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Abstract 

The phenotypic modulation of vascular smooth muscle cells (VSMCs) from a 

“contractile/quiescent” to an “activated/synthetic” phenotype, with increased proliferative 

and migratory potential, is critical for the formation of advanced atherosclerotic lesions. 

Agents that regulate intracellular levels of the cyclic AMP (cAMP) and cyclic GMP 

(cGMP) have been shown to reduce VSMC migration and proliferation, and to reduce 

intimal thickening in response to vascular damage. Interestingly, expression of a specific 

cyclic nucleotide phosphodiesterase, PDE1C, that is not expressed in contractile VSMCs, 

is induced in activated human VSMCs and this directly impacts human VSMC 

phenotypic modulation. This study was undertaken to identify potential mechanism(s) by 

which PDE1C could impact VSMC phenotypic modulation and associated cellular 

functions. Overall, my data indicate that PDE1C controls store operated calcium (Ca
2+

) 

channel (SOCC) activity in activated human VSMCs. Indeed, increased PDE1C elevates 

store operated Ca
2+

 entry (SOCE), which in turn further activates PDE1C. This linkage 

between PDE1C and the SOCC complex increases cytosolic [Ca
2+

] and activates cell 

proliferation. A potential human VSMC SOCC, the Transient receptor potential channel 

1 (TrpC1), was shown to physically associate with PDE1C in HEK293T cells expressing 

these proteins heterologously, as well as in human arterial VSMCs. In HEK293T cells, I 

also identified association of AC6 and IP3R with TrpC1. Interaction between TrpC1 and 

PDE1C in Human Aortic Smooth Muscle Cells (HASMCs) is decreased upon activation 

of SOCE, suggesting PDE1C is activated after release from TrpC1-PDE1C complex. 

From these studies I have established a potential mechanism by which PDE1C signaling 

impacts SOCE and shown that a TrpC1-PDE1C complex may be important. 
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Chapter 1 

Introduction 

1.1 Cardiovascular Diseases and Vascular Smooth Muscle Cell (VSMC) Phenotypes 

Cardiovascular disease remains one of the leading causes of morbidity and mortality in 

the developed world. In 2009, there were 80 million adults suffering from at least one 

type of cardiovascular disease in the USA. Among all major forms of cardiovascular 

diseases, 90% of patients (73 million) were diagnosed with high arterial blood pressure 

(Lloyd-Jones et al., 2009). Although many factors can contribute to hypertension, the 

most direct cause of hypertension is increased peripheral vascular resistance, which 

involves extensive pathological vascular remodeling. 

 

Anatomically, arteries compose three layers: intimal, medial and adventitial. The medial 

layer is composed of elastic fibers and contains virtually all of the vascular smooth 

muscle cells (VSMCs). In the healthy adult, VSMCs express what is called a 

“contractile/quiescent” (herein called contractile) phenotype. Contractile VSMCs exhibit 

an extremely low rate of proliferation and synthesize a number of specialized proteins. 

Indeed, these cells express a unique repertoire of proteins, including ion channels, 

contractile proteins and signaling proteins, which support their largely contractile 

functions. Contractile smooth muscle cells provide not only structural integrity for the 

vessel walls but also regulate vascular tone and blood pressure. However, unlike the 

terminally differentiated skeletal and cardiac muscle cells of the adult, VSMCs retain a 

remarkable plasticity and can undergo reversible changes in their phenotype in response 
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to local environmental cues. Under stimulation of certain growth factors, cytokines or 

inflammatory mediators, contractile VSMCs can adopt an “activated/synthetic” (herein 

“activated”) phenotype in which their contractile capacities are reduced but their ability 

to proliferate, migrate, and synthesize extracellular matrix proteins are each increased 

markedly. Development of this activated VSMC phenotype is believed to be adaptive as 

it confers a survival advantage and allows VSMCs to participate in arterial repair 

following injury. However, an unfortunate consequence of this adaptive plasticity is that 

it also allows VSMCs to act mal-adaptively and to aggravate development and 

progression of certain vascular diseases. Evidence indicates that development of an 

activated VSMC phenotype contributes significantly to disease progression in 

atherosclerosis, cancer and hypertension (Owens, 1995; House et al., 2008). The 

phenotypic switch of VSMCs from a contractile to an activated phenotype represents a 

highly complex and regulated process, involving transcriptional regulation of numerous 

genes, and requires integration of myriad extracellular signals. VSMCs have access to 

numerous signal transduction systems to accomplish this transition.  

 

1.2  Signal transduction Systems. 

The cellular plasma membrane is a selectively permeable membrane, separating the 

interior of the cell from the exterior environment. A phospholipid bilayer prevents large 

polar molecules from entering the cell. In order to integrate extracellular signals, cells 

utilize several signal transduction systems, in which the ultimate intracellular signal is 

called a second messenger. Second messengers comprise small molecules that diffuse 

rapidly within the cellular cytoplasm. Upon activation of second messenger systems, cells 



 

3 

 

are able to respond quickly to external stimuli. Not only do second messengers help to 

interpret external signals, they also serve to integrate information when cells receive 

multiple upstream inputs. Through coordinating the activation of downstream effectors, 

second messenger systems can greatly amplify the strength of the original signal. 

Although several small molecules have been identified and shown to act as second 

messengers, the second messengers of interest in my work are 3’, 5’-cyclic adenosine 

monophosphate (cAMP) and calcium (Ca
2+

). The individual actions coordinated by 

cAMP and Ca
2+

, as well as the ability of these systems to integrate their messaging 

(herein “cross-talk”), have been the subject of intense study over the past several decades. 

In VSMCs, these second messengers play central roles in establishing patterns of gene 

and protein expression, determining VSMC phenotype. However, despite our 

understanding of their individual roles in VSMC proliferation, very few studies have 

investigated the mechanism through which cAMP and Ca
2+

 integrate their signals in 

VSMCs or have addressed how these events might diverge in contractile and activated 

VSMCs.  

 

1.3 Calcium-signaling in VSMCs 

Signaling through Ca
2+

 plays important roles in numerous VSMC functions. VSMCs, 

which express several tightly regulated Ca
2+

-ATPases, maintain their cytosolic [Ca
2+

] 

between 100-300nM (5,000-20,000 times lower than extracellular [Ca
2+

] (Landsberg et 

al., 2004). Increases in cytosolic [Ca
2+

] can occur due to entry from the extracellular fluid 

through plasma membrane channels or from release of intracellular Ca
2+ 

stores, including 

the sarcoplasmic reticulum (SR). VSMCs express numerous plasma membrane Ca
2+
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channels and these can be categorized by the mechanisms that promote their opening: 1) 

voltage-dependent Ca
2+

 channels are activated by membrane depolarization; 2) receptor-

operated Ca
2+ 

channels are opened by receptor-ligand binding and this opening is largely 

independent of membrane potential; 3) store-operated Ca
2+ 

channels (SOCCs) are opened 

in response to depletion of sarcoplasmic reticulum (SR) Ca
2+

 stores. Ca
2+ 

can be released 

from SR stores through two types of SR channels: namely the inositol trisphosphate 

(IP3)-regulated channels and the ryanodine receptor-regulated Ca
2+

 channels, respectively. 

In contrast to Ca
2+

 dynamics across the plasma membrane, since the SR membrane 

allows Ca
2+

 to leak into the cytoplasm, an SR Ca
2+

-Mg
2+

-ATPase actively pumps Ca
2+

 

back into the SR and works to maintains the high [Ca
2+

] in the SR store (Hardingham et 

al., 1998). 

 

Unlike the fast, but short lived increases in cytosolic [Ca
2+

] that occur during individual 

contractions in cardiomyocytes, changes of cytosolic [Ca
2+

]
 
in VSMCs are much slower 

and longer-lived. It is widely accepted that a transient increase in VSMC cytosolic [Ca
2+

] 

promotes their contraction, while prolonged elevation in VSMC cytosolic [Ca
2+

]
 
can 

increase nuclear [Ca
2+

], which can participate in promoting the phenotypic switch from 

quiescent VSMCs to synthetic VSMCs. For instance, increased cytosolic [Ca
2+

], through 

activation of Ca
2+

/calmodulin (CaM) kinase, triggers cell transition from G2 to M phase 

and promotes proliferation (Deisseroth et al., 1998; Dolmetsch et al., 1997). 

 

In addition to the moment to moment regulation of Ca
2+

 transients discussed above, 

changes in the expression of VSMC Ca
2+ 

channels also can impact VSMC Ca
2+

 handling. 
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For instance, marked changes in the expression of several ion channels, including those 

that transport Ca
2+

, occurs during the process of VSMC phenotype modulation described 

above. For example, it has been observed that the number of functional L-type (long-

lasting type) voltage dependent Ca
2+

 channels is decreased while expression of T-type 

(transient type) voltage dependent Ca
2+ 

channels is increased in synthetic VSMCs. 

Studies have shown that SOCCs are also up-regulated in synthetic VSMCs compared to 

their levels in contractile VSMCs (Catterall, 2000). Indeed, expression of transient 

receptor potential cation channels (TrpC) (SOCC subunits, detail see section 1.5) are 

dramatically increased in synthetic VSMC in culture or in VSMCs in injured arteries. The 

functional significance of this difference was documented when RNA interference 

(RNAi)-mediated knockdown of some TrpC channels markedly attenuate proliferation of 

VSMCs in a model of pulmonary artery hypertension (Bergdahl et al., 2004). 

  

1.4 Store-operated Calcium Channels (SOCC) 

The concept of “store-operated Ca
2+

 entry” into cells was proposed soon after the 

discovery that inositol 1, 4, 5-triphosphate (IP3) triggered the release SR Ca
2+

 store. 

Indeed, since SR Ca
2+

 regulates numerous vital functions, including vesicle trafficking, 

release of stress signals, cholesterol metabolism and cell apoptosis, it was clear that re-

filling this store between cycles of release in response to increases in IP3-mediated 

signaling was critical to long-term cellular functioning (Parekh et al., 2005). It is now 

widely accepted that store-operated Ca
2+

 channels immediately act to refill the SR store 

of Ca
2+

 following SR Ca
2+

 release.  
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SR Ca
2+ 

store depletion can be achieved either actively or passively. Active depletion 

occurs when cells are extensively challenged with store-depleting agents, or when 

membrane permeable forms of IP3 are added to cells. In response, cells promote store 

operated calcium entry (SOCE) (McDaniel et al., 2001). Passive store depletion occurs 

when the SR Ca
2+

-ATPase is inhibited and SR Ca
2+ 

is allowed to leak into the cytosol 

(Hoth et al., 1993). Since the discovery of SR Ca
2+

-ATPase, inhibitors of SR Ca
2+

-

ATPase, including cyclopiazonic acid (CPA) or thapsigargin, have been used to passively 

deplete the SR Ca
2+

 and to study SOCE (Zweifach et al., 1995). Figure 1.1 illustrates a 

technique used in my work to promote passive depletion of Ca
2+ 

from the SR of VSMCs 

and to induce SOCE. In the absence of extracellular Ca
2+

, SR Ca
2+

-ATPase inhibitors 

block the re-uptake of Ca
2+ 

into the SR and induce a transient rise in cytosolic [Ca
2+

] 

(Figure 1.1b). The SR Ca
2+

-ATPase inhibitor-induced increase in cytosolic Ca
2+

 is 

transient because cytosolic Ca
2+

 is actively extruded from the cell by plasma membrane 

ATPases. In response to SR Ca
2+

 depletion, SOCCs are activated, SOCE is triggered and 

Ca
2+

 is accumulated in the SR SOCCs (Figure 1.1d).  

 

Even though SR Ca
2+

-ATPase inhibition with CPA has been used as a signature response 

of SOCE, the physiological significance of this method of studying SOCCs is questioned. 

The key concepts of SOCE are that the entry is induced by the falling of Ca
2+ 

content 

within the stores and not the subsequent rise in cytosolic [Ca
2+

]. SR Ca
2+

-ATPase 

blockers generally cause a rise in cytosolic [Ca
2+

] as a consequence of store depletion, 

which lead to the possibility of activating Ca
2+

-sensitive cation channels permeable to 

Ca
2+

. It is also impossible to chelate cytosolic Ca
2+

 without disrupting channel functions 
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(Lievremont et al., 2005). As a result of these technical difficulties, the identity of the 

SOCCs has remained elusive. Even today, researchers still debate the actual identity of 

SOCCs in different cell types. So far, three protein families (TrpC, STIM and Orai) are 

considered to represent the most important proteins involved in SOCE in most cells 

(Smyth et al., 2010). TrpC families, discovered in 1995, were the first protein channels 

described that allowed SOCE. At the beginning of these studies, TrpC involvement as 

SOCE in some cells proved inconclusive (Salido et al., 2009). Since the majority of TrpC 

channels are highly responsive to diacylglycerol (DAG) and its analogs, these channels 

were suspected to operate mostly as receptor-operated calcium channels, and not as 

SOCC (Kress et al., 2008). Upon the discovery of STIM and Orai in 2006, most TrpCs 

were dismissed from consideration as SOCCs. However, many studies on one subtype of 

TrpC, namely TrpC1, do provide strong evidence that this channel is involved in 

regulating SOCE, at least in some cells.  
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Figure 1.1 Schematic diagrams of cytosolic Ca
2+

 concentration during each phase of 

CPA-activated SOCE. 

Cells are first incubated in Ca
2+

 free Krebs solution (A). After cytosolic Ca
2+

 has reached 

a steady state level, CPA and Ca
2+

 free Krebs solution are applied to the cells. Ca
2+

 

released from SR causes the first increase in cellular fluorescence as measured using the 

fluorescent Ca
2+

 dye (Fura-2) (B). Cytosolic Ca
2+

 is removed from the cell by plasma 

membrane Ca
2+

 ATPase (PMCA) (C). After cellular fluorescence returns to baseline, 

extracellular Ca
2+

 is applied to cells and this generates SOCE, which one observes as the 

second increase in cellular fluorescence (D). Cytosolic Ca
2+

 is again removed from the 

cell plasma by PMCA (E). 



 

9 

 

1.5 TrpCs and TrpC1 

Transient receptor potential (Trp) proteins are a relatively newly discovered family of 

cation channels. The cloning of TrpC1, in 1995, marked the beginning of the Trp field 

(Wes et al., 1995). Today the Trp super-family of proteins is divided into three major 

families based on a phylogenetic basis: the canonical Trp family (TrpC), the vanilloid 

receptor Trp family (TrpV) and the melastatin Trp family (TrpM) (Montell et al., 2002). 

Among Trp families, TrpC raised considerable interest because of its store-operated 

property. The TrpC family is highly conserved in mammals and mammalian TrpC 

channels overall share 20%-60% identity in amino acid sequences. Based on structural 

and functional similarities, the TrpC family can be further divided into seven members, 

TrpC1-7. TrpC2 is a pseudogene in humans and other primates, but TrpC2 protein is able 

to form functional channels in other mammals. All six other TrpC members can form 

non-selective cationic channels in human cells in either homomeric or heteromeric 

conformations (Xu et al., 2001; Brough et al., 2001; Liu et al., 2000). 

 

As briefly mentioned above, since the beginning of studies aimed at identifying SOCC, 

particular attention has been paid to members of the TRPC subfamily. Different 

laboratories provided evidence in favor of, or against, store-operated behaviors of several 

TrpC channels. Except for TrpC7 and TrpC2, all other TrpCs have been reported to be 

involved in regulating SOCCs (Freichel et al., 2001; Xu et al., 2006; Jardín et al., 2008). 

Recent reports, however, have demonstrated that TrpC3 and TrpC6 are activated by DAG 

and that TrpC4 and TrpC5 are likely more directly involved in arachidonic acid-mediated 

Ca
2+

 influx than in SOCE. Thus, the TrpC3-6 channels are suggested as components of 

receptor-operated calcium channels rather than SOCCs (Salido et al., 2009). The 
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behavior of TrpC1 as a store-operated channel, on the other hand, cannot be easily 

dismissed. The laboratories of Zhu and Ambudkar observed amplified nonselective 

cation currents in response to intracellular infusion of IP3 and thapsigargin (Tg) in cells 

over-expressing TrpC1 (Zhu et al., 1995, Liu et al., 2003; Brazer et al., 2003). In human 

submandibular gland cells, antisense oligonucleotides directed against TrpC1 reduced 

Tg-induced Ca
2+

 responses. In addition, expression of a TrpC1 mutant lacking the pore 

region between S5-S6 resulted in a reduction of Tg-evoked Ca
2+

 entry. These data 

strongly supported the role for TrpC1 as a unit of the SOCCs (Liu et al., 2003). Further 

experiments performed in endothelial cells and B-lymphocytes also emphasized the role 

for TrpC1 in SOCE (Brough et al., 2001). Indeed, in the A549 endothelial cell line, it was 

reported that SOCE was reduced by 50% when TrpC1 expression was suppressed by 

antisense oligonucleotides directed against TrpC1. Similarly, in DT40 B-lymphocytes, 

disruption of the TRPC1 gene locus attenuated Ca
2+ 

mobilization in the cells after 

activation of antigen receptor. Although some had argued that these reductions in SOCE 

might have resulted from attenuation in Ca
2+ 

release from the stores in these cells (Mori 

et al., 2002; Okada et al., 1998), experiments revealed that TrpC1 knock-down cells with 

impaired SOCE exhibited similar Tg induced Ca
2+

 release from the SR as did control 

cells (Wu et al., 2000). At the same time, several studies failed to observe store-operated 

behavior of exogenously expressed TrpC1. For example, some reported that TrpC1 

expressed in the insect SF9 cell or in the HEK293 cell system was not activated 

following store depletion (Varga-Szabo et al., 2008; Sage et al., 2002). 
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Despite the minor discrepancies observed from TrpC1 activity, TrpC1 is still widely 

considered as a unit of SOCCs. Researchers proposed three different SOCC models in 

which TrpC1 could participate. A model proposed by Beech’s laboratory suggested that 

TrpC1 function was dependent on co-expression of other TrpC variants, including TrpC3, 

TrpC4, and TrpC5. In VSMCs, TrpC1, 4 and 5 hetero-multimers were reported to form 

functional SOCCs in the plasma membrane, while TrpC1 monomers predominantly 

resided in intracellular membrane spaces (Hofmann et al., 2002). In human parotid gland 

ductal cells, heteromeric interaction of TrpC1 and TrpC3 led to the formation of channels 

activated in a receptor-operated manner. These observations suggest that co-assembly of 

different TrpC subunits may be a common feature for TrpC channels, which contributes 

to the diversity of functional roles of TrpC1. In contrast to the SOCCs model involving 

other TrpC subtypes, a second model proposed by recent studies suggested the 

involvement of Orai and STIM in formation of a more Ca
2+

 selective SOCCs, called 

Ca
2+

-selective Ca
2+

 release-activated Ca
2+

 (CRAC) channels (see section 1.6). Such 

discoveries provided yet another explanation for the involvement of TrpC1 in SOCE. In 

studies aimed at exploring the role of the STIM-Orai protein complex, it was observed 

that Orai and STIM1 could each interact with TrpC1 and form functional SOCCs (Liao et 

al., 2008; Liao et al., 2009). A third model for TrpC1 involvement in SOCE was also 

developed recently when it was shown that IP3 receptor (IP3R)-TrpC1 interactions were 

facilitated by the activation of SOCE (Yuan et al., 2003; Ambudkar, 2007). Evidence 

does report formation of SOCCs composed of IP3R-TrpC1 complexes in HEK293 cells 

and in blood platelets. The three models of TrpC1 involvement in the formation of 

SOCCs are shown in Figure 1.2. 
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Figure 1.2 Three possible models of SOCCs involving TrpC1. 

TrpC1 can directly interact with Orai and STIM and form functional SOCCs (left). TrpC1 

is also reported to interact with IP3R, which can be facilitated by Homer protein (right). 

Lastly, TrpC1 can form heteromers with other TrpCs which can possibly form SOCCs 

(bottom).  
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1.6  STIM, Orai and Icrac 

Orai was simultaneously identified by two laboratories through genome-wide RNAi 

screening in Drosophila S2 cell and genetic linkage analysis in severe combined immune 

deficiency patients. Knockdown of Orai1 significantly decreased SOCE in T cells 

coordinated by Ca
2+

-selective Ca
2+

 release-activated Ca
2+

 (CRAC) channels. A single 

point mutation in Orai (R91W) displayed loss of CRAC current and caused defects in 

Ca
2+

-signaling of T-lymphocytes in severe combined immune deficiency patients 

(Preakriya et al., 2006, Feske et al., 2006). With further experiments demonstrating Orai 

as a pore forming subunit of CRAC channels, the importance of the involvement of Orai 

in SOCE was soon widely accepted. Orai proteins are predicted to have four 

transmembrane domains, with both N and C termini being located on the cytosolic side of 

the plasma membrane. The C terminus of Orai contains putative coiled-coil domains that 

are critical for multimerization and channel formation in response to SR depletion. The N 

terminus of Orai is a conserved region crucial for CRAC current regulation (Yeromin et 

al., 2006; Vig et al., 2006). 

 

Similarly, STIM was also identified through RNAi screens. The discovery of STIM 

answered a long-time question about how cells transmit the signal of store depletion from 

the SR to the plasma membrane. STIM has two human homologs, STIM1 and STIM2, 

primarily localized in the SR membrane. They are single transmembrane proteins that 

each have large cytosolic C terminus. The N-terminus lies within SR lumen and 

possesses Ca
2+ 

binding motifs referred as EF hands. Upon Ca
2+

 depletion, the Ca
2+

 

dissociates from the EF hand domains of STIM, and this loss of Ca
2+ 

binding causes 

STIM to change conformation, oligomerize and translocate to specific SR-plasma 
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membrane junctional regions. The C terminus of STIM1 interacts with coiled-coil 

domains of Orai and these proteins together aggregate into puncta at the plasma 

membrane (Roos et al., 2005; Liou et al., 2005, Zhang et al., 2005, Li et al., 2007). 

 

In the past decade, the identity of SOCCs became the greatest obstacle for SOCC-related 

studies. Whether Orai and STIM are the sole subunits of SOCC is still debated. Even 

though co-expression of Orai with STIM generates significant increase in CRAC current, 

which is consistent with the idea that STIM and Orai are sufficient to form CRAC 

channels, knock-out of STIM and Orai in some cells fails to abrogate SOCE, suggesting 

STIM-Orai may not be the only SOCC compositions (Peinelt et al., 2006, Mercer et al., 

2006). Thus, many laboratories suggest that TrpC1 regulated non-selective store operated 

cation entry can be the explanation for CRAC-independent SOCE. For the purpose of our 

study, TrpC1 is considered as a unit of SOCCs.  

 

1.7 cAMP signaling and VSMC proliferation 

In addition to Ca
2+

 signaling pathways, cells also utilize cAMP to transmit information 

provided externally by hormones, ions and other primary messenger molecules. Adenylyl 

cyclase-mediated synthesis of cAMP has been extensively studied (Page et al., 2006). 

Upon binding of hormones or neurotransmitters, plasma membrane receptors can alter 

cAMP synthesis by regulating the activities of two distinct heterotrimeric G-proteins, 

namely Gs and Gi. Activation of these G-proteins results in dissociation and release of 

their alpha subunits and either activation (Gs) or inhibition (Gi) of adenylyl cyclase. Over 

the past half-century, studies have demonstrated that both the spatial localization and 
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temporal dynamics of hydrolysis of second messengers are crucial for cells to accurately 

interpret and react with their environment (Houslay et al., 2003). As described in detail 

below, cAMP is hydrolyzed by members of a multi-gene family of enzymes called cyclic 

nucleotide phosphodiesterases (PDEs) (Kopperud et al., 2003). 

 

cAMP activates down-stream effectors, such as protein kinase A (PKA), exchange 

protein activated by cAMP, or cyclic nucleotide-gated channels. PKA is the primary 

mediator of cAMP signaling and it is a heterotetrameric enzyme that consists of two 

catalytic (C) and two regulatory (R) subunits. Binding of cAMP to two distinct cAMP-

binding sites on each R subunit promotes dissociation of R and C subunits and the release 

of the activated C subunits. In most instances, PKAs are localized in distinct sub-cellular 

domains via interactions between the R subunits and members of a large class of proteins 

called A-kinase anchoring proteins (AKAPs). The anchoring proteins act as scaffolds that 

provide PKA access to substrates in specific sub-compartment and facilitate cAMP/PKA 

cross talk with other signaling molecule in vicinity. 

 

cAMP is known to regulate virtually all aspects of VSMC functioning. Indeed, cAMP 

inhibits VSMC proliferation in vitro, and reduces formation of neo-intimal lesions after 

arterial injury by inhibiting VSMC proliferation and migration in vivo (Indolfi et al., 

1997).  
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1.8  cAMP Hydrolyzing PDEs 

Cyclic nucleotide phosphodiesterases (PDEs) are the diverse super-family of enzyme that 

catalyzes the hydrolysis of the cyclic phosphate bond in cAMP and cGMP. PDE-

catalyzed hydrolysis of cAMP, or cGMP, yields 5’-AMP or 5’-GMP, respectively, and 

effectively terminates signaling by cyclic nucleotides (Beavo et al., 1994). There are 

eleven gene families of PDEs comprising a total of 21 genes (Table 1.1).  Since most 

PDE genes contain multiple promoters, and mature PDE mRNAs are subject to extensive 

alternate splicing, no fewer than 100 different PDEs are expressed in mammalian cells 

(Baillie, 2009; Castro et al., 2006). Given these complexities, a rational nomenclature 

system was developed for these enzymes. For example, PDE1C3 represents a PDE from 

PDE1 family of genes, which is encoded by the “C” gene of this family. The number 3 

identifies the splice variant (Bender, 2006). The expression of multiple PDEs within 

individual mammalian cell types is now recognized to allow different sub-cellular 

targeting of these enzymes and not simply represent catalytic redundancy. A single cell 

type may express specific repertoires of PDEs and the nature and localization of these 

PDEs plays an important role in regulating local intracellular concentration of the cyclic 

nucleotide (Butt et al., 1995).  

 

PDE expressions Change during the VSMC phenotypic switch from contractile to 

synthetic. In the context of cAMP signaling pathway, the phenotypic switch has been 

shown to be associated with significant changes in the expression of PDEs, most 

markedly those proteins expressed by genes from the PDE1, PDE3 and PDE4 families. 

In VSMCs, PDE3 and PDE4 enzymes represent the major cAMP hydrolyzing PDEs not 

regulated by Ca
2+

/CaM. Although both contractile and synthetic VSMCs use PDE3 and 
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PDE4 to hydrolyze cAMP, cAMP hydrolysis by PDE3 is predominant in contractile rat 

or human VSMCs (Degerman et al., 1997). Since the VSMC phenotypic switch causes 

marked reductions in PDE3A expression, synthetic VSMCs exhibit an increased 

dependence on PDE4-based enzymes for cAMP hydrolysis. In addition to the changes of 

PDE subtype expression, marked differences in PDE splice variant expression have also 

been noted in the two VSMC phenotypes. Indeed, while treatment with cAMP-elevating 

agents promotes expression of PDE4D long-form variants in contractile VSMCs, this 

treatment induces expression of PDE4D short forms in the synthetic VSMCs (Maurice et 

al., 2003; Debey et al., 2003). 

 

Along with the changes in PDE3 and PDE4 expression reported in rodent and human 

VSMCs, a unique change in PDE expression has also been reported in human VSMCs. 

PDE1C expression is dramatically up-regulated in human synthetic VSMCs both in cells 

in culture as well as in vivo in atherosclerotic lesions (Rybalkin et al., 1997; Rybalkin et 

al., 2002). The marked up-regulation of PDE1C in proliferative VSMCs brought attention 

to the role of PDE1C in controlling VSMC phenotype. Knockdown of PDE1C was 

shown to partially reverse the phenotypic switch of synthetic VSMCs and to reduce 

proliferation in these cells. However, the mechanisms behind PDE1C regulation on 

VSMC phenotypic switch remain unknown (Rybalkin et al., 1997; Rybalkin et al., 2002). 
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Table 1.1 Overview of PDE isoforms kinetic properties and localization 

Isoform Substrate Specificity Locations 

PDE1A cAMP<cGMP smooth muscle, heart, lung, brain, sperm 

PDE1B cAMP<cGMP neurons, lymphocytes, and smooth muscle 

PDE1C cAMP=cGMP brain, proliferating human smooth muscle 

PDE2A cAMP=cGMP adrenal medulla, brain, heart, platelet, macrophage 

PDE3A cAMP>cGMP heart, vascular smooth muscle, platelets, oocyte 

PDE3B cAMP>cGMP vascular smooth muscle, adipocytes, hepatocytes 

PDE4A cAMP>cGMP olfactory system, immune cells, testis 

PDE4B cAMP>cGMP immune cells, brain 

PDE4C cAMP>cGMP lung, testis 

PDE4D cAMP>cGMP widely distributed and found in a variety of tissues 

PDE5A cAMP<cGMP platelets, vascular smooth muscle, brain, lung, heart 

PDE6A/B cAMP<cGMP rod cells 

PDE6C cAMP<cGMP cone cells 

PDE7A cAMP>cGMP heart, skeletal muscle, endothelial cells 

PDE7B cAMP>cGMP brain, heart, liver, skeletal muscle, pancreas, testis 

PDE8A cAMP>cGMP testis, spleen, small intestine, ovary, colon 

PDE8B cAMP>cGMP brain, thyroid 

PDE9A cAMP<cGMP kidney, brain, spleen, gastrointestinal tissues 

PDE10A cAMP<cGMP brain, testis, heart, thyroid 

PDE11A cAMP=cGMP skeletal muscle, prostate, testis, salivary gland 
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1.9 PDE1 Family and PDE1C 

The Ca
2+

 and calmodulin (CaM)-activated PDE was the first PDEs identified. The PDE1 

subfamily consists of three distinct genes (PDE1A, PDE1B, and PDE1C) and each 

subfamily encodes multiple enzymes with different regulation and substrate preferences, 

as well as unique tissue distributions (Rascón et al., 2002). The variety of the family is 

further increased by alternative splicing, creating divergent N- and C-termini (Goraya et 

al., 2004). Isoforms exhibit large differences between their affinity for Ca
2+

/CaM, 

defined as Ca
2+ 

sensitivity. Despite the differences between isoforms, the overall domain-

based structures of PDE1 are well conserved, consisting of four domains: two CaM 

binding domains (CaM1 and CaM2), an auto-inhibitory domain and a catalytic domain. 

Under condition of low [Ca
2+

], PDE1s display low enzyme activity due to interactions 

between the inhibitory domain and the catalytic domain. In the presence of elevated 

levels of Ca
2+

/CaM, the auto-inhibition is released and PDE1 hydrolytic activity is 

increased (Yan et al., 1995; Yan et al., 1996).  

 

Because of its unique regulation by Ca
2+

/CaM, PDE1 has long been considered as the key 

enzyme allowing cross talk between cyclic nucleotide and Ca
2+

 signaling. Studies in the 

past have tried to address the exact mechanisms behind regulation of PDE by Ca
2+

/CaM. 

However, the mechanisms that coordinate Ca
2+

/CaM regulation of PDE1 have been 

shown to deviate from other Ca
2+

/CaM activating enzymes. For instance, unlike the case 

of the CaM-regulated ACs, which are activated only by SOCE, PDE1 activity is 

increased in response to increases of cytosolic [Ca
2+

], irrespective of the source of Ca
2+

 

(Goraya et al., 2008). PDE1A is equally activated by non-capacitative, capacitative and 

arachidonic acid mediated Ca
2+

 entry (Tokumitsu et al., 2001; Webb et al., 2001). 
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Extracellular Ca
2+

 entry, which creates a sustained elevation of cytosolic [Ca
2+

], triggers 

activation of PDE1A. (Willoughby et al., 2006) 

 

Unlike PDE1A and PDE1B, PDE1C possesses many differences from its family 

homologues. PDE1A and PDE1B gene products are relatively selective for cGMP, 

whereas PDE1C enzymes hydrolyze cAMP and cGMP with relatively equal affinity and 

Vmax, which make PDE1C a likely enzyme involved in regulating cAMP signaling in 

cells. Because of its distinct enzyme activity, mechanisms of PDE1C may also be 

different from other PDE1 from the family. Unfortunately, no study has undertaken to 

elucidate Ca
2+

/CaM activation of PDE1C (i.e. which source of Ca
2+

 entry activates 

PDE1C). Thus, it is our primary interest to test whether PDE1C can be selectively 

activated by specific Ca
2+

 channels. There are seven identified splice variants of PDE1C 

each with similar enzymatic activities (Han et al., 1999; Küthe et al., 2001). Variants are 

expressed in a tissue and cell-type specific manner. Olfactory sensory neurons express 

PDE1C2 and it has been shown to play an important role in the rapid regulation of cAMP 

responses to odorants (Cygnar et al., 2009). PDE1C1 is found in Z-line and M-line of 

cardiomyocytes, which may be critical for regulating cardiac hypertrophy (Vandeput et 

al., 2007). Among PDE1C subtypes, expression of PDE1C3 in human proliferative 

VSMC, as mentioned above, has received the greatest attention. Such uniqueness in 

human implies an important role played by PDE1C in the regulation of human VSMC 

function in health and in disease (Miller et al., 2009).  
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Figure 1.3 The Ca
2+

/CAM-stimulated PDEs. 

Common structure of PDE1 is shown at the top figure, containing two CaM binding 

domains, an auto-inhibitory domain and a catalytic domain. The bottom diagram shows a 

representation of the various alternative start and splice variants for PDE1C. 
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1.10 AC5 and AC6 

Regulation of intracellular cAMP concentrations is achieved not only by regulating the 

break-down of cAMP but also by controlling synthesis of cAMP. Production of cAMP 

results from activation of the AC family, which are ubiquitous enzymes found in all 

animal cell types. There are currently ten distinct ACs identified in mammalian cells and 

nine of them (AC1-9) are membrane bound (Dessauer et al., 2009; Okumura et al., 2009). 

In VSMCs, both AC5 and AC6 are highly expressed (von Hayn et al., 2010). AC5 and 

AC6 belong to a group of Ca
2+

-inhibited ACs, sharing numerous common characteristics. 

Both AC5 and AC6 exhibit low levels of basal enzymatic activities and are strongly 

stimulated by Gαs-mediated activation and by the pharmacological tool, forskolin (Tovey 

et al., 2008). Both these ACs are also inhibited by PKA phosphorylation, a phenomenon 

that could account for desensitization of the AC activity with a negative-feedback loop 

(Aldehni et al., 2011). Most importantly, both AC5 and AC6 are inhibited by low 

concentration of free Ca
2+

. Maximal inhibition of AC6 is observed with 0.3μM free Ca
2+

. 

[Ca
2+

] causing maximal inhibition of AC5 varies in cells. Inhibitions of AC5 and AC6 

occur when Ca
2+

 binds directly to the region demarcated within the alpha C-terminal loop 

conserved between AC5 and AC6, but absent in other AC isoforms. (Watson et al., 2001) 

 

Because of its regulation by Ca
2+

, several studies have attempted to address co-

localization of AC5 and AC6 with proteins involved in the Ca
2+

 pathways. The inhibition 

of AC5 or AC6 by Ca
2+

 do not require CaM, which is distinct from the case of 

Ca
2+

/CaM-activated ACs and PDEs (Halls et al., 2011). AC6 has long been suspected to 

be regulated through SOCE-dependent pathways. In C6–2B glioma cells, endogenous 

AC6 was shown to be expressed in a cholesterol-rich buoyant membrane fraction long 
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thought to be important in controlling SOCE. In cardiomyocytes, both AC5 and AC6 

were found in lipid rafts and were directly associated with caveolin (a scaffolding protein 

in lipid raft) (Ostrom et al., 2000). In experiments, where inhibition of AC5 or AC6 was 

tested upon different types of Ca
2+

 entry, AC6 was only inhibited following induction of 

SOCE, not intracellular Ca
2+

 release (Liu et al., 2008). Based on these data, AC5 and 

AC6 are predicted to be activated by sustained, rather than transient, extracellular Ca
2+

 

entry and AC5/AC6 may interact with SOCC subunits. 

 

1.11  Compartmentalization of cellular signaling 

A large number of signaling pathways can share Ca
2+

 and cAMP as common second 

messengers in response to various different external stimuli. This leads to the potential of 

cross-talk between the pathways in which a change in the concentration of one second 

messenger may impact multiple pathways in either antagonistic or cooperative manners. 

One way to avoid undesired cross-talk between potentially interacting systems is to create 

spatially-defined “domains” within which second messengers could act. The concept that 

second messengers are spatially localized in micro-domains to activate specific targets is 

called compartmentalization (Zaccolo and Pozzan, 2002). cAMP compartmentalization 

has long been proposed from studies of ACs and PDEs. The fact that elevation of cAMP 

by β1- and β2- adrenergic receptor activation cause different responses in cells implies 

that external stimuli elevate different intracellular cAMP pools (Nikolaev et al., 2006). It 

was not until recently, however, with development of high resolution fluorescence 

resonance energy transfer (FRET) that researchers have been able to visualize distinct 

intracellular cAMP gradients (Zhang et al., 2001). The spatial restriction of cAMP’s 
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influence can be limited by anatomical barriers created by cells. However, when 

anatomical barriers are unavailable, degradation of cAMP by PDEs acts to create 

‘functional’ compartments. Isoforms of PDE localized in cytosol or membrane 

compartments act as sinkholes, generating regions of low concentration of cAMP. The 

protein effectors in these regions, therefore, will not be activated by diffusion of cAMP 

(Houslay et al., 2007). 

 

Compartmentalization of Ca
2+

 in cells has similarly been extensively studied. At a 

functional level, the importance of the systems controlling local actions of Ca
2+

 are 

evident when one considers: 1) release of SR calcium store from RyR do not activate 

SOCE, but release from IP3R do, 2) extracellular entry of Ca
2+

 controls distinct cellular 

functions than does release of SR pools, and 3) Ca
2+

-dependent signaling resulting from 

Ca
2+

 entry through specific Ca
2+

 channels (e.g. SOCC, ROCC or VDCC) are distinct. 

Each of these findings supports the notion that Ca
2+

 signaling is also compartmentalized 

in cells (Janowski et al., 2010; Inoue 2003). 

 

A direct implication from the concept of compartmentalization of signaling is that 

macromolecular protein complexes serving these pools need to be formed. Second 

messengers can only diffuse limited distance before they are inactivated. Thus, in order 

for second messengers to reach their effectors, they have to locate closely to each other. 

In most situations, proteins are observed to interact with each other through direct 

binding. Using co-immunoprecipitation techniques researchers can often isolate protein 

complexes and identify individual components.  
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Figure 1.4 Compartmentalization of secondary messengers. 

[cAMP] gradient is achieved by local PDEs, which act as sinkholes creating 

microdomain with lower concentration of cAMP (right). [Ca
2+

] gradient is refined by 

Ca
2+

 uptake organelle, such as SR and mitochondria (left). 
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1.12 Interaction between ACs/PDEs and Ca
2+

 channels. 

Accumulating data have supported the notion that protein-protein interactions between 

ACs and/or PDEs and Ca
2+

 channel subunits allow formation of protein complexes. One 

of the most prominent examples of these interactions is the regulation of AC8 by STIM1 

and Orai. Regulation of AC8 by Ca
2
/CaM is mechanistically similar to PDE1 activation. 

Like PDE1, when Ca
2+

/CaM bind to the CaM-binding region of AC8, it relieves the auto-

inhibition and activates the enzyme. AC8 can be only activated by SOCE-associated Ca
2+

 

entry. In HEK293 cells, increased expression of STIM and Orai proportionally increases 

AC8 activity. AC8, Orai1, and STIM1 were found to co-localize in plasma membrane 

lipid rafts and these studies also indicated that AC8 was directly associated with Orai and 

STIM (Martin et al., 2009; Pagano et al., 2009; Masada et al., 2009). Another study 

investigated PDE5-mediated anti-proliferative effect through a potential interaction 

between this PDE and TrpC1. VSMCs treated with sildenafil, an inhibitor of PDE5, 

reduced SOCE currents (Wang et al., 2009). Based on these findings, it is possible that 

PDE1C and Ca
2+

 channels can form interactive protein complexes. The Ca
2+

 activating 

property makes PDE1C a likely candidate for the cross-talk between Ca
2+

 and cAMP.  
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Research Rationale and Objectives 

The previous work carried out in the Maurice laboratory showed that PDE1C expression 

in human VSMCs was necessary for maintaining these cells in a synthetic phenotype. 

Indeed, previous studies showed that silencing RNA-(siRNA)-based PDE1C knockdown 

reduced VSMC proliferation, migration and adhesion in cultured cells (Ross, A, 

Pharmacology & Toxicology M.Sc. thesis, 2009). Since knockdown of PDE1C had little 

effect on “global” cellular VSMC cAMP, these data suggested that PDE1C regulates 

cAMP only within a pre-defined and specific compartment. Similarly, studies in the Yuan 

laboratory observed attenuation of VSMC proliferation when endogenous TrpC1-SOCCs 

were inhibited (Michele et al., 2001). From their data, the Yuan group concluded that 

TrpC1-SOCC was also crucial for maintaining VSMC in a synthetic phenotype. 

Meanwhile, data from the laboratory of Dr. Cooper indicated that AC8 (enzyme 

possesses very similar Ca
2+

/CaM binding structures to those of PDE1) and SOCC 

subunits could be co-immunoprecipitated from lipid rafts of certain cell types. Taken 

together, all these results are consistent with the notion that mechanisms that allow 

PDE1C and SOCCs to cooperate in regulating VSMC functions.  

 

Thus, I hypothesized that PDE1C-mediated control of VSMC cAMP-signaling and 

SOCE-mediated, Ca
2+

-dependent functions in human VSMCs are orchestrated 

cooperatively. At a molecular level, I hypothesize that this cooperation is enabled by 

cross-talk between these systems through the formation of a PDE1C- containing 

protein complex in which proteins involved in regulating SOCE, most likely TrpC1, 

are also present.  
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Objectives:  

1) Using a variety of experimental approaches, including imaging of intracellular Ca
2+

, 

immunoprecipitation of endogenous VSMC proteins, or of heterologous proteins 

expressed in HEK 293 cells, or VSMCs, and siRNA-mediated knockdown of VSMC 

proteins, to determine how altering signaling in the cAMP and Ca
2+

 systems impact 

SOCE in human VSMCs. 

2) Using cAMP PDE assay to determine how PDE1C activity is impacted by association 

of this protein into a signaling complex that controls SOCE in VSMCs.   
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Chapter 2 

Materials and Methods 

2.1  Materials 

Information concerning the sources of antisera used in these studies is contained in Table 

2.1. Radiochemicals including [
3
H]cAMP and 5’-[

14
C]AMP were purchased from Perkin-

Elmer (MA, USA). Cilostamide, bestatin, calmodulin, E-64 protease inhibitor, leupeptin, 

pepstatin A, Ro-20-1724, and vinpocetine were purchased from Cedarlane Labs (ON, 

Canada). Fura-2AM, lipofectamine, lipofectamine 2000, all PDE-specific siRNAs and 

trypsin were from Invitrogen (ON, Canada). Smooth muscle cell basal media, smooth 

muscle cell growth media kits, human aortic smooth muscle cells (HASMCs) and human 

embryonic kidney (HEK) 293T cells were from Lonza (MA, USA). PDE1C-expressing 

adenovirus and the control adenovirus were purchased from Applied Biological Materials 

Inc. (BC, Canada). The bicinchoninic acid protein assay kits, bicinchoninic acid protein 

assay reagents, bovine serum albumin, Dulbecco's Modified Eagle’s Medium, dimethyl 

sulfoxide, ethylenediaminetetraacetic acid, ethylene glycol tetraacetic acid, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, magnesium chloride, sodium biphosphate, 

sodium dodecyl sulfate, sodium acetate, sodium chloride, potassium chloride, calcium 

chloride, sodium fluoride, tetramethylethylenediamine and glycine were from Fisher 

Scientific (ON, Canada). Horseradish peroxidase reagent was from Millipore (MA, USA). 

All plasmids were generous gifts from the laboratory of Dr. J. X. J. Yuan (University of 

Illinois, Chicago, USA). Similarly the TrpC1 adenovirus was gifted by Senthil Selvaraj 

(Tamil Nadu, India). All other chemicals were purchased from Sigma-Aldrich (ON, 

Canada). 
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Table 2.1 Purchase information of antisera. 

Antibody Name Company Purchased Catalog No. 

FLAG Sigma-Aldrich (ON, Canada) F3165 

GFP Invitrogen (ON, Canada) A-11122 

HA Santa Cruz Biotechnology, Inc. (CA, USA) sc-7392 

IgGs (Rabbit, 

Mouse, Goat) 

Santa Cruz Biotechnology, Inc. (CA, USA) sc-2028 

sc-2025 

sc-2027 

PDE1C Santa Cruz Biotechnology, Inc. (CA, USA) sc-54933 

TrpC1 Enzo Life Science (NY, USA) BML-SA559-0200 

 

2.2  Cell Culture 

Human aortic smooth muscle cells (HASMCs) isolated from human donors were 

maintained in smooth muscle basal media supplemented with 5% fetal bovine serum, 

human epidermal growth factor, insulin, human fibroblast growth factor-B gentamicin, 

and amphotericin B. HEK 293T cells were cultured in Dulbecco's Modified Eagle’s 

Medium supplemented with 10% fetal bovine serum, and 1% penicillin, streptomycin, 

fungicide. Both cell lines were incubated in a 37°C humidified chamber containing 5% 

CO2/95% air. Cells were cultured on tissue culture-treated dishes. Both HASMCs and 

HEK 293T cells were sub-cultured or “passaged” using trypsin/EDTA when cultures 

reached ~90% confluence as judged by visual inspection. HASMCs experiments were 

carried out with cells between passages 4 and 10.  
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2.3  Inhibitors and siRNA Knockdown of PDEs. 

The PDE inhibitors and the anti-sense strand sequence of the siRNA duplexes used to 

knock-down PDE activities and expression, respectively, are shown in Table 2.2. For 

experiments involving PDE inhibitors, PDE inhibitors were administrated to HASMC 

monolayer 30 min prior to the start of the experiment. For siRNA transfection, HASMCs 

were transfected when cultures had reached between 30-50% confluence using 

Lipofectamine
TM

 2000 and silencing RNA duplexes as per manufacturer’s directions 

(detail described at http://tools.invitrogen.com/content/sfs/manuals/ 

lipofectamine2000_man.pdf). In all experiments, RNAi was allowed to proceed for 48 

hrs prior to use of the cells. 

 

Table 3.2 PDE siRNA sequences and PDE inhibitors 

PDEs siRNA Sequences Inhibitors 

PDE1C 5’- CCACCAGCUGUUAUUGAGGCAUUAA -3’ 8MM-IBMX (30μM) 

PDE3A 5’- GCUAUUUCUGCAGCUAACCAUGUAA -3’ cilostamide (10μM) 

PDE4D 5’- GACAAGCACAAUGCUUCCGUGGAAA -3’ Ro-20-1724 

(rolipram) (10μM) 

PDE5A 5’- GACCAGUGCUCAAGACUCUUGGAAU -3’ sildenafil (1μM) 

 

2.4 Plasmid transfection. 

HEK293T cells were cultured to 50-60% confluence in 10 cm culture dishes. 

Lipofectamine
TM

/Plus reagent (12.5μl/6.25μl per 1.5 µg DNA) and 1.5µg plasmid DNA 

were mixed with 200μl Dulbecco's Modified Eagle’s Medium in 1.5 ml Eppendorf tubes 

http://tools.invitrogen.com/content/sfs/manuals/%20lipofectamine2000_man.pdf
http://tools.invitrogen.com/content/sfs/manuals/%20lipofectamine2000_man.pdf
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and allowed to incubate for 15 min at room temperature. Plasmid containing mixtures 

were applied to HEK293T cultures drop-wise. Following transfections, the cells were 

incubated for 3 hrs in Dulbecco's Modified Eagle’s Medium and then for the remainder 

of the pre-experiment time with serum (10% vol/vol)-supplemented Dulbecco's Modified 

Eagle’s Medium plus serum. 

  

2.5  Adenovirus transduction. 

PDE1C(Adv-PDE1C)- or  TrpC1-(Adv-TrpC1) adenoviruses were diluted into DMEM 

such that they were added to HASMCs at multiplicities of infection of 10:1 from stocks 

with no fewer than (1×10
8
 virus particles (pfu)/ml). Medium containing adenovirus 

particles not incorporated into the cells was neutralized by addition to bleach as per the 

laboratories waste procedures. Experiments were carried out 72 hrs after the initial 

infection. 

 

2.6 Immunoblotting 

Cells were washed twice in cold PBS and then lysed in immunoprecipitation assay buffer 

(1mM EDTA, 100 mM NaCl, 5 mM MgCl2, 10 mM sodium β-glycerophosphate, 10 mM 

sodium pyrophosphate, 0.5% nonaethylene glycol monododecyl ether, 10 mM NaF, 10 

mM sodium vanadate, 10 mM phenylmethylsulfonyl fluoride, 227μg/ml leupeptin, 5 

μl/ml bestatin, 1 μl/ml aprotinin, 5 mM benzamidine 1 μg/ml E-64, 250 μg/ml pepstatin 

A and 100mM pH 7.4 Tris buffer). Cell lysates were centrifuged at 10,000×g for 3 min 

and the insoluble fractions were discarded. Protein concentrations of these soluble cell 

fractions were determined using the bicinchoninic acid protein assay using bovine serum 
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albumin as a standard. Aliquots of soluble cell fractions (25 μg of protein) were mixed 

and heated at 80
o
C in SDS-PAGE sample buffer (10% w/v SDS, 10mM dithiothreitol, 20% 

v/v glycerol, 0.2 M Tris-HCl pH 6.8, 0.05% w/v bromophenol blue) for 5 min. The 

proteins in SDS-PAGE sample buffer were electrophoretically resolved by SDS-PAGE 

(10% acrylamide gels for analysis of Orai and 7.5% for all other gel). Resolved proteins 

were transferred to nitrocellulose membranes by electro-blotting using a TE Series 

Transphor Electrophor Electrophoresis Unit (Hoefer, MA, USA). The buffer used for 

transfer contained 25 mM Tris base, 192 mM glycine and 10% v/v methanol. After 

transfer, the nitrocellulose membranes were incubated at 25°C in a blocking solution that 

consisted of (0.1% Tween 20 in PBS) and 5% nonfat dry milk powder. Blocked 

membranes were subsequently incubated in this same solution supplemented with the 

primary antibodies of interest. In our studies, all primary antisera were used at a dilution 

of 1:1000 and incubated at 4°C for 16 hrs. After this primary antibody incubation, 

membranes were washed and incubated with anti-rabbit or anti-mouse horseradish 

peroxidase-conjugated IgG (Bio-Rad, ON, Canada) for 1 h at 25°C. Selective binding of 

the primary antibody was detected using an enhanced chemiluminescence detection 

system. 

 

2.7  Immunoprecipitation 

Cells were lysed as described in section 2.6. Lysates were incubated with 50μl of protein 

A/G agarose beads and 1μg of IgG antibodies in 4°C for 3 h to remove non-selective 

interacting proteins. After removal of this first pellet containing non-specific IgG and 

protein A/G agarose, these cleared lysates were then incubated with 50μl of protein A/G 
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agarose beads and 1μg of the desired antibody at 4°C overnight. Antibody-Protein A/G 

agarose beads with their attached antibodies were isolated by centrifugation at 6000×g 

and the supernatants discarded. Pellets were washed three times at 4°C in 

immunoprecipitation assay buffer. Proteins present in these isolated immune complexes 

were subjected to PDE activity assays or used for immunoblotting. For PDE activity 

assays, immunopellet were directly used without other treatments and processed as in 

section 2.8. For immunoblotting, beads were incubated with SDS-PAGE sample buffer 

for 30 min at room temperature. After centrifugation at 6000×g, pellets were processed as 

described in section 2.6. 

  

2.8  Cellular cAMP PDE activities. 

For determination of cell lysate PDE activities, 50μg of soluble cellular protein was used 

per reaction. When the PDE activity in immune complexes was determined, the immune 

complexes were re-suspended in a volume allowing quadruplicate sampling of activity. 

Assays were conducted in 100μl of PDE reaction buffer containing 5mM Tris-HCl (pH 

7.4), 0.5mM MgCl2, 10μM EGTA, 5μM cilostamide, 10μM Ro-20-1724 and 1μM [3H]-

cyclic AMP containing 100,000 dpm and allowed to proceed for 30 min.  When effects of 

Ca
2+

/CaM were measured they were used at final concentrations of 100 μM and 10U, 

respectively. Enzyme reactions were terminated by adding 500μl of ice-cold “stop buffer” 

that contained 0.05M EDTA and recovery marker ([
14

C]-AMP, 2,000dpm). Reaction 

products were resolved on polyacrylamide-boronate gel column with 5’AMP being 

recovered in a 4 ml wash with 0.05 M Na-acetate (pH 4.8). The ratio of [
3
H]-AMP/[

14
C]-
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AMP was used to correct for loss of product during the column procedure and all values 

were corrected for protein content.  

 

2.9  Ca
2+ 

Imaging. 

HASMCs used for Ca
2+

 measurement were grown on 2cm culture dishes on cover slips in 

smooth muscle growth media. On the day of the experiment, HASMCs were incubated in 

smooth muscle grow media containing membrane-permeable acetoxymethyl ester of 

fura-2 (fura-2AM 3μM) for 30 min at 37°C under an atmosphere of 5% CO2 in air. Fura-

2AM loaded cells were then super-fused with Krebs solution for 5 min at room 

temperature to wash away extracellular dye and to permit intracellular esterases to cleave 

fura-AM and allow generation of fura-2. Krebs solution used in our studies contained 

120mM NaCl, 5mM KCl, 1mM MgCl2, 10mM glucose, 10mM HEPE, and 1mM 

Na2HPO4 (pH7.4 with 1M NaOH). Cellular fura-2 fluorescence (510 nm emission, 340 

and 380nm excitation) was continuously monitored and measured using a Nikon Eclipse 

TS-100 microscope (Nikon Instruments Inc., Melville, NY) and analyzed using Northern 

Eclipse 7.0 software (EMPIX Imaging Inc. Mississauga, Canada). The ratio of emission 

intensity of 340nm/380nm represented the concentration of cytosolic [Ca
2+

].  

 

The protocol used to induce SOCE involved three steps: 1) addition of a Krebs buffer 

(without Ca
2+

) solution (without Ca
2+

) for 150 s, 2) addition of Krebs buffer solution 

(without Ca
2+

) supplemented with CPA (10μM) for 500 s and 3) addition of a Ca
2+

 

containing (2mM) Krebs solution with CPA for 300 seconds. The magnitude of SOCE 



 

36 

 

was calculated by subtracting average 340nm/380nm reading in step 1) from the peak 

340nm/380nm reading in step 3). 

 

2.10  Statistical Analysis 

Statistical significance of observed differences between our various measures was 

determined using an ANOVA followed by the Student-Newman-Keuls post-hoc test. For 

comparison between two samples, two-tailed unpaired Student’s t-tests were performed 

using GraphPad 5.0 Prism software. All values were given as mean ± standard error of 

the mean. A p value less than 0.05 indicated statistical significance. 

 

 

 

 

 

 

 

 

 

 

 



 

37 

 

Chapter 3 

Results 

3.1  Impact of inhibition or knockdown of PDE1C on VSMC SOCE. 

Previous data had shown that synthetic human VSMCs exhibit up-regulated SOCE and 

increased expression of PDE1C (Rybalkin et al., 2002). Inhibition of PDE activities (i.e 

PDE3 and PDE4) reduce SOCE in pulmonary arterial SMCs (Murray et al., 2007). Based 

on this information, I postulated that changes of PDE activity and expression in HASMC 

can also cause changes in SOCE. To determine how altering PDE activity or expression 

level could impact HASMC SOCE, I undertook these studies. HASMCs express cAMP 

hydrolyzing enzymes of the PDE1, PDE3, and PDE4 families and cGMP hydrolyzing 

enzymes of the PDE5 family. In my experiments, I used a siRNA-based approach to 

knockdown levels of expression of these PDEs as well as used PDE family-specific 

inhibitors to reduce PDE activities. As shown in Figure 3.1, each PDE1 and PDE4 

inhibition reduced HASMC SOCE by about 25%. PDE3 inhibition tended towards 

decreasing SOCE but this effect was not statistically significant. Direct pharmacological 

inhibition of PDE5 with sildenalfil did not alter SOCE (Figure 3.1b). When PDE 

expression was blunted using siRNAs, the impact on SOCE was greatest in the case of 

PDE1C (Figure 3.2). PDE1C knockdown decreased SOCE by about 40% whereas 

PDE5A knockdown decreased SOCE by 25%. Knockdown of either PDE3A or PDE4D 

did not significantly impact HASMC SOCE (Figure 3.2b).  

 

These data were consistent with a previous report showing that signaling through cGMP 

or cAMP pathways can regulate SOCE in VSMC (Wang et al., 2008). Taken together, 
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our data were consistent with a dominant role for PDE1C in controlling SOCE in 

HASMCs. Interestingly, when HASMC PDE1C levels were increased using a PDE1C-

encoding adenovirus, no significant changes in HASMC SOCE were noted (Figure 3.3).  
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Figure 3.1 Impact of various PDE inhibitors on HASMC SOCEs. 

A. Representative tracings of SOCE in HASMCs incubated with various PDE inhibitors. 

B. Graphical representation of the effects of incubating HASMCs with various PDE 

inhibitors (n = 40 cells) (*P < 0.05). All tracing are aligned for the purpose of comparison. 
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Figure 3.2 Impact of knocking down various PDEs on HASMC SOCEs. 

A. Representative tracings of SOCE in HASMCs in which various PDEs were knocked 

down. B. Graphical representation of the effects of knocking down individual HASMCs 

PDE inhibitors (n = 40 cells) (*P < 0.05, ***P < 0.001). All tracing are aligned for the 

purpose of comparison. 
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Figure 3.3 Effect of increasing PDE1C expression in HASMCs on SOCE. 

A. Representative tracings of SOCE in HASMC infected with either a control of a 

PDE1C-encoding adenovirus. B. Graphical representation of the effect of increasing 

PDE1C levels on HASMC SOCE. (n=40). All tracing are aligned for the purpose of 

comparison. 
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3.2 Knockdown of PDE1C reduce SOCE in HASMCs over-expressed with TrpC1 

As shown above inhibition of PDE1C activity, or knockdown of PDE1C, each reduced 

SOCE in HASMCs. Since this reduction could in principle be due to either a direct effect 

of PDE1C on the activity of the channels controlling SOCE, or indirectly due to changes 

in the levels of expression of these channel proteins, we directly compared these potential 

mechanisms. Previously, prolonged PDE5 inhibition had been reported to decrease SOCE 

by reducing TrpC1 (SOCC subunit) expression in pulmonary arterial SMCs (Wang et al., 

2008). Thus, to test whether the decrease in HASMC SOCE following PDE1C inhibition 

was caused by reductions in expression of SOCC channels, we carried out experiments in 

cells in which levels of TrpC1 were augmented by adenovirus infection. Although 

PDE1C knockdown did not significantly alter TrpC1 protein levels in these cells (Figure 

3.4a), this treatment did nonetheless decreased SOCE compared to controls (Figure 3.4b). 

These results indicated that decreases in HSMCs due to reduction in PDE1C activity or 

expression are most likely due to direct effects on the activity of the channel proteins and 

not on their expression.  
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Figure 3.4 Knockdown of PDE1C reduces SOCE in HASMCs in which TrpC1 levels 

were stable. 

A. Immunoblot analysis of TrpC1 levels in HSMCs infected with an adenovirus encoding 

PDE1C or HSMCs infected with this same virus and also subjected to siRNA-based 

PDE1C knockdown. B. Graphical representation of data from experiments in which 

SOCE was measured in HASMCs incubated as above. (n=40) (**P < 0.01, ##P < 0.01) 
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3.3 Impact of SOCE on HASMC PDE1C activity.  

There was no significant change in total PDE activity when control HASMCs, which had 

been transfected with the scrambled-siRNA (negative control), were treated with CPA or 

with Endothelin-1 (ET-1)/Ca
2+

. ET-1 was used in these studies to also investigate the 

actions of receptor operated Ca
2+

 channels. In contrast, this activity was significantly 

increased by addition of Ca
2+

+CPA (Figure 3.5). In HASMCs in which PDE1C had been 

knocked down, PDE activity elevations caused by Ca
2+

/CPA were completely abolished, 

suggesting that PDE1C was responsible for the increase in PDE activity in control cells 

(Figure 3.5 and Figure 3.6). Previous studies had reported increases in PDE1C mediated-

cAMP hydrolysis in response to elevated cytosolic [Ca
2+

], but these had not identified the 

source of this Ca
2+

 (Rybalkin et al., 1997). Our results suggest that PDE1C was 

selectively activated by SOCE. Since the maximally stimulated amount of PDE1C 

activity (Ca
2+

/CaM activity) present in HASMCs was not altered by our treatments we 

suggest that the increase in PDE activity in response to CPA+ Ca
2+

was not due to 

transient increases in the amount of PDE1C in cells with these treatment (Figure 3.6). 

 



 

45 

 

 

Figure 3.5. PDE activity is increased in control HASMCs treated with CPA+Ca
2+

 

HASMC lysate PDE activity were determined as described in Materials and Methods in 

lysates derived from HASMCs treated with control solutions (HBSS solution), CPA 

(10μM), CPA (10μM) + Ca
2+

 (1mM) or ET-1 (10nM) + Ca
2+

 (1mM) for 30 min. All 

cAMP PDE activities were normalized to PDE activities under control conditions. (n=9) 

(*P < 0.05). 
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Figure 3.6 Ca
2+

/CaM activated PDE1C activity is not statistically different among 

each Ca
2+

 stimulating treatment 

Ca
2+

/CaM activated PDE1C activity was determined as described in Materials and 

Methods in lysates derived from HASMCs treated with control solutions (HBSS solution), 

CPA (10μM), CPA (10μM) + Ca
2+

 (1mM) or ET-1 (10nM) + Ca
2+

 (1mM) for 30 min. 

(n=9)  
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3.4 PDE1C-TrpC1 co-immunoprecipitation in HEK293T cells. 

Since the data above indicated that PDE1C activity was increased in response to SOCC, 

and that this treatment did not alter levels of PDE1C, we hypothesized that this regulation 

was occurring locally through a protein-protein interaction between proteins involved in 

generating SOCE and PDE1C. This hypothesis was also based on previous work in our 

laboratory as well as on previous work of others (Willoughby et al., 2010). Since the bulk 

of the available data indicated that the proteins involved in generating SOCC included 

STIM1, Orai1 and TrpC1, we tested the idea that PDE1C could interact with these 

proteins. In initial studies using heterologous expression of these proteins in HEK293T 

cells we observed that PDE1C was co-immunoprecipitated with an HA-tagged version of 

TrpC1(Figure 3.7a).  Similarly, PDE1C immunoprecipitates contained HA-tagged TrpC1 

(Figure 3.7a). To test for selectivity in these experiments, another TrpC variant, TrpC3, 

was used. Although TrpC3 is a closely related homolog of TrpC1, immunoprecipitation 

of FLAG-tagged TrpC3 did not allow isolation of PDE1C (Figure 3.7b). Similarly, 

PDE1C immunoprecipitates did not contain FLAG-TrpC3 (Figure 3.7b). These data 

indicated that PDE1C selectively interacted with one of TrpC family, TrpC1.  
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Figure 3.7 Co-immunoprecipitation of PDE1C with HA-TrpC1 in HEK293T cells. 

A. HEK293T cells were double transfected with PDE1C and HA-TrpC1. HEK293T cell 

lysates were incubated with either PDE1C or HA antibody and protein A/G beads. 

Immune complexes and aliquots of cell lysates (30μg) were each resolved by SDS/PAGE 

and immunoblotted with PDE1C or HA antibody. B. HEK293T cells were double 

transfected PDE1C and FLAG-TrpC3. Immunoprecipitation between PDE1C and FLAG-

TrpC3 were performed as described in Figure 3.7A. 
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3.5 TrpC1-STIM1-Orai1 complexes in HEK293T cells 

Even though the exact mechanism of its involvement in this process remains a subject of 

active debate, one popular theory of how TrpC1 participates in SOCE is that TrpC1 

forms direct interactions with Icrac subunits (STIM1 and Orai1). Some studies showed 

that TrpC1 could interact with STIM1 via Orai as an intermediate or that it could directly 

interact with STIM1 (Liao et al., 2008). To test for the possible interaction, we expressed 

STIM1, Orai1 and TrpC1 heterologously in HEK293T cells. Transfected HEK293T cells 

expressing HA-TrpC1, FLAG-Orai1 and GFP-STIM1 were subjected to selective 

immunoprecipitations. As shown in Figure 3.8, immunoprecipitation of HA-tagged 

TrpC1 did allow isolation of STIM1 and Orai1. Similarly, TrpC1 and STIM1 were each 

present in anti-FLAG immunoprecipitates of Orai1 and TrpC1 was present in anti-GFP 

immunoprecipitates of GFP-STIM1 (Figure 3.8). Thus, we concluded that in addition to 

the interaction between PDE1C and TrpC1, TrpC1 could also interact with either Orai1 

or STIM1 in HEK 293T cells.  
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Figure 3.8 Co-immunoprecipitation of TrpC1 with STIM1/Orai1. 

HEK293T cells were triple transfected with GFP-STIM, FLAG-Orai, and HA-TrpC1. 

After 24 hours of initial transfection, cells were lysed. HEK293T lysates were incubated 

with either GFP, FLAG or HA antibody and protein A/G beads. Immume complexes and 

aliquots of cell lysates (30μg) were each resolved by SDS/PAGE and immunoblotted 

with GFP, FLAG or HA antibody. 
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3.6 No direct interaction between PDE1C and STIM1 or Orai1. 

As mentioned in Section 3.4, SOCCs in HASMCs consist of STIM1, Orai and/or TrpC1. 

Since PDE1C are co-immunoprecipitated with TrpC1, we next attempted to test whether 

PDE1C also interacted with STIM1 and/or Orai. To test this, further 

immunoprecipitations were carried out. Although each PDE1C, STIM1 or Orai1 could be 

efficiently immunoprecipitated in these experiments, immunoblotting showed no co-

immunoprecipitation of PDE1C with either Stim1 or Orai1 (Figure 3.9). Thus, we 

concluded that PDE1C did not directly interact with either STIM1 or Orai1 in these cells 

using this approach. In addition, since STIM1 was known to be located in SR membranes 

and to be recruited to SR-PM junction upon Ca
2+

 depletion and initiation of SOCE, we 

tested if SR depletion could alter STIM1-PDE1C interactions. Our data unequivocally 

indicate that this protocol did not increase PDE1C interactions with either Stim1 or Orai1.  
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Figure 3.9 No co-immunoprecipitation between PDE1C and STIM1/Orai1. 

A. HEK293T cells were double transfected with PDE1C and FLAG-Orai1. After 24 

hours of transfection, cells were lysed. Cell lysates were then incubated with PDE1C or 

FLAG antibody and protein A/G beads. Immune complexes and aliquots of cell lysates 

were each resolved by SDS/PAGE and immunobloted with PDE1C or FLAG antibody. B. 

HEK293T cells double transfected with PDE1C and GFP-STIM were lysed and co-

immunoprecipitated as described in part (A). 
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3.7 No indirect interaction between PDE1C and Icrac subunits. 

Although PDE1C did not interact directly with either Stim1 or Orai1, this did not 

preclude the possibility that it might interact with these proteins through TrpC1.  In order 

to test for this possibility, we conducted experiments in which HEK293T cells were made 

to express all four of these proteins (HA-TrpC1, PDE1C and GFP-STIM1 or HA-TrpC1, 

PDE1C and FLAG-Orai1). Although immunoprecipitation of the individual proteins was 

highly efficient, no evidence consistent with the idea that TrpC1 enables PDE1C 

interactions with either Stim1 or Orai1 was uncovered. (Figure 3.10a, Figure 3.10b). 

These data were most consistent with the idea that TrpC1 exists in at least two different 

compartments, one that interacted with PDE1C and one that interacts with Stim1 and/or 

Orai1.  
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Figure 3.10 No indirect interaction between PDE1C and STIM1/Orai1. 

A. HEK293T cells were triple transfected with PDE1C, GFP-STIM and HA-TrpC1. 24 

hours after the transfection, HEK293T cells were lysed. Cell lysates were then incubated 

with PDE1C, HA, or GFP antibody and protein A/G beads. Immune complexes and 

aliquots of cell lysates were resolved by SDS/PAGE and immunoblotted with PDE1C, 

HA, or GFP antibody. B. HEK293T cells were triple transfected with PDE1C, FLAG-

Orai1 and HA-TrpC1. Cell lysates were generated and co-immunoprecipitated as 

described in part (A). 

A 

B 
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3.8 Indirect interaction between PDE1C and IP3R  

Another TrpC1 involved SOCC model proposed by the Worley laboratory included 

TrpC1 activation through the IP3R (details in Section 1.5) (Yuan et al., 2003). In this 

model it is proposed that TrpC1 could interact with the IP3R, via another protein, namely 

Homer, and that this allowed TrpC1 to control SOCE. We tested this model and found 

that IP3R immunoprecipitates did not contain PDE1C (Figure 3.11a). However, when 

both PDE1C and HA-TrpC1 were expressed, our data was consistent with the idea that 

IP3R immunoprecipitates could contain both PDE1C and HA-TrpC1 (Figure 3.11a). As 

above, substitution of TrpC3 for TrpC1 did not promote formation of this complex 

(Figure 3.11b). From these data we concluded that in HEK293T cells, TrpC1 and PDE1C 

might reside in an IP3R-based complex. 
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Figure 3.11 Co-immunoprecipitation of PDE1C and IP3R in TrpC1 over-expressed 

HEK293T cells. 

A. HEK293T cells were either transfected with PDE1C or double transfected with 

PDE1C and TrpC1. HEK293T cells were lysed after 24 hours of transfection. Cell lysates 

were then incubated with PDE1C, HA, or IP3R antibody and protein A/G beads. Immune 

complexes and aliquots of cell lysates were resolved by SDS/PAGE and immunoblotted 

with PDE1C, HA, or IP3R antibody. B. HEK293T cells were double transfected with 

PDE1C and TrpC3. HEK293T cells were lysed and immunoprecipitated as described in 

part A. 

A 

B 
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3.9 Interaction between AC6 and TrpC1 

Since localized cAMP synthesis has also been reported to allow compartment-specific 

signaling, we also studied whether ACs were presented in this complex. Three adenylyl 

cyclases are expressed in HASMCs (AC3, AC5 and AC6). Because AC6 is highly 

expressed and is a Ca
2+

-regulated AC isoforms, we hypothesized that this AC might also 

be presented in the TrpC1-containing complex. To test this hypothesis, we transfected 

HEK293T cells with both FLAG-AC6 and HA-TrpC1. Both anti-FLAG or anti-HA 

immunoprecipitations allowed isolation of both these proteins (Figure 3.12). These 

results indicated that TrpC1 may interact with AC6. Taken together these data are 

consistent with the presence of a TrpC1, PDE1C, IP3R, AC6 complex in HEK293T cells.  
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Figure 3.12 Co-immunoprecipitation of HA-TrpC1 and FLAG-AC6. 

HEK293T cells transfected with HA-TrpC1 and FLAG-AC6 were lysed and incubated 

with FLAG or HA antibody and Protein A/G beads. Immunocomplexes and total lysates 

aliquots were resolved by SDS/PAGE and immunoblotted with FLAG and HA antibody. 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 

3.10 TrpC-PDE1C complex in HASMCs. 

To test whether a TrpC1-PDE1C complex also exists endogenously in HASMCs, we 

carried out a series of immunoprecipitation studies in primary cultures of HASMCs 

similar to those described previously in HEK293T cells. PDE1 activities were detected 

from immunoprecipitations of TrpC1 from HASMCs (Figure 3.13 left). In addition, when 

the HASMCs had been previously infected with a PDE1C adenovirus, the amount of 

PDE1C isolated in TrpC1 immunoprecipitates was significantly increased (Figure 3.13 

right). Both basal (200%) and Ca
2+

/CaM-stimulated (500%) PDE activity was increased 

in TrpC1 immunoprecipitation from adeno-PDE1C transduced HASMCs (Figure 3.13 

right). Taken together, these data were consistent with the presence of PDE1C in TrpC1 

immune complexes isolated from HASMCs. Our data are limited to PDE activity since 

the avidity of our PDE1C antibody was low.  
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Figure 3.13 PDE1C and TrpC1 interact in HASMCs. 

HASMCs were transduced with adeno-PDE1C or adeno-null. HASMC lysates were 

immunoprecipitated with TrpC1 antibody and protein A/G beads overnight. The A/G 

beads were then washed repetitively with lysis buffer and incubated with either 1μM 

[3H]-cAMP or Ca
2+

/CaM plus 1μM [3H]-cAMP for 30 min at 37⁰C to measure PDE1C 

cAMP hydrolyzing activity or Ca
2+

/CaM activated PDE1C cAMP hydrolyzing activity. 

All cAMP PDE activities were normalized to adeno-null control group. (n=6) **P < 0.01 
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3.11 Dissociation of TrpC1 and PDE1C upon activation of SOCE. 

Since our data were consistent with the existence of a PDE1C-TrpC1complex in 

HASMCs, the impact of SOCE in PDE1C activity in this complex was studied. To 

address this question, we compared the PDE1C activity in TrpC1 immunoprecipitates 

derived from HASMCs subjected to our SOCE protocol. Incubation of HASMCs with 

CPA (15 min) and then with a Ca
2+

-containing solution created a small, but significant 

decrease in TrpC1-associated levels of PDE1C activity (Figure 3.14). When PDE 

activities in other treatment groups were compared, neither CPA treatment alone nor ET-

1 with extracellular Ca
2+

 treatment produced significant effects (Figure 3.14). These 

findings indicated that the amount of PDE1C immunoprecipitated by TrpC1 and PDE1C 

activities in these treatments were the same as control treatment group. Strikingly, the 

basal and Ca
2+

/CaM-activated PDE1C activities from treatments with CPA/Ca
2+

 were 

lower than isolated under control conditions (Figure 3.15). These data implied that 

amounts of PDE1C interacting with TrpC1 were reduced in response to SOCE. 
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Figure 3.14 cAMP PDE activity in TrpC1 immunoprecipitation was decreased in 

CPA+Ca
2+

 treated HASMCs. 

HASMCs were transduced with adeno-PDE1C for 72 hours. Prior to lysis, HASMC 

monolayers were treated with control (HBSS solution), CPA (10μM), CPA (10μM) + 

Ca
2+

 (1mM), ET-1 (10nM) + Ca
2+

 (1mM) for 30 min or CPA (10μM) + Ca
2+

 (1mM) for 

15 min. HASMCs were then lysed and lysates were incubated with TrpC1 antibody and 

protein A/G beads. The beads were incubated with 1μM [3H]-cAMP for 30 min at 37⁰C 

to measure basal PDE cAMP hydrolyzing activity. All cAMP PDE1C activities were 

normalized to control group (n=9) 

 

 

* 
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Figure 3.15 Ca
2+

/CaM activated HASMC cAMP PDE activity in TrpC1 

immunoprecipitation was decreased in CPA+Ca
2+

 treated HASMCs 

HASMCs transfected with adeno-PDE1C were treated, lysed and immunoprecipitated as 

described in Figure 3.14. The A/G beads were then incubated with Ca
2+

/CaM plus 1μM 

[3H]-cAMP for 30 min at 37⁰C to measure Ca
2+

/CaM activated PDE cAMP hydrolyzing 

activity. All cAMP PDE1C activities were normalized to control group from Figure 3.14. 

(n=9) 
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Chapter 4 

Discussion: 

4.1 Summary of findings. 

The results from this study indicated that PDE1C expression and activity directly 

regulated SOCE in human cells, including HEK293T cells and HASMCs. Short term 

pharmacological inhibition of PDE1 activity and long term knockdown of PDE1C 

expression decreased SOCE. A potential saturation effect of PDE1C over-expression was 

also observed. Increased expression of PDE1C did not increase SOCE in HASMCs. 

Knockdown of PDE1C in TrpC1 over-expressed HASMCs did not change TrpC1 

expression but significantly reduced SOCE, indicating that PDE1C did not regulate 

SOCC by changing expression of SOCCs. SOCE also selectively activated PDE1C. 

While depletion of SR Ca
2+

 stores with CPA and induction of receptor operated Ca
2+

 

channels with endothelin-1did not alter HASMC PDE1C activity, SOCE-based increases 

in HASMC Ca
2+

 increased HASMC PDE1C activity significantly.  

 

Further finding in HEK293T cells were consistent with the idea that PDE1C regulated 

SOCE entry, and that this source of Ca
2+

 impacted PDE1C activity within a discrete 

compartment in cells. Using HEK293T cells, I showed that PDE1C likely interacted with 

one of SOCC subunits in HASMCs, namely TrpC1. Again speaking to selectivity, TrpC3, 

a TrpC1 homolog and a subunit of receptor operated Ca
2+

 channels, did not interact with 

PDE1C. Furthermore, while evidence indicated that TrpC1 can interact with STIM1 and 

Orai1 in HEK293T cells, PDE1C did not directly interact with either CRAC subunits in 

our studies. The “pool” of TrpC1 bound to PDE1C existed in discrete compartment from 
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TrpC1 bound to STIM1 and Orai1. In contrast, PDE1C was shown to form part of a 

complex with TrpC1 and IP3R. Although less extensively studied, one of the Ca
2+

-

inhibited forms of adenylyl cyclase (AC6) also interacted with TrpC1, raising the 

possibility that Ca
2+

-regulated formation and catabolism of cAMP could each be 

compartmented with TrpC1 at cellular membranes.  

 

When immunoprecipitation experiments were conducted in the native HASMCs, TrpC1 

and PDE1C interaction was not visible in immunoblotting due to low level of protein 

expression. However, using a more sensitive technique (i.e. PDE assay), PDE1C cAMP 

hydrolyzing activities can be detected from TrpC1 immunoprecipitation. Interestingly, 

levels of PDE1C activity recovered from TrpC1 immunoprecipitation were reduced when 

HASMCs were treated with SOCE protocol. These data implied that PDE1C interaction 

with TrpC1 was weakened as a result of SOCE, but further studies will be required to 

fully test this conclusion. These findings, taken together, represent a clear potential 

mechanism by which PDE1C controls SOCE and SOCE reciprocally regulates PDE1C 

activity.  

 

4.2 SOCC-PDE1C: positive feedback prolonging extracellular Ca
2+

 entry. 

Induction of PDE1C expression and increases in levels of SOCE are markers of 

phenotypic switch in human VSMCs. Up-regulation of PDE1C and SOCC correlate with 

increased proliferation and migration ex vivo and in vivo (Potier et al., 2009; Rybalkin et 

al., 2002). Because of their similar functional roles, cross-regulation between PDE1 and 

SOCE had long been suspected to occur and to potentially impact HASMC phenotypes, 
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but the idea had not been previously studied (Murray et al., 2007). To date, only one 

study has examined regulation between PDE and SOCE.  The evidence is less compelling 

due small decreases (10%) caused by PDE5 inhibition (Wang et al., 2008). Unlike PDE5, 

PDE1s have unique Ca
2+

/CaM activating domain, which makes them more suitable for 

participating in a Ca
2+

 signaling pathway. In our study, we have clearly established a link 

between PDE1C and SOCE. Inhibition and knockdown of PDE1C both decreased SOCE, 

while all other PDEs fail to achieve such impact (Figure 3.1, and Figure 3.2). Reversely, 

SOCE selectively activates PDE1C when other source of cytosolic [Ca
2+

] increase did not 

activate PDE1C (Figure 3.5). Positive correlation between PDE1C activity and SOCE 

formed a positive feedback cycle. Ultimate goal for the feedback cycle was to create 

prolonged activation of SOCC, which caused sustained increase of cytosolic [Ca
2+

]. 

Increase of cytosolic [Ca
2+

] was critical for cell transition from G1 to S phase, and G2 to 

M phase. Increased cytosolic [Ca
2+

] can easily diffuse through nuclear membrane, 

activating gene expression which promotes proliferation (Platoshyn et al., 2000). 

 

In addition, PDE1C and SOCC regulate each other without altering protein expression. 

PDE1C knockdown did not reduce protein expression of SOCC subunits (TrpC1) (Figure 

3.4) and protein expression of PDE1C is equal in HASMCs treated with Ca
2+

 channel 

activators (Figure 3.6). Based on these findings, we proposed that PDE1C and SOCC 

regulation involved short-term control of enzyme or channel activities, which require a 

proximal localization of PDE1C and SOCC (details see section 4.3). 
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A seemingly contradicting result is that over-expression of PDE1C did not further 

increase SOCE. The explanation for this finding was that proliferative HASMCs 

expressed saturated amount of PDE1C. In order for PDE1C to regulate SOCE, PDE1C 

has to locate close to plasma membrane (near SOCCs). Immunofluoresence-based 

staining of cells infected with PDE1C adenovirus indicated that over-expressed PDE1C 

was detected in cytoplasm and not specifically localized to the plasma membrane (data 

not shown). Thus, majority of over-expressed PDE1C did not interact with TrpC1, which 

failed to elevate SOCE. 

 

Reduction of SOCE can be caused by decreases of SR Ca
2+

 store. However, our data was 

not consistent with this idea. Indeed, throughout our experiments there was no evidence 

that SR Ca
2+

 content, as measured by CPA-induced release, was affected by any of our 

treatments.    

 

4.3 AC6-IP3R-TrpC1-PDE1C complex in HEK293T cells. 

As mentioned above, regulation of PDE1C and SOCCs is not caused by altering protein 

expression but resulted from protein interaction between PDE1C and SOCCs. However, a 

major difficulty of testing protein interaction between PDE1C and SOCCs is the 

complexity of SOCCs in HASMCs. Even after four decades of study, the identities of the 

channels that unequivocally allow SOCE in many cells are uncertain. So far, four types of 

SOCCs discovered in VSMCs are STIM1-Orai1, STIM1-Orai1-TrpC1, TrpC1-TrpC4-

TrpC5 and TrpC1-IP3R (Smythe et al., 2010). Our data in HASMCs were consistent with 

a role for TrpC1 in SOCCs. Over-expression of TrpC1 significantly increased SOCE by 
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40% in HASMCs (Figure 3.4). We were able to test the possible interaction of PDE1C 

and three SOCC models. But due to limitation of TrpC4 and TrpC5 antibody, interaction 

between PDE1C and TrpC1-TrpC4-TrpC5 was not tested in our studies. 

 

We started testing the protein interaction in HEK293T cells because of the following 

advantages: 1) HEK293T cells grow readily in culture, and 2) they are readily transfected 

by using plasmid-based reagents. The combination of transfections allowed 

immunoprecipitation and immunoblotting to be used to test for protein-protein 

interactions normally expressed at low levels in cells.  However, since experiments using 

this model can only at best provide evidence of potential interactions, these findings had 

to be confirmed in HASMCs (see section 4.4). The results of immunoprecipitation 

indicated that PDE1C did not interact with STIM1/Orai1 when expressed alone or 

expressed with TrpC1, which implied that PDE1C did not reside in STIM1-Orai1 or 

STIM-Orai1-TrpC1 complex. PDE1C was able to interact with IP3R in presence of 

TrpC1, indicating that PDE1C may interact with SOCC formed with TrpC1-IP3R. Based 

on immunoprecipitation results, TrpC1 served as a pivotal unit that bound with cAMP 

degrading enzyme (PDE1C), cAMP synthesis enzyme (AC6) and SR Ca
2+

 releasing 

channel (IP3R) (See Figure 4.1). TrpC1 acted as a bridge connecting PDE1C with other 

component of the complex. PDE1C did not direct bind with AC6 or IP3R, since 

immunoprecipitation of PDE1C did not contain IP3R or AC6 without presence of TrpC1. 

TrpC3, which also bound IP3R, did not connect IP3R to PDE1C, indicating IP3R-PDE1C 

interaction in TrpC1 over-expressed environment was not caused by unspecific binding 

or conformational change of IP3R. The PDE1C-TrpC1-IP3R complex need to be further 
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tested in HASMCs, because a different IP3R-TrpC mechanism from HEK293T cells is 

reported in other cell types. While, in VSMCs, TrpC1 formed increased interaction with 

IP3R upon SOCE activation, TrpC1-IP3R in HEK293 cells lost their interactions after 

SOCE.  

 

As for the identity of SOCCs, results suggested that TrpC1-IP3R formed a distinct type of 

SOCC from CRAC (SOCCs containing STIM/Orai). TrpC1-IP3R functioned in a separate 

compartment from CRAC which included PDE1C. Our data also confirmed that CRAC 

units may interact with TrpC1, which are consistent with finding from Ambudkar’s 

laboratory that TrpC1 is capable of regulating SOCE through both CRAC dependent and 

CRAC independent mechanisms (Ambudkar, 2007). 
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Figure 4.1 AC6-TrpC1-IP3R-PDE1C complex in HEK293T cells. 

As described in Section 4.2, a positive feedback cycle is formed around TrpC1. TrpC1 

mediated SOCE increase cytosolic [Ca
2+

]. Increased [Ca
2+

] decreases cytosolic cAMP 

concentration by inhibiting AC6 and activating PDE1C. 
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4.4 PDE1C-TrpC1 complex in HASMCs. 

In order to detect PDE1C interactions with TrpC1 in HASMCs, we had to resort to using 

enzyme assays instead of direct immunoblotting. This was due to the poor quality of our 

antibody at detecting the low levels of PDE1C expressed in HASMCs, even after 

adenoviral-mediated infections. Ca
2+

/CaM activated PDE activity expressed in 

endogenous TrpC1 immunoprecipitation was greatly amplified in adeno-PDE1C over-

expression, suggesting that TrpC1 also formed interaction with PDE1C in HASMCs. 

 

Associations between PDE1C and TrpC1 were decreased after SOCE activation, which 

suggested the complex of PDE1C-TrpC1 existed prior to induction of SOCE in HASMCs 

(See Figure 4.2). Our data indicated that SOCE caused a marked reduction in the amount 

of PDE1C that could be recovered in TrpC1 immunoprecipitates. This was in contrast to 

the increase in cytosolic PDE1C activity that occurs in response to SOCE (See section 

3.3). Our data implied that SOCE reduced interactions of PDE1C with TrpC1 and 

PDE1C become activated as it was released into cytoplasm, but further work will be 

needed to assess this idea.  
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Figure 4.2 PDE1C dissociated from TrpC1-PDE1C after SOCE. 

A schematic diagram showing that in response to SOCE, PDE1C dissociates from 

TrpC1-PDE1C complex and released into cytoplasm. PDE1C becomes activated in 

cytoplasm by binding to Ca
2+

/CaM. 
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4.5  Beyond the complex of TrpC1-PDE1C: PKA, PKG or others. 

Throughout our study, we successfully addressed how PDE1C regulated SOCC by 

interacting with TrpC1, but the question of how PDE1C regulates TrpC1 channel still 

required further experimental study. Even though AC6 was isolated with TrpC1 complex, 

PDE1C-TrpC1 regulation is not limited with cAMP/PKA pathway. With dual 

hydrolyzing property of PDE1C, both cAMP and cGMP regulating pathway are possible. 

However, based on past research, TrpC1 has inclination of participating in the regulation 

of cAMP/PKA pathway 

 

If PDE1C were to regulate TrpC1 activity through cAMP/cGMP phosphorylation, 

increase of [cAMP]/[cGMP] should reduce the activity of TrpC1 channels. The roles of 

cGMP/PKG phosphorylation in SOCCs have been reported by several studies. Several 

research groups proposed that cGMP could activate the store-operated Ca
2+

 entry in 

pancreatic acinar cells and colonic epithelial cells (Parekh et al., 1997). The study by 

Putney’s laboratory also confirmed increased effect of cGMP on thapsigargin-evoked 

Ca
2+

 influx (Brain et al., 1996). Neither of these results would consist with the positive 

feedback on PDE1C-TrpC1 complex. Only one report in endothelial cells suggested that 

decreases of cGMP may elevate SOCE. Yao and his co-worker observed cGMP inhibited 

effect on SOCE and inhibitions of PKG abolished cGMP effect on SOCE (Kwan et al., 

2000). Subsequent studies taken on studying the relationship between TrpC family and 

PKG demonstrated that PKGs recognized the phosphorylation site motif of (R/K)2–3-X-

S/T in TrpC family. Such a motif was conserved in all seven families of TrpC families. 

TrpC3 was first observed to be inhibited by nitric oxide through PKG-dependent 

phosphorylation of the protein at positions T11 and S263 in HEK 293T cells. TrpC3 
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homologs, TrpC6 and TrpC7 were both confirmed with such phosphorylation sites. But 

these phosphorylations were never observed in TrpC1 and TrpC1 homologs (Yao, 2007). 

Thus, it is unlikely for PDE1C to regulate TrpC1 subunits through cGMP/PKG 

phosphorylation. 

 

cAMP/PKA dependent regulation on SOCE was first observed from rabbit portal vein 

myocyte. It was shown that β-adrenoceptor stimulation inhibited SOCC activity via PKA 

in portal vein myocytes and it was thought that this mechanism might contribute to the 

vasodilatation mediated by β-adrenoceptors (Liu et al., 2005). Yuan’s laboratory also 

recorded cAMP inhibition effect on SOCE from normal patient PASMCs. FSK 

incubation had an anti-proliferative effect on synthetic VSMC by reducing SOCE (Zhang 

et al., 2007). cAMP/PKA mediated CRAC channels is recently reported when 

AC8/AKAP79/Orai1 was isolated from lipid raft of HEK 293 cells (Masada et al., 2009). 

Furthermore, there are differences in the substrate specificity between PKG and PKA 

(Schwede et al., 2000). 8-Br-cAMP did not phosphorylate Thr-11 or Ser-263 which were 

recognized by cGMP/PKG. These findings suggested PKA, even though similar to PKG, 

target different substrates. This implied a possibility of PKA phosphorylating different 

TrpC subunits (Yao, 2007). Thus, cAMP/PKA pathway is more likely to be the mediator 

between PDE1C and TrpC1. Comparing to other members of PDE1 family, PDE1C 

possess a unique property of higher affinity and hydrolyzing activity for cAMP. 

Contractile and synthetic both already expressed high level of PDE1A, which 

hydrolyzing cGMP with high effeciency. It would be redundant to produce PDE1C for a 

system utilizing cGMP, when it can just use other existing PDE1s.  
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Besides cAMP/cGMP pathways, a third mechanism of PDE1C regulation may be 

completely independent from channel phosphorylation. SOCC is inhibited when cytosolic 

[Ca
2+

] is elevated. Fast Ca
2+ 

dependent feedback inhibitory mechanisms have been 

reported in T lymphocytes and RBL cells. This inhibition was the result of Ca
2+

/CaM 

binding to TrpC1 C terminal domain aa758-aa793. TrpC1 mutation without this C 

terminal domain exhibit increased and sustained SOCE (Singh et al., 2003). Meanwhile, 

PDE1C also possesses two binding sites for CaM. Existence of TrpC1 and PDE1C in 

subcellular compartments may result in competition for CaM binding from the two 

proteins. Dissociation of PDE1C from TrpC1 may cause the exposure PDE1C CaM 

binding sites. PDE1C chelates local Ca
2+

/CaM, which limits available CaM for TrpC1 

binding. SOCE will be elevated without feedback regulation from CaM sensor. 

 

4.6  Future direction. 

a) Identify mechanism of PDE1C regulation on TrpC1. 

As mentioned above (section 4.5), our study did not throughly address which pathway 

PDE1C caused increase in SOCE. All three hypothesized mechanisms are possible, since 

all can explain the positive feedback in TrpC-PDE1C complex. Among three mechanisms, 

CaM chelating model is relatively hard to prove because of the technical difficulty in 

monitoring local CaM concentrations. The PKA and PKG model can be easily verified by 

using PKA and PKG inhibitors. SOCE can be examined in PDE1C knockdown cells 

under presence of H-89 or sc-201161. If PDE1C is regulating SOCC through 

phosphorylation, PDE1C knockdown or PDE1C inhibited HASMCs is likely to have 
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activated PKA or PKG complex. Inhibition of PKA or PKG will restore the 

synthetic/proliferative phenotype of HASMCs and consequently create increased SOCE.  

 

b) Testing endogenous AC6-TrpC1 interaction. 

Our experiments in HEK293T cells also indicate there is possible interaction between 

AC6 and TrpC1. This interaction requires verification in HASMC system as well. 

Verifying this interaction can also help to answer the mechanism of PDE1C regulating 

pathway. Discovery of this interaction in HASMCs with co-immunoprecipitation and 

immunoblotting could be performed using methodology similar to that employed to 

detect TrpC1-PDE1C interaction. We have no previous experience with anti-AC6 

antibody and endogenous AC6 expression. Measuring AC6 expression level in HASMC 

will be important. Over-expression with adenovirus or lentivirus will be required if 

endogenous AC6 falls under detection level.  

 

c) Identify specific binding site between TrpC1 and PDE1C with peptide array.  

Our laboratory has overlapping sequence of PDE1C synthesized on continuous cellulose 

membrane supports by the AutoSpot-Robot ASS 222. The interaction site on PDE1C can 

be visualized from the spot on cellulose membrane by overlaying the cellulose 

membranes with HEK 293T cell lysates expressing HA-TrpC1. Identification of the 

specific binding sites will provide information regarding how PDE1C is regulating TrpC1 

channel. 
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