
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PDE4 enzymes specifically hydrolyze cAMP, compared
with cGMP, and are regulated through phosphorylation by
both protein kinase A (PKA) (Alvarez et al., 1995; MacKenzie
et al., 2002) and ERK (Hoffmann et al., 1999; Baillie et al.,
2000, 2001; MacKenzie et al., 2000). PDE4s also provide a
key component that underpins compartmentalized cAMP sig-
naling in cells (Mongillo et al., 2004) because of their ability
to target to specific intracellular sites and to interact with
various signaling scaffold proteins (Conti et al., 2003; Hous-
lay and Adams, 2003). Four genes (A/B/C/D) encode some 20
different PDE4 isoforms, each of which is characterized by a
unique N-terminal region whose key role is to confer intra-
cellular targeting to specific sites and signaling complexes
(Conti et al., 2003; Houslay and Adams, 2003). The isoforms
encoded by each PDE4 gene are separated into long, short,
and supershort groupings based upon the presence/absence
of upstream conserved (UCR) domains located between the

isoform-specific N-terminal region and the catalytic unit
(Fig. 1). Long isoforms have such domains, called UCR1 and
UCR2, whereas short isoforms have only UCR2 and super-
short isoforms merely a truncated UCR2. These UCR do-
mains exert a regulatory role; UCR1 provides a site for stim-
ulatory phosphorylation by PKA (Sette and Conti, 1996;
MacKenzie et al., 2002). In addition, upon ERK phosphory-
lation of the PDE4 catalytic unit, the paired UCR1/UCR2
module orchestrates an inhibitory action in long forms,
whereas the lone UCR2 orchestrates a stimulatory action in
short forms, with little discernible effect seen in supershort
forms (Baillie et al., 2000; MacKenzie et al., 2000).

The distinct modes of intracellular targeting and recruit-
ment to scaffold complexes, coupled with differences in reg-
ulation by PKA and ERK, mean that the pattern of PDE4
isoform expression in a cell can be expected to have profound
effects on both compartmentalized cAMP signaling and cross

Fig. 1. The PDE4D gene, the long PDE4D7 and supershort PDE4D1/2 products plus putative networks linking them to functions in VSMC. a,
schematic of the PDE4D gene. Exons are numbered so as to indicate both those coding the common core PDE4D plus the unique 5� exons encoding
the N-terminal regions of particular splice variants (Houslay and Adams, 2003). Note that single exons encode the N-terminal regions of individual
isoforms except for the “first” isoform from each PDE4 subfamily, the N-terminal region of which is encoded by multiple exons located at the extreme
5� region of the gene. The figure is a schematic and for simplicity does not indicate relative distances separating these exons to scale. The three arrows
indicate the start of the PDE4D7, PDE4D1, and PDE4D2 coding regions, in order. b, schematic of the domains of the indicated PDE4D isoforms.
PDE4D7 is a long isoform with both UCR1 and UCR2, PDE4D1 is a short isoform with only UCR2, and PDE4D2 is a supershort form with a truncated
UCR2. PDE4D1 and PDE4D7 both have unique N-terminal regions, whereas PDE4D2 does not. Shown are the phosphorylation sites for PKA on UCR1
(arrows) and the phosphorylation site for ERK on the catalytic unit. c, schematic to show stimulatory (arrows) and inhibitory (dashed lines � circle)
connections linking PDE4 long and short isoforms in VSMC. The “inhibitory” effect on cAMP exerted by PDE4 is through cAMP degradation. Although
the major effector of the intracellular actions of cAMP is PKA (Tasken and Aandahl, 2004), actions may also be exerted by EPAC (Bos, 2003) and cyclic
nucleotide-gated ion channels (Zagotta and Siegelbaum, 1996). PKA is known to mediate the actions shown here on PDE4, RhoA, Raf-1, and various
other actions that attenuate proliferation. Cross-talk between the ERK and cAMP pathways can occur at the level of Raf, with Raf1 providing a point
of inhibition by cAMP and B-Raf a point of activation (Houslay and Kolch, 2000).
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talk with the ERK pathway (Houslay and Kolch, 2000; Hous-
lay and Adams, 2003; Baillie and Houslay, 2005). In this
regard, Tilley and Maurice (2005) have made the unusual
observation that the short PDE4D1 and supershort PDE4D2
isoforms are specifically induced in activated VSMC. Such a
remodeling of the PDE4 profile has interesting consequences
for the cross-talk with the growth-promoting ERK signaling
pathway (Fig. 1), which is activated in proliferating VSMC,
because the short PDE4D1 isoform will be activated by pro-
liferative signals involving ERK (Baillie et al., 2000). This
mechanism will serve to further depress potentially inhibi-
tory levels of cAMP and, in so doing, further promote the
proliferative response. It is interesting that a cognate remod-
eling has been described upon monocyte-to-macrophage dif-
ferentiation (Shepherd et al., 2004). In monocytes, ERK-
inhibited long PDE4D isoforms predominate, whereas in
macrophages, ERK-activated short PDE4B2 isoform predom-
inates. Thus, in macrophages, activation of ERK by pro-
inflammatory agents serves to depress inhibitory cAMP lev-
els, whereas in monocytes, a transient, inhibitory increase in
cAMP occurs because of an initial ERK-mediated inhibition
of PDE4 long isoforms, which generates a rise in cAMP that
causes PKA to subsequently phosphorylate and activate the
long isoform (Fig. 1) (Baillie et al., 2000, 2001; MacKenzie et
al., 2000).

PDE4D1/2 isoforms have a very restricted pattern of ex-
pression, making Tilley and Maurice’s observations particu-
larly interesting; they identified increased histone-3-acetyla-
tion, which applies to histones associated with smooth
muscle-specific promoters upon differentiation (Cao et al.,
2005), as playing a key role in regulating the functioning of
the PDE4D1/2 intronic promoters in VSMC. It is intriguing
that a decrease in histone deacetylase activity has been ob-
served in COPD (Ito et al., 2005), a pathological condition in
which airway remodeling occurs and PDE4 inhibitors have
therapeutic potential (Jeffery, 2005; Lipworth, 2005). Noth-
ing is known, however, about changes in PDE4 expression
profile in pulmonary VSMC of COPD patients, so it would
seem pertinent to address this, especially because a change
in the macrophage PDE4 profile of patients with COPD has
been noted (Barber et al., 2004).

A hallmark of atherosclerosis is the proliferation and mi-
gration of VSMC. In this regard, the provocative proposal has
been made (Gretarsdottir et al., 2003) that the PDE4D gene
may be linked to large vessel (e.g., carotid) occlusive stroke
but not to strokes that occur via occlusion of small vessels.
PDE4 genes are extremely large and encompass approxi-
mately 50 kilobases of sequence, making them difficult to
analyze: seven exons encode the catalytic unit, eight exons
encode UCR1/2 together with their linker regions, and indi-
vidual 5� exons encode the extreme N-terminal regions
unique to each isoform (Houslay and Adams, 2003). The first
linkage study, which was done on a cohort of patients from
Iceland, identified association of stroke with a noncoding
region of the PDE4D gene (Gretarsdottir et al., 2003). This is
well upstream from the intronic PDE4D1/2 promoter (Vicini
and Conti, 1997) and has been suggested (Gretarsdottir et
al., 2003; Gulcher et al., 2005) to be associated with a puta-
tive promoter for the long PDE4D7 isoform. The mutations
associated with stroke predisposition were proposed to lead
to enhanced PDE4D7 expression (Gretarsdottir et al., 2003).
If PDE4D7 were to be up-regulated in VSMC the prediction

would be that enhanced VSMC proliferation and migration
into the intima with concomitant lesion formation would
ensue. Indeed, RhoA activity is intimately linked with cell
migration (Nobes and Hall, 1999), and increased RhoA activ-
ity is invariably seen in various models of hypertension,
including VSMC from spontaneously stroke prone rats
(Moriki et al., 2004). Because PDE4 inhibition and increased
cAMP levels have been shown to inhibit Rho activity and cell
migration (Fleming et al., 2004; Netherton and Maurice,
2005), this may indicate a further link. If PDE4D7 was up-
regulated in macrophages, then the resultant reduction in
cAMP levels might be predicted to enhance the susceptibility
of macrophages to activation in atherosclerotic plaques, in-
fluencing atherogenesis and plaque stability.

Intronic promoters for a number of specific PDE4 isoforms
(Vicini and Conti, 1997; Rena et al., 2001; Le Jeune et al.,
2002; Wallace et al., 2005), including PDE4D1 (Vicini and
Conti, 1997), have been identified and defined by first clon-
ing, in frame, 1500 base pairs or so of sequence located
immediately 5� to the ATG start codon. A similar strategy
applied to PDE4D7, to encompass the presumed association
sites, would allow rigorous evaluation of mutations sug-
gested to either predispose or protect from large vessel and
cardiogenic stroke. However, because PDE4D7 is the most 5�
isoform encoded by the PDE4D gene, this will not be done
quite so readily. This is because three exons, rather than one,
encode the unique N-terminal region of PDE4D7. The addi-
tional complexity in splicing associated with PDE4D7 may
therefore underpin a purported susceptibility to altered ex-
pression as a consequence of mutations identified in the
Icelandic study. A functional promoter analysis of PDE4D7
becomes all the more pressing in view of recent studies on
European populations (Bevan et al., 2005; Lohmussaar et al.,
2005) that have failed to identify such a clear-cut connection
between the PDE4D7 markers and stroke, as identified in
the Icelandic study (Gretarsdottir et al., 2003).

One of these new studies (Bevan et al., 2005), however, did
record the possibility of an association of PDE4D with car-
dioembolic stroke and, although it failed to show that PDE4D
was a major risk factor for ischemic stroke, the authors could
not exclude a connection. The strong correlation seen in the
Icelandic study (Gretarsdottir et al., 2003) may result from a
founder effect within the restricted gene pool of this small
population. Notwithstanding this, such studies and those of
Tilley and Maurice (2005) suggest an urgent need for pro-
moter analyses to be performed on PDE4D7 and PDE4D1/2
isoforms in VSMC and macrophages so as to appreciate reg-
ulation both in resting cells and also those activated by
various challenges. These are an essential prerequisite to
any further evaluation involving transgenic analyses. It
should also be noted that Maurice and coworkers have dem-
onstrated that PDE4D3 expression can be regulated by ERK
action through changes in message stability (Liu et al., 2000).
These data suggest the possibility that mutations identified
in the Icelandic study could either lead to direct alterations
in PDE4D7 transcript stability or exert indirect effects by
changing regulatory processes associated with transcript
stability.

It will be particularly interesting to delineate the func-
tional consequences of up-regulating PDE4D1, PDE4D2, and
PDE4D7 in activated VSMC. Given that PDE4 enzymes pro-
vide a major component that underpins compartmentalized
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cAMP signaling in cells, such an evaluation should probe for
a role associated with the key differences between activated
and resting VSMC. These features include proliferation, for
which there are a wealth of data indicating various potential
points for inhibitory intervention by cAMP (Balmanno et al.,
2003); migration, where PDE4 inhibition and elevation of
cAMP levels in a number of cell types seems to exert its
action by an inhibitory effect on Rho-regulated processes
(Fleming et al., 2004; Netherton and Maurice, 2005); cell
shape, where cAMP-mediated inhibition of Rac plays a role
(Pelletier et al., 2005) and, finally, regarding extracellular
matrix generation, where PDE4 inhibitors exert an inhibi-
tory effect (Maurice et al., 2003). However, little is known
about the functional role of these isoforms regarding each of
the processes.

To undertake these studies, it will be necessary to inacti-
vate them selectively, which has not been done so far. How-
ever, the identical catalytic unit of isoforms from any one
PDE4 subfamily, coupled with the similarity of catalytic
units between subfamilies, has meant that no highly specific,
isoform-discriminatory inhibitors are available.

Until recently, the only way of addressing the functional
significance of specific PDE4 isoforms has been to overex-
press them in cells. However, our understanding of the role
of specific PDE4 subfamilies and isoforms dramatically
changed with the advent of gene knockout approaches (Han-
sen et al., 2000; Jin and Conti, 2002; Ariga et al., 2004) and,
crucially, the development of both dominant-negative (Baillie
et al., 2003; McCahill et al., 2005) and siRNA-mediated
knockdown strategies (Lynch et al., 2005) to discern the
functional role of individual PDE4 isoforms. Thus siRNA-
mediated knockdown can be used to target either entire
PDE4 subfamilies or specific isoforms, dependent upon probe
design (Lynch et al., 2005), whereas dominant-negative ap-
proaches exploit the targeting of specific isoforms by overex-
pressing a catalytic inactive isoform to displace the tethered
endogenous active species from the functionally relevant site
in the cell (Baillie et al., 2003; Baillie and Houslay, 2005).

Is it feasible to try to employ such strategies to isolate the
role of PDE4 isoforms in activated VSMC and thereby to
determine their potential as specific targets for selective
therapeutic intervention? PDE4D7 is a long isoform that
contains both UCR1 and UCR2 together with a unique 91-
amino acid N-terminal region (Fig. 1). Thus, as used to assess
PDE4D5 and PDE4D3 functioning (Baillie et al., 2003; Bail-
lie and Houslay, 2005), the unique 5� region of PDE4D7
makes it eminently suitable for siRNA intervention, and its
N-terminal and UCR targeting regions indicate potential for
a dominant-negative approach. PDE4D1 is a classic short
form; it lacks UCR1 but has both the 80-amino acid UCR2
together with a unique 45-amino acid N-terminal region,
again making it suitable for both approaches (Fig. 1).
PDE4D2 is a supershort isoform that has just a truncated
UCR2 that lacks the N-terminal first 34 amino acids of full-
length UCR2 (Fig. 1). However, it is curious in that, unlike
“classic” supershort forms such as PDE4A1 (Sullivan et al.,
1998), PDE4D2 lacks any unique N-terminal region. This
means that there is no possibility of using a siRNA-mediated
approach to target PDE4D2 specifically, and because a dom-
inant-negative approach may well interfere with other iso-
forms, assessment of the role of PDE4D2 will be extremely
challenging.

The ability of changes in cAMP to alter VSMC and mono-
cyte/macrophage functioning, the alterations in PDE4 occur-
ring in such cells upon activation/differentiation and proven
action of PDE4-selective inhibitors all argue for further anal-
ysis of the role of PDE4 isoforms in these cell systems. This
will indicate whether PDE4 can be exploited either diagnos-
tically or therapeutically in certain forms of stroke. Here
Tilley and Maurice (2005) propose a novel therapeutic use of
PDE4 inhibitors that might be further refined by targeting
action to the PDE4D1/2 short isoforms. Exploiting dominant-
negative and siRNA technologies may provide the required
proof of principle to test this notion before progressing along
the rocky road of attempting to develop a PDE4D1/2-selective
inhibitor. It is worth noting, however, that the Ca2�-acti-
vated PDE1C isoform has been shown to be up-regulated in
proliferating VSMC (Rybalkin et al., 2002) and that a PDE1-
selective inhibitor can attenuate VSMC proliferation (Phil-
lips et al., 2005). Because PDE1 and PDE4 invariably control
different pools of cAMP in cells, a comparative evaluation of
PDE1C with PDE4D1, PDE4D2 and PDE4D7 might prove
highly informative in terms of identifying regulatory mech-
anisms as well as defining appropriate therapeutic targets
and strategies and, possibly, diagnostic indicators.

References
Alvarez R, Sette C, Yang D, Eglen RM, Wilhelm R, Shelton ER, and Conti M (1995)

Activation and selective inhibition of a cyclic AMP-specific phosphodiesterase,
PDE-4D3. Mol Pharmacol 48:616–622.

Ariga M, Neitzert B, Nakae S, Mottin G, Bertrand C, Pruniaux MP, Jin SL, and
Conti M (2004) Nonredundant function of phosphodiesterases 4D and 4B in neu-
trophil recruitment to the site of inflammation. J Immunol 173:7531–7538.

Baillie G, MacKenzie SJ, and Houslay MD (2001) Phorbol 12-myristate 13-acetate
triggers the protein kinase A-mediated phosphorylation and activation of the
PDE4D5 cAMP phosphodiesterase in human aortic smooth muscle cells through a
route involving extracellular signal regulated kinase (ERK). Mol Pharmacol 60:
1100–1111.

Baillie GS and Houslay MD (2005) Arrestin times for compartmentalised cAMP
signalling and phosphodiesterase-4 enzymes. Curr Opin Cell Biol 17:129–134.

Baillie GS, MacKenzie SJ, McPhee I, and Houslay MD (2000) Sub-family selective
actions in the ability of Erk2 MAP kinase to phosphorylate and regulate the
activity of PDE4 cyclic AMP-specific phosphodiesterases. Br J Pharmacol 131:
811–819.

Baillie GS, Sood A, McPhee I, Gall I, Perry SJ, Lefkowitz RJ, and Houslay MD (2003)
Beta-arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates be-
ta-adrenoceptor switching from Gs to Gi. Proc Natl Acad Sci USA 100:940–945.

Balmanno K, Millar T, McMahon M, and Cook SJ (2003) DeltaRaf-1:ER* bypasses
the cyclic AMP block of extracellular signal-regulated kinase 1 and 2 activation but
not CDK2 activation or cell cycle reentry. Mol Cell Biol 23:9303–9317.

Barber R, Baillie GS, Bergmann R, Shepherd MC, Sepper R, Houslay MD, and Heeke
GV (2004) Differential expression of PDE4 cAMP phosphodiesterase isoforms in
inflammatory cells of smokers with COPD, smokers without COPD and nonsmok-
ers. Am J Physiol 287:L332–L343.

Bevan S, Porteous L, Sitzer M, and Markus HS (2005) Phosphodiesterase 4D gene,
ischemic stroke and asymptomatic carotid atherosclerosis. Stroke 36:949–953.

Bos JL (2003) Epac: a new cAMP target and new avenues in cAMP research. Nat Rev
Mol Cell Biol 4:733–738.

Cao D, Wang Z, Zhang CL, Oh J, Xing W, Li S, Richardson JA, Wang DZ, and Olson
EN (2005) Modulation of smooth muscle gene expression by association of histone
acetyltransferases and deacetylases with myocardin. Mol Cell Biol 25:364–376.

Card GL, Blasdel L, England BP, Zhang C, Suzuki Y, Gillette S, Fong D, Ibrahim PN,
Artis DR, Bollag G, et al. (2005) A family of phosphodiesterase inhibitors discov-
ered by cocrystallography and scaffold-based drug design. Nat Biotechnol 23:201–
207.

Conti M, Richter W, Mehats C, Livera G, Park JY, and Jin C (2003) Cyclic AMP-
specific PDE4 phosphodiesterases as critical components of cyclic AMP signaling.
J Biol Chem 278:5493–5496.

Fleming YM, Frame MC, and Houslay MD (2004) PDE4-regulated cAMP degrada-
tion controls the assembly of integrin-dependent actin adhesion structures and
REF52 cell migration. J Cell Sci 117(Pt 11):2377–2388.

Gretarsdottir S, Thorleifsson G, Reynisdottir ST, Manolescu A, Jonsdottir S,
Jonsdottir T, Gudmundsdottir T, Bjarnadottir SM, Einarsson OB, Gudjonsdottir
HM, et al. (2003) The gene encoding phosphodiesterase 4D confers risk of ischemic
stroke. Nat Genet 35:131–138.

Gulcher JR, Gretarsdottir S, Helgadottir A, and Stefansson K (2005) Genes contrib-
uting to risk for common forms of stroke. Trends Mol Med 11:217–224.

Hansen G, Jin S, Umetsu DT, and Conti M (2000) Absence of muscarinic cholinergic
airway responses in mice deficient in the cyclic nucleotide phosphodiesterase
PDE4D. Proc Natl Acad Sci USA 97:6751–6756.

Hayashi S, Morishita R, Matsushita H, Nakagami H, Taniyama Y, Nakamura T,

566 Houslay



Aoki M, Yamamoto K, Higaki J, and Ogihara T (2000) Cyclic AMP inhibited
proliferation of human aortic vascular smooth muscle cells, accompanied by in-
duction of p53 and p21. Hypertension 35:237–243.

Hoffmann R, Baillie GS, MacKenzie SJ, Yarwood SJ, and Houslay MD (1999) The
MAP kinase ERK2 inhibits the cyclic AMP-specific phosphodiesterase HSPDE4D3
by phosphorylating it at Ser579. EMBO (Eur Mol Biol Organ) J 18:893–903.

Houslay MD and Adams DR (2003) PDE4 cAMP phosphodiesterases: modular en-
zymes that orchestrate signalling cross-talk, desensitization and compartmental-
ization. Biochem J 370:1–18.

Houslay MD and Kolch W (2000) Cell-type specific integration of cross-talk between
extracellular signal-regulated kinase and cAMP signaling. Mol Pharmacol 58:
659–668.

Ito K, Ito M, Elliott WM, Cosio B, Caramori G, Kon OM, Barczyk A, Hayashi S,
Adcock IM, Hogg JC, et al. (2005) Decreased histone deacetylase activity in chronic
obstructive pulmonary disease. N Engl J Med 352:1967–1976.

Jeffery P (2005) Phosphodiesterase 4-selective inhibition: novel therapy for the
inflammation of COPD. Pulm Pharmacol Ther 18:9–17.

Jin SL and Conti M (2002) Induction of the cyclic nucleotide phosphodiesterase
PDE4B is essential for LPS-activated TNF-alpha responses. Proc Natl Acad Sci
USA 99:7628–7633.

Koyama H, Bornfeldt KE, Fukumoto S, and Nishizawa Y (2001) Molecular pathways
of cyclic nucleotide-induced inhibition of arterial smooth muscle cell proliferation.
J Cell Physiol 186:1–10.

Kronemann N, Nockher WA, Busse R, and Schini-Kerth VB (1999) Growth-
inhibitory effect of cyclic GMP- and cyclic AMP-dependent vasodilators on rat
vascular smooth muscle cells: effect on cell cycle and cyclin expression. Br J
Pharmacol 126:349–357.

Le Jeune IR, Shepherd M, Van Heeke G, Houslay MD, and Hall IP (2002) Cyclic
AMP-dependent transcriptional up-regulation of phosphodiesterase 4D5 in human
airway smooth muscle cells. Identification and characterization of a novel PDE4D5
promoter. J Biol Chem 277:35980–35989.

Lipworth BJ (2005) Phosphodiesterase-4 inhibitors for asthma and chronic obstruc-
tive pulmonary disease. Lancet 365:167–175.

Liu H, Palmer D, Jimmo SL, Tilley DG, Dunkerley HA, Pang SC, and Maurice DH
(2000) Expression of phosphodiesterase 4D (PDE4D) is regulated by both the cyclic
AMP-dependent protein kinase and mitogen-activated protein kinase signaling
pathways. A potential mechanism allowing for the coordinated regulation of
PDE4D activity and expression in cells. J Biol Chem 275:26615–26624.

Lohmussaar E, Gschwendtner A, Mueller JC, Org T, Wichmann E, Hamann G,
Meitinger T, and Dichgans M (2005) ALOX5AP gene and the PDE4D gene in a
central European population of stroke patients. Stroke 36:731–736.

Lynch MJ, Baillie GS, Mohamed A, Li X, Maisonneuve C, Klussman E, van Heeke G,
and Houslay MD (2005) RNA silencing identifies PDE4D5 as the functionally
relevant cAMP phosphodiesterase interacting with �-arrestin to control the PKA/
AKAP79-mediated switching of the �2-adrenergic receptor to activation of ERK in
HEK293 cells. J Biol Chem, in press.

MacKenzie SJ, Baillie GS, McPhee I, Bolger GB, and Houslay MD (2000) ERK2
mitogen-activated protein kinase binding, phosphorylation and regulation of the
PDE4D cAMP-specific phosphodiesterases. The involvement of COOH-terminal
docking sites and NH2-terminal UCR regions. J Biol Chem 275:16609–16617.

MacKenzie SJ, Baillie GS, McPhee I, MacKenzie C, Seamons R, McSorley T, Millen
J, Beard MB, van Heeke G, and Houslay MD (2002) Long PDE4 cAMP specific
phosphodiesterases are activated by protein kinase A-mediated phosphorylation of
a single serine residue in Upstream Conserved Region 1 (UCR1). Br J Pharmacol
136:421–433.

Maurice DH, Palmer D, Tilley DG, Dunkerley HA, Netherton SJ, Raymond DR,
Elbatarny HS, and Jimmo SL (2003) Cyclic nucleotide phosphodiesterase activity,
expression and targeting in cells of the cardiovascular system. Mol Pharmacol
64:533–546.

McCahill A, McSorley T, Huston E, Hill EV, Lynch MJ, Gall I, Keryer G, Lygren B,
Tasken K, van Heeke G, et al. (2005) In resting COS1 cells a dominant negative
approach shows that specific, anchored PDE4 cAMP phosphodiesterase isoforms
gate the activation, by basal cyclic AMP production, of AKAP-tethered protein
kinase A type II located in the centrosomal region. Cell Signal 17:1158–1173.

Mongillo M, McSorley T, Evellin S, Sood A, Lissandron V, Terrin A, Huston E,

Hannawacker A, Lohse MJ, Pozzan T, et al. (2004) Fluorescence resonance energy
transfer-based analysis of cAMP dynamics in live neonatal rat cardiac myocytes
reveals distinct functions of compartmentalized phosphodiesterases. Circ Res 95:
67–75.

Moriki N, Ito M, Seko T, Kureishi Y, Okamoto R, Nakakuki T, Kongo M, Isaka N,
Kaibuchi K, and Nakano T (2004) RhoA activation in vascular smooth muscle cells
from stroke-prone spontaneously hypertensive rats. Hypertens Res 27:263–270.

Netherton SJ and Maurice DH (2005) Vascular endothelial cell cyclic nucleotide
phosphodiesterases and regulated cell migration: implications in angiogenesis.
Mol Pharmacol 67:263–272.

Nobes CD and Hall A (1999) Rho GTPases control polarity, protrusion and adhesion
during cell movement. J Cell Biol 144:1235–1244.

Pelletier S, Julien C, Popoff MR, Lamarche-Vane N, and Meloche S (2005) Cyclic
AMP induces morphological changes of vascular smooth muscle cells by inhibiting
a rac-dependent signaling pathway. J Cell Physiol 204:412–422.

Phillips PG, Long L, Wilkins MR, and Morrell NW (2005) cAMP phosphodiesterase
inhibitors potentiate effects of prostacyclin analogs in hypoxic pulmonary vascular
remodeling. Am J Physiol 288:L103–L115.

Rena G, Begg F, Ross A, MacKenzie C, McPhee I, Campbell L, Huston E, Sullivan M,
and Houslay MD (2001) Molecular cloning, genomic positioning, promoter identi-
fication and characterization of the novel cyclic amp-specific phosphodiesterase
PDE4A10. Mol Pharmacol 59:996–1011.

Rybalkin SD, Rybalkina I, Beavo JA, and Bornfeldt KE (2002) Cyclic nucleotide
phosphodiesterase 1C promotes human arterial smooth muscle cell proliferation.
Circ Res 90:151–157.

Sette C and Conti M (1996) Phosphorylation and activation of a cAMP-specific
phosphodiesterase by the cAMP-dependent protein kinase. Involvement of serine
54 in the enzyme activation. J Biol Chem 271:16526–16534.

Shepherd MC, Baillie GS, Stirling DI, and Houslay MD (2004) Remodelling of the
PDE4 cAMP phosphodiesterase isoform profile upon monocyte-macrophage differ-
entiation of human U937 cells. Br J Pharmacol 142:339–351.

Spina D (2004) The potential of PDE4 inhibitors in respiratory disease. Curr Drug
Targets Inflamm Allergy 3:231–236.

Sullivan M, Rena G, Begg F, Gordon L, Olsen AS, and Houslay MD (1998) Identifi-
cation and characterization of the human homologue of the short PDE4A cAMP-
specific phosphodiesterase RD1 (PDE4A1) by analysis of the human HSPDE4A
gene locus located at chromosome 19p13.2. Biochem J 333:693–703.

Tasken K and Aandahl EM (2004) Localized effects of cAMP mediated by distinct
routes of protein kinase A. Physiol Rev 84:137–167.

Tilley D and Maurice DH (2005) Vascular smooth muscle cell phenotype-dependent
phosphodiesterase D4 short form expression: role of differential histone acetyla-
tion on cAMP-regulated function. Mol Pharmacol 68:596–605.

Vadiveloo PK, Filonzi EL, Stanton HR, and Hamilton JA (1997) G1 phase arrest of
human smooth muscle cells by heparin, IL-4 and cAMP is linked to repression of
cyclin D1 and cdk2. Atherosclerosis 133:61–69.

Vicini E and Conti M (1997) Characterization of an intronic promoter of a cyclic
adenosine 3�,5�-monophosphate (cAMP)-specific phosphodiesterase gene that con-
fers hormone and cAMP inducibility. Mol Endocrinol 11:839–850.

Wallace DA, Johnston LA, Huston E, Macmaster D, Houslay TM, Cheung YF,
Campbell L, Millen JE, Smith RA, Gall I, et al. (2005) Identification and Charac-
terization of PDE4A11, a novel, widely expressed long isoform encoded by the
human PDE4A cAMP phosphodiesterase gene. Mol Pharmacol 67:1920–1934.

Xu RX, Hassell AM, Vanderwall D, Lambert MH, Holmes WD, Luther MA, Rocque
WJ, Milburn MV, Zhao Y, Ke H, et al. (2000) Atomic structure of PDE4: insights
into phosphodiesterase mechanism and specificity. Science (Wash DC) 288:1822–
1825.

Zagotta WN and Siegelbaum SA (1996) Structure and function of cyclic nucleotide-
gated channels. Annu Rev Neurosci 19:235–263.

Address correspondence to: Miles Houslay, Division of Biochemistry and
Molecular Biology, IBLS, Wolfson Building, University of Glasgow, Glasgow
G12 8QQ, Scotland, UK. E-mail: m.houslay@bio.gla.ac.uk

Phosphodiesterase-4, Stroke, and Restenosis 567


