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                                      ABSTRACT 

!
Pulmonary hypertension (PH) is characterized by an increase in blood 

pressure in the pulmonary vasculature associated with excessive 

vasoconstriction of pulmonary arteries and vascular remodeling. Pulmonary 

vasoconstriction is controlled by endogenous mediators, including those that act 

by stimulating G protein-coupled receptors (GPCRs). Vasoconstrictors such as 

serotonin (5-HT), endothelin-1 (ET-1) and thromboxane signal via GPCRs 

coupled to the G protein Gq. Gq activates signaling cascades in vascular smooth 

muscle that cause vasoconstriction. Regulators of G Protein Signaling 2 (RGS2) 

proteins turn off Gq signaling and thus inhibit the downstream pathways that cause 

vasoconstriction. Inhibition of RGS2 increases Gq-coupled GPCR 

vasoconstriction caused by many endogenous vasoconstrictors, including those 

implicated in PH.  

!
Hypoxia is a key factor in the development of PH. Acute hypoxia causes 

hypoxic pulmonary vasoconstriction (HPV), which regulates ventilation by 

diverting blood flow away from poorly oxygenated regions of the lung. HPV is 

associated with an increase in calcium (Ca2+) mobilization, initially due to Ca2+ 

release from intracellular stores and followed by a sustained increase in Ca2+ 

influx through voltage-gated Ca2+ channels.  Chronic hypoxia causes PH, in part, 

by enhanced Ca2+ mobilization contributing to HPV. Thus I hypothesized that 

hypoxia reduces RGS2 in pulmonary arteries, causing increased calcium 
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mobilization and excessive vasoconstriction that may contribute to the 

development of PH. My objectives were: 

!
1. To characterize the effects of RGS2 on Gq-coupled GPCR agonist-

mediated constriction and Ca2+ signaling in human pulmonary arterial 

smooth muscle (HPASM) cells. RGS2 protein was knocked-down (KD) in 

HPASM cells using RGS2 siRNA. I measured Gq-coupled GPCR-

mediated Ca2+ mobilization and contraction in RGS2 KD and scrambled 

HPASM cells. 

!
2. To determine the effects of RGS2 on mouse pulmonary artery 

vasoconstriction activated by Gq-coupled GPCR agonists. I prepared 

precision cut lung slices (lung slices) from RGS2 KO and WT mice and 

assessed Gq-coupled GPCR agonist-mediated constriction concentration-

response curves.  

! !
3. To determine the effects of hypoxia on mouse pulmonary artery 

vasoconstriction activated by Gq-coupled GPCR agonists. RGS2 KO and 

WT lung slices were incubated in hypoxia for 48 h and concentration-

response curves for 5-HT and U46619 (thromboxane A2 mimetic) were 

analyzed.  

!
!
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4. To determine whether hypoxia enhancement of Gq-coupled GPCR 

agonist-mediated Ca2+ signaling and pulmonary arterial constriction is 

caused by down-regulation of RGS2 expression, HPASM cells were 

incubated in hypoxia (1% O2) or normoxia (21% O2) for 1-48 h and RGS2 

expression was measured by western blotting. HPASM cells were also 

cultured for 48 h in hypoxia and Ca2+ mobilization and contraction of 

HPASM cells measured. Additionally, I incubated RGS2 KD HPASM cells 

in hypoxia and measured RGS2 expression along with Ca2+ mobilization 

and contraction.  

!
! !

5. To determine whether RGS2 KO mice develop right ventricular 

hypertrophy. I measured the heart wt /body wt (HW/BW) and Fulton Index 

of RGS2 KO and WT mice. 

  

U46619- and ET-1-mediated Ca2+ mobilization and contraction were 

significantly increased in RGS2 KD HPASM cells compared to scrambled control 

cells. Pulmonary arteries from RGS2 KO lung slices also exhibited enhanced 

constriction induced by 5-HT and U46619 compared to WT mice. Hypoxia 

enhanced the Ca2+ mobilization and contraction induced by U46619 and ET-1 in 

HPASM cells. Hypoxia did not significantly down-regulate RGS2 expression in 

RGS2 KD HPASM cells but did increase the Ca2+ mobilization and contraction of 

RGS2 KD HPASM cells. Hypoxia enhanced the pulmonary arterial constriction of 
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WT mouse lung slices; however, it did not increase constriction of RGS2 KO lung 

slices. HW/BW and Fulton Index were significantly increased in RGS2 KO mice 

in comparison to WT mice.  

!
In conclusion, RGS2 plays a role in GPCR-mediated contraction and Ca2+ 

mobilization of HPASM cells and mouse pulmonary arteries. Hypoxia down-

regulates RGS2, which is associated with augmented Ca2+ signaling and 

constriction that may contribute to the development of PH.   

!
!
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INTRODUCTION 
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G PROTEIN-COUPLED RECEPTORS (GPCRs)  

!
G protein-coupled receptors (GPCRs) comprise a large and diverse family of 

proteins whose main function is to transduce extracellular stimuli into intracellular 

signals. GPCRs have seven trans-membrane helices, an extracellular N-terminus 

and an intracellular C-terminus (Fig. 1) (Palczewski et al. 2000). G proteins are 

heterotrimeric complexes composed of three subunits, Gα, Gβ and Gγ. There are 

at least 20 different types of human Gα proteins, 6 types of Gβ proteins and 11 

types of Gγ proteins to which GPCRs can be coupled (Hermans 2003, Wong 

2003).  

!
The first step in GPCR-mediated signal transduction is ligand binding to 

receptors (Ballesteros et al. 2001, Shapiro et al. 2002). The binding of the 

agonist to a GPCR changes its conformation, thereby promoting the exchange of 

GDP (guanosine diphosphate) for GTP (guanosine triphosphate) on the G α-

subunit. This causes the dissociation of Gα- and Gβγ-subunits (Neer, 1995, 

Surya et al. 1998). The activated Gα- and Gβγ-subunits regulate the activity of 

effector enzymes and ion channels (Fig. 2). Depending on the type of G protein 

to which the receptor is coupled, a variety of downstream signaling pathways can 

be activated (Marinissen and Gutkind, 2001, Neves et al. 2002).  

!
GPCRs are classified into Gαs, Gαi/o, Gαq/11 and Gα12/13. Gαs activates adenlyl 

cyclase (AC) resulting in an increase in cyclic adenosine monophosphate (cAMP)  
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formation (Cabrera-Vera et al. 2003). cAMP can subsequently activate cAMP-

dependent protein kinase and the Rap guanine exchange factor exchange 

protein activated by cAMP (Epac)  (Schmidt et al. 2007). Gαi/o inhibits AC causing 

a decrease in cAMP. Additionally, Gαi/o proteins are involved in the inhibition of 

Ca2+ channels, inwardly rectifying K+ channels and the stimulation of 

phosphodiesterases (Pierce et al. 2002). Gαq/11 stimulates phospholipase C 

(PLC) leading to the formation of inositol triphosphate and diacylglycerol followed 

by an increase in intracellular Ca2+ ions and activation of protein kinase C, 

respectively. Gα12/13 activation leads to activation of the small G protein RhoA via 

Rho guanine nucleotide exchange factors (Cabrera-Vera et al. 2003).  

!
Gβγ subunits activate signaling pathways involved in proliferation, apoptosis 

and ion channel activation.  Additionally, Gβγ can also regulate mitogen-activated 

protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), PLC-β, AC and several 

small GTP-binding proteins (Cabrera-Vera et al. 2003; Schwindinger and 

Robishaw 2001). Also, dissociated Gβγ subunits recruit proteins involved in 

GPCR desensitization and down-regulation (Desai et al. 2006).  

!
Gq-coupled GPCR vasoconstrictor signaling is terminated when the G 

protein-associated GTP is hydrolyzed to GDP by GTPase activity intrinsic to the 

Gα-subunit. The activity of G proteins comes from their ability to bind GTP. 

Binding of GTP inherently changes the activity of the G proteins. G proteins have 

a weak ability to hydrolyze GTP, breaking a phosphate bond to make GDP. In the 
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GDP-bound state, the G proteins are inactivated and can no longer bind their 

targets. This hydrolysis reaction, however, occurs slowly, so the G proteins in 

essence have a built-in timer for their activity. They have a window of activity 

followed by slow hydrolysis that turns them off. GTPase-activating proteins 

(GAPs) work to accelerate this G protein timer because they increases the 

inherent hydrolytic GTPase activity of the G proteins, hence the name GTPase-

activating protein. 

!
RGS proteins are the GAPs for the heterotrimeric G proteins. They activate 

and accelerate the Gα-subunit-associated GTPase activity. They reduce the 

amplitude and duration of G protein signaling (Hollinger S and Hepler JR 2002, 

Ross EM and Wilkie TM 2000). Also, several second messenger proteins, such 

as some PLC isoforms, show GAP activity towards the G protein (Chidiac and 

Ross, 1999). 

!
  

!
!
!
!

!  iv



!
!
!
!
!

$  

!
Figure 1. Structure of a GPCR (Lodish H et al. 2008). 

!
!
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Ligand binding domain



!
!

$  

Figure 2. G proteins and their effector proteins (Dorsam RT and Gutkind JS. 

2007) 

!
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REGULATION OF GPCRs 

!
Receptor desensitization by phosphorylation: Agonists bind to GPCRs 

causing several cellular events that can lead to rapid desensitization and loss of 

activity (Marchese et al. 2008; Premont and Gainetdinov. 2007). Second 

messenger-dependent protein kinases such as protein kinase A and protein 

kinase C or GPCR kinases (GRKs), can phosphorylate the receptor and cause 

uncoupling of the receptor from the G protein.  

!
Stimulation of GPCRs may lead to protein kinase A or protein kinase C 

activation, providing a negative feedback mechanism following receptor 

stimulation (Benovic et al. 1985; Tobin, 1997). Protein kinase A and C are also 

able to phosphorylate other un-stimulated GPCRs, thus causing desensitization 

of multiple GPCRs as a result of stimulation of another GPCR, known as 

heterologous desensitization (Lee and Fraser, 1993; Miyoshi et al. 2004; Mundell 

et al. 2004). Agonist binding recruits GRKs to the activated receptor which in turn 

phosphorylates the receptor resulting in uncoupling from the G protein. 

Phosphorylation by GRK also promotes the binding of arrestins to the receptor 

(Moore et al. 2007). 

!
Internalization: Agonist stimulation can result in internalization of the GPCR, 

which is a well-known desensitization mechanism (Marchese et al. 2008). 

Several different pathways of internalization have been described, including 
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clathrin-coated pits and lipid rafts or caveolae (Kirkham and Parton, 2005). 

GPCRs can also be internalized using mechanisms that do not include β-arrestin 

binding and clathrin-coated pits. An example of another mechanism is the 

internalization via βark, lipid rafts and/or caveolae. After internalization, the 

GPCR can either be dephosphorylated and recycled back to the cell surface or 

targeted by lysosomes for degradation. Some GPCRs recycle rapidly to the cell 

surface after internalization, such as β2-adrenoceptor whereas other receptors 

recycle more slowly, such as the angiotensin II and vasopressin receptors 

(Shenoy and Lefkowitz, 2003a). This difference in recycling rate is caused by the 

difference in stability of the GPCR-arrestin complex (Shenoy and Lefkowitz, 

2003b).  

!
Receptor down-regulation: Most GPCRs show some degree of down-

regulation upon chronic activation (Bouvier et al. 1989; Yoburn et al. 2004). 

Down-regulation of receptor protein expression may not only be due to enhanced 

GPCR internalization and subsequent degradation and new receptor synthesis, 

but also to decreased levels of receptor mRNA (messenger RNA), either as a 

result of suppressed gene expression or destabilization of receptor mRNA 

(Hadcock and Malbon, 1988; Hadcock et al. 1989).  

!
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Regulators of G Protein Signaling (RGS) Proteins 

!
RGS proteins regulate GPCR-induced signaling by enhancing GTP hydrolysis 

and terminating the G protein activation cycle (Fig. 3). RGS proteins are 

characterized by a shared 120–130 amino acid domain known as the RGS 

domain. The RGS domain binds directly to activated Gα subunits to enhance 

their intrinsic GAP activity (Berman et al. 1996; Hollinger and Hepler, 2002). The 

RGS domain has been found to exhibit highest affinity for the GDP-Mg2+-AlF4− 

bound Gα, which mimics the transition state during GTP hydrolysis (Berman et 

al. 1996, Ross and Wilkie, 2000).  

!
More than 30 RGS and RGS-like (containing a RGS-homology domain) 

proteins have been identified. They are sub-divided into six distinct subfamilies 

based on amino acid sequence, overall protein structure and identified functions 

within subfamilies. These are listed below: 

 A/RZ (RGS17, 19 (or GAIP), 20, Ret-RGS1) 

B/R4 (RGS1-5, 8, 13, 16, 18, 21)  

C/R7 (RGS6, 7, 9,11)  

D/R12 (RGS10,12,14)  

E/RA (Axin, Conductin)  

F/RL (RGS-like proteins such as RhoGEFs, GRKs, AKAPs and sorting nexins 

(SNXs)) subfamilies (Ross and Wilkie, 2000; Siderovski and Willard, 2005). 

!
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RGS proteins of the A/RZ and B/R4 subfamilies are small proteins (120–130 

kDa) with a short N-terminal region and a C-terminal RGS domain, except for 

RGS3, which has a relatively long N terminal domain of ~300 amino acids (Ross 

and Wilkie, 2000; Siderovski and Willard, 2005). For RGS2, RGS3 and RGS5, 

alternative splice variants have been found, which have different specific 

functions (Liang et al. 2005; Mittmann et al, 2001). 

!
The RGS proteins serve only as modulators of G protein signaling because of 

their GAP activity (Boutet-Robinet et al. 2003; Zhong et al. 2003). The larger 

RGS family members are multifunctional proteins able to form multi-protein 

complexes and thus act as integrators of G protein signaling (Hollinger and 

Hepler, 2002). 

!
Most RGS proteins have been shown to act as GAPs for Gαi/o and Gαq/11 

proteins (Hollinger and Hepler, 2002). The RhoGEFs are the only RGS-like 

proteins with GAP activity for Gα12/13 proteins. RGS proteins are not only able 

to discriminate between Gα subfamilies but are also able to discriminate between 

GPCRs coupled to the same Gα subfamily (Cho et al. 2003, Ghavami et al. 2004, 

Wang et al. 2002, Xu et al. 1999). The N-terminal region of small RGS proteins 

has been shown to be important for receptor selectivity (Bernstein et al. 2004, 

Itoh et al. 2006, Zeng et al. 1998).  

!
!
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The N-terminus of several small RGS proteins interacts with the third 

intracellular loop or the C-terminal tail of GPCRs to confer receptor selectivity. 

For example, RGS2 interacts directly with a protein fragment of the third 

intracellular loop of the α1A but not of the α1B or α1D-adrenoceptor (Hague et al. 

2005). Lys219, Ser220 and Arg238 were shown to be essential for the interaction 

of the third intracellular (i3) loop of the α1A-adrenoceptor with RGS2 (Hague et 

al. 2005).  

!
Further evidence that RGS proteins are able to interact with GPCRs is the 

recruitment of RGS proteins to the membrane upon co-expression of certain 

GPCRs in the absence of agonist stimulation (Roy et al. 2003). The Gq/11-

coupled α1A-adrenoceptor (Hague et al. 2005) and angiotensin II receptor and 

the Gs-coupled β2-adrenoceptor (Roy et al. 2003) are able to recruit RGS2, 

whereas the Gi-coupled muscarinic M2 receptors cannot (Roy et al. 2003).  

!
Several RGS proteins have been shown to impair GPCR signaling even in the 

presence of non-hydrolysable G proteins (Melliti et al. 2001; Sinnarajah et al. 

2001), indicating a GAP-independent regulation of GPCR signaling. RGS 

proteins act as effector antagonists, either by binding to the effector protein or the 

Gα subunit and thereby preventing the Gα-effector interaction. For example 

RGS1, RGS2, RGS3, RGS4, RGS10 and RGS13 were shown to directly inhibit 

the activity of several AC isoforms (Ghavami et al. 2004; Johnson and Druey, 

2002; Roy et al. 2006; Salim et al. 2003; Sinnarajah et al. 2001). To inhibit AC, 
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the 19 amino acid N-terminal region is essential, whereas the RGS domain is not 

required (Salim et al. 2003). RGS2 has also been shown to interact with Gs, 

which might at least partly explain its inhibitory effects on cAMP accumulation 

(Roy et al. 2006). RGS2, RGS3 and RGS4 have been shown to inhibit PLC-β 

activity induced by GTPγS-activated Gq/11 proteins (Anger et al. 2004; 

Cunningham et al. 2001; Hepler et al. 1997; Scheschonka et al. 2000), indicating 

a GAP-independent attenuation of signaling. Gβγ-mediated signals, such as 

Gβγ-induced PLC, MAPK, and PI3K activity, can also be inhibited directly by 

RGS proteins. For example, RGS3 can interact with Gβγ (Shi et al. 2001). In 

addition, RGS-like proteins are able to act as effector antagonist,\; for example, 

GRK2 can bind Gq/11 via its RGS domain, thereby inhibiting Gq/11 signaling 

(Carman et al. 1999). 

!
Ca2+ channel activity can also be regulated by several RGS proteins. For 

example, RGS2 is able to reduce Na+ and Ca2+ currents of the epithelial Ca2+ 

channel transient receptor potential cation channel V6 (TRPV6) by direct 

interaction with its N-terminus (Schoeber et al. 2006). The exact mechanism of 

modulation of channel activity is still unknown, since ‘on’ and ‘off’ rates are 

modulated differentially by RGS proteins (Bansal et al. 2007). 

!
Beside interaction with G proteins, GPCRs and some effector proteins, RGS 

proteins have been found to interact with other proteins, influencing their 

localization, function and stability. For example, binding of Spinophilin to RGS2 
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promotes the interaction between GPCRs and RGS, thereby enhancing the 

inhibitory effect of RGS2 on G protein signaling (Wang et al. 2007, 2005). In 

contrast, binding of Neurabin to RGS2 reduces the inhibitory effect of RGS2 on G 

protein signaling. This can be explained by the inability of neurabin to bind 

specific GPCRs, whereas spinophilin is able to interact directly with the third 

intracellular loop of several GPCRs (Richman et al. 2001; Smith et al. 1999). 

Thus the spinophilin/neurabin balance might be important for the inhibitory effect 

of several RGS proteins on GPCR signalling (Wang et al. 2007). 

!
In addition to regulation by protein interaction, a number of RGS protein 

functions are known to be regulated by a variety of post translational 

modifications such as palmitoylation and phosphorylation (Hollinger and Hepler, 

2002; Jones, 2004). Several RGS proteins can be palmitoylated near their N-

terminus and at a highly conserved cysteine residue in the RGS domain (Hiol et 

al. 2003; Osterhout et al. 2003). Palmitoylation in the RGS domain can either 

inhibit or potentiate the GAP activity of RGS proteins, depending on their cellular 

localization (Jones, 2004). In addition, many RGS proteins can be 

phosphorylated, which can either enhance or inhibit GAP activity, dependent on 

the RGS protein and the protein kinase involved (Derrien et al. 2003; Hollinger 

and Hepler, 2002; Moroi et al. 2007). GAP activity of RGS2 towards Gq/11 is 

increased upon phosphorylation by activated cGMP-dependent protein kinase 1-

α (PKG1-α) , resulting in a decrease of Gq/11-mediated contraction in vascular 

smooth muscle cells (Osei-Owusu et al. 2007; Sun et al. 2005; Tang et al. 2003).  
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Phosphorylation of RGS proteins can also affect interactions with other 

proteins; for example, phosphatidic acid and phosphatidylinositol-(3,4,5)-

trisphosphate (PIP3) were shown to interact with RGS4 to inhibit its GAP activity 

(Ishii et al. 2005, Ishii et al. 2002, Ouyang et al. 2003, Popov et al. 2000). PIP3 

inhibition of GAP activity was reversed by Ca2+/calmodulin, which competes for 

the same interaction site in the RGS domain of RGS4 (Ishii et al. 2005). The 

reciprocal regulation by PIP3 and Ca2+/calmodulin is important for the control of 

several RGS proteins, since the interaction site is conserved in different RGS 

proteins (Popov et al. 2000). The physiological importance of PIP3 regulation of 

RGS activity was demonstrated by analysis of muscarinic M2 receptor-mediated 

GIRK channel activity in cardiomyocytes by the whole-cell patch-clamp 

technique; PIP3 blocked the effect of RGS4 on GIRK channel activity, which was 

reversed by Ca2+/calmodulin (Ishii et al. 2002). 

!
The mRNA levels of different RGS proteins are known to be regulated by a 

variety of stimuli, including GPCR agonists (Benzing et al. 1999, Berger et al. 

2005, Panetta et al. 1999, Patten et al. 2002, Taymans et al. 2004, Zou et al. 

2006). This regulation is both tissue and receptor-specific. Upregulation of RGS 

expression can be very fast; for instance, RGS2 mRNA and protein expression is 

upregulated in response to angiotensin II stimulation within 1 h (Grant et al. 2000; 

Li et al. 2005). An increase in RGS levels in response to stimulation of a given 

GPCR might serve as a negative feedback loop to limit signaling responses to 
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the GPCR itself, but it may also lead to decreased responsiveness for other 

GPCRs.  

!
Since several ligands for other types of receptors, such as the receptor 

tyrosine kinases, can also regulate RGS expression levels, RGS upregulation 

may play a role in the cross-talk between GPCRs and other types of receptors. 

For example, RGS1 mRNA, RGS4 protein and RGS16 mRNA and protein 

upregulation were demonstrated after endotoxin exposure in rat and pig heart, 

and RGS16 was also upregulated in cells after exposure to epidermal growth 

factor (Derrien et al. 2003; Panetta et al. 1999; Patten et al. 2002). RGS 

expression might also be down-regulated after stimulation; for instance, RGS4 

mRNA and protein is down-regulated in rat forebrain after amphetamine 

administration (Schwendt et al. 2006). 

!
!
!
!
!
!
!
!
!
!
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!

!  

Figure 3. RGS-mediated regulation of GPCRs and their signal (Hendriks-

Balk MC et al. 2008) 

!
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Altered RGS protein expression in cardiovascular disease 

!
Alterations in RGS levels have been associated with several 

pathophysiological conditions including genetic syndromes. RGS2 is known to be 

crucial in the regulation of vascular tone. RGS2 knockout mice are hypertensive 

and show a prolonged vasoconstriction in response to angiotensin II (Heximer et 

al. 2003). Cells from  Bartter's/Gitelman's syndrome patients showed increased 

mRNA and protein expression levels of RGS2, which may lead to increased nitric 

oxide (NO)-mediated relaxation (Sun et al. 2005), RGS2 has also been shown to 

promote relaxation of aortic rings by undergoing cGKIα-mediated 

phosphorylation and activation to inhibit contraction evoked by Gq/11-coupled 

vasoconstrictor receptors (Tang et al. 2003). In agreement, a decrease in RGS2  

mRNA and protein levels was shown in cells from hypertensive patients 

(Semplicini et al. 2006; Yang et al. 2005). 

!
In cardiac hypertrophy and left ventricular failure, an increase in RGS4 mRNA 

and protein was shown (Mittmann et al. 2002; Owen et al. 2001), whereas RGS2 

expression was decreased (Takeishi et al. 2000). Decreased RGS2 expression, 

which already occurred prior to hypertrophy, might lead to increased Gq/11-

mediated signalling resulting in hypertrophy (Zhang et al. 2006; Zou et al. 2006).  

!
!
!
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Pulmonary Circulation 

!
The pulmonary circulation carries deoxygenated blood from the heart to the 

lungs and returns oxygenated blood back to the heart. In the pulmonary 

circulation, deoxygenated blood leaves the right ventricle through the pulmonary 

artery, the only artery in the body that carries deoxygenated blood, to the 

capillaries where carbon dioxide diffuses out of the blood into the alveoli and 

oxygen diffuses out of the alveoli into the blood. Blood leaves the capillaries by 

the pulmonary vein, the only vein that carries oxygen-rich blood and travels to the 

heart where it re-enters at the left atrium (Fig. 4). 

!
Under normal conditions, the pulmonary vasculature is a low resistance low 

pressure system. Mean pulmonary artery pressure (mPAP) is normally 

maintained at 16 mm Hg. To maintain this tightly balanced regulation of low 

pulmonary resistance, the pulmonary vasculature is structured differently and 

functions differently than the systemic vasculature. The pulmonary arterie’s and 

arteriole’s walls are thinner and their smooth muscule tones are lower than those 

of the systemic vasculature. 

!
!
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$  

!
Figure 4. Pulmonary Circulation vs Systemic Circulation (http://

fayezatheaspiringmedic.wordpress.com/page/2/). 

!
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Hypoxia 

!
Hypoxia is a condition of low oxygen pressure. Hypoxia can be produced in 

two ways: by a decrease in barometric pressure leading to hypobaric hypoxia 

(Bert 1878) or by a decrease in oxygen fraction without a change in barometric 

pressure, known as normobaric hypoxia (Bancrcroft 1925). People living at high 

altitudes are exposed to hypobaric hypoxia, whereas individuals suffering from 

sleep apnea or COPD are exposed to normobaric hypoxia.  

!
Hypoxia can cause structural remodeling of pulmonary arteries associated 

with PH. People living at high altitude have increased pulmonary arterial pressure 

and only a small portion of the increased pressure is reversible with 

administration of oxygen. In addition, there is a greater increase of pulmonary 

arterial pressure in response to exercise in high altitude dwellers (Arias-Stella J 

et al. 1963). There is also an increase of smooth muscle α-actin in the walls of 

small pulmonary arteries, which normally have little or no α-smooth muscle actin, 

and larger proximal blood vessels have thickened media and adventitia. 

“Operation Everest” is a simulated climb of Mount Everest that shows that 

chronic hypoxia can cause rapid and significant changes in human pulmonary 

arteries (Houston CS et al. 1987, Groves BM et al 1987). In this study, volunteers 

were exposed to hypobaric hypoxia over a 6-week period. Catheterization at rest 

and on exercise was performed after exposure to simulated higher altitudes. After 

40 days, pulmonary pressures were significantly higher than those observed in 
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response to acute hypoxia before the climb; in addition, there was a lack of 

vasodilator response to the acute administration of 100% oxygen (Groves BM et 

al. 1987).  

!
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Hypoxic Pulmonary Vasoconstriction 

!
Hypoxic pulmonary vasoconstriction (HPV) is an adaptive vasomotor 

response to hypoxia, causing vasoconstriction which redistributes blood to 

ventilate lung segments. It shunts blood from poorly ventilated areas of the lung 

to oxygenated lung segments to optimize ventilation-perfusion matching, 

reducing shunt fraction (Thomas HM 3rd and Garrett RC, 1982) and optimizing 

systemic O2 delivery. HPV is activated within seconds of moderate hypoxia and 

reverses quickly on restoration of normoxic ventilation. 

!
Micropuncture studies confirm that the small resistance pulmonary arteries 

are directly exposed to alveolar PO2 and are the major site of HPV (Kato M and 

Staub N, 1966). Isolated pulmonary arterial smooth muscle (PASM) cells 

constrict to hypoxia, whereas smooth muscle cells from carotid arteries or 

conduit pulmonary arteries do not constrict to hypoxia (Madden J et al. 1992). 

Infact, hypoxia dilates systemic arteries in animals (Hampl V et al. 1994). 

!
The presence of a sustained hypoxic state can be a factor that enhances 

pulmonary vasoconstriction and leads to pulmonary vascular medial hypertrophy.  

The mechanisms causing pulmonary vasoconstriction in response to chronic 

hypoxia and subsequent development of PH are not completely understood; 

however, a number of possible mechanisms have been proposed. PASM cell 

tone is influenced by vasoconstrictor and vasodilator factors secreted from the 
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endothelium, lung parenchyma and in the circulation. Some of the mechanisms 

that have been proposed are attenuated endothelium-dependent relaxation, 

depressed contraction in response to acute hypoxic challenge, and enhanced 

contraction to ET-1, 5-HT, angiotensin II and histamine (Weir et al. 1976, Archer 

et al. 1989). Increase in synthesis of agonists and altered reactivity to 

pharmacological agonists are physiological consequences of chronic exposure to 

hypoxia. These changes can increase the pulmonary vascular resistance (PVR) 

and elevate pulmonary arterial pressure. Chronic hypoxia may also have direct 

effects on pulmonary vascular smooth muscle cells, modulating receptor 

populations, ion channel activity or signal transduction pathways (McMurty et al. 

1978, Porcelli and Berman 1983, Rodman et al. 1990, Wanstall and O’Donnell 

1990, Rui and Cai 1991). In hypoxia, NO and prostaglandin I2 (PGI2) synthesis is 

inhibited, thereby potentiating vasoconstriction (Weir et al. 1976, Archer et al. 

1989).  

!
ET-1, a Gq-coupled GPCR agonist, has both vasoconstrictor and mitogenic 

properties (Lippton et al. 1989, Wanstall and O’Donnell 1990, Horgan et al. 1991, 

Peacock et al. 1992). ET-1 levels are elevated in hypoxia, but the mechanism for 

this effect is not clearly understood. The promoter of the ET-1 gene has been 

found to contain a consensus site for hypoxia-inducible factor-1 (HIF-1) binding 

(Yamashita K et al. 2001), implicating HIF-1 in regulating the elevated ET-1 levels 

in hypoxia.  Expression of ETA and ETB receptors is also increased during 

hypoxia (Lie et al. 1994). 

!  xxiii

http://www.ncbi.nlm.nih.gov.cuhsl.creighton.edu/pubmed?term=yamashita%2520k%255bauthor%255d&cauthor=true&cauthor_uid=11278891


!
Angiotensin II is a vasoconstrictor and a mitogen for pulmonary fibroblasts 

and smooth muscle cells (Morrell et al. 1998, Nguyen et al. 1994). Circulating 

angiotensin I is converted to its active form angiotensin II by angiotensin-

converting enzyme (ACE) in the vascular endothelium. Hypoxia reduces ACE 

activity and consequently ANG II production (Kay et al. 1985, Oparil et al. 1988). 

!
Intracellular Ca2+ concentration is a key factor regulating vascular tone. Acute 

hypoxic vasoconstriction is associated with a rise in intracellular Ca2+ (Cornfield 

et al. 1993, 1994, Harder et al. 1985, Madden et al. 1985). Application of ET-1, 

angiotensin II and 5-HT to PASM cells was accompanied by an increase in 

intracellular Ca2+ concentrations (Shimoda et al. 2000, Hyvelin et al. 1998, Yuan 

et al. 1997). 

!
Oxygen sensing in PASM cells has been attributed to (1) mitochondrial 

respiration, (2) mitochondria-dependent decreases in reactive oxygen species 

(ROS), (3) mitochondria-dependent increases in ROS, (4) mitochondrial 

membrane depolarization, (5) decreased ATP levels with generation of cyclic 

ADP-ribose, (6) ↑ NADPH oxidase, (7) small GTPase RhoA-mediated 

sensitization to intracellular Ca2+, and (8) cytochrome P450-mediated activation 

of hemeoxygenase-2 (Ghofrani HA et al. 2006). 

!
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Ca2+ Signaling 

!
An increase in intracellular Ca2+ directly activates contraction in smooth 

muscle cells, whereas in endothelial cells, it regulates the synthesis of vasoactive 

substances, including ET-1, NO, and prostacyclin (Pluteanu F et al. 2011, Paffett 

ML et al. 2010, Yu Y et al. 2004, Tantini B et al. 2005, Li C et al. 2012).  

!
In recent studies, adult male Wistar rats and C57bl/6 mice were exposed to 3 

weeks of hypoxia (10% O2). This treatment caused an increase in mean right 

ventricle pressure and right ventricular hypertrophy (Yoshikawa N et al. 2012). 

Acute hypoxic vasoconstriction and in vitro smooth muscle proliferation are 

associated with a rise in intracellular Ca2+ (Lee KH. 2010, Ng LC et al. 2010, 

Katayose D et al. 1993, de Frutos S et al. 2007, Connolly MJ and Aaronson PI. 

2011), and both can be attenuated by Ca2+ channel antagonists. Both the PASM 

cell contraction and the proliferation associated with chronic hypoxia have long 

been thought to be due, in part, to elevations in intracellular Ca2+ (de Frutos S et 

al. 2007, Sweeney M et al. 2002, Kim JE et al. 2011, Beveridge NJ et al. 2012, 

Hammond CM et al. 2007).  

!
In PASM cells isolated from resistance arteries, acute hypoxia is associated 

with an increase in intracellular Ca2+ (Golovina VA et al. 2001, Bonnet S et al. 

2007, Cogolludo A et al. 2006, Manning AT et al. 2006, Marz W et al. 2007). In 

PASM cells exposed to chronic hypoxia (10% O2), the basal intracellular Ca2+ 
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was found to be significantly increased compared that in cells cultured under 

normoxic conditions. Chronic hypoxia also increased vasoreactivity 

(Thamilarasan M et al. 2012) in PASM cells. Thus PH causes an increase and 

dysregulation in Ca2+ signaling contributing to pulmonary vasoconstriction, 

proliferation of vascular smooth muscle cells and ultimately pulmonary vascular 

remodeling.  

!
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Pulmonary Hypertension (PH) 

!
PH is an increase in blood pressure in the pulmonary vasculature 

characterized by mean pulmonary arterial pressure (mPAP) > 25 mm Hg at rest 

or > 30 mm Hg with exercise. PH is a rare but severe and fatal disease, affecting 

predominantly women. An increase mPAP is caused by increased PVR. When 

the resistance to blood flow is increased, the right ventricle compensates by 

pumping more forcefully. This causes right ventricular hypertrophy. The 

symptoms of PH are breathlessness on exertion, angina pectoris, palpitations, 

dry cough, exertional nausea and vomiting. 

!
Peacock AJ and colleagues in 2007 performed an epidemiological study that 

showed that 20-50 persons per million suffer from PH. The annual incidence of 

PH is 7.1 cases per million, with a prevalence of 52 cases per million (Peacock 

AJ et al. 2007). Epidemiological data from the registry to evaluate early and long-

term pulmonary arterial hypertension disease management (REVEAL) study 

conducted in the United States reported that the most common age of patients 

with PH is between 45 and 54 years (mean age:44.9 years). Additionally, PH is 

more likely to affect women, by a 3.6-to-1 ratio (Badesch DB et al. 2010, Frost AE 

et al. 2010.). 

!
PH is characterized by sustained vasoconstriction and vascular remodeling 

including hypertrophy and hyperplasia of the smooth muscle cells in pulmonary 
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arteries. One of the hallmarks of PH is a severe obstructive vasculopathy where 

the intima, media and adventitia are significantly thickened and more distal 

vessels become increasingly muscular due to PASM cell proliferation and 

reduced apoptosis (Simonneau G et al. 2004). Vascular lesions such as 

plexiform lesions can also lead to obstruction of the pulmonary arteries (Yi ES et 

al. 2000, Firth AL et al. 2010, Stenmark KR et al. 2009, Kuhr FK et al. 2012). 

Occlusion caused by in situ thrombosis is another factor contributing to the 

increase in PVR in PH (Firth AL, 2013). 

!
The progressive narrowing of the pulmonary microvascular bed, the 

imbalance between vasodilatation and vasoconstriction, and the presence of in 

situ thrombosis lead to an increased PVR and mPAP, which directly impacts the 

right ventricle (RV). As right ventricle function declines, right ventricle failure also 

occours (Vonk-Noordegraaf A and Galiè N, 2011). The right ventricle has greater 

compliance than the left ventricle due to its anatomical characteristics, including 

a thinner wall structure and a crescent shape (Chin KM et al. 2005)  

!
An early effect of PH is an increase in right ventricular afterload, directly 

related to increased PVR and decreased pulmonary vascular compliance 

(Handoko ML et al. 2010). The rising systolic and diastolic pressures increase the 

shear stress applied to the right ventricle wall. Initially, this additional mechanic 

stress leads to an increase in myocardial mass through an increase in protein 

synthesis and an increase in cardiomyocyte size by the addition of sarcomeres. 
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Therefore, an adaptive right ventricular hypertrophy occurs. With a constant 

pressure overload, the adaptation eventually transitions to ventricular dilatation. 

The transition to dilatation leads to heart failure. Although not well understood, 

evidence shows that this could originate from an imbalance between oxygen 

demand and supply in the cardiomyocyte. 

!
Taken together, the increased wall tension and decreased myocardial 

perfusion progressively lead to a further decreased contractility and dilatation of 

the right ventricle. As right ventricle function decreases, the increase in right 

ventricle contraction time and asynchrony leads to a decreased right ventricle 

stroke volume and, by extension, to an under-filling of the left ventricle, especially 

during early diastole (Gan CT et al. 2006, Marcus JT et al.2008, Vonk-

Noordegraaf A et al. 2005). The left ventricle filling is also impaired by the 

progressive development of leftward ventricular septal bowing (Gan CT et al.

2006, Marcus JT et al.2008, Mauritz GJ et al. 2011). All together, the impaired 

systolic and diastolic right ventricle function combined with increased mechanical 

pressure and progressive left ventricle impairment are major components of the 

reduced cardiac output seen in severe PH. 

!
Symptoms of PH are fatigue, shortness of breath, chest pain, loss of 

consciousness and ankle swelling. Since symptoms are quite deceptive, by the 

time the disease is diagnosed, it has already progressed quite far. PH can be 

diagnosed by one or more of the following: 
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• Chest X-RAY: measures heart enlargement and abnormal lung vessels. 

• Autoantibody blood tests: screen for autoimmune diseases like lupus and 

scleroderma that cause PH.  

• Liver function tests: evaluate cirrhosis or other forms of liver disease 

causing PH.  

• Echocardiograms: measure heart size, function and blood flow.  

• ECGs: record the electrical activity of the heart and show changes in heart 

rhythm.  

• Cardiac catheterization: measures pressure and blood flow.  

• Pulmonary function tests: 

➢ Ventilation-perfusion scans: use radioactive tracers to identify 

causes of PH.  

➢ CAT scan of the chest: evaluates lung blood vessels, blood clots, 

and lung diseases.  

!
The pathological changes in PH have no treatment, but the following medications 

are used to treat the symptoms:  

• Prostacyclin: Vasodilator  

• Ca2+ channel blockers (example: nifedipine): Improve the symptoms and 

survival of patients who respond well to a vasodilator test. Vasodilator 

testing is used to determine how much the pulmonary blood vessels can 

relax over a brief period of time (minutes to a few hours). Its main purpose 

is to screen for patients who might respond favorably to Ca2+ channel 
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blockers, but it also has prognostic value. Patients who have significant 

acute vasodilator responses have a better prognosis than non-responders.  

Medications used to perform acute vasodilator testing include inhaled NO, 

intravenous epoprostenol and intravenous adenosine. 

• Bosentan: Blocks endothelin receptors.  

• Anticoagulants: To prevent clot formation in pulmonary blood vessels. 

• Digoxin: Helps the heart pump more efficiently. 

• Diuretics: Eliminate extra fluid.  

• Supplemental Oxygen 

!
In addition to medicines, thromboendarterectomy can be performed to 

remove large clots in the lungs of patients suffering from chronic thromboembolic 

PH. Thromboendarterectomy effectively cures such patients of PH. Heart and/or 

lung transplant can also be performed (Benisty JI 2002). 
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Figure 5. Classification of Pulmonary Hypertension 

( h t t p : / / w w w . h e a r t v i e w s . o r g / v i e w i m a g e . a s p ?

img=HeartViews_2009_10_4_162_63682_t2.jpg). 
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!
Figure 6. Cellular and Molecular Basis of Pulmonary Arterial Hypertension 

(Morrell NW et al. 2009). 

!
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!  

Figure 7. Pulmonary blood vessel: Healthy and diseased state (Schermuly 

RT et al. 2011). 

!

!  xxxiv

http://www.ncbi.nlm.nih.gov/pubmed?term=schermuly%2520rt%255bauthor%255d&cauthor=true&cauthor_uid=21691314


!
!
!
!
!
!
!

!

CHAPTER 2 

!
!

!  xxxv



INTRODUCTION 

!
Pulmonary vasoconstriction is controlled by a variety of endogenous 

mediators that act by stimulation of GPCRs (Maguire JJ and Davenport AP 

2005). Gq-coupled GPCRs activated by 5-HT, thromboxane, norepinephrine, 

ET-1 and angiotensin II cause vasoconstriction of the pulmonary vasculature. 

Gq-coupled GPCR vasoconstrictor signaling is terminated when the G protein-

bound GTP is hydrolyzed to GDP by the GTPase activity intrinsic to the Gα-

subunit. RGS proteins are GTPase-activating proteins that activate and 

accelerate the Gα subunit-associated GTPase activity and reduce both the 

amplitude and duration of G protein signaling (Hollinger S and Hepler JR 2002, 

Ross EM and Wilkie TM 2000). RGS2 is one of over 30 known RGS proteins. 

RGS2 is selective for inhibition of Gq signaling, which is activated by many 

endogenous vasoconstrictors. Both animal and human studies have revealed 

that disruption of RGS2 contributes to the pathophysiology of cardiovascular 

diseases (Hepler JR et al. 1997). For instance, RGS2 KO exhibit elevated 

systemic blood pressure associated with enhanced constriction of peripheral 

blood vessels caused by Gq-coupled GPCR vasoconstrictors (Blumer KJ et al. 

2003, Tang KM et al. 2003). Clinical studies in humans have also linked RGS2 

genes with systemic hypertension (Riddle EL et al. 2006, Yang J et al. 2005).  

!
Low oxygen pressure or acute hypoxia can cause HPV, which is an adaptive 

vasomotor response to redistribute blood to ventilate the most oxygenated lung 
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segments. Chronic hypoxia (high altitude or respiratory diseases such as chronic 

obstructive pulmonary disease, sleep apnea or fibrosis causes enhanced 

vasoconstriction of the pulmonary vasculature and vascular remodeling, both of 

which contribute to PH (Naeije R and Brimioulle S. 2001, Marshall BE. 1990).  

!
Several Gq-coupled GPCRs, including those for 5-HT and ET, have been 

implicated in the pathophysiology of HPV and PH. Some treatments for PH have 

been aimed at developing antagonists for individual Gq-coupled GPCRs, such as 

ET-1 antagonists. However, PH is a complex disease, simultaneously involving 

several Gq-coupled GPCRs, and therefore targeting single receptors may not be 

sufficient to stop or reverse the sustained vasoconstriction in PH. RGS2 is a 

potent downstream regulator shared by many of the GPCRs implicated in PH, so 

it may be a novel therapeutic target to prevent excessive vasoconstriction in this 

disease. RGS2 is known to be important in controlling systemic vasoconstriction 

and its role in regulating the pulmonary vasculature is unknown.  In addition, 

whether the vascular effects of RGS2 are modified by hypoxia is unknown. The 

goal of the present study was to determine whether RGS2 regulates pulmonary 

vasoconstriction and whether hypoxia modifies the RGS2 regulatory effect.  To 

study the role of RGS2 in pulmonary arterial vasoconstriction, I measured GPCR-

mediated constriction of pulmonary arteries in lung slices from RGS2 KO and WT 

mice. I also knocked-down (KD) RGS2 in human pulmonary arterial smooth 

muscle (HPASM) cells and measured GPCR-induced contraction and Ca2+ 

mobilization. In addition, the effects of hypoxia on contraction, Ca2+ mobilization 
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and RGS2 levels were also studied.  I found that RGS2 KD in HPASM cells 

increased GPCR-mediated contraction and Ca2+ signaling. In addition, hypoxia 

caused down-regulation of RGS2 protein levels and increased GPCR-mediated 

contraction and Ca2+ mobilization in HPASM cells. RGS2 KO in mice also 

increased GPCR-mediated pulmonary arterial constriction. Hypoxia enhanced 

pulmonary arterial constriction in WT mice but had little effect on RGS2 KO mice. 

These data suggest that RGS2 plays an important role in regulating pulmonary 

vasoconstriction and that hypoxia-mediated RGS2 down-regulation may 

contribute to the enhanced vasoconstriction in pulmonary vascular disease. 

!
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EXPERIMENTAL PROCEDURES 

!
Human Pulmonary Arterial Smooth Muscle (HPASM) Cell Culture.  

!
Primary cultures of HPASM cells obtained from a 56-year-old female 

(Invitrogen, Carlsbad CA) were sub-cultured according to the manufacturer’s 

directions in a proprietary smooth muscle cell growth medium (Medium 231, 

Invitrogen) and serum substitute (Smooth Muscle Growth Supplement, 

Invitrogen). Cells from passages 3-8 were used.   

!
Transfection of RGS2 siRNA.  

!
Expression of endogenous RGS2 protein was knocked-down in HPASM cells 

in culture using RGS2 siRNA smartpool from Dharmacon Thermo Scientific 

(Pittsburgh, PA) as previously described (Cao et al. 2006). Basic Nucleofactor 

Electroporation Kit (Amaxa Biosystems, Gaithersburg PA) and lipofectamine 

2000 (Invitrogen, Carlsbad CA) were used for transfecting the RGS2 siRNA or its 

scrambled siRNA smartpool as control (Dharmacon Thermo Scientific, Pittsburgh 

PA) into HPASM cells, with  1X106 cells used per siRNA treatment (1.2 µl). Cells 

were suspended in 100 µl of Nucleofector solution and 1.2 µl of RGS2 or 

scrambled siRNA solution was added. The cell/siRNA suspension was 

transferred into Nucleofector cuvettes and electroporated using a Nucleofactor I 

device (Amaxa Biosystems, Gaithersburg PA). Each cell sample was then 
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transferred into 2 wells of 6-well plates with approximately 2 ml of medium in 

each well. The medium was changed after 6 h and the cells were allowed to 

incubate overnight. On the following day, the medium was change. 1.3 ml of 

medium was added to each well. Next, 2.1 µl of RGS2 or scrambled siRNA was 

added to 210 µl of serum-free medium and incubated for 5 min. 6.2 µl of 

lipofectamine 2000 was added to 210 µl of serum-free medium and incubated for 

5 min. 200 µl of lipofectamine solution and 200 µl of siRNA solution were mixed 

and incubated for 20 min. Then 200 µl of the combined lipofectamine and siRNA 

solution was added to each well. The medium was changed after 6 h and the 

cells were allowed to incubate for 48 h, after which Western blots were performed 

to determine the efficiency of transfection. 

!
Hypoxic Incubation.  

!
HPASM cells and lung slices were maintained in an incubator (Nuaire, 

Plymouth MN) at 37oC in a humidified atmosphere. Cells and lung slices were 

exposed to 1% O2 (hypoxia) for 1 to 48 h in a hypoxia chamber (Biospherix, 

Lacona NY). Normoxic HPASM cells and lung slices were incubated in room air 

containing 21% O2 (normoxia) and 5% CO2.  

!
!
!
!
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Western Blot.  

!
The method used is a modification of that described previously (Wolff et al. 

2012). HPASM cells were treated with lysis buffer (500 µl RIPA buffer, 5 µl 

leupeptin, 5 µl aprotinin, 5 µl PMSF and 2.5 µl of 10% SDS) for 30 min on ice. 

Cell lysates were sonicated and centrifuged for 10 min at 12,000 rpm. The 

supernatant was collected and the cell pellet was discarded. Protein 

concentration of the supernatant was measured using a Bradford Assay (Bio-

Rad, Hercules CA). Samples were diluted to 1.5 times their original volume with 

loading buffer (Bio-Rad, Hercules CA). Then 30 µg of each protein sample were 

loaded on 12% polyacrylamide gels (Bio-Rad, Hercules CA) and electrophoresed 

at 100 V for ~90 min. The proteins were transfered onto PVDF membranes 

(Millipore, Billerica MA) using 200 amp for 120 min. Membranes were incubated 

in blocking buffer (LiCor Biosciences, Lincoln NE) for 60 min at room 

temperature. Then the membranes were probed with the primary antibody for 2 h 

followed by 50 min of incubation with the secondary antibody. Rabbit anti-human 

RGS2 polyclonal antiboby, goat anti-actin(I-19) polyclonal antibody and rabbit 

anti-vinculin polyclonal antibody were purchased from Proteintech (Chicago, IL), 

Santacruz Biotechnology () and Abcam (Cambridge, MA) respectively. IR-

dye800-labeled anti-goat antibody was purchased from Rockland (Gilbersville, 

PA) and IR-dye800-labeled anti-rabbit antibody was obtained from LiCor 

Biosciences (Lincoln, NE). Bands were visualized and band density quantified 

using an Odyssey IR imaging system (LI-COR Biosciences, Lincoln NE). RGS2 
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protein bands were normalized to the loading controls (actin or vinculin) and 

percent changes in RGS2 were calculated. Non-paired students t-test or ANOVA 

was used for statistical analysis. For all comparisons p < 0.05 was considered as 

a significant difference. 

!
Measurement of Constriction of HPASM Cells  

!
HPASM cells were plated on 35-mm cell culture dishes and incubated 

overnight. An Axiovert 135 (Carl Zeiss) inverted microscope equipped with a 

Moticam 2300 digital camera (Motic, British Columbia Canada) was used to 

capture images of cell shape changes. Cells were washed and incubated with 

Hanks salt solution at 37ºC. A field containing ~ 4-10 individual cells was chosen 

for imaging. A pre-drug image was recorded to determine the surface area of 

quiescent cells. A single concentration of either U46619 (10 µmol/L, Enzo Life 

Sciences, Farmingdale NY and Tocris Biosciences, Minneapolis) or ET-1 (1 µmol/

L, Enzo Life Sciences, Farmingdale NY) was added to the dishes and images 

were recorded at 1-min intervals for 5 min. The cell surface area of each cell in 

the field was quantified by tracing the outer edge of individual cells using ImageJ 

software. A decrease in the cell surface area was considered as contraction, 

which was expressed as the ratio of the surface area after 5 min of agonist 

exposure relative to the pre-drug value. Cells were also stimulated with 90 mmol/

L KCl as a non-GPCR control. Percent contraction caused by ET-1, U46619 and 
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KCl was compared between groups using a non-paired students t-test. p < 0.05 

was considered as a significant difference between groups. 

!
Measurement of Free Intracellular Ca2+.  

!
Ca2+ mobilization in HPASM cells was measured using a Flex Station 3 

Microplate Reader (Molecular Devices). HPASM cells (60,000 cells/well/100µl) 

were cultured overnight in growth medium in clear-bottom-black sided 96-well 

plates. Concentration-response curves for increases in intracellular Ca2+ levels 

were generated for ET-1 (10-12 – 10-6 mol/L) or U46619 (10-11 – 10-5 mol/L). Ca2+ 

was measured using the fluorescent Ca2+ dyes Fluo-3 (Invitrogen, Carlsbad CA) 

for RGS2 siRNA transfection experiments and Fluo 8/NW (AAT Bioquest) for 

hypoxia experiments. Ca2+ mobilization was recorded as relative fluorescence 

units (RFU). For Fluo-3 measurements, cells were incubated with 5 µM Fluo-3 in 

HBSS for 1 h at 37ºC in the dark and then washed with HBSS to remove 

extracellular dye that was not taken into the cells. For Fluo 8/NW measurements, 

Fluo 8/NW loading solution was prepared with HBSS following the manufacturers 

instructions and cells were incubated in this solution for 1 h at 37 ºC in the dark. 

Concentration-dependent changes in Ca2+ mobilization were then determined 

using the Flex Station. Ca2+ mobilization caused by ET-1 or U46619 was 

normalized to the response produced by 90 mmol/L KCl, a non-GPCR stimulus. 

Concentration-response curves were analyzed and pEC50 (pEC50 is defined as 

the negative logarithm of the EC50).and maximum responses were determined 
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using nonlinear regression curve fitting with the Prism 5 program (Graph Pad, 

LaJolla CA). Data were expressed as means ± SEM. Maximum Ca2+ mobilization 

and pEC50 for ET-1 and U46619 was compared between groups using a non-

paired students t-test, with p<0.05 considered as a significant difference. pEC50 

and its 95% confidence interval was converted to its antilog for ease of 

presentation. 

!
Measurement of Heart Weight to Body Weight Ratio (HW/BW) and Fulton 

Index. 

!
The body weight of RGS2 KO and WT mice was measured followed by 

euthanization via CO2. The chest cavity was opened and the heart was isolated. 

Atrias and major blood vessels were carefully removed from the surface of the 

heart to obtain intact ventricles. Ventricles were flushed clean of excess blood 

and the wet weight of the ventricles was measured. Then the right ventricle was 

dissected from the left ventricle and septum. The wet weights of the right 

ventricle and left ventricle + septum were measured separately. HW/BW was 

calculated by dividing the combined weight of the ventricles by the body weight of 

the mice. Fulton index was calculated by dividing the weight of the right ventricle 

by the weight of the left ventricle + septum. Non paired students t-test was 

performed for statistical analysis and p<0.05 was considered as statistically 

different. 

!
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!
Precision cut lung slices (Lung Slice).  

!
Lung slices were prepared using a modification of the procedure previously 

described (Jiang et al. 2010) and based on the original method of Perez-Joghbi 

and Sanderson (2007). RGS2 KO and WT mice were euthanized with CO2, the 

chest was opened and the trachea was cannulated with a 90PE cannula. 

Approximately 0.4 ml of 6% gelatin at 37ºC was injected into the right ventricle to 

fill the pulmonary arteries with gelatin. Lungs were inflated with 1.2 ml of 2.5% 

low melting point agarose at 37 ºC followed by 0.2 ml of air through the 

cannulated trachea. The mouse was placed in a refrigerator (4 ºC) for 15 min to 

harden the agarose and gelatin. The lungs were isolated from the mouse and 

allowed to incubate in cold HBSS at 4ºC for 20 min. Then, the individual lung 

lobes were isolated and 200 µm thick lung slices were cut using a Leica VT 1200 

vibrotome at room temperature. The slices were kept overnight in sterile, serum-

free minimum essential medium (MEM, Gibco, Grand Island NY) containing 

penicillin (100 U/ml, Cellgro, Manassas, VA), streptomycin (1000 µg/ml, Cellgro, 

Manassas, VA) and amphotericin B (1.5 µg/ml, Cellgro, Manassas, VA) at 37 ºC 

and 5% CO2+ 95% air in an incubator. Lung slices were used for upto 5 days. 

!
Measurement of Constriction of Pulmonary Arteries.  

!
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Constriction was measured as described previously (Jiang et al. 2010). Lung 

slices were placed in an incubation chamber on an Axiovert 135 inverted 

microscope at room temperature and perfused with HBSS at a flow rate of 2.4 

ml/min. The lung slice image was magnified using a 5X objective and a Moticam 

2300 digital camera was used to capture images. Cumulative concentration-

response curves were generated for 5-HT (10-9 mol/L – 10-4 mol/L, Sigma-Aldrich, 

St. Louis MO) or U46619 (10-9 mol/L – 10-5 mol/L, Sigma-Aldrich, St. Louis MO). 

Constriction caused by 60 mmol/L KCl, a non-GPCR vasoconstrictor, was used 

as a negative control. Agonist-induced constriction was calculated by measuring 

the cross-sectional area of the pulmonary artery lumen before and after the 

addition of the agonist using ImageJ software (http://imagej.nih.gov). A decrease 

in the cross-sectional area was defined as constriction. Each lung slice is 

considered as an independent replicate. Concentration-response curves were 

analyzed and pEC50 and maximum responses were determined using nonlinear 

regression curve fitting with the Prism 5 program. Data were expressed as 

means ± SEM. Maximum Ca2+ mobilization and pEC50 caused by ET-1 and 

U46619, was compared between groups using a non-paired students t-test, with 

p<0.05 considered as a significant difference. pEC50 and its 95% confidence 

interval was converted to its antilog for ease of presentation. 

!
!
!
!
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RESULTS 

!
HPASM cells express RGS2 which can be knocked-down with siRNA.  

!
Western blots were used to determine whether HPASM cells express RGS2 

protein. I used the housekeeping protein β-actin was used as a normalization 

control. I found a strong expression of RGS2 in HPASM cells. I then knocked-

down RGS2 protein expression in HPASM cells using siRNA. I transfected RGS2 

siRNA into HPASM cells and Western blots were performed to determine the 

degree of down-regulation of RGS2. RGS2 protein was reduced to 29.9 ± 1.5% 

when compared to scrambled siRNA controls (Fig. 12, Table 9). Thus RGS2 is 

expressed in HPASM cells and RGS2 protein can be significantly reduced using 

siRNA.   

!
RGS2 regulates GPCR-induced Ca2+ mobilization in HPASM cells.  

!
Ca2+ is a downstream effector for Gq coupled GPCR-mediated 

vasoconstriction. Ca2+ signaling is enhanced in the systemic vasculature when 

RGS2 is down-regulated. Therefore, I measured the effects of knocking down 

RGS2 in HPASM cells on GPCR-mediated Ca2+ mobilization using Fluo-3. 

Concentration-response curves for the Gq-coupled GPCR agonists, U46619 and 

ET-1 were generated and are shown in Fig. 13 and 14, respectively. Mean EC50 

values with 95% confidence intervals in parentheses for ET-1-induced Ca2+ 
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mobilization were 3.9 (1.7-8.8) nmol/L and 1.1 (0.36 -3.8) nmol/L in RGS2 KD 

and to control HPASM cells, respectively (Table 1). For U46619, the mean EC50 

values were 44 (81 -107) nmol/L for control and 33 (21 -53) nmol/L for RGS2 KD 

HPASM cells. There was no significant difference in EC50 values for either 

agonist when comparing RGS2 KD HPASM cells with scrambled control cells.   

!
In contrast, RGS2 KD HPASM cells showed significantly increased maximum 

Ca2+ mobilization by both ET-1 and U46619.  In RGS2 KD HPASM cells both 

agonists caused an approximately 2-fold increase in maximum Ca2+ mobilization 

compared to control cells. Maximum Ca2+ mobilization for U46619 was 0.7 ± 0.1 

and 1.3 ± 0.1 for control and RGS2 KD cells, respectively. For ET-1, maximum 

Ca2+ mobilization was 1.6 ± 0.1 in control versus 2.5 ± 0.1 in RGS2 KD cells. 

Thus maximum GPCR-mediated Ca2+ mobilization is increased by down-

regulating RGS2. The ET-1- and U46619- induced Ca2+ mobilization values are a 

ratio because they have been normalized to KCl-induced Ca2+ mobilization. 

!
RGS2 regulates GPCR-induced contraction of HPASM cells.  

!
To determine whether RGS2 regulates HPASM cell contraction, I knocked-

down RGS2 in HPASM cells and measured individual smooth muscle cell 

contraction caused by U46619 and ET-1. HPASM cells were stimulated with 10 

µmol/L U46619 or 1 µmol/L ET-1 for 5 min to cause contraction, which was 

quantified as the change in cell surface area. U46619 decreased the area of 
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RGS2 KD HPASM cells by 45.5 ± 1.0% compared with a 31.2 ± 1.4% reduction 

in the area of control cells (Fig. 15). ET-1 also markedly reduced the area of 

RGS2 KD HPASM cells by 52.1 ± 1.3% compared to a 30.4 ± 0.9% decrease in 

area of control cells (Fig. 15). For both agonists, the decrease in area was 

significantly greater in RGS2 KD cells compared to control cells (Table 2).  

!
To determine whether the enhanced contraction was specific for GPCR 

agonists, maximum contraction caused by 90 mmol/L KCl, a non-GPCR-

mediated vasoconstrictor, was also measured. Contraction caused by 90 mmol/L 

was not different in RGS2 KD (29.4 ± 1.6%) compared to control (30.9 ± 2.0%) 

cells. These results show that RGS2 specifically regulates GPCR-mediated 

contraction of HPASM cells.  

!
Hypoxia down-regulates RGS2 expression in HPASM cells  

!
I next tested whether hypoxia could alter RGS2 expression.  I incubated 

HPASM cells in hypoxia (1% O2) for 0, 1, 2, 4, 8, 24 or 48 h followed by Western 

blot analysis to measure the expression of RGS2 protein at each individual time 

point. As seen in Fig. 16, I observed a time-dependent decrease in the 

expression of RGS2 with hypoxic exposure. RGS2 expression in HPASM cells 

incubated in normoxia (21% O2) was 100 ± 13%. After 1, 2 and 4 h of hypoxic 

incubation, RGS2 levels were reduced by 80 ± 14%, 64 ± 8% and 63 ± 13%, 

respectively, compared to controls (Table 9). However, these reductions were not 
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significantly different from normoxic controls. With longer hypoxic incubation 

times of 8, 24 and 48 h, HPASM cells showed significantly reduced RGS2 

expression of 46.0 ± 8%, 40.0 ± 8% and 28.0 ± 5%, respectively. These results 

show that hypoxia causes down-regulation of RGS2.  

!
Hypoxia increases GPCR-induced Ca2+ mobilization in HPASM cells.  

!
I also determined the effect of hypoxia on Ca2+ mobilization. HPASM cells 

were exposed to hypoxia for 48 h and concentration-response curves for ET-1- 

and U46619-induced Ca2+ mobilization were generated using Fluo-8. (Fig. 17 

and 18, Table 3). There was no significant difference in EC50 values for Ca2+ 

mobilization caused by either agonist between hypoxic and normoxic HPASM 

cells. EC50 values for U46619 were 20 (5 -85) nmol/L in normoxic cells and 14 

(7.3 -28) nmol/L in hypoxic cells. For ET-1, EC50 values were 18 (5.2 -68) nmol/L 

in normoxic cells and to 18 (6.8 -47) nmol/L in hypoxic cells.  

!
I also compared maximum Ca2+ mobilization in HPASM cells after 48 h of 

hypoxic or normoxic incubation. Maximum Ca2+ mobilization was approximately 

2-fold greater in hypoxic compared to normoxic cells for both U46619 and ET-1. 

Maximal Ca2+ mobilization stimulated by U46619 was 1.2 ± 0.1 for normoxic cells 

compared to 2.7 ± 0.1 for hypoxic cells. ET-1 stimulated maximum Ca2+ 

mobilization was 1.1 ± 0.1 and 2.6 ± 0.3 for normoxic cells and hypoxic cells, 

respectively. These differences were statistically significant.  
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!
To determine whether the enhanced Ca2+ mobilization was specific for GPCR 

agonists and not a more global effect of hypoxia, I measured maximum Ca2+ 

mobilization induced by 90 mmol/L KCl, a non-GPCR agonist. Values for KCl 

stimulation are in relative fluorescence units (RFU), which is the raw output value 

for fluorescence for Ca2+ mobilization measured by the Flex station. KCl 

stimulation of normoxic HPASM cells was 4800 ± 1500 RFU compared 5200 ± 

1300 RFU in hypoxic cells. These values were not significantly different. These 

results indicate that hypoxia selectively increases Ca2+ mobilization caused by 

GPCR agonists but not that caused by KCl. 

!
Hypoxia increases GPCR-induced contraction of HPASM cells.  

!
Since hypoxia down-regulates RGS2 and increases Ca2+ mobilization, I 

determined the effect of 48 h of hypoxia on contraction caused by U46619 and 

ET-1 of HPASM cells (Table 4). As seen in Fig. 19, after 48 h of hypoxia, 10 µmol/

L U46619 caused a 52.6 ± 2.0% decrease in HPASM cell surface area, which 

was significantly greater than the 31.2 ± 1.4% reduction in area of normoxic cells. 

Similarly, 1 µmol/L ET-1 also caused a significantly greater reduction in the area 

of hypoxic cells with 50.1 ± 1.6% compared to 30.4 ± 0.9% for normoxia.  

!
I also used 90 mmol/L KCl to determine whether the increased HPASM cell 

contraction after hypoxic incubation was specific for GPCR agonists. 90 mmol/L 
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KCl caused a similar reduction in smooth muscle cell area of hypoxic (29.6 ± 

0.9%) and normoxic (30.9 ± 2.0%) cells. These results show that hypoxia 

increases maximum contraction caused by GPCR agonists without effects on 

contraction caused by KCl.  

!
Effects of hypoxia on RGS2 expression in RGS2 KD HPASM cells.  

!
I found that RGS2 siRNA knock-down and 48 h of hypoxia reduced RGS2 

protein levels by 70% and 68%, respectively. I next determined the effect of 

hypoxia on RGS2 in RGS2 KD HPASM cells. I transfected HPASM cells with 

RGS2 siRNA to obtain an initial knockdown of RGS2 followed by 48 hours of 

incubation in hypoxia. Western blots were performed to measure the expression 

of RGS2. RGS2 protein expression was reduced by 91.4% ± 2.4. However, the 

combination of RGS2 KD and hypoxia caused no greater reduction in RGS2 

protein levels compared to RGS2 KD or hypoxia alone (Fig. 20, Table 9).   

  

Hypoxia in RGS2 KD HPASM cells further enhances GPCR-induced Ca2+ 

mobilization.  

!
I also measured Ca2+ mobilization in RGS2 KD HPASM cells exposed to 

hypoxia. RGS2 KD HPASM cells were exposed to hypoxia for 48 h and 

concentration-response curves for U46619- and ET-1-induced Ca2+ mobilization 

were generated (Fig. 21 and 22, Table 5). There was no significant difference in 
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EC50 values for Ca2+ mobilization in RGS2 KD as compared to control HPASM 

cells after hypoxic incubation. EC50 values for U46619 were 6.6 (1.1 -39) nmol/L 

in RGS2 KD cells and 23 (14 -37) nmol/L in scrambled siRNA controlcells after 

48h of hypoxia. Similarly, after hypoxic incubation, EC50 values for ET-1 

stimulation were 1.7 (0.95 -3.3) nmol/L in RGS2 KD cells compared to 2.8 (1.6 

-4.8) nmol/L in scrambled cells.  

!
I also compared maximum Ca2+ mobilization in HPASM cells after 48 h of 

hypoxic exposure in RGS2 KD and scrambled sirNA control cells. Following 48h 

of hypoxia, maximum Ca2+ mobilization was 1.5-fold higher in RGS2 KD cells in 

comparison to scrambled siRNA control cells for both U46619 and ET-1. Maximal 

Ca2+ mobilization for U46619 was 2.5 ± 0.2 for control cells compared to 3.5 ± 

0.2 for RGS2 KD cells. ET-1-stimulated maximum Ca2+ mobilization was 3.7 ± 

0.3 and 5.1 ± 0.2 for scrambled and RGS2 KD cells, respectively. These 

differences were statistically significant.  

!
KCl stimulation of Ca2+ mobilization was 8100 ± 700 RFU in RGS2 KD 

HPASM cells compared to 9100 ± 800 RFU in control cells after 48 h of hypoxia. 

These values were not significantly different. These results indicate that hypoxia 

after RGS2 knockdown causes some additional increase in Ca2+ mobilization 

caused by GPCR agonists.  

!
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Hypoxia in RGS2 KD HPASM cells further enhances GPCR-induced 

contraction.  

!
Since 48 h of hypoxia did not significantly down-regulate RGS2 expression 

but enhanced GPCR-mediated Ca2+ mobilization in RGS2 KD HPASM cells, I 

next determined the effect of 48 h of hypoxia on contraction of RGS2 KD and 

control cells (Table 6). As seen in Fig. 23, after 48 h of hypoxia treatment, 10 

µmol/L U46619 caused a 69.0 ± 1% decrease in RGS2 KD HPASM cell area, 

which was significantly greater than the 49.1 ± 0.9% reduction in area of 

scrambled HPASM cells. Similarly, 1 µmol/L ET-1 caused a significantly greater 

reduction in the area of RGS2 KD HPASM cells of 68.0 ± 0.4% in comparison to 

control cells to 50.0 ± 1.0% after 48 h of hypoxia.  

!
90 mmol/L KCl was again used to determine the specificity of the GPCR 

agonist effects on contraction. 90 mmol/L KCl induced a similar reduction in area 

of RGS2 KD cells (30.1 ± 1.0%) and control (30.5 ± 0.7%) cells following 

hypoxia. These results indicate that hypoxic treatment of RGS2 KD cells causes 

an additional increase in maximum contraction that is specific for GPCR 

agonists. 

!
RGS2 regulates constriction of pulmonary arteries in mouse lung slice.  

!
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To determine whether RGS2 regulates constriction of pulmonary arteries, 

lung slices were prepared from RGS2 KO and WT mice and concentration-

response curves for constriction caused by the Gq-coupled GPCR agonists 

U46619 and 5-HT were generated.  I used pulmonary arteries that ranged in size 

from 55 - 254 µm in diameter with an average diameter of 124 ± 4 µm.  As shown 

in Fig. 24 A and B, mean EC50 values for 5-HT-induced constriction were 152 

(242 -95) nmol/L and 111 (246 -50) nmol/L in pulmonary arteries from WT and 

RGS2 KO mice, respectively. The same pattern was seen for U46619, with mean 

EC50 values for pulmonary artery constriction of 24 (43 -14) nmol/L in WT and 13 

(25 -69) nmol/L in RGS2 KO mice (Table 7). There was no significant difference 

in EC50 values for 5-HT and U46619 when comparing pulmonary artery 

constriction in WT versus RGS2 KO mice.  

!
In contrast, pulmonary arteries from RGS2 KO mice showed significantly 

increased maximum constriction to both 5-HT and U46619.  In pulmonary 

arteries from RGS2 KO mice, 5-HT decreased pulmonary artery cross-sectional 

area by 43.6 ± 0.6% compared to a 19.5 ± 0.2% decrease in WT mice. U46619 

decreased cross-sectional area by 47.6 ± 0.3% in lung slice from RGS2 KO mice 

compared to 27.8 ± 0.3% in lung slice from WT mice.  

!
To determine whether the enhanced vasoconstriction was specific for GPCR 

agonists, maximum constriction caused by 60 mmol/L KCl was also measured. 

Pulmonary arteries from RGS2 KO mice constricted by 25.8 ± 1.8% compared to 

!  lv



20.9 ± 1.8% constriction in arteries from WT mice in response to KCl (Fig. 25). 

This difference was not significantly different. Thus RGS2 KO causes a selective 

increase in constriction of mouse pulmonary arteries to GPCR agonists but not to 

the non-receptor agonist KCL. 

!
RGS2 regulates constriction of pulmonary arteries in hypoxic lung slices.  

!
To determine whether RGS2 regulates constriction of hypoxic pulmonary 

arteries, lung slice from RGS2 KO and WT mice were exposed to hypoxia for 48 

h and concentration-response curves for constriction caused by U46619 and 5-

HT were generated (Fig. 26 A and B). Mean EC50 values for 5-HT-induced 

constriction were 15 (78 -3.2) nmol/L and 44 (78 -25) nmol/L in pulmonary 

arteries from WT and RGS2 KO mice, respectively. Mean EC50 values for 

U46619 concentration-response curves were 20 (43 -9.6) nmol/L in WT and 22 

(47 -10) nmol/L in RGS2 KO mice. There was no significant difference in EC50 

values for 5-HT and U46619 when comparing pulmonary artery constriction in 

WT versus RGS2 KO mice.  

!
In addition, after 48 h of hypoxic treatment, maximum constriction of 

pulmonary arteries from WT mice and RGS2 KO mice were not significantly 

different.  Pulmonary arteries from RGS2 KO mice produced maximum 

constriction of 44.9 ± 1.5 % while WT mice constricted by 43.7 ± 0.8%.  U46619 
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constricted by 44.7 ± 0.6% in lung slice from RGS2 KO mice compared to 44.6 ± 

0.8% in lung slice from WT mice.  

!
Constriction by 60 mmol/L KCl in hypoxic pulmonary arteries from WT mice 

was 27.3 ± 2.1% compared to 26.2 ± 2.3% in pulmonary arteries from RGS2 KO 

mice (Table 8). This difference was not significantly different. Thus, hypoxia 

specifically increased GPCR-mediated maximum constriction of lung slices from 

WT mice, whereas RGS2 KO lung slice constriction was not significantly 

changed by hypoxia.  

!
RGS2 KO mice exhibit right ventricular hypertrophy.  

!
Chronic PH causes the heart to work harder to eject blood and this 

increased work has been shown to promote right ventricular hypertrophy. To 

provide indirect evidence for increased pulmonary blood pressure in RGS2 KO 

mice, I assessed ventricular hypertrophy. Heart weight to body weight ratio (HW/

BW) was measured in right and left ventricle. HW/BW was significantly greater 

for RGS2 KO (5.2 ± 0.1) when compared to WT mice (4.6 ± 0.1) (Fig. 27).  

!
I also calculated the Fulton index, which specifically measures right 

ventricular hypertrophy (Fig. 28). The Fulton index for WT mice was 0.24 ± 0.01 

and for RGS2 KO mice was 0.29 ± 0.01.  These values were significantly 
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different (Table 10) and indicate that RGS2 KO mice exhibit right ventricular 

hypertrophy. 

!
!
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!
Figure 8. Ca2+ tracing of control and RGS2 KD HPASM cells. Shown are 

representative Ca2+ tracings of RGS2 KD experiments for ET-1 (A), U46619 (B) 

and KCl (C) of normoxic control and RGS2 KD HPASM cells.  
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!
Figure 9. Ca2+ tracing of hypoxic and normoxic HPASM cells. Shown are 

representative Ca2+ tracings of hypoxia treatment for ET-1 (A), U46619 (B) and 

KCl (C) in normoxic and hypoxic HPASM cells.  
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!
Figure 10. Microscopic view of Lung Slice. Representative image of 

pulmonary arteries and airway before and after 5 min of 10 µmol/L 5-HT. 

!
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!
Figure 11. Microscopic view of HPASM cell. Representative image of HPASM 

cell before and after 5 min of 10 µmol/L U46619 treatment. 

!
  

!
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Figure 12. Knock down of RGS2 in HPASM cells. Shown is a mean bar graph 

and a western blot of RGS2 protein expression. HPASM cells were transfected 

with RGS2 siRNA or scrambled siRNA using dual transfection with Nucleofection 

and Lipofectamine 2000. Protein samples were collected and Western blot was 

performed for RGS2 protein. RGS2 protein was down-regulated by siRNA. 

*Significant difference (p < 0.05) using an ANOVA. Bars are means ± SEM, n = 3. 
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Figure 13. U46619-mediated Ca2+ mobilization in RGS2 KD and scrambled 

cells. Shown is the mean concentration-response curves for U46619 in causing 

an increase in intracellular Ca2+. HPASM cells were transfected with RGS2 

siRNA or scrambled siRNA. RGS2 KD and scrambled control cells were loaded 

with Fluo-4 and maximum fluorescence (Fmax) was measured at 538 nm. Ca2+ 

mobilization was increased in RGS2 KD cells compared to control cells. 

*Significant difference (p < 0.05) using a Students t test. Points are means ± 

SEM, n = 3. 
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Figure 14. ET-1-mediated Ca2+ mobilization in RGS2 KD and scrambled 

siRNA control cells. Shown is a mean concentration-response curves for ET-1 

in causing an increase in intracellular Ca2+. HPASM cells were transfected with 

RGS2 siRNA or scrambled siRNA. RGS2 KD and control cells were loaded with 

Fluo-4 and maximum fluorescence (Fmax) was measured at 538 nm. Ca2+ 

mobilization was increased in RGS2 KD cells compared to control cells. 

*Significant difference (p < 0.05) using a Students t test. Points are means ± 

SEM, n = 3. 
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Figure 15. Contraction of RGS2 KD and scrambled siRNA control HPASM 

cells caused by KCl, U46619 or ET-1. Shown is a a mean bar graph for 90 

mmol/L KCl, 10 mmol/L U46619 and 1 mmol/L ET-1 in causing a decrease in cell 

surface area.  HPASM cells were transfected with RGS2 siRNA or scrambled 

siRNA using dual transfection with Nucleofection and Lipofectamine 2000. For 

both ET-1 and U46619, there was an increased contraction of RGS2 KD HPASM 

cells compared to control cells, whereas there was no difference in KCl 

contraction between the two groups. *Significant difference (p < 0.05) using a 

students t-test. Bars are means ± SEM, n = 3.  
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Figure 16. Effect of hypoxia on RGS2 expression. Shown is a mean bar graph 

and a western blot of RGS2 protein expression. HPASM cells were cultured for 

0-48 h in hypoxia (1% oxygen) or normoxia (21% oxygen; 0 h). Protein samples 

were collected at designated intervals for Western blotting of RGS2 protein. 

RGS2 protein showed a time-dependent decrease with hypoxic exposure. Bars 

are means ± SEM, n = 3. *Significant difference (p < 0.05) using ANOVA. 
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Figure 17. U46619-mediated Ca2+ mobilization in normoxic and hypoxic 

HPASM cells. Shown are the mean concentration-response curves for U46619 

in causing an increase in intracellular Ca2+.  HPASM cells were cultured for 0-48 

h in hypoxia (1% oxygen) or normoxia (21% oxygen; 0 h). Hypoxic or normoxic 

HPASM cells were loaded with Fluo-8 and maximum fluorescence (Fmax) was 

measured at 525 nm. Ca2+ mobilization was increased in hypoxic cells compared 

to normoxic cells. Points are means ± SEM, n = 3. *Significant difference (p < 

0.05) using a Students t test. 
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Figure 18. ET-1-mediated Ca2+ mobilization in normoxic and hypoxic 

HPASM cells.  Shown are the mean concentration-response curves for ET-1 in 

causing an increase in intracellular Ca2+.  HPASM cells were cultured for 0-48 h 

in hypoxia (1% oxygen) or normoxia (21% oxygen; 0 h). Hypoxic or normoxic 

HPASM cells were loaded with Fluo-8 and maximum fluorescence (Fmax) was 

measured at 525 nm. Ca2+ mobilization was increased in hypoxic cells compared 

to normoxic cells. Points are means ± SEM, n = 3. *Significant difference (p < 

0.05) using a Students t test. 
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Figure 19. Contraction of normoxic and hypoxic HPASM cells induced by 

KCl, U46619 or ET-1. Shown are the mean values for 90 mmol/L KCl, 10 mmol/L 

U46619 and 1 mmol/L ET-1 in causing a decrease in cell surface area.  HPASM 

cells were cultured for 0-48 h in hypoxia (1% oxygen) or normoxia (21% oxygen; 

0 h). Hypoxic or normoxic HPASM cells were photographed and percent 

contraction was calculated as the difference between the cell surface area before 

(100%) and after exposure to vasoconstrictors. For ET-1 and U46619, there was 

increased contraction of hypoxic compared to normoxic HPASM cells, whereas 

contraction to KCl was the same in both groups. Bars are means ± SEM, n = 3. 

*Significant difference (p < 0.05) using a Students t test. 
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Figure 20. Effect of RGS2 KD and hypoxia on RGS2 expression. Shown is a 

mean bar graph and a Western blot of RGS2 protein expression. HPASM cells 

were transfected with RGS2 siRNA or scrambled siRNA followed by 48 h of 

hypoxia (1% oxygen). Protein samples were collected for Western blotting of 

RGS2 protein. RGS2 protein was not significantly decreased in hypoxic RGS2 

KD cells as compared to hypoxic scrambled cells. Bars are means ± SEM, n = 3. 

*Significant difference compared to control (p < 0.05) using  ANOVA. 
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Figure 21. U46619 mediated Ca2+ mobilization in hypoxic RGS2 KD and 

scrambled siRNA control HPASM cells. Shown are mean concentration-

response curves for U46619 in causing an increase in intracellular Ca2+. HPASM 

cells were transfected with RGS2 siRNA or scrambled siRNA followed by 48 h of 

hypoxia (1% oxygen). RGS2 KD and control cells were loaded with Fluo-8 and 

maximum fluorescence (Fmax) was measured at 525 nm. Points are means ± 

SEM, n = 3. *Significant difference (p < 0.05) using Students t test. 
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Figure 22. ET-1-mediated Ca2+ mobilization in hypoxic RGS2 KD or 

scrambled siRNA transfected HPASM cells. Shown are mean concentration-

response curves for ET-1 in causing an increase in intracellular Ca2+. HPASM 

cells were transfected with RGS2 siRNA or scrambled siRNA followed by 48 h of 

hypoxia (1% oxygen). RGS2 KD and control cells were loaded with Fluo-8 and 

maximum fluorescence (Fmax) was measured at 525 nm. Ca2+ mobilization was 

increased in hypoxic RGS2 KD cells as compared to control cells. Points are 

means ± SEM, n = 3. *Significant difference (p < 0.05) using Students t test. 
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Figure 23. Constriction of hypoxic RGS2 KD and scrambled siRNA 

transfected HPASM cells induced by KCl, U46619 or ET-1. Shown is bar 

graph of the means for 90 mmol/L KCl, 10 mmol/L U46619 and 1 mmol/L ET-1 in 

causing a decrease in cell surface area.  HPASM cells were transfected with 

RGS2 siRNA or scrambled siRNA followed by 48 h of hypoxia (1% oxygen). 

Hypoxic RGS2 KD and control cells were photographed and percent contraction 

was calculated as the difference between the cell surface area before (100%) 

and after exposure to vasoconstrictors. Bars are means ± SEM, n = 3. 

*Significant difference (p < 0.05) using Students t test. 
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Figure 24. Agonist-mediated constriction of pulmonary arteries in lung 

slices from WT and RGS2 KO mice. Shown are mean concentration-response 

curves performed on normoxic lung slices exposed to U46619 (A) and 5-HT (B) 
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in causing a decrease in pulmonary artery luminal area. Pulmonary arteries were 

photographed and percent constriction was calculated as the difference between 

luminal cross-sectional area before (100%) and after exposure to 

vasoconstrictors. Points are means ± SEM of 24 slices from 5 WT mice and 21 

slices from 5 RGS2 KO mice in (A), 28 slices from 5 WT mice and 27 slices from 

5 RGS2 KO mice in (B). * Significant difference (p < 0.05) from WT using  

Students t test. 
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Figure 25. KCl-induced pulmonary artery constriction of RGS2 KO or WT 

mouse lung slices. Shown is a mean bar graph for 60 mmol/L KCl  in causing a 

decrease in pulmonary artery luminal area. Pulmonary arteries were 

photographed and the percent constriction was calculated as the difference 

between luminal cross-sectional area before (100%) and after exposure to 

vasoconstrictors. Points are means ± SEM of 53 slices from 10 WT mice and 42 

slices from 10 RGS2 KO mice. * Significant difference (p < 0.05) from WT using 

Students t test. 
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Figure 26.  Agonist-mediated constriction of hypoxic pulmonary arteries in 

lung slices from WT and RGS2 KO mice. Shown are mean concentration-

response curves performed on hypoxic lung slices in response to U46619 (A) 
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and 5-HT (B) in causing a decrease in pulmonary artery luminal area. Lung slices 

were cultured in hypoxia for 48 h. Pulmonary arteries were photographed and 

percent constriction was calculated as the difference between luminal cross-

sectional area before (100%) and after exposure to vasoconstrictors. Points are 

measn ± SEM of 13 slices from 4 WT or KO mice in (A) and 12 slices from 4 WT 

or RGS2 KO mice in (B). * Significant difference (p < 0.05) from WT using 

Students t test. 
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Figure 27. KCl-induced pulmonary artery constriction of hypoxic RGS2 KO 

or WT lung slice. Shown is a mean bar graph for 60 mmol/L KCl in causing a 

decrease in hypoxic pulmonary artery luminal area. Lung slices were cultured in 

hypoxia for 48 h. Pulmonary arteries were photographed and the percent 

constriction was calculated as the difference between luminal cross-sectional 

area before (100%) and after exposure to vasoconstrictors. Points are means ± 

SEM of 25 slices from 8 WT mice and 25 slices from 8 RGS2 KO mice. * 

Significant difference (p < 0.05) from WT using Students t test.  
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Figure 28. Heart wt (mg)/Body weight (gm) ratio of RGS2 KO and WT mice. 

Shown is a bar graph of mean heart weight to body weight ratio for WT and 

RGS2 KO mice. Bars are means ± SEM of 34 WT mice and 25 RGS2 KO mice. 

*Significant difference (p < 0.05) from WT using Students t test. 
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Figure 29. Fulton Index of RGS2 KO and WT mice. Shown is a bar graph of 

the mean Fulton Index as a measure of right ventricular hypertrophy.  The Fulton 

Index was calculated as the weight of the right ventricle divided by the weight of 

the left ventricle plus the septum.  Bars are means ± SEM of 19 WT mice and 13 

RGS2 KO mice.  *Significant difference (p < 0.05) from WT using  Students t test. 
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Table 1.  Potency and maximum responses from agonist concentration-

response curves for Ca2+ mobilization in RGS2 KD or control HPASM cells.  

Values are means ± SEM for maximum concentration response and mean ± 95% 

confidence intervals for EC50 values.  Maximum response is calculated as a 

percent of the response to 90 mM KCl.  

!

 Control Cells RGS2 KD cells P value

 U46619

Maximum Response (%) 0.7±0.08 1.3±.12 0.0007

EC50 values (nM) 44 (107 -18) 33 (53 -21) 0.54

N 7 7  

 ET-1

Maximum Response (%) 1.6±0.17 2.5±0.12 0.0007

EC50 values (nM) 1.1 ( 3.8 -0.36) 3.9 (8.8-1.7) 0.06

N 4 4  

 KCl

Fmax 2026 ± 222.1 1610 ± 151.6 0.12

N 11 11  
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Table 2. Percent contraction caused by U46619, ET-1 and KCl in RGS2 KD 

or control HPASM cells. Values are means ± SEM.  Percent contraction is 

calculated as a percentage. 

!

 Control Cells RGS2 KD cells P value

 U46619

% Contraction 31.2 ± 1.4 45.6 ± 1.1 <0.0001

n 3 3  

 ET-1

% Contraction 30.4± 0.9 52.1 ± 1.3 <0.0001

n 3 3  

 KCl

% Contraction 31.0 ± 2.0 29.4 ± 1.7 0.56

n 6 6  
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Table 3. Potency and maximum responses from agonist concentration-

response curves for Ca2+ mobilization in hypoxic or normoxic HPASM cells.  

Values are means ± SEM. for maximum concentration response and mean ± 95% 

confidence intervals for EC50 values.  Maximum response is calculated as a 

percentage of the response to 90 mM KCl. 

!
!

Normoxia Hypoxia P value

U46619

Maximum Response 

(%)

1.2±0.10 2.7±.13 <0.0001

EC50 values (nM) 20 (85 -5) 14 (28 -7.3) 0.56

N 3 3

ET-1

Maximum Response 

(%)

1.1±0.08 2.6±0.31 0.0006

EC50 values (nM) 18 (68 -5.2) 18 (47 -6.8) 0.94

N 3 3

KCl

Fmax 4825 ± 1469 5160 ± 1306 0.86

N 6 6
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Table 4. Percent contraction caused by U46619, ET-1 and KCl in hypoxic or 

normoxic HPASM cells. Values are means ± SEM.  Percent contraction is 

calculated as a percentage. 

!

 Normoxia Hypoxia P value

 U46619

% Contraction 31.2 ± 1.5 52.6 ± 2.0 <0.0001

n 3 3  

 ET-1

% Contraction 30.4 ± 0.9 50.1 ± 1.6 <0.0001

n 3 3  

 KCl

% Contraction 30.9 ± 2.0 29.6 ± 0.9 0.53

n 6 6  
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Table 5. Potency and maximum responses from agonist concentration-

response curves for Ca2+ mobilization in RGS2 KD or scrambled siRNA 

transfected HPASM cell after 48 hours of hypoxic treatment.  Values are 

means ± SEM for maximum concentration response and mean ± 95% confidence 

intervals for EC50 values.  Maximum response is calculated as a percent of the 

response to 90 mM KCl. 

!
!
!

Scrambled + 

Hypoxia

RGS2 KD + Hypoxia P value

U46619

Maximum Response (%) 2.4 ± 0.16 3.5 ± 0.24 0.0022

EC50 values (nM) 23 (37 -14) 6.6 (39 -1.1) 0.16

n 3 3

ET-1

Maximum Response (%) 3.7 ± 0.35 5.1 ± 0.24 0.0021

EC50 values (nM) 2.8 (4.8 -1.6) 1.7 (3.3- 0.95) 0.23

n 3 3

KCl

Fmax 9131 ± 837 8066 ± 728 0.34

n 6 6
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Table 6. Percent contraction caused by U46619, ET-1 and KCl in hypoxic or 

normoxic HPASM cells. Values are means ± SEM.  Percent contraction is 

calculated as a percentage. 

!
!
!

 Scrambled + 

Hypoxia

RGS2 KD + Hypoxia P value

 U46619

% Contraction 49.1 ± 0.9 68.8 ± 1.0 <0.0001

n 3 3  

 ET-1

% Contraction 49.8 ± 1.0 67.7 ± 0.4 <0.0001

n 3 3  

 KCl

% Contraction 30.5 ± 0.7 30.1 ± 1.0 0.72

n 6 6  
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Table 7. Potency and maximum constriction caused by GPCR agonists in 

lung slices from RGS2 KO and WT mice. Values are means ± SEM for 

maximum response and mean ± 95% confidence intervals for EC50 values.  

Maximum response is calculated as a percentage of the response to 60 mM KCl. 

!

 WT mice RGS2 KO mice P value

 Serotonin

Maximum Response (%) 19.59 ± 0.2 43.67 ± 0.69 <0.0001

EC50 values (nM) 152 (242 -95) 111 (246 -50) 0.48

Animals (slices) 5 (24) 5 (21)  

 U46619

Maximum Response (%) 27.81 ± 0.3 47.62 ± 0.3 <0.0001

EC50 values (nM) 24 (43 -14) 13 (25 -69) 0.14

Animals (slices) 5 (28) 5 (27)  

 KCl

Maximum Response (%) 20.89 ± 1.8 25.80 ± 1.8 0.06

Animals (slices) 10 (52) 10 (48)  
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Table 8. Potency and maximum constriction caused by GPCR agonists in 

lung slices from hypoxic RGS2 KO and WT mice. Values are means ± SEM for 

maximum response and means ± 95% confidence intervals for EC50 values.  

Maximum response is calculated as a percentage of the response to 60 mM KCl. 

 WT mice RGS2 KO mice P value

 Serotonin

Maximum Response (%) 44.93±1.5 43.69±0.8 0.93

EC50 values (nM) 15 (78 -3.2) 44 (78 -25) 0.19

Animals (slices) 4 (13) 4 (13)  

 U46619

Maximum Response (%) 44.76±0.6 44.63±0.8 0.68

EC50 values (nM) 20 (43 -9.6) 22 (47 -10) 0.86

Animals (slices) 4 (12) 4 (12)  

 KCl

Maximum Response (%) 27.35±2.1 26.16±2.3 0.7

Animals (slices) 8 (25) 8 (25)  

!
!
!
!
RGS2 KD

!
!

 Control RGS2 KD P value

% Protein 100. ± 13 29.9 ± 1.5 0.0028
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Table 9. Effects of RGS2 KD and hypoxia on RGS2 protein expression. 

Values are means ± SEM for RGS2 protein expression. RGS2 expression is 

normalized to the loading controls (B-actin or vinculin) and calculated as a 

percentage of the maximum. 

!

!
Hypoxia

 % Protein SEM P value

0 hr 100 13.2

1 hr 79.8 14.9  

2 hr 63.9 8.0  

4 hr 62.7 13.3  

8 hr 46.0 8.5 0.0006

24 hr 40.3 8.0 0.0006

28 hr 28.5 5.9 0.0006

!
Hypoxia + RGS2 KD

 % Protein SEM P value

Control 100.0 13.2

RGS2 KD 29.9 1.5 <0.0001 

Hypoxia 28.5 5.9 <0.0001 

Hypoxia + RGS2 KD 8.6 2.4  <0.0001
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Table 10. Heart weights, body weights and ages of RGS2 KO and WT animals 

!

  WT mice
 RGS2 KO 

mice

Male WT 

mice

Male RGS2 

KO mice

Female 

WT Mice

Female 

RGS2 KO 

mice
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1

0.
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2

0
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1

1

3
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8

1.

0
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2
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0
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0.

0
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0
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Age Range 

(months)
1.5-16 1.5-18 1.5-15 11.0 – 18 1.5-16 1.5-16
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EFFECT OF ISOPROTERENOL ON RGS2 EXPRESSION AND CALCIUM 

SIGNALING 

!
INTRODUCTION 

 Isoproterenol is a potent nonselective beta adrenergic agonist with 

low affinity for alpha adrenergic receptors. Isoproterenol hydrochloride is 3,4-

dihydroxy-α-[(isopropylamino)methyl] benzyl alcohol hydrochloride, a synthetic 

sympathomimetic amine that is structurally related to epinephrine. The molecular 

formula is C11H17NO3 · HCl. It has a molecular weight of 247.72. The structural 

formula is: 

!

$  

!
RGS2 is a negative regulator of Gq-coupled GPCR signaling. RGS2 proteins 

attenuate G protein signaling by accelerating the rate of GTP hydrolysis through 

the Gα GTPase-accelerating protein (L. De Vries et al. 2000, E.M. Ross and T.M. 

Wilkie. 2000). RGS2 is expressed at a low level but this can be increased by 

ligands of GPCRs. For example, angiotensin II and parathyroid hormone may 

provide a feedback mechanism to down-regulate receptor-mediated signaling 

(S.L. Grant et al. 2000, A. Tsingotjidou et al. 2002). Previous studies (Kim SD 

2006 et al.) showed that isoproterenol, acting through both α- and β-
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adrenoceptors, enhanced the expression of RGS2 mRNA in C6 astrocytoma 

cells and primary astrocytes. Additionally, the long-acting β-adrenergic agonist 

salmeterol was also found to increase RGS2 expression and decrease  Ca2+ flux. 

These effects of salmeterol were enhanced by dexamethasone (Holden NS et al. 

2011).   

!
I found that hypoxia decreased RGS2 expression and enhanced Ca2+ 

mobilization and constriction. Therefore I wanted to determine whether 

isoproterenol can reverse these effects induced by hypoxia.    

!
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EXPERIMENTAL DESIGN 

HPASM cell were cultured in normoxia or hypoxia for 48 h followed by 1 

µmol/L isoproterenol treatment for 1 h. 

  

EXPERIMENTAL PROCEDURES 

Western Blot and Ca2+ Mobilization 

Identical experimental procedures were used for the protein sample 

collection, measuring RGS2 expression and measurement of free intracellular 

Ca2+ as those stated in Chapter 3, Methods. For Ca2+ mobilization, cumulative 

concentration-response curves induced by ET-1 were performed and analyzed. 

!
!
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RESULTS 

!
Isoproterenol up-regulates RGS2 expression in normoxic HPASM cells.  

!
I first determined whether isoproterenol could alter RGS2 expression in 

HPASM cells. Normoxic HPASM cells were incubated with isoproterenol for 1h 

and Western blots were used to measure the expression of RGS2. 

!
I observed an increase in the expression of RGS2 with isoproterenol 

treatment (Table 11). RGS2 expression in HPASM cells incubated in normoxia 

(21%O2) was 100 ± 15.4%. After 1 h of isoproterenol incubation, RGS2 levels 

were 183 ± 32%. This shows that isoproterenol up-regulates RGS2 protein 

expression.  

!
Isoproterenol up-regulates RGS2 expression in hypoxic HPASM cell.  

!
Previously, I found that hypoxia down-regulates RGS2. Therefore, I wanted 

to determine whether isoproterenol could reverse the reduced RGS2 expression 

in hypoxic conditions. HPASM cell were incubated in hypoxia for 48 h followed by 

1 hr of isoproterenol treatment. Then Western blots were performed to measure 

the expression of RGS2. 

!
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RGS2 expression in HPASM cell incubated in hypoxia was 100 ± 22%. After 

1 h of isoproterenol incubation, RGS2 level was 188 ± 14%. This shows that 

isoproterenol up-regulates RGS2 in hypoxia (Table 11).  

!
Isoproterenol decreases GPCR induced Ca2+ mobilization in HPASM cell.  

!
I next wanted to determine the effect of isoproterenol on Ca2+ mobilization. 

HPASM cell were cultured in normoxia and treated with isoproterenol for 1 h. 

Concentration-response curves for U46619-induced Ca2+ mobilization were 

measured using Fluo-8 (Table 12).  

!
I analyzed and compared the EC50 values of concentration-response curves 

for U46619 induced Ca2+ mobilization in normoxic HPASM cell with or without 

isoproterenol. There was no significant difference in EC50 values for Ca2+ 

mobilization. EC50 values were 249 (776 -79) µmol/L in control cells compared to 

200 (583 - 68) µmol/L in isoproterenol-treated cells.  

!
I also compared maximum Ca2+ mobilization of normoxic HPASM cells with 

or without isoproterenol. Maximal Ca2+ mobilization stimulated by U46619 was 

reduced from 2.5 ± 0.3 to 1.5 ± 0.2 for isoproterenol treatment. This decrease 

was statistically significant. 

!
To determine whether the enhanced Ca2+ mobilization was specific for 

GPCR agonists and not a non-specific effect of isoproterenol, I measured 
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maximal Ca2+ mobilization induced by 90mmol/L KCl, a non-GPCR agonist. KCl 

stimulation of control HPASM cells was 4900 ± 1100 RFU compared 5200 ± 1200 

RFU in isoproterenol-treated cells. These values were not significantly different. 

These results indicate that isoproterenol selectively increases Ca2+ mobilization 

caused by GPCR agonists but not that caused by KCl. Additionally, I also 

measured the basal Ca2+ for control HPASM cell (0.56 ± 0.07 RFU) and 

isoproterenol-treated cells (0.53 ± 0.08 RFU). The basal Ca2+ was not 

significantly different, providing evidence that isoproterenol does not directly 

affect Ca2+ mobilization. 

!
Isoproterenol decreases GPCR-induced Ca2+ mobilization in hypoxic HPASM 

cell.  

!
I found that isoproterenol increased RGS2 expression in hypoxic HPASM 

cells. Therefore, I wanted to determine the effect of isoproterenol on Ca2+ 

mobilization in hypoxia. HPASM cell were incubated in hypoxia for 48 h followed 

by 1 h of isoproterenol treatment. Concentration-response curves for U46619-

induced Ca2+ mobilizations were measured using Fluo-8 (Table 13).  

!
I analyzed and compared the EC50 values of concentration-response curves 

for U46619-induced Ca2+ mobilization in hypoxic HPASM cells with or without 

isoproterenol. There was no significant difference in EC50 values for Ca2+ 
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mobilization. EC50 values were 304 (993 -93) µmol/L in control hypoxic cells 

compared to 330 (877 -124) µmol/L in isoproterenol-treated cells.  

!
I also compared maximum Ca2+ mobilization of hypoxic HPASM cells with or 

without isoproterenol. Maximal Ca2+ mobilization stimulated by U46619 was 

reduced from 6.6 ± 0.8 to 3.8 ± 0.4 for isoproterenol treatment. This decrease 

was statistically significant. 

!
KCl-stimulated Ca2+ mobilization of control hypoxic HPASM cell was 1300 ± 

260 RFU compared 2000 ± 540 RFU in isoproterenol-treated cells. These values 

were not significantly different indicating that isoproterenol selectively increases 

Ca2+ mobilization caused by GPCR agonists. Additionally, I also measured the 

basal Ca2+ for hypoxic HPASM cells (1.1 ± 0.2 RFU) and isoproterenol-treated 

cells (0.7 ± 0.09 RFU). The basal Ca2+ was not significantly different, thereby 

showing that isoproterenol does not directly affect Ca2+ mobilization. 

!
!

!
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Figure 30. Effect of Isoproterenol on RGS2 expression. Shown is a bar graph 

and Western Blot of mean RGS2 protein expression. HPASM cells were 

incubated with 1 µmol/L isoproterenol for 1 hr. Protein samples were collected for 

Western blotting of RGS2 protein. RGS2 protein expression was increased. Bars 

are means ± SEM, n = 3. *Significant difference (p < 0.05) using a students t-test. 
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Figure 31. Effect of Isoproterenol on RGS2 expression in hypoxic HPASM 

cells. Shown is a bar graph and a Western blot of mean RGS2 protein 

expression. HPASM cells were cultured for 48 h of hypoxia followed by treatment 

of 1 µmol/L Isoproterenol for 1 hr. Protein samples were collected for Western 

blotting of RGS2 protein. RGS2 protein expression was increased in hypoxic 

HPASM cells. Bars are means ± SEM, n = 3. *Significant difference (p < 0.05) 

using a Students t-test. 
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Figure 32. U46619-mediated Ca2+ mobilization in HPASM cells following 

isoproterenol treatment. Shown are concentration-response curves for U46619 

in causing an increase in intracellular Ca2+. HPASM cells were incubated with 1 

µmol/L isoproterenol for 1 hr. HPASM cells were loaded with Fluo-8 and 

maximum fluorescence (Fmax) was measured at 525 nm. Ca2+ mobilization was 

decreased in isoproterenol-treated HPASM cells as compared to control cells. 

Points are means ± SEM, n = 3. *Significant difference (p < 0.05) using Students 

t test. 
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Figure 33. U46619-mediated Ca2+ mobilization in hypoxic HPASM cells 

following isoproterenol treatment. Shown are mean concentration-response 

curves for U46619 in causing an increase in intracellular Ca2+. HPASM cells were 

cultured for 48 h of hypoxia followed by treatment with 1 µmol/L isoproterenol for 

1 hr. HPASM cells were loaded with Fluo-8 and maximum fluorescence (Fmax) 

was measured at 525 nm. Ca2+ mobilization was decreased in isoproterenol-

treated hypoxic cells as compared to control cells. Points are means ± SEM, n = 

3. *Significant difference (p < 0.05) using Students t test. 
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Table 11.  Effect of Isoproterenol on RGS2 protein expression. Values are 

means ± SEM for RGS2 expression. RGS2 expression is normalized to the 

loading control (vinculin) and calculated as a percentage of the maximum. 

  

Isoproterenol
 Control ISO P value

% Protein 100 ± 15.4 183 ± 31.5 0.03

Hypoxia + Isoproterenol

 Hypoxia Hypoxia + ISO P value

% Protein 100 ± 22 188 ± 13.6 0.006
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Table 12. Potency and maximum responses from agonist concentration-

response curves for Ca2+ mobilization in isoproterenol-treated HPASM cell.  

Values are means ± SEM. for maximum concentration response and mean ± 95% 

confidence intervals for EC50 values.  Maximum response is calculated as a 

percentage of the response to 90 mM KCl. 

!
!
!

 Control ISO P value

 U46619

Maximum Response (%) 2.5 ± 0.25 1.5 ± 0.24 0.0052

EC50 values (µM) 249 (776 -79) 200 (583 - 68) 0.76

n 3 3  

 KCl

Fmax 4886 ± 1098 5214 ± 1154 0.83

n 3 3  

 Basal 

Fmax 0.56 ± 0.07 0.53 ± 0.08 0.76

n 3 3  
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Table 13.  Potency and maximum responses from agonist concentration-

response curves for Ca2+ mobilization in isoproterenol-treated hypoxic 

HPASM cell.  Values are means ± SEM for maximum concentration response and 

mean ± 95% confidence intervals for EC50 values.  Maximum response is 

calculated as a percentage of the response to 90 mM KCl. 

 Hypoxia Hypoxia + ISO P value

 U46619

Maximum Response (%) 6.6 ± 0.8 3.8 ± 0.4 0.0066

EC50 values (µM) 304 (993 -93) 330 (877 -124) 0.91

n 3 3  

 KCl

Fmax 1278 ± 260 2032 ± 544 0.22

n 3 3  

 Basal 

Fmax 1.1 ± 0.2 0.7 ± 0.09 0.11

n 3 3  
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Many endogenous vasoconstrictors produce their effects by activation of Gq-

coupled GPCRs.  Once GPCRs are stimulated, a variety of mechanisms are 

responsible for turning off the vasoconstrictor signal.  RGS proteins are important 

negative regulators of GPCR signaling via stimulation of GAP activity and/or 

other mechanisms. The goal of this study was to determine whether RGS2 can 

modulate GPCR-induced constriction of pulmonary arterial smooth muscle and 

whether hypoxia could decrease RGS2 protein levels in pulmonary arterial 

tissues.  I found that knockdown of RGS2 in HPASM cells increased 

vasocontraction which was associated with enhanced Ca2+ mobilization. RGS2 

KO lung slices also exhibited enhanced pulmonary arterial constriction in 

comparison to WT lung slices. Exposure to hypoxia for 8 to 48 hrs significantly 

reduced RGS2 protein levels in HPASM cells.  The reduced RGS2 protein level 

was correlated with both an increase in HPASM cell Ca2+ mobilization and 

increased contraction caused by Gq-coupled GPCRs. RGS2 KD followed by 

hypoxia did not further down-regulate RGS2 but did further enhance the Ca2+ 

mobilization and contraction caused by Gq-coupled GPCRs. Hypoxia also 

increased pulmonary artery constriction in WT mouse lung slices but did not 

further increase RGS2 KO mouse lung slice constriction. Additionally, RGS2 KO 

mice exhibit right ventricular hypertrophy, which may be caused by increased 

pulmonary arterial pressure. Isoproterenol upregulated RGS2 expression in both 

normoxic and hypoxic HPASM cells, which was associated with an increase in 

Ca2+ mobilization. Thus I found that RGS2 plays an important role in regulating 

GPCR-mediated constriction of pulmonary artery tissues and that hypoxia down-
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regulates RGS2, causing enhanced vasoconstriction, which may in turn 

contribute to hypoxia-associated PH.  

!
RGS2 down-regulation in HPASM cells.  RGS2 was down-regulated in HPASM 

cells treated with RGS2 siRNA smartpool. I used scrambled siRNA as a control 

for possible off-target effects of siRNA. Zhang et al (2006) tested six different 

siRNA sequences for RGS2 protein and closely related RGS proteins in 

cardiomyocytes. The target sequences tested were as follows: sequence 1, 

AATGAAGCGGACACTCTTAAA; sequence 2, AATATGGGCTTGCTGCATTC; 

s e q u e n c e 3 , A A C C A A AT C A C C A C A G A A A C T; s e q u e n c e 4 , 

AAGGAAAATATACACCGACTT; sequence 5, AATATCCAAGAGGCTACAAGT; 

sequence 6, AACAACTCTTATCCTCGTTTC. They found that RGS2 sequences 

3 and 4 caused a concentration-dependent knockdown of RGS2 mRNA. In 

contrast, RGS3, RGS4, and RGS5 mRNA expression were largely unchanged 

compared with control. Sequences 3 and 4 are relatively specific for RGS2.  This 

suggests that RGS3, RGS4, and RGS5 may not be affected using RGS2 siRNA 

in my studies. However, there is no information about the effect of knocking down 

RGS2 on other RGS proteins that are not directly related to RGS2, i.e. RGS 

proteins belonging to RZ, R7 or R12 families. RGS2 siRNA sequences of RGS2 

smartpool from Dharmacon differ from the sequences tested by Zhang and 

colleagues in 2006. In future studies it would be impotant to determine the 

expression of related and non-related RGS proteins following RGS2 down-

regulation. 
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RGS2 regulates Ca2+ mobilization induced by vasoconstriction. I found that 

downregulating RGS2 was associated with increased Ca2+ mobilization and 

vasoconstriction. RGS2 accelerates the Gαq GTPase thereby, inhibiting Gq 

activation and signaling. In the systemic circulation, RGS2 can regulate 

vasoconstriction of systemic blood vessels. The expression and function of RGS2 

in the systemic circulation and the role of RGS2 in systemic hypertension have 

been studied; however, the role of RGS2 in controlling the pulmonary circulation 

has not been investigated. RGS2 negatively regulates Gq-mediated contraction 

of mouse aortic and renal arteries (Hercule et al. 2007, Tank et al. 2007), and 

RGS2 KO mice have increased blood pressure and hypertension. However, 

whether RGS2 regulates vasoconstriction of the systemic circulation in RGS2 KO 

mice depends upon which GPCR agonist is being studied. For instance, the 

alpha-1 adrenergic receptor agonist phenylephrine caused greater contraction of 

aortas from RGS2 KO mice compared to WT mice.  However, 5-HT receptor-

mediated contraction was not attenuated in RGS2 KO mice (Tang et al. 2004). 

Additionally, RGS2 differentially regulates receptors in different environments. 

For example, Yamamoto and Koike (2001) showed that α1D is the adrenoceptor 

that mediates contraction in mouse aorta, and Yang and colleagues in 2004 

showed that the alpha-1 adrenergic receptor agonist phenylephrine caused 

greater contraction of aorta from RGS2 KO mice compared to WT mice. However 

in HEK 293 cells, RGS2 was shown to decrease responses via direct interaction 

with α1A- adrenoceptors but had no effect on α1B or α1D-mediated inhibition of 
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agonist-stimulated responses (Hague et al. 2005). Similarly, RGS2 decreases 5-

HT signaling in CHOK1 cells (cells were transfected with 5-HT receptors by 

adenovirus).  In contrast, Tank et al. (2004) found no difference in aortic 

contraction caused by 5-HT in RGS2 KO compared to WT mice. Although all of 

these agonists activate Gq-coupled GPCRs to cause vasoconstriction, their 

regulation by RGS2 is different, and the reason for these differences is unknown.  

!
One reason for this discrepancy can be the different end results being 

measured by different investigators. Tang and colleagues used aortic contraction 

to measure the RGS2-mediated attenuation of 5-HT and α1D. Effects (Hague et 

al. 2006) measured AC of CHOK1 cells and Yamamoto and Koike (2001) 

measured inisitol phosphate P formation in HEK 293 cells. Different downstream 

messengers may be affected by other signaling pathways, depends on the 

system and/or environment in which they are being measured. Therefore, I 

measured both Ca2+ mobilization and contraction for all my experiments in 

HPASM cells as well as aortic constriction in lung slices. Ca2+ is a more distal 

downstream mediator of contraction since it it is more closely linked to 

contraction. I compared and contrasted HPASM cell contraction with Ca2+ 

mobilization and found similar responses from both.  

!
Another possibility could be the difference between transfected cell systems 

and RGS2 KO mice. Both systems are very powerful research tools but are 

accompanied by some limitations. Knocking out RGS2 from mice or knocking 
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down RGS2 from cells via transfection may produce compensatory changes that 

mask or change the role of RGS2. Knocking out a gene may not produce an 

observable change in a mouse or may even produce different characteristics 

from those observed in humans in which the same gene is inactivated. For 

example, mutations in the p53 gene are associated with human cancers causing 

tumors in a particular set of tissues. However, when the p53 gene is knocked out 

in mice, the animals develop tumors in a different array of tissues (http://

www.genome.gov/12514551). Similarly compensatory mechanisms have also 

been observed in cell-based knock-down systems. For example, Acsadi G and 

colleagues (2009) observed compensatory mechanisms after knocking down 

survival motor neuron gene using siRNA in anterior horn cells.  That is why I used 

both the RGS2 KD cells as well as RGS2 KO mice to assess the role of RGS2 in 

Gq-coupled GPCR-mediated constriction. I found that RGS2 KO mice as well as 

RGS2 KD HPASM cells produced enhanced constriction in response to U46619. 

Alternatively, the role of RGS2 might be dependent on the presence of other 

RGS proteins that may be different in each system.  

!
Since differences in RGS2 regulation of various GPCR vasoconstrictors 

exist and these differences can also be a result of different system being used, it 

was important to identify the role of RGS2 in regulating GPCR-mediated 

vasoconstriction of pulmonary arterial tissues using vasoconstrictors known to be 

important in the pulmonary circulation. I measured U46619- and 5-HT-mediated 

constriction in lung slices from RGS2 KO and WT mice and U46619- and ET-1-
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mediated contraction and Ca2+ signaling in RGS2 KD and control HPASM cells. 

Pulmonary arteries from RGS2 KO lung slices had an increased maximal 

constriction to U46619 and 5-HT in comparison to lung slices from WT mice. The 

fact that constriction caused by the non-GPCR-mediated agonist KCl was 

unchanged by RGS2 KO, suggests that the enhanced response was specific for 

GPCR agonists.  The same pattern was seen when measuring contraction of 

HPASM cells after KD of RGS2.  RGS2 KD also caused an increased ET-1- or 

U46619-mediated contraction of HPASM cell. Thus a deficiency of RGS2 

enhances GPCR-mediated constriction of both mouse and human pulmonary 

arterial tissues, which may contribute to exaggerated vasoconstriction in 

pulmonary vascular disease.   

!
Vasoconstrictor/ Vasodilator signaling and RGS2. Although a reduction in 

RGS2 protein levels can cause enhanced vasoconstriction by turning off Gq-

coupled GPCR activation, the precise mechanism for this effect is not completely 

clear. RGS2 was shown to promote relaxation of aortic rings by undergoing 

cGKIα-mediated phosphorylation and activation to inhibit contraction evoked by 

Gq/11-coupled vasoconstrictor receptors (Tang et al. 2003, Sun et al. 2005).   Our 

data showing augmented Ca2+ mobilization in RGS2 KD HPASM cells indicates 

that inhibition of contractile Ca2+ pathways mediate the RGS2 effect.  Consistent 

with this result, Sugimoto et al. (2010) reported that the L-type Ca2+ channel 

blocker azelnidipine significantly reduced the blood pressure of hypertensive 

patients who had an associated RGS2 promoter polymorphism. Ca2+ channel 
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blockers have also proven to be beneficial in the treatment of patients with PH 

who tested positive to vasoreactivity testing.   

!
Inhibition of vasoconstrictor signaling pathways is not the only mechanism 

reported to be responsible for the RGS2 KD effect to cause enhanced 

contraction. RGS2 may prevent excessive vasoconstriction not only by inhibiting 

Gq-coupled GPCR Ca2+ signaling but also by enhancing GPCR-mediated 

vasodilation.  Although I have not evaluated the effects of RGS2 KD/KO to inhibit 

vascular relaxation, it is possible that this effect contributes to the enhanced 

vasoconstriction of pulmonary arterial tissue in our studies. For instance, RGS2 

has also been reported to promote EDHF-dependent vasodilatation. RGS2 

deficiency in mesenteric resistance arteries has been shown to cause endothelial 

dysfunction and impaired EDHF-dependent vasodilatation (Osei-Owusu et al, 

2012). RGS2 acts to promote EDHF-dependent vasodilatation by blunting Gi/o-

dependent processes, consistent with the ability of RGS2 to function as a GAP 

for Gi/oα subunits (Ingi T et al, 1998). In addition, RGS2 has also been shown to 

promote relaxation by serving as an effector of the NO/cGMP pathway. (Tang et 

al. 2003, Sun et al. 2005). The NO-cGMP pathway regulates blood pressure and 

vascular tone because it is associated with several mechanisms that inhibit the 

action of vasoconstrictors. Sun et al. (2005) indicated that one of these 

mechanisms activates RGS2, because an NO donor was unable to attenuate the 

vasoconstrictor effects of phenylephrine in RGS2 KO mice. Therefore it can be 
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speculated that RGS2 regulates vasoconstriction by inhibiting Gq-coupled GPCR 

activation to reduce Ca2+ signaling as well as by promoting vasodilation.  

!
Effects of hypoxia on RGS2.  Hypoxia is a common factor contributing to the 

development and/or maintenance of PH, and hypoxia has been reported to up- or 

down-regulate several key proteins involved in contraction and dilation pathways, 

including RGS2.  Endale et al. (2009) found increased RGS2 mRNA expression 

after ischemia caused by a chemical ischemic buffer containing 10 mM sodium 

azide and 10 mM 2-deoxyglucose in rat astrocytes. Boelte et al. (2011) also 

found increased expression of RGS2 mRNA in myeloid-derived suppressor cells 

which have a hypoxic environment.  However, neither of these studies measured 

RGS2 protein levels.  A study performed by Jin et al. (2009) using human 

umblical vein endothelial cells showed no effect of 1% oxygen on RGS2 protein 

levels measured by western blotting.  In contrast, Bruder et al. (2007) exposed 

new-born rat pups to hypoxia for 7 days and measured RGS2 mRNA from 

adrenal glands using microarrays and real time PCR. Microarray results showed 

a 1.5 fold decrease in expression of RGS2; however, real-time PCR revealed no 

change.  I found that RGS2 was reduced in a time-dependent manner with a 

significant reduction at 8, 24 and 48 hrs of hypoxic exposure (1% oxygen) in 

HPASM cell. It is not surprising that I found reduced RGS2 protein levels caused 

by hypoxia in HPASM cells. It is important to note that the pulmonary vasculature 

responds very differently to hypoxia than most systemic vascular beds. With 

hypoxic exposure, the production of ROS is reduced, along with dilation of 
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systemic arteries in an attempt to counteract the resulting tissue ischemia.  In 

contrast, pulmonary arteries constrict when exposed to hypoxia associated with a 

rapid increase in ROS causing a redistribution of blood flow to more highly 

oxygenated regions of the lung. Since the signaling pathways triggered by 

hypoxic exposure differ in the systemic compared to the pulmonary circulation, it 

is not surprising to find different effects of hypoxia on RGS2 expression in 

systemic and pulmonary systems. For instance, hemeoxygenase-1 (HO-1) has 

been found to be induced in aortic smooth muscle cells but not in pulmonary 

arterial smooth muscle cells (Hartsfield et al. 1999). HO-1 provides cellular 

protection against oxidative damage (Lee et al. 1996, Motterlini et al. 1996, Nath 

et al. 1992, Otterbein et al,. 1995) and modulates inflammation and cell growth 

(Lee et al. 1996, Willis et al. 1996). Carbon monoxide (CO), a major catalytic 

product of HO-1, has been demonstrated to modulate gene expression and 

signal transduction. Additionally CO has been shown to play a role in the 

regulation of vascular tone by inhibiting the induction of ET-1 (Morita and 

Kourembanas. 1995), which is a potent vasoconstrictor, as well as promoting 

vasodilatation via activation of guanylate cyclase in a manner analogous to NO 

(Coceani et al. 1997, Morita et al. 1995, Zackary et al. 1996). Thus hypoxia 

modulates proteins and signaling pathways differently, causing relaxation in 

systemic arteries and constriction in pulmonary arteries. None of the previous 

studies looking at effects of hypoxia on RGS2 have used pulmonary arterial 

tissues. I show that chronic hypoxia can down-regulate RGS2 in HPASM cells, 

which might play a key role in the pathophysiology of PH. 
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Hypoxia has marked effects on a variety of different proteins.  However, the 

mechanism by which hypoxia regulates RGS2 protein is not known. Hypoxia 

generates oxidative stress and has been implicated to play an important role in 

the pathophysiology of many cardiovascular diseases including systemic 

hypertension and PH (Giordano FJ. 2005, Madamanchi NR et al. 2005, 

Lassegue B and Griendling KK. 2004). ROS can randomly react with lipids, 

proteins and nucleic acids causing oxidative stress and damage, in turn leading 

to pathogenesis of age-related and chronic diseases, which include cancer, 

cardiovascular disease, diabetes, chronic inflammation, and neurodegenerative 

disorders (Mann GE et al. 2009, Gao L et al. 2009, Chakravarti B and 

Chakravarti, DN. 2007, Cooke MS et al. 2003, Evans MD et al. 2004, Filipcik P et 

al. 2006). ROS have also been shown to activate signaling cascades mediating 

the responses to vasoactive peptides, growth factors, cytokines, hormones, and 

coagulation factors (Gorlach A et al. 2002, Irani K. 2000, Cai H. 2005, Clempus 

RE and Griendling KK. 2006, Ardanaz N and Pagano PJ. 2006, Gorlach A. 2005) 

Moreover, ROS can activate angiogenesis (Ushio-Fukai M and Alexander RW. 

2004), a process known to be primarily mediated by vascular endothelial growth 

factor under hypoxia. One possible mechanism for the hypoxia-mediated 

decrease in RGS2 could be related to hypoxia-induced alterations in hypoxia-

inducible factor (HIF-1). HIF-1 regulates the expression of most of the hypoxia-

dependent and many hypoxia-independent genes involved in lung homeostasis 

and disease. HIF-1 regulates > 100 genes encoding for metabolic enzymes, 
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growth factors, and factors contributing to modulation of extracellular matrix and 

thrombosis (Semenza GL. 2000, Maxwell PH. 2005, Wenger RH et al. 2005, 

Kietzmann T et al. 1999). HIF binds to a hypoxia-response element which is 5'-

[A/G]CGTG-3' flanked with or without a second consensus site 5'-[A/

C]ACAG-3' (Semenza GL 1998) resulting in up-regulation or down-regulation of 

transcription. Mutations of the consensus sequences result in loss of HIF-1 

binding and transcriptional response of the genes to hypoxia (Semenza GL 

1998). HIF is a heterodimeric transcription factor consisting of HIFα and HIFβ 

subunits. Unlike HIFβ, which is stable regardless of cellular oxygen tension, HIFα 

is rapidly degraded under normoxic conditions. The HIFα isoforms--HIF1α, 

HIF2α, and HIF3α splice variants--undergo efficient prolyl hydroxylation of an 

oxygen-dependent degradation domain by prolyl hydroxylation domain proteins. 

This posttranslational modification leads to HIF1α binding to the von Hippel-

Lindau tumor suppressor protein and its subsequent ubiquitination and 

degradation by the 26S proteasome (Maxwell PH. 2005, Ruas JL and Poellinger 

L. 2005). Although the exact mechanism is not known, ROS have been 

implicated to play an important role in the regulation of HIF-1. Bonello S et al.  

2007 have shown that enhanced HIF-1α transcription by ROS was mediated by 

NFκB.  

!
Another possible mechanism is that hypoxia induces the synthesis of 

microRNAs, which adds additional levels of complexity to the regulation of gene 

expression by hypoxia (Kulshreshtha R et al. 2007, Kulshreshtha R et al. 2007). 
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MicroRNAs, a group of small RNAs of approximately 22 nucleotides in length, 

have important roles in the regulation of gene expression. Studies have shown 

that hypoxia-responsive transcription factors such as NF-kB and p53 also induce 

microRNAs (Kent OA and Mendell JT, 2006). Hypoxia can potently induce 

expression of TP53, which encodes p53. The complex mechanisms underlying 

the increased levels of p53 in response to hypoxia remain incompletely 

understood; however, there appear to be HIF-dependent and HIF-independent 

effects (Sermeus A and Michiels C. 2011). p53 regulates the expression of both 

protein-coding genes as well as non-coding RNA transcripts. For instance, p53 

directly induces several miRNAs, including miR-34 (Hermeking H. 2010), 

miR-15a and miR-16-1 (Klein U et al. 2010). MicroRNAs post-transcriptionally 

regulate gene expression by forming perfect base pairing with sequences in the 

3′ untranslated region (3′UTR) of genes, resulting in enhanced mRNA 

degradation, while imperfect matching may lead to repressed or inefficient mRNA 

translation (Kulshreshtha R et al. 2007). Jovicic and colleagues (2013) found that 

miRNA-22 specifically interacts with the 3′ untranslated region of RGS2 and 

down-regulates it. Muiños-Gimeno M. (2011) overexpressed miR-22 in 

neuroblastoma SH-SY5Y cells and found a 2-fold decrease in RGS2 mRNA.  

!
Hypoxia regulates Ca2+-mediated vasoconstriction. I found that after 48 hours of 

hypoxia, HPASM cells showed increased Ca2+ mobilization and contraction. 

Enhanced constriction is a key feature of PH and down-regulation of RGS2 may 

be an important player in enhanced vasoconstriction. Various studies have 
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reported that chronic hypoxia in the pulmonary vasculature causes enhanced 

vasoconstriction in response to ET-1, 5-HT and angiotensin II (Porcelli and 

Bergman 1983, Wanstall and O’Donnell 1990, Eddahibi et al. 1991). ET-1, a 21- 

amino acid peptide secreted by the endothelium, plays a significant role in the 

development of active vasoconstriction during chronic hypoxic PH (Lippton et al. 

1983, Wanstall and O’Donnell 1990, Horgan et al. 1991). My findings suggest 

that hypoxia-mediated down-regulation of RGS2 may play a significant role in 

enhanced Ca2+ signaling and vasoconstriction mediated via Gq-coupled GPCRs. 

Under normal conditions, vasoconstrictor responses to ET-1 are mediated by 

Ca2+ influx through L-type Ca2+ channels and Ca2+ release from the sarcoplasmic 

reticulum (Pollock DM et al. 1995). However, in pulmonary arterial myocytes 

isolated from chronic hypoxic rats, ET-1-induced contraction is largely 

independent of changes in intracellular Ca2+ (Shimoda et al. 2000), known as 

Ca2+ sensitization of the contractile apparatus. There are several possible 

signaling pathways responsible for Ca2+ sensitization, including PKC, tyrosine 

kinases, and RhoA/ROK, all of which have been shown to be activated by ET-1 

(Pollock DM et al. 1995, Miao L et al. 2002. Ohanian J et al. 1997, Sato A et al. 

2000). Recent studies have demonstrated that chronic hypoxia is associated with 

increased RhoA activation, ROK expression, and RhoA/ROK-dependent 

vasoconstriction (Barman SA. 2007, Broughton BR et al. 2008, Gao Yet al. 2007, 

Nagaoka T et al. 2004, Oka M et al. 2007). ROS are important modulators of 

vascular tone and can function as second messengers to activate multiple 

intracellular signaling cascades, including RhoA/ROK (Jin L et al. 2004). RhoA/
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ROK-mediated Ca2+ sensitization is involved in sustained vasoconstriction and 

increased vasoreactivity in chronic hypoxia-induced PH (Nikki L et al. 2008).  

!
Intracellular Ca2+ concentration is a primary factor regulating vascular tone. 

Agents that cause vasoconstriction (including ET-1 and angiotensin II) cause an 

elevation in intracellular Ca2+ while vasorelaxation in response to NO is 

associated with a decrease in intracellular Ca2+ (Cornfield et al. 1993, Yuan et al. 

1996). NO-mediated regulation of pulmonary vascular tone involves several 

mechanisms. The following mechanisms have been proposed in relation to NO-

induced pulmonary vasodilation: (i) an increase of cellular cyclic guanosine 

monophosphate (cGMP) content. Soluble guanylate cyclase is a key enzyme in 

the NO signaling pathway. On binding of NO to its prosthetic haeme group, 

soluble guanylate cyclase catalyzes the synthesis of the second messenger 

(cGMP), which promotes vasodilation (Moncada S et al. 1991); (ii) functional 

alterations of various membrane channels (Blatter LA and Wier WG. 1990, Clapp 

LH and Gurney AM. 1991); (iii) membrane hyperpolarization causing a decrease 

in  intracellular Ca2+ (Nagao T and Vanhoutte PM. 1993, Tare M et al. 1990); and 

(iv) stimulation of sarcolemmal and sarcoplasmic reticulum Ca2+-ATPases 

(Lincoln TM and Cornwell TL. 1993).  

!
Recent reports also indicate that RGS2 can integrate multiple signaling 

networks in addition to having  GAP activity. The amino-terminal domain of RGS2 

was shown to interact with and regulate many different effector proteins. The list 
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of RGS2-interacting proteins through the amino-terminal domain of RGS2 is 

growing and includes AC, tubulin, STAT-3, and the cation channel TRPV6. RGS2 

has been shown to regulate the cation channel TRPV6, which is a membrane 

Ca2+ channel in the TRP superfamily (Schoeber et al. 2006). RGS2 has also 

been shown to repress STAT-3-mediated NADPH oxidase 1 (NOX1) gene 

expression (Lee et al. 2012). NOX1 is up-regulated in hypoxia resulting in up-

regulation of HIF-1. Thus, RGS2 may function as a multifunctional signaling 

center that coordinates a diverse range of cellular functions including multiple 

intracellular Gq signaling pathways (thromboxane, ET-1, ANGII and 5-HT) 

implicated in PH.  

!
Effect of hypoxia on RGS2 KD HPASM cells and RGS2 KO lung slices. RGS2 

KD and hypoxia separately down-regulated RGS2 and increased GPCR-

mediated Ca2+ signaling and constriction/contraction. Since pathological insults 

(hypoxia) are often layered on an aberrant genetic background (RGS2 KD/KO), I 

also examined the effect of hypoxia after RGS2 KD/KO.   In animal studies, 

RGS2 has been reported to be cardioprotective against development of 

hypertrophy. Resting cardiac anatomy and function was similar between RGS2 

KO and littermate WT mice. RGS2 KO and WT mice were subjected to pressure 

overload by transverse aortic constriction. RGS2 KO mice developed marked 

cardiac hypertrophy and a higher mortality rate in comparison to WT mice 

(Takimoto et al. 2009). Thus in the heart, loss of RGS2 does not negatively impair 

its functioning but the presence of an added insult exacerbates the pathological 
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response. In contrast, in asthma, RGS2 KO mice do not need any need 

additional insult, and the loss of RGS2 is sufficient to cause airway 

hyperresponsiveness. Airway hyperresponsiveness is studied by measuring 

airway constriction. Normally, mice must be sensitized to an allergen to induce 

airway hyperresponsiveness. However, RGS2 KO mice showed enhanced 

airway hyperresponsiveness in comparison to WT mice, even without 

sensitization (Xie et al. 2012). In HPASM cells, I found that a combination of 

RGS2 KD and hypoxia decreased RGS2 levels compared to control cells or 

either treatment alone; however, this decrease was not statistically significant. In 

contrast, the combined treatment significantly increased Ca2+ mobilization and 

contraction. One explaination for these results is that the additive effects of 

hypoxia and RGS2 KD to enhance Ca2+ mobilization and contraction may be an 

effect of hypoxia that is independent of effects on RGS2. This is consistent with 

the fact that hypoxia triggers a multitude of events that can modify GPCR 

vasoconstrictor pathways. However, I speculate that the enhanced Ca2+ 

mobilization and contraction could instead be because of the additional RGS2 

down-regulation caused by the combined treatments. The additional decrease in 

RGS2 protein in the combination treatment was not statistically significant from 

control or individual hypoxia or RGS2 KD treatments. However, the control group 

only showed that the individual treatments, RGS2 KD or hypoxia, are effective.  A 

more appropriate control for the combined treatment may be RGS2 KD or 

hypoxia alone. To satisfy my curiosity, I also performed ANOVA for RGS2 protein 

expression between RGS2 KD, hypoxia and the combined RGS2 KD + hypoxia 
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groups. In this scenario, RGS2 protein down-regulation was significantly greater 

for RGS2 KD + hypoxia in comparison to RGS2 KD or hypoxia alone. However, 

since my experimental design included the control group, this limited comparison 

eliminating the control untreated group is not appropriate.  Therefore I conclude 

that in HPASM cells, hypoxia has an additional effect to enhance Ca2+ 

mobilization and contraction independent of effects on RGS2.   

!
In HPASM cells, I concluded that hypoxia enhanced Ca2+ mobilization and 

contraction via RGS2-dependent and independent mechanisms. However, these 

experiments were confounded by the fact that I was unable to completely 

knockout RGS2 in HPASM cells. To provide a more definitive experiment, I used 

RGS2 KO lung slices. RGS2 KO animals used in my study express no RGS2. 

RGS2 KO and WT lung slices were treated for 48 hrs with hypoxia. This same 

hypoxic treatment caused increased Ca2+ mobilization and contraction in HPASM 

cells. I found that hypoxia increased pulmonary arterial constriction in lung slices 

from WT mice. Other researchers have also shown that hypoxia increases 

vasoconstriction of pulmonary arteries to Gq-coupled GPCRs agonists. MacLean 

et. al. (1995), showed that ET-1 produced a more potent response in hypoxic rat 

pulmonary artery branches than in control animals. Eddahibi et. al. (1991), also 

found increased reactivity of pulmonary arteries from  hypoxic rats compared to 

control rats. In normoxic rats, ET-1 caused vasorelaxation at small doses and 

vasoconstriction at larger doses. However, in hypoxic rats, ET-1 only caused  

vasoconstriction, irrespective of the dose (Eddahibi S et al. 19910). In a different 
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model of PH, monocrotaline-induced PH in rats, pulmonary arteries also showed 

increased responses to ET-1 and 5-HT in comparison to control animals 

(Wanstall JC and O'Donnell SR. 1990). I also exposed RGS2 KO lung slices to 

hypoxia and found that hypoxia did not cause any additional increase in 

pulmonary arterial constriction in RGS2 KO mice. Furthermore, GPCR-mediated 

constriction was the same as that in WT mouse lung slices treated with hypoxia, 

thereby eliminating the difference in constriction of lung slices from RGS2 KO 

and WT mice. These data are novel, as there is no previous study that has 

investigated the effect of hypoxia in RGS2 KO lung tissue. This provides a more 

definitive experiment and evidence that RGS2 may play a crucial role in HPV and 

that complete loss of RGS2 eliminates additional hypoxia-induced 

vasoconstriction.  Furthermore, this result in RGS2 KO lung slices would further 

support my speculation that the the increased Ca2+ mobilization and constriction 

may be caused by an additional decrease in hypoxic RGS2 KD HPASM cells in 

comparison to hypoxic HPASM cells or RGS2 KD HPASM cells. 

!
In the RGS2 KO lung slices, hypoxia did not increase the maximal response 

to U46619. In future studies it will be important to determine whether the 

maximum constriction observed in the RGS2 KO lung slices or in the hypoxic 

lung slices alone is the maximum response that can be produced by this system.  

If that is the case, then the combination of the two treatments would have no 

additional effect, as I found in my experiments. Partial agonists can be used to 

address this possibility, since they have reduced efficacy (maximum response) 
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compared to full agonists. It would be useful to study the effect of hypoxia on the 

efficacy of partial agonists in RGS2 KO and WT lung sices. 5-HT activates 5-HT2 

receptors and U46619 acts on thromboxane A2 receptors, both of which are Gq-

coupled receptors that cause constriction in the pulmonary vasculature. 

OSU-6162 is a 5-HT2A partial agonist, methysergide is a 5-HT2A and 5-HT2B 

partial agonist, and daltroban has been shown to have partial agonist activity at 

the thromboxane A2 receptor. Concentration-response curves for appropriate 

partial agonists can be performed on hypoxic and normoxic lung slices from 

RGS2 KO or WT animals. I would expect that concentration-response curves 

would not be significantly different for hypoxic RGS2 KO lung slices in 

comparison to hypoxic WT lung slices. This would provide more evidence that 

deletion of RGS2 inhibits any additional hypoxia-induced vasoconstriction. 

!
RGS2 KO mice exhibit ventricular hypertrophy. HW/BW measures 

hypertrophy in the right and left ventricle, which is an indirect measure of 

increased pressure in the systemic circulation and pulmonary circulation. I 

established that the HW/BW was significantly greater for RGS2 KO mice in 

comparison to WT mice. Other studies have also measured HW/BW in RGS2 KO 

mice. Tang et al. 2004 found a greater HW/BW for RGS2 KO in comparison to 

WT mice; however, this difference was not statistically significant. Since HW/BW 

is a combined measurement of both the right and the left ventricle, I also 

measured the Fulton Index, which specifically measures right ventricular 

hypertrophy. Other studies have compared HW/BW of RGS2 KO to WT mice but 
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none have specifically measured Fulton index for RGS2 KO mice. My finding that 

KO mice have right ventricular hypertrophy suggests that RGS2 KO mice have 

increased pulmonary blood pressure.  

!
Effect of isoproterenol on RGS2 and Ca2+ mobilization. The ultimate goal of 

any study is to identify the key factors in a disease and try to treat it. In my study I 

have suggested that hypoxia down-regulates RGS2 causing augmented Ca2+ 

signaling, which might play an important role in PH. In an effort to reverse the 

down-regulation of RGS2 and study its effect on Ca2+ mobilization I used 

isoproterernol treatment. Kim and colleagues (2006) showed that 1 h treatment 

with isoproterenol increased RGS2 mRNA levels in astrocytes. RGS2 protein 

was also elevated after 1 h of isoproterenol treatment in ventricular myocytes 

(Nunn C. et al, 2010). Roy et al. (2006) found that forskolin, a direct activator of 

adenyl cyclase, caused up-regulation of RGS2 mRNA and protein. I found that 

isoproterenol up-regulated RGS2 expression in normal HPASM cell as well as 

cells exposed to 48 h of hypoxia.  

!
The mechanism of up-regulation of RGS2 by isoproterenol is not known, but 

direct interaction of Gs or adenyl cyclase with RGS2 has been proposed. RGS 

proteins do not act as GAPs for Gs (Roy et al. 2003, Ingi T et al.1998), but there 

is evidence for RGS protein/Gs interactions. Roy et al. (2003) showed that co-

expression of Gsα in HEK 293 cells recruits RGS2 from the nucleus to the 

plasma membrane. Salim et al. (2003) showed that the C1 domain of adenyl 
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cyclase type V binds to RGS2. Another mechanism has been proposed by Kim 

et. al. (2006), which involves the PKC-p38 MAPK pathway in isoproterenol-

induced RGS2 upregulation. They showed that the p38 MAPK inhibitor 

SB203580 almost completely suppressed the isoproterenol-induced RGS2 up-

regulation. In addition, the PKC inhibitors staurosporine and GF109203X 

significantly decreased RGS2 up-regulation, and staurosporine produced its 

inhibitory effect in a dose-dependent manner. p38 regulates contraction of both 

vascular and nonvascular smooth muscle cells. Hypoxia activates the p38 MAP 

kinase pathway, and this pathway mediates the sustained phase of hypoxic 

contraction. For example, p38 MAP kinase mediates angiotensin II-induced 

contraction of rat aorta (Meloche S et al. 2000, Takahashi E and Berk BC. 1998) 

and ET-1-induced contraction in canine pulmonary artery (Yamboliev IA et al. 

2000, Yamboliev IA et al. 1998). Hypoxia-induced increases in intracellular Ca2+ 

are also known to activate MAP kinases (Conrad PW et al. 2000). In addition, 

hypoxia stimulates other upstream activators of MAP kinases such as protein 

kinase C (Jin N et al. 1992, Weissmann N et al. 1999). Moreover, hypoxia 

increases sensitivity of the contractile apparatus to Ca2+ (Robertson TP et al. 

1995), a process that is known to involve MAP kinases (Weissmann N et al. 

1999). ROS have been shown to activate the p38 MAP kinase pathway in rat 

aortic rings (Meloche S et al. 2000).  

!
I found that up-regulation of RGS2 significantly decreased Ca2+ mobilization, 

suggesting that RGS2 dynamically regulates Ca2+ signaling via the Gq-coupled 
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GPCR pathway. Basal Ca2+ as well as KCl-induced Ca2+ mobilization was not 

different in control versus the isoproterenol-treated HPASM cells. These controls 

provide evidence that isoproterenol treatment does not have direct effects on 

Ca2+ levels. Similar to my results, Roy et al. (2006) also found that up-regulation 

of RGS2 is associated with decreased Ca2+ signaling induced by ATP or UTP in 

osteoblasts. 

!
In conclusion, these studies were performed to ascertain the role of RGS2 

in pulmonary arterial constriction. RGS2 was found to have a significant role in 

pulmonary arterial constriction. Additionally, RGS2 was down-regulated in 

hypoxia and appears to play a key role in hypoxic pulmonary vasoconstriction. 

PH is a complicated and serious disease. The pathophysiology of PH is not 

clearly understood but several pathways are implicated. Hypoxia and HPV are 

key features found in many PH patients. These results may help elucidate the 

role of RGS2 in HPV associated with PH.  

!
!
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CHAPTER 4 

!

SUMMARY AND CONCLUSIONS 

!
!
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The overall goal of my research was to determine the role of RGS2 in 

pulmonary arterial constriction and the effect of hypoxia on RGS2 expression and 

function.  

!
Previous research has shown that RGS2 plays a key role in systemic 

vascular constriction and that a loss of RGS2 protein causes increase Gq-

coupled GPCR-mediated vasoconstriction. However, the pulmonary vasculature 

has unique characteristics compared to the systemic vasculature. Therefore, I 

determined whether RGS2 protein regulates pulmonary vascular constriction. 

This was accomplished by using lung slices from RGS2 KO and WT mice and 

HPASM cells with or without RGS2 expression. Pulmonary arteries from RGS2 

KO mice lung slices constricted more in comparison to lung slices from WT mice. 

In addition, I also knocked-down RGS2 in HPASM cells and performed 

experiments to measure smooth muscle cell contraction and Ca2+ influx. 

Knocking down RGS2 significantly increased Gq-coupled GPCR-mediated 

contraction and Ca2+ influx of HPASM cells. 

!
I also studied the effect of hypoxia on RGS2 expression and function. I 

exposed HPASM cells to hypoxia and performed Western blots to determine the 

RGS2 expression levels. RGS2 expression was decreased in a time-dependent 

manner. To assay the effect of hypoxia on the function of RGS2 in HPASM cells, I 

measured smooth muscle cell contraction and Ca2+ influx. Hypoxia exposure for 
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48 h enhanced the Gq-coupled GPCR-mediated Ca2+ influx as well contraction in 

HPASM cells.  

!
Next I wanted to determine the effect of hypoxia on RGS2 KD HPASM cells. 

Therefore I treated RGS2 KD HPASM cells with hypoxia and performed Western 

blot, Ca2+ influx and contraction measurements. Hypoxia further decreased 

RGS2 expression; however, this decrease was not statistically significant.  

Additionally, hypoxia enhanced the contraction and Ca2+ influx in RGS2 KD 

HPASM cell 

!
Since RGS2 KD resulted in incomplete suppression of RGS2 protein, the 

effect of hypoxia on RGS2 KO and WT lung slices was also studied. This was 

important to determine whether complete suppression of RGS2 expression can 

abolish the hypoxia-mediated increase in contraction. I found that hypoxic WT 

lung slices produced similar constriction in comparison to hypoxic RGS2 KO lung 

slices. 

!
Finally, as an indirect indicator of pulmonary arterial pressure in RGS2 KO 

and WT mice, I measured the Fulton index of RGS2 KO and WT mice. I found 

that RGS2 KO mice have an increased Fulton index, providing us with an indirect 

marker for increased pulmonary pressure in RGS2 KO mice.  

!
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These studies were performed to identify a novel pathway that may provide 

a mechanism for hypoxia in the development of PH.  Therefore, these findings 

may contribute to a better understanding of pulmonary constriction associated 

with hypoxia-induced PH and may serve as a template to design more efficient 

therapeutic strategies.  

!
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