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ABSTRACT 

Reocclusion of coronary artenes after angioplasty is a severe compiication of 

boillooning in which migration a d  proliferation of vascular smooth muscle ceUs (VSMC) 

results in neointimal formation. This event occurs despite the fàct that the pr imq 

function of VSMC in healthy arteries is contraction, w t  proliferation. It is weii 

established that cyclic nucleotide leveis affect migration and proliferation of VSMC. 

Consequently, it was hypothesized that the pattern of expression of cyclic nucleotide 

phosp hodiesterases (PDE), whic h hydro lyze cyclic nucleotides, mer between 

proiiferating (synthetic), and non-proliferat bg (contractile) VSMC. To determine the 

role of PDE in neointirnai formation, 1 hvestigated the expression of the CAMP PDE that 

account for the majority of PDE activity in rat vasculature. Phosphodiesterase 3 (PDE3) 

and phosphodiesterase 4 (PDE4) expression was detemiined during Ni vitro culturing of 

primary rat aortic VSMC, and in rat neointimal VSMC, formed in response to balloon 

catheter-induced injury. Our results idente changes in the expression of PDE3A, a 

PDE3 variant, in both models. Thus, while PDE3 activity in rat aorta was approxirnately 

65% of the total PDE activity, it was signincantly less in cultured VSMC (approxirnately 

25% of total PDE activity). This decrease in PDE3 activity correlated with a decrease in 

PDE3 mRNA and protein levels. Similarly, in intima1 VSMC fonned in response to 

Woon injury, PDE3 activity was 25% of total PDE activity, compared to 65% of total 

activity in medial VSMC. Again, PDE3A expression was reduced in intima1 VSMC 

relative to levels in medial VSMC. Thus, similar changes in PDE3 expression occurred 

during culturing and in vivo activation of VSMC. Of potential therapeutic interest was 

the fàct that humui VSMC in culture displayed a parailel loss of PDE3A expression, 



comparai to k h i y  isoiated himian VSMC. These findings are signifiant m the context 

of appropriate targeting of PDE variants m attempts to inhibit neomtimal formation 

followiog vsscular n i . .  
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Chapter 1-Introduction 

1.1 Cyclic Nucleotide Intracellulnr Signalling 

Second messmgers play a centrai d e  in eliciting intrace11uiar responses by 

extracelluiarly appiied agents such as hormones, neurotransm&ers, and dnigs. Many of 

these respoases are rnediated through the cyclic nucleotides, CAMP and cGMP, which 

have been shown to play a cr@al role in cell growth and Werentiation as weii as in 

transcriptional regulation CAMP and cGMP are synthesized by adenylyl cyclases and 

guanylyl cyclases, respectively, following initiation by the appropriate extraceilular 

signals. The resulting signalhg cascade involving CAMP or cGMP, is terminated by 

cyclic nucleo tide pho sphodiesterases (PDE), which hydrolyze the cyclic nucleo tides. 

PDE hydrolyze the 3'-phosphodiester bond of CAMP or cGMP to form the corresponding 

bio logkally inactive noncyclic product s, 5 '-AMP and 5'-GMP, respectively (Dousa, 

1999). PDE are the only intraceiiular enzymes that catalyze this reaction in mammalian 

cells. A general overview of the CAMP signalling cascade is illustrated in Figure 1 .1. 

1.1.1 Synthesis of CAMP 

G protein-coupled receptors (GPCR) are integral to the process of CAMP 

production. The diversity of these pIasma membrane bound receptors enables 

intracellular translation of extracellular signaiiing mo lecules suc h as nucleotides, 

peptides, amines, ca2' and photons resultiug in CAMP formation (Rana et al., 200 1 ). 

Stmcturally, GPCR consist of an N-terminal extraceflular domain, a C-termiuai 

intraceiiuiar domain, and seven transmembrane spanning domairis, that are involved in 

binding agonists and antagonists, and interaction with heterotrimenc GTP binding 

proteins. Once bound, a ligand such as epinephrine causes a conformational change in 



Figure 1.1 

Qclic-AMP Signalling Cascade 

PKA 

Signalling 
L - Receptor Ligand 

R - G-protein coupled receptor 
G,-G-protein subunit 
AC - Adenytyl Cyclase 
PKA - Protein Kinase A 



the receptor that leads to activation of the dominant adenylyl cyclase activating 

heterotrsneric G protein (G,), foliowing exchange of GDP fbr GTP. Dissociation of the 

GTP-bound a subunit nom the dimeric By subunit slbws the 4 to activate adenylyl 

cyclase, a major effector molecuie of some G proteins, includmg Gs. htrinsic GTPase 

activity of the a, subunit causes hydrolysis of GTP to GDP and leads to reassociation of 

the G protein subunits, resultmg m termination of its effector activity (Radhika and 

Dhamsekaran, 200 1). Although other mechanisms can lead to activation of adenylyl 

cyclases, this heterotrimeric G protem mechanism dominates in many celis including 

vascuiar smooth muscle cells (VSMC), the major ce11 type studied in my research. 

1.1.2 Adenylyl Cyciases 

Adenylyl cyclases (AC) are the proteins responsible for the synthesis of CAMP 

fkom ATP. Currently, there are ten known iso forms, nine membrane-bound and one 

soluble form (Patel et al., 2001). Similar to GPCRs, theu isoform multiplicity and tissue 

diversity facilitates differential intraceilular signaling fiom a singk ex~aceilu1a.r event. 

The iso forms share significant sequence homology, as weU as O verall three-dimensionai 

structure. Ail membrance-bound ACs possess two hydro phobic do&, each consisting 

of six transmembrane spans. Two large cyto plasmic domains constitute the catalytic site, 

one between the two hydrophobie domains, and one at the C terminus (Patel et ai-, 2001). 

Although the Ga, subunit is kwwn to stimulate activity of al1 AC isoforms, several AC 

isofomis are also regulated by other G proteins such as Gai and Ggv, by protein kinases, 

phosphatases, calcium and Ca2+KaM (Hanoune, 2001). The response to these 

modulators varies depending on the specinc AC isoform. As such, isoform multiplicity 



enables integration of several signal transduction pathways m u g h  cross-talk m u n e ,  

2001). 

A principal pharmaEoiogical tool for shidying CAMP-mediated e f f i  in cek  bas 

been forskolin (FSK), since it activates all known wforms of AC. FSK is purported to 

activate AC by bmding to the catalytic site of the enzyme and stabilize the active 

conformation. In this way' FSK augments intrinsic AC activity and increases the 

production of CAMP. 

1.13 Cyclic AMP-Dependent Protein Kinase 

Most weii documented eEects of CAMP are mediated through the activation of . 

cyclic AMP-dependent protein kinases (PKA). PKA are heterotetramers consisting of 

two regulatory (R) subunits and two catalytic (C) subunits (Steinberg and Brunton, 2001). 

Two isoforms of PKA are known, and these are classified as type 1 (PKA-RI) or type II 

(PKA-RII), based on their different R subunits. Both of these iso forms have been 

identifïed in vascular smooth musde, where PKA-RI is pririlarily cytosolic, and PKA-II 

is particdate (Edwarcis and Scott, 2000). In the absence of CAMP, PKA exists in an 

inactive state. This stringent control is maintained by the regulatory subunits that prevent 

the catalytic site îrom establishing its active form (Murray9 1990). When CAMP levels 

increase to a signincant level, they bind to the R subunit. Binding of CAMP to the R- 

subunits is a highly coordinated process in which the two CAMP binding sites infiuence 

one another's afbity for CAMP. Since the CAMP-ligand subunits have Iower affinity for 

the C subunit, CAMP binding brings about dissociation of the heterotetrarner, and release 

of the active catalytic subunits (Murray, 1990). For as long as CAMP levels remain 

elevated, catalytic subunits phosphorylate cellular protein substrates, and thus modulate 



ceiî Wtion. Once CAMP levels are reduced, the R and C subunits reassociate and 

rendet PKA inactive. Differentiai subceliuiar targetiog of PKA-RLI is achieved through 

interaction of the R subuait with specialized anchorhg proteias calleci A-kinase 

anchorhg eroteks (AKAPS). These proteins are members of a large M y  that are - 

produced in a ceil-specinc mamer, iacludiag in vascular smooth muscle (Edwards and 

Scott, 2000). Because of their various cellular locations and their ceIi specifïc 

expression, AKAPS play an essential role in dinerential intracellular targeting and 

compartmentaiization of CAMP signalhg (Houslay and Milligar~, 1997). 

in VSMC, PKA activation has been associated with relaxation (Stull et al*, 1982). 

Intracellular targets for PKA m smooth muscle mclude phospholarnban and a 

s a r c o l e d  ~ a ~ + - ~ u r n p i a ~  ATPase, which both serve to reduce intraceiiular ca2+, 

resulting in relaxation (Pitari, 2001). Another significant target for PKA is a transcription 

fàctor known as w - s s p o n s e  element +inding fàctor (CREB). PKA activates CREB 

by phosphorylation, with the serine residue at position 133 playing a central role. 

Transcription of targeted genes is then modulated at the promoter site by binding of 

CREB to the w - ~ e s p o n s e  element (CRE) (Brindle and Montminy, 1992). 

1.1.4 Guanylyl Cyclases 

The second messenger cGMP is an intraceUu1a.r second messenger that regulates 

cellular fimction through events such as protein kinase activation, cyciic nucleotide 

phosphodiesterase activation or inhibition, and direct gating of ion channels (Lucas et al., 

2000). G w y l  cycckses (GC), the enzymes responsibfe for the synthesis of cGMP fiom 

GTP are present in most tissues. There are two f o m  of guanylyl cyclases, the soluble 



GC and the particdate GC forms. These t w  fàmiües of GC differ m their kinetic 

properties, structure, ceiiular location, and reguiatioa 

Soluble guanyiyl cyclases (sGC) are heterodimers cornposeci of two subunits, an a 

and a 6 subunit. Each subunit contains a h e m e - b i i g  domain as weli as dimerhtion, 

and catalytic domains. In vascular snooth muscle, nitric oxide (NO) is a signiscant 

endogenous activator of sGC. NO activates sGC by bhcüng to the heme prosthetic 

group. Although much leu potent, carbon monoxide (CO) is also an endogemus ligand 

that binds in a marner similar to NO (Cbinkea and Garbers, 1989). 

Partichte guany1yI cyclases @Ge) are membrane bound proteios, consisting of a . 

single transmembrane dornain, an extraceliular domain and an intraceiluiar domain. 

Binding of peptide ligands, such as atrial natnuretic peptide (ANP), to the extraceliuiar 

domain results in activation of pGC, thereby increasing cGMP synthesis. The 

intraceliular domah is a regdatory dornain that possesses dimerization properties, which 

is necessary for catalytic function (Chinkers and Garbers, 1989). The catalytic domain, 

also located on the intraceiiular domain of pGC, is highly homologous with the catalytic 

dornain of sGC and those of AC. 

1.1.5 Cyclic GMP-Dependent Protein Kinase 

The principle mediator of cGMP signahg is PKG. Two genes for PKG have 

been identified in mammais, PKGI and PKGII, with only PKGI king expressed in 

VSMC (Lucas et al., 2000). PKGI is a cytosolic protein with an overaii structure similar 

to that of P U .  As with PKA, in the presence of cGMP, PKG is activated and 

phosphorylates target proteins. Ho wever, activation of PKG does no t involve the 

dissociation of R and C subunits. PKGI is hypothesized to regulate [ca2c]i by 



p h o s p h o r y ~  several targets including the IP3 receptor and phospholamban which are 

involved in smooth muscle relaxation (Raeymaekers et al., 1990). Othet targets are L- 

type Ca2+ cbameis aod the Ca" activaîed K+ chamei, which are both mvolved m tone 

maintenance, and myosin light chah phosphatase that mediates vasodilation (Sinks et al., 

1999). Many of the peptide substrates for PKG are aiso substrates for PKA, implying a 

cross-over of h c t i o n  However, CO-locabtion studies Mdicate that subcellular 

compartmentaiization may dictate kinase activity (Pfeifer et al., 1 999). Therefore an 

increase in one cyclic nucleotide (eg CAMP) may not compensate for a decrease in the 

other cyclic nucleotide (eg cGMP). In this way, PKA and PKG may serve similar, yet 

independent physiological nuictions in vascular smooth muscle. 

1.2 Cyctic Nucleotide Phosphodiesterases (PDE) 

Maintaining balance between synthesizïng enzymes and catabolizulg enzymes is 

essential in any signalling cascade. Therefore, cyclic nucleotide PDE, whicb are 

responsible for the catalysis of CAMP and cGMP to their respective 5' noncyciic 

nucleotides, play a key role in cyciic nucleo tide signalling. In addition, it is no teworthy 

that the maximal capacity for cyclic nucleotide hydrolysis by PDE is ten fold greater than 

the maximal synthetic capacity of cyclases @ousa, 1 999). This imbalance in catalytic 

capacity accentuates the relative importance of PDEs in affecthg physiological fiurtions 

within the cell. 

Ten diEerent gene âimilies encompassing at least 30 isofomis of PDE have been 

identified m ri.iammalian tissues @eavo, 1995; Conti et af.,1995; Manganiello et al. 1995; 

Degerman et al. 1997; Houslay et al. 1998; Soderling et al. 1998; Fisher et al. 1998; 

Hayashi et al. 1998; Fujishige et al. 1999; Soderling et al. 1999). 



The classincation ofgene famiües is based on the enzyme's primary amino acid 

sequence. Ahhough the cataiytic domah situaieci m the carboxy-terd region is 

highly homologous m ali PDE, individuai nimüy members differentiate with respect to 

their amino and COOH-terminal region sequences, and regdatory sites (Beavo, 1995). 

An overview of PDE family characteristics is presented in Table 1. 

Table 1.1 Cyclic Nucleotide Phosphodies$erase Families of Isoenynes 

CAMP: O. 1-0.3 
cGMP- inhibited 

cGMP:0.03- 
0.3 

Famiiy 

CAMP: 1-3 
c AMP-speci fic 

K m  (PM) 

CAMP: > 1 O0 
CG MP-speci fic 

CGMP: 4 -20 

PDE7 CAMP: 0.2 
c AMP-speci fic 

Cilostamide 
Cilostazol 
Milrinone 

4C: 3 4D: 5 

SA: 2 t 

Ref Selective 
inhibitors 

Dipyridamote 

IBMX 

1 

- 
Numbtr of 

Cenes 
Number of 

Splice 
Variants 



1.2.1 Cyciic Nuckotide Phosphodiestecases in Vascuiar Smooth Muscle 

The development of PDE isofom selective inhibitors, combkd  with the use of 

PDE reguhtors such as caimodulin and cGMP, has fküitated the development of a PDE 

activity profiles in vascular smooth muscle of many species including huniaq rat, dog, 

rabbit, bovine and pig (Polson and Strada, 1996). The cGMP hydrolysing PDE in 

vascuiar smooth muscle are PDEl and PDES, while the CAMP hydrolysing PDE are 

PDE3, PDE4. 

1.2.2 PDEl 

PDE 1 is a ~a~+/calmodulin sthulated PDE that exists in smooth muscle of many 

PDElO 
CAMP-inhibited 

PDEll 

species. However, its activity, as a percentage of total cGMP hydrolysing activity varies 

among species (Polson and Strada, 1996). Three diflierent gene products are expressed 

dinerentiaîiy in various blood vessels. PDE 1 A and PDE 1 B both have a higher affinity 

for cGMP than for CAMP; however, PDEl C has an equal afEnïty for cGMP and CAMP 

(Polson and Strada, 1996). Vinpocetine is an effective selective inhibitor of PDE 1 A and 

PDEIB, but is a poor inhibitor of PDElC. In keeping with its inhibition of PDEl 

activity, vinpocetine potentiates GC activation. 

1.2.3 f DES 

PDES is a calmodulin-independent cGMP specifk PDE found in several species. 

Its activity in human artery accounts for approximately 70% of the total cGMP specinc 

Reference: (a) Beavo, 1995; (b) Francis et al. 2001 

CAMP: 026 

cGMP: 7.2 

CAMP: 1 

cGMP: 0.5 

Dipyridamole 

Zaprinast 

_ Dipyridamole 

1 

1 1 lA: 3 

b 

b 



hydtoIyzing activity (Poison and Strada, 1996). Several mhibaors specific for PDE5 

ex&, ïncludiag zaprinast, dipyridamole, and the wvel anti-impotence therapeutic, 

siidenafil. Similar to PDEl inhiidors, PDE5 mbiators also potentiate the effects of OC 

activators, such as increased vascular relaxation (Pitari, 200 1). 

1.2.4 PDE2 

Although PDE2 is abundant m vascular endothelid cells, its expression in VSMC 

is very low (Polson and Strada, 1996). PDE2 hydrolyzes both cGMP and CAMP. Due to 

its low abundance in vascular -0th muscle, PDE2 inhi'bitors have no potentiating 

effects when used in conjunction with activators of either adenylyl or guanylyl cyclases. 

1.2.5 PDE3 

PDE3 lm a low K, value (0.1-1 pM) for both CAMP and cGMP, although PDE3 

is coosidered a CAMP PDE, because of its 10 fold greater V, for CAMP (Beavo, 1995). 

In oict, cGMP (due to its aiEnity for PDE3) acts as a competitive inbibitor of CAMP 

hydrolysis by PDE3. Therefore, PDE3 is often referred to as the cGMP-inhibited PDE 

(ManganKllo et al,, 1995). Because of the inhiiory effects of cGMP, PDE3 is an 

important enzyme in cross-tallc between CAMP and cGMP signalling. There are two 

genes encoding PDE3 enzymes, PDE3A and PDE3B. Figure 1.2 illustrates the domaki 

structure of PDE3A and PDE3B. Initidy it was thought that oniy PDE3A was expressed 

in cardiovasculat tissues, such as vascular smooth muscle and cardiomyocytes, while 

PDE3B was expressed in adipose t h e .  It is now clear that both are present in vascular 

smooth muscle and cardiac muscle (Liu and Maurice, 1998; Palmer and Maurice, 2000). 

Although both gene products are expressed in vascular smooth muscle, PDE3A is 

considerably more abundant than PDE3B. Agents such as miirinone that have been 
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pmriously used cIlliically to stimulate myOcardial contractiiityY mhibit platelet 

aggcegation, and relax vascular smooth muscle, eiicit theu efEcts, at kast m part, 

tlnough inhi'bition of PDE3. Other PDE3 inhiilors inclide cilostamide and cilostazol- 

Since PDE3 accounts for 60% of the total CAMP hydroW in vascuiar smooth 

muscle, it is reasonable to specuhte that PDE3 is an attractive phanrnrological target. 

Among other things, its signiscant role in vascuhr smooth muscle is demonstrateci by the 

fàct that cornbined use of an AC activator and a PDE3 inhiidor results in synergistic 

relaxation of rat aorta (Maurice and Haslam, 1990). 

1.2.6 PDEQ 

PDE4 is a CAMP specifk enzyme that is insensitive to cGMP inhibition. It has a 

value between 1 and 4 pM, *ch is 10-fold higher than that of PDE3. In vascuiar 

smooth muscle, PDE4 activity is lower than PDE3 activity, but it aP contniutes 20.30% 

of the total celiukr CAMP hydrolytic activity (Polson and Strada, 1996). Due to the 

existence of four diaerent genes that undergo altemate spiicing, and possess altemate 

promoters, there are many PDE4 isofom (Bums et al., 1996). The four genes are 

PDE4A, PDE4B, PDE4C, and PDE4D. A3t.houg.h PDE4A, PDE4B, and PDE4D have ail 

been detected in vascdar srnoo th muscle, PDE4D isofonns are the most abundant (Liu et 

al., 2000). 

The PDE4D gene gives rise to 5 rnRNAs due to altemate splicing and the use of 

alternate intronic promoters. The protein products of these mRNAs have been designated 

PDE4D1, PDE4D2, PDE4D3, PDE4D4, and PDE4DS (Houslay et al., 1998). Based on 

the use of two dinerent promoters, these isozymes are either short f o m  (PDE4D1, 

PDE4D2), or long forms (PDE4D3, PDE4D4, PDE4D5). Two groups of sequences with 



high leveis of homology are found in PDE4D long isozymes that are not found ai other 

PDE. Lying upstream of the catalytic domah, they are calkd upstream commred 

regions (UCRl and UCR2) (Bolger et al., 1993) and are separateed by a less conserved 

W e r  region. While long forms of PDE4D contain both UCRs, the short i o n -  contain 

only UCR2 n e  PDE4D gene products are shown m Figure 1.3. It has been suggested 

that these regions are involveci in conformational changes necessary for modulatmg 

catalytic activity (Houslay et al., 1998). Regdation of the PDE4D isozymes by 

phosphorylation has been demonstrated through activation of CAMP-PKA signailing, and 

through activation of the PKC-Raf-MEK-ERK signalhg cascade (Conti et al., 1995; Liu 

et al., 2000). 

Studies using the PDE4 specific iahibitors rolipram or Ro 20-1 724, have s h o w  

that unlike PDE3, PDE4 intiliitors are poor relaxants of endothelium-denuded isolated 

blood vesseis (Polson and S trada, 1996). However, in preparations where endothelium is 

present, PDE4 inhibiton is effective in vasorelaxation (Lugnier and Komas, 1993). This 

may be due to the presence of the endothelium derived relaxing factor (EDRF) that 

results in NO formation and subsequent activation of GC. Since cGMP has inhibitory 

effects on PDE3, CAMP concentrations increase (Maurice and Haslam, 1990). This 

combined PDE3 inhiiition and CAMP increase renders PDE4 the major CAMP 

hydro lysing enzyme, resulting in greater physio logical e ffects folio wing phamiacological 

inhibition (Lugnier and Komas, 1993). 

Other fhctioaal merences in PDE3 and PDE4 are evident h m  studies on 

migration and proliferation. Unlüce PDE3 inhibition, PDE4 inhibition po tentiates the 

anti-migratory and anti-proliferative effects of activation of AC in cultured VSMC. 



Figure 1.3 



PDE3 Ulhiiors acted syiiergistically with PDE4 inhiidors, but did mt eücit 

sigdicant e&ts on their own @aimer et al., 1998). This synergistic effect of PDE3 and 

PDE4 simultaneous inhi'bition is consistent with evideme show@ a super-additive 

increase in intracellular CAMP concentrations (Rose et a/. , 1997). 

1.3 Blood Vesse1 Structure 

Large arteries such as the aorta are composed of three basic iayers, including the 

intima, media, and adventitia (Burkitt, 1993). In healthy vessels, the intima surrounds the 

lumen and consists of a single layer of Banened endotheüal cells supported by a layer of 

elasth, cailed the internal elastic lamina. Several endothelial derived molecules, 

includmg prostacyclin (PGI-2), endothelial cell-derived relaxiog factor (EDRF-NO), 

endotheiin (ET-I), and platelet-derived growth factor (PDGF) have signifïcant effkcts on 

blood vessel function IBanai, 201). The internal elastic h m h a  lies next to the media, 

and is composed of VSMC, enclosed within concentric elastin and cobgen fibres. The 

VSMC within this layer control the contractility of the blood vessel. Proper tone 

maintenance within individual blood vessek is signiscant because it can have an impact 

on blood pressure, and therefore the entire systemic circulation Furthest fiom the lumen, 

and separated fiom the media by the extemai elastic lamina, is the tunica adventitia, 

which is composed of loose collagen and sparse adventitial fibroblasts. 

1.3.1 VascuIar Pathologies 

Atherosclerosis of the coronary arteries is considered the primary cause of 

ischemic heart disease. Formation of a fibrous plaque is generally considered to be the 

type of lesion involved in well-develo ped atherosclerosis. Piaque formation occurs over 

a period of tirne, &er accumulation of lipid, multiple cell types and extracellular matrix 



protein Genedy, it is believed that lesions progress followïng localization of 

macrophages and iipid droplets. The lesion advances as macrophage ceh  and VSMC 

accumulate. Accumulation of extracellular matrix proteins, lipids and minerais causes 

progression of a lesion to an advanced stage, leading to signincant blood vessel 

narrowing, stenosis. 

Currently, vascular occlusions are treated most commody by balloon angiopiasty. 

Tbis procedure involves insertion of a balloon catheter into the occluded artery, followed 

by its inflation such that the area of narrowing within the blood vessel is dilated. The 

success of this procedure however, is limïted by the development of restenosis in 30050% 
. 

ofpatients wit h i .  six rnonths of undergohg this treatment (Indoffi et al., 1 998). 

Endothelid denudation and damage to medial VSMC that results fkom use of the 

baüoon catheter is a signi6icant mitiating event in the progression of restenosis, or re- 

narrowing of the blood vessel. Endothelium is a potentiai regulator of arterial wall 

homeostasis. Once lost, its role as a barrier to the underlyhg VSMC is eliminated. In 

addition, endothelial secretion of fàctors that regulate VSMC proliferation, growth, 

migration and death is affected (Maire and Clowes, 1997). An initial event in restenosis 

is platelet accumulation directly at the site of damage. PDGF released by platelets is 

fkeely accessible to the underlying VSMC, and triggers release of basic fibro blast gro wth 

factor (bFGF) fiom damaged endothelial and arterial smooth muscle cek. These two 

growth fàctors stimulate proliferation of vascular smooth muscle ceUs within the media 

The second phase of the response is mediated by VSMC that migrate toward the 1unren 

by trawrsing the extracellular rnatrix and cross the intemal elastic lamina (Libby and 

Tanaka, 1997). Once in the intima, VSMC accumulate by proliferating, forming a 



neointimal Iayer. Although dotheliai cells recover and grow over the origmally 

denuded SurfaCC, their critical a b o i  to synthesize endothehl derived relaxhg fhctor-NO 

is dmiini9hed d e r  mechanical injury. 

1.4 Differentiation of Vasculrtr Smooth Muscle Cells 

The principal function of VSMC in a mature and healthy blood vesse1 is 

contraction. Under these conditions, VSMC exist m a différentiated state in which 

proMeration and migration occur at very low rates (Owens, 1995). However, VSMC 

demonstrate phenotypic plasticity. During embryonic development, smooth muscle ceiis 

that resemble fibroblasts are involved in vasdogenesis, the de novo formation of blood 

vessels (Walsh and Takahad, 2001). Angiogewsis, the process in which new blood 

vessels are extended nom ercistmg blood vessek, such as in leiomyogenic nimongenicity, 

is aise faciiitated by proliferative SMC resembiing fibroblasts. Furthermore, vascuiar 

pathologies such as atherosclerosis and restenosis, involve VSMC of a dedi&rentiated 

phenotype in which proliferation and migration are central fûnctions (Walsh and 

Takahashi, 200 1 ). This reversible process of conversion between 'contractile' and 

'synthetic' VSMC has been termed 'phenotypic modulation' (Sobue et al., 1999). In 

addition to rates of proliferation ami migration, characteristics such as morphology, 

protein expression and transcriptional reguiation have been estabiished for these VSMC 

phenotypes. Generally, moduktion fiom a contractile to a synthetic phenotype is 

associated with a l o s  of dinerentiation markers such as contractile proteins, and an 

increase in the expression of extraceiluiar mat& proteins and cytokines (Denger et al., 

1999). Several contractile proteins are speciaîized to sxnooth muscle. These include 

specific iso forms of contractile proteins such as actin (a-actin), myosin heavy chahs 



(SM1, Sm), myosin üght chanis (LC17i3, LC17b), as well as regdators of contraction 

such as calponin, caldesmr>n, viaculin, and tmpomyosin (Owens, 1995). Theà 

expression during this time of development is often used as a .  indication of VSMC 

differentiation. AIthough they are not expressed sixndtaneously, the appearance of one is 

ofien considered a market for differentiation One of six actin isomers, a-actin is O fien 

the eariiest expressed contractge proteins, and is therefore often associated with the 

initiation of a differentiated VSMC (Owens, 1995). in addition to a decrease in 

contractile proteins, dediierentiated ceils also exhiiit a decrease in levels and activities 

of proteins that ficikate contraction. Integrins that are critical for appropriate 

interactions between cells and between the ceU and the extracellular mat& ciiffer in their 

subunit make-up d e r  matucation. Aithough these correlations ex& between phenotype 

and protein expression, iittle is h o w n  regarding the underfying molecular events that 

affect transcriptional regdation of differentially expressed pro teins. It is also unclear, 

pertaining to atherosclerosis and restenosis, whether changes in the state of diffentiation 

are the cause or the consequence of the pathology. 

An opposing theory to 'phenotypic modulation' of blood vessels is that of a sub- 

population expansion. It is argued that within every blood vessel smooth muscle c e k  lie 

in a wide range of differentiation states. In the case of atherosderosis and restenosis, 

proiiferating VSMC result fkom an expansion of pre-ensting dedïûèrentiated VSMC, 

rather than a modulation of a n  exkting differentiated VSMC. However, irrespective of 

the initial identity and origin of the Lumen occluding VSMC, its remval is of parsmount 

clinical importme. 

1.5 Mitogen-Activated Protein Kinases 



Mitogen-activated protein kinases (MAPK) are serine-threonine protem kinases 

that mediate cxil growth, diflcerentiation, and apptosk S w e d  erdraceildar stimuü such 

as stress, cytokines, nnnotraasmitters and growth &tors are initiators of sequential 

phosphorylation of proteins that ultimately lead to MAPK activation (Mü et al., 1996). 

These upstream MAPK kinases are called MAPKK and MAPKKEC The three fimilies of 

MAPK include extracellukr si@-regukted kinases (ERKS), stress-activated protein 

kinases (SAPKS) or c-Jun NH.2-tennmal kinases (JNKs), and p38/RK. W1îh regard to 

rnitogenic responses, growth factor stimulation leading to ERIC activation has k e n  most 

widely studied. In this signal transduction cascade, binding of growth factor such as 

PDGF to membrane-associated receptors leads to activation of Ras and RafZ which m turn 

activate MEK and ERIC (Zou et uL, 1998). An o v e ~ e w  of the MAPK sipnslling cascade 

is shown in Figure 1.4. Beyond playing a significant role m proliferation and regulation 

of cell cycle progression, MAPK rnay regulate other biological effects such as 

differentiation, cell attachment, SMC contraction, and protein synthesis, depending on the 

stimuli (Bodeldt et al., 1997). 

1.6 Cyclic-AMP Mediation of VSMC Migration and Proliferation 

Previous studies involving VSMC in culture have demonstrated that increasing 

CAMP levels through AC activation, or PDE inhibition markedly inhiiits proliferation 

(IndoHi et al., 1997). 

Studies focused on the signaiing events leading to inhibition of proliferation, 

following CAMP increases, have reported crosstalk between PKA and several points in 

mitogenic signal transduction pathways. Some of these pomts of convergence are 

mdiated through inhiiition of Ras-Rd inhibition of phosphatidyl inosital-3-kinases 
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(PUK), inhi ion  of cyciin-dependent Iaoase (cdk), and mductionlrepressïon of 

gene responses, 

Activation of the MAPKIERK cascade m VSMC can occur by severai growth 

factors, including PDGF. PKA can Hihibit this cascade, aithougb the point of inhibition 

is unclear. Several studies showing decreased Raf-1 actNity following increased CAMP 

Ievek suggest that PKA inhibits the MAPK cascade through phosphorylation of Raf- 1 

(Botnfeldt et al., 1997). 

It has been shown that CAMP levels vary during the cell cycle, which consists of 

four phases including G1, S @NA synthesis), G2, and M (mitosis). Low levels of CAMP 

are requued during the transitions fiom late G1 to S, and fiorn late G2 to M in order for 

the cycle to progress (Rybalkin and Bornféldt, 1999). Therefore, increased leveis of 

CAMP inhiiit VSMC proliferation by arresting them primarily in the Gl/S phase, but also 

in the G2M phases of the celi cycle (Bornfeldt and Krebs, L 999). CAMP may elicit its 

effects tbrough cyclin dependent kinases (cdk), that play a dgnificant role in regulating 

the progression of the ceii cycle. FoUowing stimulation by growth fàctors, cyclins 

increase and fonn complexes with cdks, dowing the transition fiom G1 to S in the cell 

cycle. Increased CAMP, resulting in PKA activation may arrest the ceU cycle by causing 

a do wn-regulation of the cyclins necessary to activate cdks. PKA phosphorylates Raf- 1 

and inhi'bits its kinase activity, therefore inhibithg the MAPK cascade and results in 

attenuation of proliferation (houe et al., 2000). F W y ,  PKA may mediate its inhiiitory 

effects through promoter elements such as CRE. CRE binding proteins such as CREB 

are directly phosphorylated by PKA, and therefore may elicit its effects by differentiaily 



repressing or enhaochg ûmdption of genes relateci to celi protitéraiion (Bornfeldt and 

Krebs, 1999). 

Although it is generaiiy thought that MAPK activation leads proliferation, studies 

have shown that this response may rary, dependhg on the downstream enzymes 

expressed by a particulat cell. For instance, in SMC expressing COX-2, such as in 

selected newbom strains, M G  activation by PDGF-BB leads to signincant synthesis of 

PDE2, and a resulting activation of P U  This then leads to inhibition of proliferation 

through the same mechanisms previously descn'bed. This growth mhiatory effect of 

MAPK activation was not observed in SMC not expressing COX-2 (Bodeldt et al., 

1997). nius, SMC cell type is an important factor in detemiining the esects of MAPK 

activation on growth responses. 

1.7 Animal Models of Balloon Angioplasty 

Animal models of balioon angioplasty have becorne the standard method to study 

synthetic VSMC in vivo. This mode1 has been used extensively to study âtcton involved 

in VSMC prolûeration foilowiag injury, as well as to test the therapeutic potential of 

various agents foliowuig Moon  injury. 

Specificaliy, the rat car0 tid artery injury model has been weil-characterized, and 

results obtained with this procedure are reproducible. The standard time point at which 

arteries are removed kom the rat foUowing injury is 14 days. This tirne duration is 

required in order to generate a significant amount of neointima within the lumen of the 

injured arteries A modification of this bbsingle-injury balloon model" is the "double- 

injury Woon model" in which 14 days foiiowing the fint injury, the artery is ballooned 

again, and removed after another 14 day period. This model is advantageous because 



VSMC proliferation is greatly enhsnced foIloWmg the second ballooning, and therefore 

mci.eases the amount of neointhm Both of these rat bahon-catheter rnodels have been 

used exteasively to test various drugs, m an attempt to prevent neointimal formation. 

In terms of cyclic nucleotides and their effects on VSMC proHeration in vivo, 

severai studies have shown that CAMP dogues ,  d o r  PDE3 inhibitors such as 

milrinone and cilostazol eücit ?me suppression of neointmial formation (Indoln et al., 

1997; b u e  et al., 2000; Ishizaka et al., 1999). Further, this suppression of neointimal 

formation was reversed upon iniiliition of PKA, clearly attniuting the antkproüfaterive 

effécts of the CAMP elevating agents to an increase in CAMP signalling (Indoifi et ai., 

1997). 

Although neointimal formation was partially suppressed by local delivery of 

CAMP elevating agents, ~unely cüostazol, complete neointimal suppression was not 

achieved. The most notable effect was observed using cilostazol in the context of the 

double-injury bailoon mode1 whkh eticited 83% inhibition of neonintimal formation 

However, in the context of the single-injury balloon, inhï'bition was markedly less (Inoue 

et ai., 2000; Ishizaka et al., i 999; Indo fi et al., 2000). Generdy, cilostazol, the most 

commoniy tested PDE3 inhibitor has proven ineffective in preventing VSMC 

proliferation in vivo. 

1.8 Researcb Rationale 

Since PDE3 and PDE4 account for more than 75% of the total PDE activity in rat 

vascuiar srnooth muscle, their expression profile is highly signifiant m the context of 

regulation of cyclic nucleotide signalling. A significant amount of work in our laboratory 

using rat VSMC h culture led to the observation that PDE activity profiles were di&rent 



in cuitured VSMC than m VSMC h m  hie isolaîed aorta. While PDE3 actMty m 

whole aortic VSMC accotmpd tbr more than 6Wo of total PDE actinty, this activity m 

cultured VSMC was Iess than 30% of the total, SimiiFirly, there was also a noticeabIe 

Merence in PDE4 actMty profiles between VSMC in culture, and fiom whole aorta. In 

VSMC from kshly isoiated aortic VSMC, PDE4 activity was iess than 40% of the total, 

whiie in cultureci VSMC PDE4 activity was upward of 500/o of the total PDE activity. 

Thus, while the total PDE3 and PDE4 activity in both kshly isolated aortic VSMC, and 

in cultured VSMC was 80%, the individuai contriibution of PDE3 and PDE4 was 

noticeably different in the two tissue samples. The PDE3:PDE4 activity ratio in tieshly 

isolated aortic VSMC was 1 .SA, wbile the PDE3:PDE4 ratio in cuitured VSMC was 

markedy lower at 0.8: 1. 

Given that cyctic nucleotides are known to play a signiscant mle in the regdation of 

migration and proliferation, and that inhibition of PDE3 and PDE4 individually results in 

differentiid effects on migration and proMeration, it was reasonable to associate the 

difference in PDE profiles with the phenotypic diffierence between cultured VSMC 

(synthetic) and fieshly isolated VSMC (contractile). 

Although the cornparison of PDE3:PDE4 ratios in contractile and synthetic VSMC 

PDE pronles did highüght a potentially important dflerence in these cek, the ratio did 

not characterize the nature of the change in activity. The chaoge in the activity ratio rnay 

have been due to decreased PDE3 activity, increased PDE4 activity, or a combination of 

both. Therefore, it was my objective to more M y  characterize the change that occurs 

through passaging of VSMC. 



Cultured VSMC are often used as a model for the in vivo situation where, foliowing 

balloon-induced injury, VSMC change h m  a contractile to a synthetic phenotype, 

resulting in neointinml formation We chose to use this rat bail000 catheter-induced 

injury model as a relevant in vivo paradigm for the changes in PDE observed in cuiture. 

Based on this rationale, the following research hypothesis was proposed: 

The ntarkedQ louer PDE3 to PDE* &&y ra& observed in synflirclic W C ,  

cornpared to contrac~lr VSMC, ik due to a decreose in PDE3 expression, an increase 

in PDE4 expression, or a combination of both. 

1.9 Researcb Objectives 

In order to test our research hypothesis, the foilowing two objectives were proposed: 

1. Using PDE activïty assays, RT-PCR and immunoblotting, to determine PDE3 and 

PDE4 activity, RNA and protein expression in fieshly isolated aortic celis, and in 

primary culture of rat VSMC at increasing passage number between O and 5. 

2. To determine PDE3 and PDE4 expression ievels in isolated neointimal and media 

vascular smooth muscle celis foilowing vascular injury to the rat aorta, induced 

by baiioon cat heterizat ion 

1.10 Clinical Significance of the Study 

Since PDE3 and PDE4 are major CAMP hydrolyzing enzymes in rnammalian 

vasculature, and have been shown to play a role in regulating migration and proliferation 

of VSMC, it may be of great significance to determine their expression in proliferating 

VSMC. These 'synthetic' cek are often associated with vascular pathologies such as 

restenosis, and are currently targets for several classes of drugs, including PDE inhiiitors. 

In order to most effectively targd PDE in 'synthetic' VSMC, it is fïrst necessary to 



characîerize their expression. The appropriate use of PDE inh'b'iors in a dinical set- 

may lead to suppression of restenosis with fewer negative side-effkcts on the 

cardiovascuIar system as a whole. 
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2.1 Abstract 

Arterial VSMC in situ n o d y  express a contractile phenotype but can adopt a 

'synthetic' phenotype in respoase to vascular damage, or when cultured. A cornparison 

of literature values for phosphodiesterase 3 (PDE3) and phosphodiesterase 4 (PDE4) 

activities in 'contractile' and 'synthetic' VSMC identifies a marked Merence in the 

PDE3 :PDE4 activity ratio between t hese two VSMC pkno  types. W e  'contractile' 

VSMC express a PDE3:PDE4 activity ratio of around 1.5, cultured VSMC consistently 

express a much lower PDE3:PDE4 activity ratio, usually about 0.8. By measuring PDE3 

and PDE4 activities in 'contractile' and 'synthetic' VSMC, as weU as measuring the 

expression Ievel of these proteins in these cells, we demonstrate that the PDE3:PDE4 

activity ratio is decreased in 'synthetic' VSMC due to a phenotype-associated reduction 

in PDE3A expression. This fïndiog is discussed in the context of PDE3 inhibitors being 

used to inhiiit VSMC tùnctions incluciing contraction, proüferation and migration. In 

addition, smce the reduced expression of PDE3A in 'synthetic' VSMC also occurs in 



human VSMC, the impact of this phemxmmn on the potential of using PDE3 inhibitors 

in treatments of human cardiovascular diseases is discussed. 

2.2 Introduction 

In healthy blood vesse4 VSMC h t i o n  primarily to control contraction, and as 

such, are said to express a contractile phenotype (Owens, 1998). In contrast, duxing 

development, in response to vascular damsge or  during angiogenesis, VSMC alter their 

expression pronle, and adopt a more 'synthetic' phenotype (Owens, 1998). While 

contractile VSMC express a specinc set contractile proteins and exhiiit very low 

proliferative or migratory capacities, synthetic VSMC express significant extracellular 

matrix and are highly proliferative and migratory in response to growth factors (Owens, 

1998; Thyberg, 1998). Though wt identical, a sirnilar alteration in the phenotype of 

arterial VSMC occurs when these c e k  are placed in culture (Li et al., 1999; Worth et al., 

200 1). For this reason, cuitured VSMC are cornmonly used as a mode1 of 'synthetic' 

VSMC. 

Increases in 3'5'-cyclic adenosine monophosphate (CAMP), or 3'5'-cyclic 

guanosine mono phosphate (cGMP) innuence VSMC relaxation-contrac tion coupling, 

proiifieration, migration and cellular metabolism (Rybalkin and Bodeldt, 1999; Lucas et 

al., 2000; Koyama et al., 200 1 ). While CAMP and cGMP can have select ive e ffects on 

some VSMC functions, severai points of convergence between CAMP and cGMP 

signalling contribute to an overali simiiarity in theù effects (Koyama et al., 2001). The 

synthesis of CAMP and cGMP in cells is catalyzed by adenylyl cyclases and guanylyl 

cyclases, respectively. Once formed, the cyclic nucleotides are selectively hydrolysed by 

cyclic nucleotide PDE (Dousa, 1999; Soderling and Beavo, 2000). Presently, 1 1 distinct 



& d i e s  of mammabn PDE have been descri'bed with individual fimilies bemg 

disthguished based on their substrate selectivity, inhiibitor sensitivity and amiw acid 

sequeme. Several dinerent PDE activities are detected in homogenates of blood vessets 

or cultured arterial VSMC (PoIson and Strada, 1996; R y b k h  and Bornfèldt, 1999). 

Thus, members of the phosphodiesterase 1 (PDE I ), phosphodiesterase 3 (PDE3), 

phosphodiesterase 4 (PDE4) and phosphodiesterase 5 (PDES) familes (Kakkar et al., 

1999; Degerrnan et al., 1997; Houslay et al., 1998; Corbin and Francis, 1999) have k e n  

shown to be expressed in bovine, porcme, rodent and human VSMC (Polson and Strada, 

1996). While PDE 1 and PDES hydrolyse cGMP in ail VSMC studied, CAMP is 

hydrolyzed by PDE 1, PDE3 and PDE4, with the d e  for PDEl in this process k i n g  

species speciiic (Poison and Strada, 1996; Rose et al., 1997; Rybalkm et al., 1997; 

Palmer and Maurice, 2000). 

Although PDE3 a d  PDE4 activities together account for the majority of the 

CAMP hydrolysmg capacity in kshly isolated arterial VSMC and cultured arteriai 

VSMC, potentially important differences in the relative abundance of PDE3 a d  PDE4 in 

these two VSMC populations have k e n  noted (Polson aud Strada, 1996). Thus, while 

PDE3 activity is more abundant in fieshly isolated arterial VSMC, this activity accounts 

for less than 20% of CAMP hydrolysis in cultured arterial VSMC. In con-, in cultured 

VSMC, PDE4, not PDE3, is the most abundant CAMP PDE activity, accounting for 

greater than 75% of the total. Ahhough a phenotype-dependent change in VSMC PDE3 

and PDE4 activities could signincantly inûuence the abiiity of PDE3 &or PDE4 

inhiiitors to affect VSMC fùnct ions, the molecular basii and po tential fùnctional 

consequence of this Merence have wt been previously investigated. 



ui this report, we obsened that a merked teducfion m the expression of the major 

cardioyascutar PDE3 gene, PDE3A, accompanies the change m phenotype that occuts 

during cultining of rat aortic VSMC. In addition, ushg a Woon-induced endotheiial 

denudation method to induce vascular damage, we demonstrate that the intima1 VSMC 

that accumulate in reçponse to vascular damage similatly express markedly l es  PDE3A 

t h  the medial VSMC in this same artery. Interestingly, a similar bss of PDE3A is 

observed when human aortic VSMC undergo phenotypic modulation Our data is 

presented in the context of continuing efforts to use PDE3 inhiiitors to limit 

cardiovascular diseases (Haslam et al., 1999; Movsesian, 1999; Park et al., 2000; Osinski 
' 

and Schror, 2000; El Beyrouty and Spider, 200 1; Tanabe et al., 200 1). 

2.3 Materials and Methods 

2.3. 1 Ceii Culture 

Primary cultures of rat aortic VSMC were established using the enzyrnatic 

digestion of Wisbr rat aorta as descnid previously (Rose et al., 1997). VSMC were 

maintained in culture in Dulbecco's Modified Eagle's medium (DMEM) supplemented 

with caif semm (1 0 % v/v) or bovine serurn (10 % v/v), penicülin-streptomycin (1 00 

ug/mi) at 37' C in a humidified atmoçphere saturated with 95% air-5% COî. The VSMC 

were sub-cultured by trypsinization and dilution at a ratio of 1 :3. The VSMC used in 

these experiments were obtained between passages O and 7. 

2.3.2 Cyciic Nucleotide PAiospkodièsterase Active h u y  

CAMP PDE activity was assayed by a modification of Davis & Daly (1 979), as 

previously descnid (Rose et al., 1997), using 1-5 pg protein fiom cuitured VSMC 



homogenate, or h m  Wstar rat aortic homogenate. The CAMP PDE activity was 

expressed as pmol/&mg of protein. 

2.33 Immunobioüing 

VSMC homogenates were boüed m sample buEer and aliquots (5-30 pg) were 

subjected to SDS-PAGE, tramferrd to nitroceiiuiose membrane (Bio-Rad) and probed 

with selective antisera as descnbed previously (Liu and Mauricey 1999). Primary 

antihdies used in this study were dkected against p-actin (Sigma) or murine PDE3A and 

PDE3B; generous gift of Dr. J.A.Beavo, Department of Pharmacology, University of 

Washington, Seattle, WA (Zhao et al., 1997). Immwreactive protein bands were 

visuaiized using horseradish peroxidase-conjugated secondary antisera and an e h c e d  

chemiluminesceace kit (Amersham, Canada). 

2.3.4 Reverse Transcriptase Pok'ymerase Chah Reacîion (RT-PCR) 

RNA isolation and RT-PCR were carried out as descnid previously (Liu and 

Maurice, 1998). Sense and anti-sense primers for rat PDE3A (5'- 

CCGAATTCCCTTATCATAACAGAATCCACGC -CACT-3 ', 5 '- 

GGGAATTCGTGTTTCTTCAGGTCAGTAGCC-3') and rat PDE3B (5'- 

CCGAATTCTATCACAATCGTGTGCATGCCACAGA-3', 5'-CCGAATTCTTTGAG 

ATCTGTAGCAAGGATTGC-3') were used for PCR These primers, spanning two 

&rom gave rise to PCR products encoding PDE3A (508 bp) and PDE3B (499 bp). 

Conditions used for RT-PCR were optimized to aliow linear amplification of al1 products 

(Liu and Maurice, 1998), and these were visiializr_ed aod quantified foilowing agarose gel 



electrophoresis, digital photography and aaalysis of digital m e s  as descriid (Liu and 

Maurice, 1998). 

2.3.5 BalIoon-Cotkefer Induced Aotïic Damage 

Male Wistar rats (300g) were anesthetized ushg ketamine/water/xyhzhe cocktail 

(1 :2: 1). An abdominal incision was made, and a 2F-Fogarty balloon catheter (Baxter) 

was inserted into the lefl iliac artery. The balloon was infiated and passed three times 

through the abdominal portion of the aorta. FoUowing removal of the bdoon catheter, 

the left iiiac artery was sutured closed. Afier 14 days, rats were sacdiced and abdo& 

aortae were removed. The isolated aortae were rinsecl fke of blood, cleared of fàt and 

co~ect ive tissue and cut iongitudinally into three equal portions using a stiarp bide. 

The three aortic segments were separated and usai either for PDE activity 

determinations, immunoblot anaiysis or imm~11ohistochernical studies. PDE activity 

assays and imrnunoblotting were carried out as descri'bed previously (Liu and Maurice, 

1998). 

2.3.6 Immunohisfochemistry 

Blood vesse1 segments were fixed with 4% paraformaldehyde and embedded in 

parafb. Successive aortic slices were placed on slides, al1 of which was canied out in 

the core laboratory for the department of Pathology, Queen's University, Kingston, ON. 

Paraffin was removed fiom the slide by successive incubation of aortic segments in 

toluol, absolute ethanol, distUed water, and 0.1 M Tris. Antigens were exposed on de- 

parafnnized aortic segments by rinsing in water, followed by heating to boiling, for 2x 5 



min each tirne, m a 0.1 mM EDTA solution (pH 8). Following a w o h g  period (30 min), 

aortic segments were rgisd with O. 1 M Tris, incubateci with BSA (1 0 % w/v, 1 h) and 

incubateci with the primary antibody of interest (30 Wml, 484 ambient temp), or DAPI 

to stain nuclei Antisera used hcluded rabbit anti-PDE3 (poiyclonal). FoUowing this 

incubation aortic segments were r h e d  with 0.1 M Tris and mcubated with 1 :200 

dilutions of biotkonjugated goat auti-rabbit antisera. Aortic segments were then rhsed 

with O. 1 M Tris, and dowed to mcubate wûh streptavidin conjugated DTAF (Jackson 

Irnmuno Research), (5.6 cll/d in BSA solution) for 30 min. Foilowing Nises in 0.1 M 

Tris, aortic segments were riased with anti-$de ragent (Molecular Probes, Oregon 

USA) and covered with cover slips. Sections were viewed on a Zeiss Axiovert S 100 

fluorescent microscope, equipped with a SensiCam high performance CCD camera. 

2.3.7 Isola#ion of Neointimal VSMC Folfowlng BdIoon Injury 

Foilowing removal of balloon-injured aorta, intimai tissue was isolateci fiom the 

reniainder of the aorta by incubating the hunen of the intact vesse1 with 1 x trypsin-EDTA 

in ca2+ and M ~ ~ '  fke HBSS (4 times, 50 pl volumes) (Life Technologies). The four 

hctions of intima1 tissue were CO ilected by centrifiigation and pooled prior to fùrther 

processing . 

2.3.8 ProteinAsSay 

Protein concentrations were determined using the BCA protem assay (Pierce) 

according to the manufàcturer's protocol. BSA was used as a protein standard. 



2.4 Results rad Discussion 

2.4.1 d M P  PDE actïvity in mnlraclrle andsyntkctr'c rat aodk YSMC 

As descll'bed in Section 2.2, arterial VSMC in situ, wbich nonnally express a 

contractile phenotype, can adopt a synthetic phenotype m response to vascuiar damage, 

or when cultured (Owens, 1998; Thyberg, 1998; Li et ai., 1999; Worth et al., 200 1). 

Interestingiy, a conparison of literature values for PDE3 and PDE4 activities in arterial 

VSMC (contractile) and cultured (synthetic) VSMC was preseated in a review by Polson 

and Strada (1996) and identifies a marked ciifErence in the PDE3:PDE4 activity ratio 

between these two VSMC phenotypes Indeed, while contractile VSMC express a 

PDE3 :PDE4 activity ratio of amund 1 .S, cultureci VSMC consistently express a much 

lower PDE3:PDE4 activity ratio, usually about 0.8 (Polson and Strada, 1996; Rose et al-, 

1997). Based on these data, we hypothesized that the expression of PDE3 or PDE4, or 

both, might be different in these two distinct VSMC phenotypes. Secondly, we proposed 

that these differences codd signincantiy alter the abity of PDE3 or PDE4 inhibitors to 

affect VSMC functiom such as contraction or migration. Since the PDE3:PDE4 activity 

ratio in contractiie and synthetic VSMC could be dEerent due to changes in the 

expression of either PDEJ or PDE4, or both of these activities, we measured PDE3 and 

PDE4 activities in rat aortic VSMC prior to culture (contractile) and after culture 

(synthetic), investigated if these differences occurred in vivo in rats and determinecl ifa 

simiiar dserence existed in human aortic VSMC. 

In our experiments, synthetic rat aortic VSMC were shown to express 

significantly less CAMP PDE a c t ~ t y  than contractile rat aortic VSMC (Fig. 2.1 A). In 

addition, based on the effkcts of PDE3- or PDE4-selective inbiiitors, synthetic VSMC 



were shown to have signifïcantty leJJ PDE3 activity than contractile VSMC (Fi. 2. IA). 

In W. PIE3 actnnty decreased lincarfy with sukuiture und passage 4, at whkh time it 

was reduced by more than 50%. wben compared to PDE3 activity in VSMC wt 

submitted to culture. In wntrast, no difference in PDE4, or in the residual non- 

PDE3/PDE4 activity. as assessed using the broad-selectivity inhibitor (IBMX), were 

detected. In k t ,  wàen IBMX-mediated intuibition was taken as a measure of total 

CAMP PDE activity. the digerence in PDE3 activity observed between contractile and 

synthetic VSMC accounted for the entire difference between these two phenotypicaliy 

distinct VSMC (Fig. 2.1 A). 

2.4.2 PDE3A, but not PDE3B, H A  ond p ~ e i n  am &cmased upon culturing of rat 

aoriic VSMC 

In eariier reports we showed that contractile and synthetic rat and human aortic 

VSMC each expressed both PDE3A and PDE3B (Maurice et al., 1995; Liu and Maurice, 

1998; Palmer and Maurice, 2000). To establish if the reduced PDE3 activity found in 

synthetic VSMC was due to a general reduction in PDE3, or specific to one PDE3 gene, 

we determined the levels of expression of both PDE3A and PDE3B rnRNA and protein in 

contractile rat aortic VSMC as weii as in synthetic VSMC as generated by our sub 

culture protocol. Our data are show a marked reduction in PDE3A expression in 

synthetic VSMC (Fig. 2.18). Thus, while synthetic rat aortic VSMC showed a marked 

sub-culture-dependent reduction in PDE3A mRNA, no changes in the level of PDE3B 

mRNA were observed in these cek  (Fig. 2.1B). Consistent with the lack of observed 

difference in PDE4 activity between contractile and synthetic VSMC, no diflierences in 



the levels of PDE4D3 mRNA, the wot PDE4 emyme expressed m these ce& (Liu and 

Maurice, 1999), were detected. 

Consistent with these resuhs, i m m ~ ~ ) b l o t  an&+ demonstrateci that synthetic 

VSMC expressed markedly less PDE3A protem than contractile VSMC, whiie the levels 

of PDE3B m these homogenates were smiilar (Fig. 2.1C). Our observation that PDE4 

a c t ~ t y  and PDE4D3 mRNA levels were similar ktween contractile and synthetic 

VSMC foiiowed with immunoblot analysis of these samples of VSMC in which PDE4D3 

protein leveis in contractile and synthetic VSMC were indistinguishable (Fig. 2.1 D). 

Since our cornparison of PDE3B mRNA and protein Ievels between contractile and 

synthetic VSMC found the level of expression of this PDE3 variant to be similar and that 

no change in PDE4 activity or PDE4D3 expression were wted, we wnclude that the 

decrease in PDE3:PDE4 activity ratio obsewed in synthetic VSMC is most likely due to 

the decreased expression of PDE3A in synthetic VSMC. A similar decrease in 

expression of cardiac PDE3A was recently noted to associate with development of 

decompensated dilated cardiomyopathy (Smith et al., 1997). In k t ,  the authors of this 

earlier report suggested that the reduced expression of PDE3A in cardiomyocytes could 

account in part for the ineffectiveness of PDE3 inhi'bitors such as miirinone in the 

treatment of severe congestive heart fàilure. Whether or not similar mechanisms are 

involved in reducing PDE3A expression in synthetic VSMC and diseased 

cardiomyocytes awaits fbrther study. 



2.4.3 Rat aodè ih&d YSMC exhiba ducd PDE3 OCIiYi@ and reduced PDE3A 

e q m s b n  

As stated ia the Introduction, the synthetic phenotype expressed by cultured 

VSMC bas often been used as a mode1 of the altered phenotype expressed by intimal 

VSMC that accumulate foiiowing vascuiar damage (Owens, 1998). In fkt, several 

phannacological approaches designed to reduce the accumulation of intimal VSMC, aud 

reduce the incidence of intirnai lesions and cardiovascular disease, are based on results 

obtained with cultured synthetic VSMC. In order to assess if the reduced PDE3A 

expression that accompanied the developmnt of a synthetic phenotype in sub-cultured 

VSMC also accompanied the phemtypic modulation of VSMC in vivo, the PDE3 activity 

of neo-intirnai VSMC was measured. The results obtained agree with the idea that a 

simüar loss of PDE3A expression accompanies the vascular damage-induced in vivo 

phenotypic modulation of rat aortic VSMC. Thus, intimal VSMC PDE3 activity was 

signiscantly lower (60%<P<0.05) than that expressed by contractile VSMC isolated fiom 

either undamaged rat aorta, or fiom the medial layer of aorta following damage (Fig. 

2.2A). Our hding that i n t M  VSMC expressed less PDE3 activity, compared to medial 

VSMC, was similar to that demnstrated by immunoblot analysis in which these tissues 

showed a marked reduction in the level of PDE3A in intimai VSMC (Fig. 2.2B). 

Imrnunoblotting results showing that PDE3A present in medial VSMC were sirniiar 

whether this tissue was isoiated fiom aorta that had been damaged, or nom control aorta 

not subject to mechanical endothebal denudation (Fig. 2.2B) corresponded to our 

observation that the change in PDE3A was selective for intimal VSMC. Regrettably, 

since the amounts of tissue obtaiaed in these types of experiments was very low, it was 



not possible to determine the ievel of PDE3B present in the Etmial layer-derived tissues. 

However, given that viroueny m PDE3A was detected when mtmiai tissues were 

immtumbIotted, we think it reasonable to conclude that much of the residual PDE3 

activity present m intîmal VSMC (Fig. 2-2A) could repmsent PDE3B expressed m these 

celis. Further studies wül be needed to confimi this supposition. Consistent with the 

activity wasurements (Fig. 2.2A), and with results obtained using synthetic rat aortic 

VSMC generated by our sub-culturing protocol, levels of PDE4 activity (Fig. 2.2A) and 

of PDE4D3 protein expressed (uot shown) m intimai and medial derived VSMC were 

similar. 

To co&m that PDE3A expression was specificaiiy reduced in intima1 VSMC, an 

innnunohistochemical approach was used. Thus, while incubation of aortic sections 

isolated nom baiiooned aorta with a 8-actin specinc monoclonal antihdy showed that 

both intima1 and medial VSMC expressed similar amounts of this protein (not shown). 

Application of our PDE3 antisera identined a marked differeace in staining for PDE3 

between these layers of VSMC (Fig.2.2C). Virtually no specific staining for PDE3 was 

detected in the intimat layer of bdooned aorta in three replicate experiments. To further 

validate that sixniiar numbers of VSMC were present in the intimal and medial layers, 

VSMC ceU nuclei were stained with DAPI. Since both DAPI and p-actin staining clearly 

identined large numbers of c e k  in the intimai layers of these darnaged aorta, we 

conclude that intima1 VSMC express very low levels of PDE3 protein (Fig 2.2C). 

PDE3B expression could not be determined because of the lack of suitable antisera. 

2.4.4 Humaa aortic contractile and synthetic VSMC express difîerent kveb of 

PDE3A 



To determine if the marked decrease in PDE3A expression tbat accompanied the 

phenotypic modulation of rat aortic VSMC h m  contractik to synthetic also occurred 

with humau VSMC, PDE3 and PDE4 activities were measured in 'contractile' and 

'synthetic' human aortic VSMC. As s h o w  in Table 2.1, synthetic human aortic VSMC 

express three PDE activities, nameiy PDE 1, PDE3 and PDE4. Interestingly, as observed 

with rat aortic VSMC, 'synthetic' human aortic VSMC expressed significantly l e s  PDE3 

activity than 'contractile' human aortic VSMC (Table 1). Our finding of PDE 1 C 

expression in human 'synthetic' VSMC, and its absence in 'contractile7 human aortic 

VSMC or 'synthetic' rat aortic VSMC, has been previously reporteci (Rybalkin et al., 

1997; Palmer and Maurice, 2000). Comborating the loss of PDE3 activity observed m 

human 'synthetic' VSMC, immunoblot analysis of 'contractile' and 'synthetic' human 

aortic VSMC identifies a marked reduction in PDE3A expression in 'synthetic' human 

aortic VSMC, compared to 'contractile7 VSMC (Fig. 2.3). Consistent with the mdest 

difference in PDE4 activity recorded between 'synthetic' and 'contractile' rat VSMC 

(Table 2.1 ), no daerences were observed in PDE4D3 expression in these two 

phenotypically distinct human aortic VSMC (not shown). Based on these data, we 

conclude that a similar reduction in PDE3A expression accompanies the 'contractile' to 

'synthetic' phemtypic switch that occurs in human aortic VSMC when these cek  are 

placed in culture. Irnmunohistochemical analysis sllnilar to that carried out by us 

foilowing balloon-induced vascular damage wouid support this conclusion; 

unfortunately, no vascukr specimens with actively developing intima1 layers are 

available to us. In fàct, an earlier attempt to investigate expression of PDE 1C in human 



mtimal VSMC demonstratecl that at Iater times, the htbid VSMC express a phenotype 

more simüar to that of VSMC m the mediai layer (Rybaikin et al., 1997). 

2.44 Pho~lll~cologicd cuid Thenilpcrdic Iilicatwns 

PDE3 has been a signi6cant phamÿicological target for the treatmnt of severai 

cardiovascular disorders (Haslam et al., 1999; Movsesian, 1999; Park et al., 2000; 

Osinski and Schror, 2000; El Beyrouty and Spider, 2001 ; Tanabe et al., 2001). 

Therapeutic use of PDE3 inbiiiors may result in stimulated myocardial contractility, 

inhiiition of platelet aggregation, and relaxation of vascular and ainvay smooth muscle. 

Indeed, milrinone, and more recently ciiostazoi, have been shown to markedly affect the 

hctioning of cardiovascular tissues (Haslam et al-, 1 999; Movsesian, 1 999; Park et al., 

2000; Osinski and Schror, 2000; El Beyrouty and Spider, 2001; Tanabe et al., 200 1). 

Recently, cilostazol has been considered a prornising candidate dmg for prevention of 

restenosis due to its vasodilating and anti-platelet effects (Tanabe et al., 200 1). Indeed, 

several studies have indicated some degree of success in suppressing neointirnal 

formation in animal models using cilostazol (houe et al. 2000; Aoki et al., 200 1 ). 

Results of trials in which aspirin and ciiostazol were delivered in combination following 

stent h g  sho wed comparable results to those obtained when aspirin and t iclo pidine, an 

inhibitor of platelet aggregation, were used (Park et al., 2000). Based on our present 

results, we suggest that cilostazol rnay act preferentially to inhibit plaîelet PDE3A when 

used in this situation. In fàct, our data demonstrating a ciear and marked reduction m the 

expression of the major PDE3 in the proliferative and migratory synthetic VSMC 

provides strong support for the idea that the effects of this agent are most likely not due 

to direct vascular effects. 



Based on the tesults obtamed here, it may be argued that rather than i n h i i ï  

PDE3 inhibition, a stnitegy of PDE4 mh'b'ion could pedxqx prove to be more efkctive 

m reducing accumulation of intima1 VSMC following vascular mjury. In fkct, previous 

work identifying PDE4 inbibiiors as more potent inbi'bitors of rat aortic VSMC migration 

than PDE3 inhiiitors substantiates this idea (Palmer et ai-, 1998). In addition, since 

PDE4 inhibitors are not potent vasudilators in blood vessels without intact endothelid 

fùnction (Komas et al., 199 l), use of these agents might resdt in fewer undesirable 

cardiovascular effects such as vascuiar relaxation. Altered PDE expression in dif5erent 

endothelid phenotypes has also been reported (Keravis et al., 2000). The impact of these ' 

findings on our data remains to be established. 

On a more fûndamental level, our data are aiso perhaps informative with respect 

to CAMP-mediated regulation of PDE3- vs PDE4-sensitive VSMC fùnctions. Thus, 

PDE3 inhi'bitors are potent inhiibitors of agonist-mediated contractions of arterial tissue, 

and potentiate the relaxant effects of activators of adenylyl cyclases (Maurice and 

Haslarn, 1990), while PDE4 inhiiitors are generally poor inhibitors of arterial 

contractions, and only have effects when used in combination with PDE3 iuhiibitors or in 

blood vessels with intact e n d o t h e h  fùnctions ('ornas et ai., 199 1). Regdation of 

contractility of VSMC clearly is a fùnction more relevant to VSMC expressing a 

contractile phenotype. Interest ing ly, PDE4 inhibitors are more effective at inhibithg 

proliferation, or migration, of VSMC, activities that are more relevant to VSMC 

expressing a synthetic phenotype. B a d  on the data presented in tbis report, we 

hypothesize that the absolute amounts of PDE3 and PDE4 in these piienotypically distinct 



VSMC populations is a detennining factor of whether PDE3 or PDE4 inhiioa will be 

e k t i v e .  Cleady fÙrîûer studies WU k required to directly test this idea. 



Table 2.1 D~flerential PDE adivîty in contracfile ond syriketic h~<unon aortic YSMC 

Activities are means S.E. of a representative experiment carried out in triplicate using 1 

pM CAMP as substrate. S i m k  values were obtained in four separate experirnents. 

Values are significantly dittérent ", P < 0.05; one-way ANOVA (Tukey post hoc test) - 
relative to human contractile aortic VSMC; , Pc 0.05; one-way ANOVA (Tukey post 

hoc test) relative to total CAMP PDE activity of relevant human aortic VSMC phenotype. 

PDEJ Activity 
(pmoVmia/mg) 

116 f 3** 

3 1 f 4.*'* 

Human Contractile 
Aortic VSMC 

Human Synthetic 
Aortic VSMC 

Total CAMP 
PDE Activity 

(pmoVrnin/mp;) 
161 &9 

124 2 5' 

PDEl Activîty 
(pmollmin/rng) 

None 

53 1 + 39**** 



Figure 2.1 Dz~emntM cxpmsion IPDEIIA In conaactile ondsynîhdic rot aortik 

VSM% 

Rat aorta were lysed m PDE assay bunér or enzymatically dkciated to generate 

VSMC for culture (Material & Methods). Dissociated VSMC were plated on plastic 

tissue culture plates and cultureci at 37OC until coduence (3-6 days). These VSMC were 

designated as passage O (PO). At contluence, PO VSMC were isolated and separated into 

three aüquots. One third of the PO VSMC was plated again and grown to confluence 

whiIe the remaining two tbirds were used for deteminations of PDE activity, mRNA and 

protein Ievels, as descriid in Materials and Methods- (A) Total CAMP PDE activïty, 

PDE3 activity (1 p M  cilostamide) and PDE4 activity (10 pM Ro 20-1 724) in 

homogenates of each VSMC population were deterrnined as descn'bed in Materiai and 

Methods. Data are m 2 S.E. of three separate experiments (n=3). (£3) Levek of PDE3A 

or PDE3B mRNA in aorta and at each individuai passage number were determined by 

RT-PCR (Materials & Methods). A representative photograph ( i )  of PDE3A reaction 

products is shown and (ii) an average of the changes in abundance of PDE3A and PDE3B 

during culturing is shown (n=3). (C) Representative immunoblot 6om three experiments 

in which levels of PDE3A and PDE3B in aorta and cultured VSMC were determined 

using a pan-reactive PDE3 antibody. Rat epididymal fat, which exclusively expresses 

PDE3B, and subceiiuiar fiactions of synthetic VSMC, which express both PDE3A and 

PDE3B are also shown as controis. (D) Representative immunoblot (n=3) in which 

levels of PDE4D3 in VSMC nom each passage were determined using a PDE4D-specific 

antxbody. No changes in PDE4D3 were observed when PDE4D3 amounts were corrected 

for by wrnialipng to B-actin using a selective momclonal antibody. 
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Figure 2.2 PDE3A qrasion in mt twttik netûntimîd VSMC fonned in response to 

bdoon-induced vusculm rlimtqge 

2F-Fogarty balioons were used to mduce vascular injury to the abdominai aorta of male 

Wistar rats, as descriid in Materials and Methods. Following this procedure, rats were 

retumed to their cages and remained there for two weeks. Mer 14 days, aorta were 

removed and analysed. (A) Percent of total CAMP PDE activity, percent PDE3 (1 pM 

cilostamide), or combined percent PDE3 and PDE4 (10 pM zardaverine) were 

determined m homogenates of m t M  and medial tissues following isolation of intima! 

tissue fiom medial tissue by digestion with trypsin (Materials and Methods). (E3) 

Immuno blot analysis of rat aorta and of isoiated intima1 and mediai tissues fiom 

baiiooned aorta using a PDE3 selective antibdy. Significant percentage decreases in 

intimaî versus medial VSMC PDE3 activity was detected (p< 0.05). (C) Control or 

baiiooned rat aorta were processed for immunohistochemical analysis as described in 

Materials and Methods. A A control rat aorta (not ballooned) stained with H & E is 

shown with the medial and endotheliai layers identifieci. B Bailooned rat aorta stained 

with H & E, identifying medial and neo-intima1 layers. C Control aorta (not ballooned) 

ushg immunohistochemistry with anti-PDE3 antisera. Neointimal VSMC are not present. 

D DAPI staining identifies an abundance of VSMC nuclei within the intima, and media, 

as weli as sparce adventitial firoblasts. E Irnunohistochemical stained section of 

ballooned rat aorta u h g  anti-B-actin antisera. Equd staining is obsewed in the medial 

and neo-intid iayers. F Immunohistochemical stained section using anti-PDE3 antisera 

showing ample staining in the media, while little or none is observeci in the neo-intima1 or 

adventitial layer. 
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Figure 2.2B 



Fîgurr 2.3 D~remntid expmssion of PDWApmtein in conlnircli'le and syntketr'c 

kumcur oortr'c VSM% 

Segments of human aorta, and primary cultures of human aortic srnooth muscle ceUs 

HVSMV derived from isolated explants nom thoracic aorta were lysed and 

immunoblotting was carried out as descriid previously using a selecîive PDE3 

polyclonal anîiidy (Palmer and Maurice, 2000). In addition a selective f3-actin 

monoclonal antibody was used to normalize for intracelldar protein within the total 

homogenate. 



Figure 2.3 



3.1 Reguiation of Cyclic Nucleotide Signalüng by PDE 

The findings of this study an sigdicant m several respects. In tenns of the 

signincance on a molecular level we have identified a mechaniSm that could potentially 

account for the specscity of PDE reguiation of cyclic nucleotide signaliing throughout 

the ceii. The way in which 1 1 .different fiundies of PDE differentially regulate cell 

fùnction is somewhat unclear. The existence of multiple families of adenylyl cyclases, 

protein kinases, and especidy protein kinase-anchoring proteins have led to the widely 

accepted hypothesis that cyclic nucleotide sigdiing is compartmentalized within the 

ce& and that different PDE gene f d e s  may be responsiile for the hydroiysis of 

difEerent pools of CAMP within these compartments. Compartmentalhtion of signaiiing 

events has been used to expiain several observations that demonstrate a dissociation of 

CAMP accumulation fiom physiological response (Steinberg and Brunton, 200 1). For 

exarnple, in an isolated heart preparation, forsko lin-hduced CAMP elevation results in 

difEerent protein phosphorylation events, and contrac tility, than iso pro tereno 1-induced 

elevation of CAMP. Although both agents elevate cellular CAMP concentrations to 

similar Ievels, the downstream effects are more pronounced with kaproteren01 (England 

and Shahid, 1987). 

Similar studies have demonstrated that PDE may be involved in dissociating cyclic 

nucleotide levels and their e k t s  downstream. Thus, it was O bserved in rat mesangid 

c e k  that with similar PKA activity, iehibition of either PDE3 with cilastozol or PDE4 

with rolipram resulted in markedly dBerent cellular responses. There was a signincant 

suppression of reactive oxygen-metabolites (ROM) in response to PDE4 inhibition, while 



PDE3 inhibition showed no e&t on ROM. Alternatively, PDE3 inhi'b'ition resulted in 

suppression of mitogenic DNA synthesis, H e  PDE4 mh'b'ion did not. Based on these 

findings, the author hypothesized that in rat mesmghl ce&, which are phenotypically 

srmilar to VSMC, the CAMP-PKA sigoalling pathway that controls ROM generation is 

coupled to CAMP hydrolysis by PDE4, whereas the CAMP-PKA sigoalling pathway 

coupled to CAMP hydrolysis by PDE3 regulates proiifèration (Chini et al., 1997). 

Our findings suggest a M e r  rnechanisn for sipalhg regulation in synthetic 

VSMC. Instead, or in addition to comparmientalimtion of cyclic nucleotide signalling 

where PDE hydrolyze ody specific pools of CAMP, signahg could be altered by a 

phenotype-dependent change in PDE expression. The loss of PDE3A expression as 

shown in our study is in itselfa regdatory mechaaism, and constitutes one of several 

expianations for the biological b i s  of the considerable multiplicity of PDE. 

3.2 PDE Profile in Human Synthetic Vascular Smooth Muscle Cells 

In t e m  of the ciinical relevance of our findings, it is important to note that the 

majonty of our research was carried out using rat vascular smooth muscle cells, no t 

hurnan synthetic VSMC. Although the loss of PDE3A expression observed in rat 

synthetic VSMC was also seen in human synthetic VSMC, the overall PDE expression 

profïies are different in rat and human VSMC. For example, human synthetic VSMC 

have ken  shown to express a form of the calmoduiin-stimulated PDE 1 gene famiy that 

is not expressed in human contractile VSMC, w r  in most other mammalian synthetic 

VSMC (Rybalkin et al., 1997). Therefore it is a uniquely human phenomenon that may 

not be studied in bovine, monkey or rat tissues. PDEIC, one of three PDEl isoforms that 

primarily hydrolps CAMP, was the major CAMP hydrolyzhg enzyme in primary 



cultures of human VSMC, accounthg for 80% to 85% of the total CAMP-hydrolyzhg 

activity (Rybalkin and Bordeldt, 1999). Interes@&, it was also observeci that a cGMP 

hydmtyPng isoform of the PDEl fàtnily, PDEIB, was detected in the VSMC isolated 

fiom the medial layer of human aorta, but was absent fiom primary cultures of hurnan 

VSMC. Thk switch eom PDEIB, a cGMP hydrolyzing enzyme in 'contractile' VSMC, 

to PDE 1 C expression, a CAMP hydrolyzing enzyxne in 'synthetic' VSMC, is sigdicant 

in the context of proliferation Since CAMP is thought to be a more potent inhibitor of 

proliferation than cGMP, it is reasonable to hypothesize that the expression of PDE 1 C is 

necessary in order to keep the levels of CAMP low in these human synthetic VSMC 

(Rybdkin and Bornfeldt, 1999). 

3.3 Cyclic-GMP Signalling in Synthetic Vascular Smooth Muscle Cells 

It is widely recognized that cultured VSMC display a marked loss of several cGMP- 

regulated effector proteins, when compared to ceUs not subjected to celi culture. Our 

finding of a loss of PDE3A in cuitured VSMC, and in neointirnai VSMC, is consistent 

with this premise. In k t ,  cGMP-inhiiition of PDE3A has k e n  established to play a 

dominant role in the reguiation of this enzyme both through inhibition of platelets, and 

inhibition of aortic contraction. However, the functional impact of this loss of PDE3A on 

cGMP mediated regulation of CAMP, is dfictdt in this context due to the previously 

published loss of the soluble GC under these conditions. 

The disappearance of PDE 1 B, a cGMP hydrolyzing enzyme in human synthetic 

VSMC, is consistent with severai studies that show a decrease in cGMP regulated 

proteins in these cek. It has k e n  demonstratecl numerous times that upon bdoon 

catheter-induced injury, PKG expression is decreased in neointimal VSMC, but w t  in 



mdial -0th muscle ceUs (Anderson et al., 2000). In kt, these enzymes have been 

implicated m detennining the dinerentiation state of the VSMC. This was directl~ 

demoastraîed by transfecting VSMC ceil Lines with PKG cDNA, which resulted in 

dedifferentiated 'synthetic' VSMC being t r a n s f o d  to 'contractile', differentiated 

VSMC (Boerth et al., 1997). 

With respect to the findiags presented in this thesis, the l o s  of PDE3A in rat and 

human synthetic VSMC follows with these observations since PDE3 is a cGMP-inhibited 

enzyme. The absence of PKG and PDE3 in synthetic VSMC are potential indicatoa of a 

trend toward an o v e d  decrease of cGMP sensitive proteins in synthetic VSMC. 

Combined with a loss of PDEIB obsened in human VSMC, it appears that there is a 

general loss of cGMP regdation and cGMP sensitivity in synthetic VSMC. Thus, the 

relative importance of CAMP m these ceUs is enhanced. since it appears to be the major 

cyclic nucleot ide responsible for downstream signaiiing events, including t hose events 

involved in inhi'bition of celi proliferatioa Therefore, the CAMP hydrolyzing emymes, 

~ m e l y  PDE4, play an important reguiatory role in these cek.  

3.4 PDE3 Inhibitors for the Treatment of Restenosis 

Most current strategies for prevention of restenosis related to inhiiition of PDE, 

have focused on PDE3. Although the PDE3 inhibitor cilostazol has been shown to 

prevent neointimal formation in sorne animal models, the same degree of neointimal 

suppression has not been demomtrated in human trials. When cilostazol treatment was 

compared to treatment with ticlopidine, an anti-piatelet agent, the results demomtrated 

that there was no significant difference in neointinial formation between the two groups 

(Nagaoka et al., 2001). Since PDE3 is abundant in platelets, this observation suggests 



that any positive effects ach ied  by ciIosbu,l treatment are most likely a result of its 

e f f i  on piatelets, not on vascular smooth muscle cek. Although antiplatelet therapy 

bas s h o w  some success in reducing neointmial formation, based on the mechanism of 

neointbai formation, it is kely  that using PDE inhihitors targeted specifically at VMSC 

is a more promishg strategy for prevention of restenosis. Based on our findmgs in both 

rat and human synthetic VSMC, we believe that PDE3 is not the prime target for 

intitibition, since its expression is Iow in these ceiis. 

3.5 PDE4 Inbibitors for the Treatment of Restenosis 

The findings obtained fiom rat VSMC suggest that PDE4 hhiiitors rnay prove 

more successfd for preventing restenosis, since PDE4 is the most abundant CAMP 

hydroIyzing enzyme present m rat synthetic VSMC. Further, PDE4 may be a better 

thecapeutic target than PDE3 because unlike PDE3 inhibitors, PDE4 inhibitors elicit few 

effects on the systemic circulation. Whereas PDE3 inhiiitors stimulate myocardial 

contractility, vasculat and airway smoo th muscle relaxation, and inhibition of piatelet 

aggregation, PDE4 inhibitors do not cause these potentiaiiy dangerous effects (Shaku. et 

al., 2001). 

Currently PDE4 inhiiitors are prospective agents for the treatment of chronic h g  

diseases such as asthma and chronic obstructive pulmonary disease (Bamette and 

Underwood, 2000). Their abiity to suppress the activity of inflammatory c e k  renders 

them promising anti-inflammatory agents. PDE4 inhibitors achieve this resdt by 

inhibit hg the generation of cytokines, reducing the production of pro-infiammatory 

mediaton such as basophils, neutrophils and eosinophils, as well as attenuating de- 

granulation of these celis (Barnette and Underwood, 2000). 



In this respect, PDE4 inhtMors are potentiaily usem in the contes of restenosis. 

Since one of the principal initiating events of restenosis is inflammation, the ability of 

PDE4 mhi toa  to suppress the immune response could be sigmficant m their overall 

efficacy. 

3.6 Cliaical Sigaificance of O u r  Findings 

We have shown a los of PDE3A in rat synthetic VSMC both in culture, and in 

neohtirna. Moreover, we have shown that the loss of PDE3A in cultured rat VSMC 

parallek the loss of PDE3A observed in human VSMC in culture. We did not however, 

examine human neointima because of our inabiility to obtah neointimal VSMC that are 

stiU of the synthetic phenotype. In moa cases, reendothelialization of arterial lesions 

over time causes neointicnal VSMC to lose their synthetic phenotype, and become 

contractile VSMC. Therefore, it is not possible to state with absolute certainty that 

PDE3A is absent in huma. neointimal VSMC. However, we cm predict, based on our 

findings fiom cultured and neointknal rat VSMC, that hurnan VSMC m culture are a 

valid paradigm for synthetic VSMC fiom human neointha. Unfortunately, PDE profiles 

in human synthetic VSMC are unique in that they express an abundance of PDE 1 C. 

Therefore, neointima fiom animal models are not an appropriate mode1 for use as an 

accurate alternative for hurnan neointima. 

The fiict that human synthetic VSMC have unique species-specific characteristics 

must be borne in mind when developing therapeutic strategies to treat restenosis. 

Although we have hypothesized that PDE4 inhibitors wodd be successfbl in preventing 

restenosis, this may not be the case since unlike the rat, PDE4 is not the primary CAMP- 

hydrolyzhg enzyme in humans. There is such a high expression of PDE 1 C in human 



synthetic VSMC, tbat its presence may make it f i c u l t  to detect any effects of PDE4 

inhiiition Therefore a combination of PDE inhiiiors, such as PDE3, PDE4 a d o r  

PDEl may prove to be more effective than inhiion of a single PDE h f o m  

3.7 Future Directions 

The hdings presented in this study are relevant in many respects, aud therefore 

may be pursued fiom several different perspectives. In temis of cyclic nucleotide 

signalling in synthetic VSMC, the loss of PDE3 activity could be correlated with the loss 

or no loss of specific PDE3 regulated ce11 functions. D e t e d g  whether the decrease 

in PDE3A does indeed alter cyclic nucleotide signahg regdation can be achieved by 

using PDE3 inhibitors in contractile VSMC and in synthetic VSMC and comparing 

aspects of cell hction. 

The reduction the cGMP inhibited PDE3 enzyme shown in our study serves to 

c d  attention to the fact that in synthetic VSMC, there appears to be a decrease of 

proteins n o d y  sensitive to cGMP. Some of the proteins invo lved in the cGMP 

signahg cascade, such as SOC and PDES, as weU as sorne downstrearn cGMP effector 

proteins have not been studied in the context of an overall decrease of expression a d o r  

sensitivity in synthetic VSMC. This rnay substantiate our hypothesis that in syntheiic 

VSMC, there is a total ceiiular desensitization to cGMP. 

A natural progression of our work, with respect to the clinical implications for 

treatment of restenosis is the use of PDE4 and/or combiied PDE3/PDE4 inhi'bitors. 

Using the rat mode1 of balloon catheter-induced injury, inhibitors used at various time 

points following balloon catheterization may be informative with regard to the point at 

which PDE314 inhiiition is most effective. The route of inhiiior delivery may also be 



reievant. L o d  dnig delivery thmugh pluronic gel c o q a m i  to systemic drug delivery 

may present signiscantly differentiy results. 
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