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ABSTRACT 
 

Although intracellular mechanisms underlying the arteriolar myogenic response 

have been well-defined, the mechanotransduction events transducing the mechanical 

stimulus remain unclear. Recently, ligand-independent activation of G protein-coupled 

receptors (in particular, the angiotensin II type 1 receptor; AT1R) has been suggested to 

play a major role in vascular smooth muscle mechanotransduction, thereby contributing 

to myogenic constriction. However, the downstream pathways following ligand-

independent activation of the AT1R have not been clearly elucidated. Our studies provide 

pharmacological evidence that the mechanically activated AT1R generates diacylglycerol 

which in turn activates PKC that subsequently induces actin cytoskeleton reorganization 

for myogenic constriction. In terms of physiological roles, the arterial myogenic response 

acts to generate vascular tone, prevent capillaries from being damaged, and reduce edema 

due to high capillary hydrostatic pressure. Thus, an exaggerated AT1R-mediated 

myogenic constriction could conceivably contribute to vascular disorders. As a result, 

small arteries likely exhibit negative feedback regulatory mechanisms to prevent such an 

exaggerated myogenic response. In regard to this, we discovered that ligand-dependent or 

-independent activation of the AT1R causes trafficking of an important regulatory 

molecule, RGS5 (Regulators of G protein Signaling) protein, which may modulate Ang II 

or myogenic-mediated constriction by terminating Gq/11 protein-dependent signaling. 

xvi 
 



CHAPTER 1 

 

LITERATURE REVIEW  

THE MYOGENIC RESPONSE 

 
As, according to Pouiselle’s Law, blood flow is proportional to the fourth power 

of the vessel diameter, small changes in the diameter of resistance arteries following 

elevation of intraluminal pressure substantially increase blood flow (Cole & Welsh, 

2011). Thus, arteriolar myocytes posses an intrinsic ability to crucially regulate 

appropriate blood flow by tuning the diameter of small arteries in response to changes in 

physiological circumstances. Critical observations were made more than 100 years ago 

that mechanosensitive small arteries exhibit vasoconstriction or vasodilation in response 

to increased or decreased intravascular pressure, respectively (Bayliss, 1902). The 

“Myogenic Response” or pressure-induced vasoconstriction/dilation has been 

demonstrated to be independent of endothelial cells or neuro/hormonal modulation and 

act as a critical autoregulation for constant blood flow during transitions in intraluminal 

pressure (Davis & Hill, 1999). Thus it is considered an intrinsic smooth muscle 

vasomotor response. Abnormal autoregulation of small arteries or arterioles can 

contribute to vascular rupture, capillary damage, edema, vasospasms, ischemic stroke, 

hypertension, or hypotension (Cipolla et al., 2001;Czosnyka et al., 2009;Faraci & 

Heistad, 1990;Immink et al., 2004;Jarajapu & Knot, 2005;Kim et al., 2008b;Meininger & 

Trzeciakowski, 1988;Novak & Hajjar, 2010;Olsen et al., 1983;Sonoyama et al., 

2007;Walsh & Cole, 2013). Although cellular mechanisms underlying the myogenic 

response have now been extensively studied for over 100 years, the cellular mechanisms 
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underlying this intriguing autoregulatory phenomenon remain uncertain. To date, it has 

been hypothesized that 1) wall tension or mechanical force exerted by an increase in 

intraluminal pressure is somehow sensed by the cell membrane itself, deformation of 

receptors or ion channels of the arteriolar myocytes, and/or conformational changes in 

extracellular proteins or cytoskeletal proteins; 2) the detection of variations in 

intraluminal pressure leads to membrane depolarization and Ca2+ entry through voltage-

operated calcium channels; 3) myosin light chain phosphorylation-dependent 

vasoconstriction. In this chapter, established and candidate signaling molecules (e.g. ion 

channels, second messengers) and mechanisms (e.g. actin polymerization) contributing to 

myogenic constriction are discussed.   

 

1-1. Voltage-operated Ca2+ channels 

Deformation of arteriolar vascular smooth muscle cells (VSMC) caused by an 

acute increase in intraluminal pressure gives rise to membrane depolarization and in turn 

Ca2+ influx through voltage-operated Ca2+ channels (VOCCs) (Davis & Hill, 

1999;Harder, 1984;Knot & Nelson, 1998;Kotecha & Hill, 2005). Specifically, the fact 

that VOCCs play a crucial role in myogenic responsiveness has been supported through 

numerous earlier studies showing that 1) VSMC stretch-mediated membrane 

depolarization may contribute to an increase in open probability of VOCCs (Nelson et 

al., 1990), 2) pharmacological activation (e.g. BAY K8644) or inhibition (e.g. nifedipine, 

verapamil, or nicardipine) of VOCCs enhances or reduces myogenic reactivity (Faber & 

Meininger, 1990;Hill & Meininger, 1994;Kirton & Loutzenhiser, 1998;Knot & Nelson, 
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1995;Potocnik et al., 2000;Wesselman et al., 1996), or 3) myogenic constriction is 

accompanied by elevated intracellular global Ca2+ levels (Harder, 1984).  

VOCCs are comprised of a pore-forming α subunit and diverse accessory subunits 

(Collier et al., 2015). VSMC have two predominant Ca2+ channel subtypes; the L-type 

(“L” indicates ‘long lasting’) and T-type (“T” presents ‘transient’) Ca2+ channels. 

Myogenic tone or reactivity of rat skeletal muscle or cerebral arteries is substantially 

attenuated by nifedipine or nisoldipine, dihydropyridine-sensitive L-type Ca2+ channel 

blockers (Knot & Nelson, 1998;Potocnik et al., 2000), supporting the significance of the 

L-type Ca2+ channel. Conversely, application of mibefradil (i.e. an antagonist of T-type 

Ca2+ channels) has a negligible effect on myogenic responsiveness (Potocnik et al., 

2000). However, this observation may result from poor specificity of the blocker, and as 

such T-type Ca2+ channels are still considered a potential contributor to pressure-induced 

vasoconstriction. According to prior studies, the L-type Ca2+ channel is less voltage-

sensitive than the T-type channel (Collier et al., 2015). The L-type Ca2+ channel opens at 

a membrane potential of approximately -50 to -35 mV (corresponding to over 40 mmHg 

of intravascular pressure), whereas T-type Ca2+ channel (especially Cav3.3 channel) is 

gated at -60 to -50 mV, an Em typically reached at 20‒40 mmHg of intraluminal pressure 

(Collier et al., 2015;Harraz et al., 2015;Knot & Nelson, 1998). Therefore, L- and T-type 

Ca2+ channels may differentially contribute to myogenic vasoconstriction over different 

pressure ranges but both channels may cooperatively regulate pressure-induced 

vasoconstriction in resistance arterioles. 

Interestingly, it has been suggested that VOCCs are directly gated by membrane 

distention (McCarron et al., 1997). Application of positive pressure through the patch 
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pipette to posterior cerebral arteriolar myocytes substantially increased voltage-dependent 

inward current, which was profoundly attenuated by a VOCC antagonist, (-)202-791 

(McCarron et al., 1997). Along with the direct activation of VOCCs by mechanical 

stimuli, as described above, it has been generally believed that VOCCs likely open 

secondarily to other depolarizing influences such as the opening of cation channels or 

chloride channels, or closure of potassium channels. For example, it is has been 

considered that enhanced activation of K+ channels in arteriolar myocytes (e.g. large 

conductance Ca2+-activated K+ channels, voltage-dependent Kv channels) and subsequent 

hyperpolarization may limit VOCC-dependent Ca2+ entry and myogenic constriction 

(Knot et al., 1998;Yamagishi et al., 1992). Thus, direct or indirect mechanosensitive ion 

channels that contribute to VSMC membrane potential and myogenic responsiveness are 

to be introduced.    

 

1-2. Transient receptor potential channels  

Mounting evidence indicates that transient receptor potential (TRP) channels play 

a critical role in regulation of membrane potential and Ca2+ signaling of VSMC and 

endothelial cells (EC). TRP channels exist in families typically classified as canonical 

(TRPC), vanilloid (TRPV), melastatin (TRPM), ankyrin (TRPA), mucolipin (TRPML), 

and polycystin (TRPP) channels (Montell, 2001). These classification are based on 

homology of amino acid sequence. Importantly, TRP channels appear to participate in 

various physiological or pathological situations within the cardiovascular system. For 

example, TRP channels modulate pacemaker function and contractility of the heart, and 

their dysfunction causes cardiac hypertrophy, fibrotic disease, and arrhythmias (Earley & 
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Brayden, 2015). In addition, Ca2+-permeable TRP channels in EC have been implied to 

be involved in Ca2+ entry-mediated endothelium-derived hyperpolarization and 

subsequent vasodilation as well as regulation of vascular permeability, angiogenesis, and 

vascular remodeling (Zhang & Gutterman, 2011). The TRPC1 channel has been 

identified to show mechanosensitivity in Xenopus oocytes (Maroto et al., 2005). Further, 

the TRPC3 channel has been demonstrated to participate in membrane depolarization 

induced by agonist-dependent activation of pyrimidine receptors in pressurized cerebral 

arteries (Reading et al., 2005). However, subsequent studies have failed to show that 

TRPC1 or 3 channels are mechanosensitive in VSMC or that they contribute to myogenic 

constriction of cerebral arteries (Dietrich et al., 2007;Reading et al., 2005). Therefore, of 

direct relevance to the current discussion, TRPC6, TRPM4, TRPV4, and TRPP1/2 

channels have been chosen, selectively, for further discussion in the following section 

since they have been implicated in the regulation of myogenic tone or responsiveness 

(Earley & Brayden, 2015).  

The TRPC6 channel is a non-selective cation channel (permeable to Na+, K+, and 

Ca2+) which is found in both arteriolar and venous myocytes of diverse vascular beds 

(Inoue et al., 2006). In studies of human embryonic kidney-293 (HEK-293) cells 

expressing the channel, TRPC6 was thought to exhibit inherent mechanosensitivity when 

the cells were mechanically stretched by stimulation with either hypoosmotic buffer or 

negative pressure (Spassova et al., 2006). The fact that antisense oligodeoxynucleotides-

dependent inhibition of TRPC6 channel markedly attenuates membrane depolarization 

and myogenic constriction in cerebral arteriolar myocytes and arteries indirectly implied 

mechanosensitivity of TRPC6 channel (Welsh et al., 2002). However, these data have 
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been debated and the direct activation of TRPC6 channel has been questioned in 

subsequent studies (Geffeney et al., 2011;Inoue et al., 2009;Schnitzler et al., 2008). More 

recently, it has been suggested that the TRPC6 channel cooperates with G protein-

coupled receptors (GPCR) to regulate contractility of VSMC. Consistent with this, earlier 

studies showed that activation of α1-adrenergic receptors results in increased TRPC6 

channel-mediated currents in VSMC of portal vein, which is markedly inhibited by 

antisense oligonucleodtides targeting TRPC6 channel (Inoue et al., 2001). Activation of 

GqPCR leads to phospholipase C (PLC)-mediated production of diacylglycerol (DAG) 

and inositol 1,4,5-triphosphate (IP3), which have been demonstrated to independently or 

synergistically activate TRPC6 channel (Albert & Large, 2003;Helliwell & Large, 

1997;Hofmann et al., 1999;Itsuki et al., 2014). As the angiotensin II type 1 receptor 

(AT1R), a member of the superfamily of GPCR, has been suggested to be a primary 

mechanosensor (Blodow et al., 2014;Schleifenbaum et al., 2014;Schnitzler et al., 

2008;Schnitzler et al., 2011;Storch et al., 2012), it is hypothesized that membrane 

deformation of arteriolar myocytes evoked by increased intraluminal pressure or stretch 

elicits the AT1R-mediated production of DAG and/or IP3, which in turn results in TRPC6 

channel activation. This is supported by prior studies showing that the interplay of 

TRPC6 channels with mechanosensitive AT1R activation gives rise to membrane 

depolarization and subsequently contributes to pressure-induced vasoconstriction 

(Schnitzler et al., 2008). However, myogenic responsiveness of mice mesenteric arteries 

with a genetic deficiency of TRPC6 channel is almost identical to that of control arteries 

(Schleifenbaum et al., 2014), suggesting that cooperation between the AT1R and the 

TRPC6 channel may not be critical for myogenic constriction in some vascular beds or 
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species. Further, knockout of TRPC6 channel surprisingly causes increased myogenic 

constriction that is accompanied by overexpression of TRPC3 channel possibly evoked 

by compensatory mechanisms against the deficiency in TRPC6 channel (Dietrich et al., 

2005).  

Channels formed by TRPM4 protein are selectively permeable to monovalent 

cations (e.g. Na+, K+), but not to divalent cations (e.g. Ca2+) (Launay et al., 2002;Nilius et 

al., 2003). In contrast to TRPC6 channel that functions in a Ca2+-independent manner, 

while being activated by second messengers (i.e. DAG, IP3), the TRPM4 channel is 

regulated by the intracellular level of Ca2+. Evidence collected from whole-cell patch 

clamp measurements has shown that high levels of intracellular Ca2+ are essential to 

activate TRPM4 channel on HEK-293 cells (EC50=15 µM; (Nilius et al., 2003)) and 

intact VSMC (EC50=10 µM; (Earley et al., 2007)). Interestingly, it has been observed 

under inside-out patch clamp conditions that the sensitivity of TRPM4 channel to 

intracellular Ca2+ is profoundly diminished (EC50=370 µM), indicating that intracellular 

components are required to regulate the Ca2+ sensitivity of TRPM4 channel (Earley, 

2013;Nilius et al., 2005). These investigations and their interpretation are supported by 

previous studies showing that protein kinase C (PKC) activation and point mutation at 

PKC phosphorylation sites affect the sensitivity of TRPM4 channel (Nilius et al., 2005). 

As described above, since higher levels of intracellular Ca2+ are necessary, local Ca2+ 

signaling events such as Ca2+ sparks (a robust focal Ca2+ increase in the range of 1‒100 

µM) released from sarcoplasmic reticulum (SR) is required for activation of TRPM4 

channel, rather than global changes in cytoplasmic Ca2+ which are typically in the order 

of 100‒500 nM (Rubart et al., 1996;ZhuGe et al., 2004). Consistent with this, TRPM4 
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channel-mediated cation currents are significantly suppressed by inhibitors of SR calcium 

transport ATPase (SERCA) (Gonzales et al., 2010;Gonzales & Earley, 2012). In addition, 

activity of TRPM4 channel is governed by PKC-dependent trafficking of the channels. 

Interestingly, PKCδ, but not PKCα and β, has been identified to cause translocation of 

TRPM4 channel toward cell membrane (Crnich et al., 2010;Garcia et al., 2011). 

It has been reported that the TRPM4 channel is functionally significant in the 

regulation of myogenic tone, or constriction, in cerebral resistance arterioles. Thus, 

knockdown of TRPM4 channel expression using antisense oligodeoxynucleotides has 

been demonstrated to inhibit increased intraluminal pressure-mediated membrane 

depolarization and myogenic constriction of cerebral arteries (Earley et al., 2004). 

Further, specific pharmacological inhibition of TRMP4 channel with 9-phenanthrol 

similarly inhibits myogenic responsiveness (Gonzales et al., 2010). As there is no 

apparent evidence supporting inherent mechanosensitivity of TRPM4 channel, a link 

between mechanosensitive GPCR and TRPM4 channel has been assumed. Regarding 

this, when the purinergic P2Y4 and P2Y6 receptors are mechanically stimulated, their 

downstream signaling pathways (i.e. IP3, PKC) influence TRPM4 channel activation, 

membrane depolarization, and pressure-induced vasoconstriction in cerebral resistance 

arteries (Brayden et al., 2013;Li et al., 2014).  

TRPV4 channel shows selectivity for Ca2+ influx in both VSMC and EC (Earley 

et al., 2005;Marrelli et al., 2007). Although extracellular Ca2+ influx is a key determinant 

for vasoconstriction, TRPV4 channel-mediated Ca2+ entry in arteriolar myocytes has been 

postulated, surprisingly, to induce vasorelaxation (Earley et al., 2005;Earley et al., 2009). 

A specific activator of TRPV4 channel, endothelium-derived arachidonic acid metabolite 
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11,12 epoxyeicosatrienoic acid (11,12-EET), results in Ca2+ influx in cerebral arteriolar 

myocytes that subsequently leads to the generation of Ca2+ sparks through Ca2+-induced 

Ca2+ release (CICR). The local and robust Ca2+ release activates large conductance Ca2+-

activated K+ channels (BKCa) and evokes hyperpolarization-mediated vasodilation 

(Earley et al., 2005;Earley et al., 2009). In addition, genetic ablation of TRPV4 channel 

markedly increases angiotensin II (Ang II)-mediated vasoconstriction of pressurized 

cerebral arteries (Mercado et al., 2014), suggesting that TRPV4 channel-dependent 

vasodilation functions as a negative feedback mechanism to presumably prevent 

exaggerated vasoconstriction. PKC-mediated phosphorylation of the TRPV4 channel 

allows for Ca2+ entry (termed Ca2+ sparklets) which presumably induces a CICR-

dependent vasodilation (Mercado et al., 2014;Navedo et al., 2006). Thus, consistent with 

previous studies, it is likely that inhibition of TRPV4 channel may potentiate 

mechanosensitive GPCR (e.g. AT1R, P2Y4R, P2Y6R)-dependent myogenic constriction.  

Lastly, TRPP channels are considered as non-selective cation channels for Na+ 

and Ca2+ (Clapham et al., 2005). TRPP channels are comprised of TRPP1 and TRPP2 

channels that have been detected by immunohistochemical staining in human cerebral 

arteriolar myocytes (Griffin et al., 1997;Torres et al., 2001). Alternative approaches 

including real-time quantitative polymerase chain reaction (PCR) and Western blotting 

have also observed TRPP1 and TRPP2 channels in cultured VSMC isolated from mouse 

aorta (Beech et al., 2004;Qian et al., 2003) and rat cerebral resistance arteries (Narayanan 

et al., 2013). Interestingly, it has been suggested that TRPP1 and TRPP2 channels make 

different contributions to myogenic constriction of mouse mesenteric arteries (Sharif-

Naeini et al., 2009). While knockout of TRPP1 channel impairs pressure-induced 
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vasoconstriction, TRPP2 channel-directed siRNA enhances myogenic responsiveness in 

mouse mesenteric arteries (Sharif-Naeini et al., 2009). However, in rat cerebral arteries 

showing 4-fold higher expression of TRPP2 channel than TRPP1 channel, knockdown of 

TRPP2 channel reduces myogenic reactivity of rat cerebral arteries (Narayanan et al., 

2013). Further, hypotonic buffer-mediated membrane stretch of rat cerebral arteriolar 

myocytes permits TRPP2 channel-mediated influx of cation currents. As the effects of 

knockdown of TRPP2 channel on pressure-induced vasoconstriction are reportedly 

disparate in mouse mesenteric and rat cerebral arteries (enhanced vs. reduced myogenic 

reactivity, respectively), it has been thus suggested that the role of TRPP2 channel in 

myogenic responsiveness appears different according to the type of vasculature bed 

and/or species.  

 

1-3. Epithelial Na+ channel 

Epithelial Na+ channel (ENaC) has been shown to play an important role in the 

regulation of renal salt and water reabsorption and thus contributes to blood pressure 

regulation (Kellenberger & Schild, 2002). More recent studies in this area have turned 

their attention to whether ENaC plays a role in myogenic tone and/or reactivity of 

resistance small arteries. As outlined above, initiation of myogenic constriction has been 

shown to require intraluminal pressure-mediated stretch of the arteriolar wall, followed 

by membrane depolarization and Ca2+ influx. In regard to the most proximal signal 

events, a possible contribution of VSMC ENaC has been recently considered as 

mechano-gated channels that couple membrane potential to pressure-induced 

vasoconstriction (Drummond et al., 2008a). Five isoforms of ENaC have been identified 
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in mammalian cells including αENaC, βENaC, γENaC, δENaC, and εENaC (Drummond 

et al., 2008b). Among them, both βENaC and γENaC have been detected at or near cell 

surface of cerebral and renal arteriolar myocytes (Drummond et al., 2004;Jernigan & 

Drummond, 2005). Mechanosensitivity of ENaC has been delineated in a variety of cells 

including cortical collecting duct cells (Ma et al., 2002;Palmer & Frindt, 1996) or oocytes 

(Althaus et al., 2007;Carattino et al., 2004). Negative pressure applied to the plasma 

membrane or shear stress stimulates ENaC, supporting the channels being mechanically 

gated. With regard to the role of ENaC in myogenic constriction, pharmacological 

blockade of ENaC activation using amiloride or benzamil markedly diminishes myogenic 

constriction in a number of diverse vascular beds (Drummond et al., 2004;Guan et al., 

2009;Jernigan & Drummond, 2005;Kim et al., 2013;Oyabe et al., 2000). Furthermore, 

genetic manipulation (e.g. siRNA-targeting ENaC) causes suppression of pressure-

dependent vasoconstriction (Jernigan & Drummond, 2005;Kim et al., 2013).  

ENaC is a multimeric channel complex presumably consisting of components of 

extracellular matrix, extracellular/intracellular linking proteins, and cytoskeleton 

(Drummond et al., 2008b). Putative mechanisms underlying an interplay between gating 

of ENaC and myogenic constriction are implicated such that 1) pressure-induced stretch 

of the vascular wall is transduced through the extracellular matrix component; 2) 

mechanotransduction between the extracellular matrix and pore-forming components of 

ENaC leads to opening of the channel; 3) Na+ influx (possibly Ca2+ entry) predominantly 

occurs; and 4) membrane depolarization and myogenic constriction occur (Drummond et 

al., 2008b). Nonetheless, the exact role of ENaC in the mechanotransduction events 

underlying myogenic constriction is debated and equivocal especially considering that 
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electrophysiological evidence (i.e. Na+ current via ENaC) is lacking in arteriolar 

myocytes (Drummond et al., 2008b) and amiloride-mediated reduction in myogenic 

constriction has not been observed in some studies (Wang et al., 2008b) or limited to 

cerebral or renal arterioles (Baek & Kim, 2011).                  

 

1-4. Cl- channels (TMEM16A/ANO1) 

Along with several cation channels including voltage-sensitive L-/T-type Ca2+ 

channels, TRP channels, or K+ channels, a role for anion channels has emerged in 

regulating membrane depolarization of arteriolar myocytes and vascular contractility 

(Bulley et al., 2012). An example is chloride (Cl-) which is one of the most abundant 

anions (≈50 mmol/L) in arteriolar VSMC (Leblanc et al., 2005) with a reversal potential 

between, approximately, -30 and -20 mV (Kitamura & Yamazaki, 2001). Based on this 

reversal potential, and as the physiological range of membrane potential for full 

vasoconstriction or dilation has been reported to be between -60 and -20 mV in resistance 

arterioles (Knot & Nelson, 1998), the activation of Cl- channels appears to cause Cl- 

efflux and membrane depolarization and is a likely mechanism leading to 

vasoconstriction (Hill et al., 2001). Specifically, in regard to mechanotransduction, it has 

been suggested previously that opening of Cl- channels in response to membrane 

distention or increased intraluminal pressure contributes to myogenic constriction (Hill et 

al., 2001;Leblanc et al., 2005;Nelson et al., 1997;Yamazaki et al., 1998). However, the 

role of Cl- channels examined in earlier studies is questionable and controversial due to a 

historic lack of specific pharmacological activators or inhibitors for these channels. 

Further, earlier studies indicated that the reversal potential of Cl- channels in response to 
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hypotonic solution-mediated cell swelling was not altered despite reduced bath Cl- 

concentration (Welsh et al., 2000).  

The transmembrane protein 16A (TMEM16A, alternatively termed Anoctamin1; 

ANO1) channel has recently been identified to be a Ca2+-activated Cl- channel (Caputo et 

al., 2008;Schroeder et al., 2008;Yang et al., 2008). Currently, no evidence exists to show 

that TMEM16A channel is directly activated by cell swelling-mediated membrane stretch 

in cerebral arteriolar myocytes (Bulley et al., 2012;Yang et al., 2008). However, this 

study did show that hypotonic bath solution- or intraluminal pressure-induced membrane 

stretch stimulates non-selective cation channels and subsequently leads to Cl- efflux 

through TMEM16A channel in a manner independent of SR Ca2+ release and VOCCs. 

This suggests that in resistance arterioles increased intravascular pressure induces Cl- 

efflux, over a physiological membrane potential range (i.e. ≈-60 to -20 mV), which 

contributes to membrane depolarization and pressure-induced vasoconstriction. Despite 

this intriguing discovery, since mechanisms underlying regulation of anion channels in 

vascular contractility are still unclear, further investigation is required for a better 

understanding of anion (in particular Cl-) channels in modulating myogenic constriction 

of resistance arterioles.              

 

1-5. K+ channels (i.e. BKCa, Kv channels) 

In contrast to the ion channels contributing to membrane depolarization during 

myogenic constriction, K+ channels mediate membrane hyperpolarization causing a 

decrease in activity of VOCCs and thus provide a negative feedback regulatory 

mechanism which is thought to prevent excessive pressure-induced vasoconstriction. K+ 
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channels are therefore considered to play an important role in the regulation of 

intraluminal diameter and blood flow in resistance arteries or arterioles. Among a variety 

of K+ channels expressed in arteriolar myocytes (e.g., Kir, KATP, TREK-1, BKca, or Kv), 

the large conductance Ca2+-activated K+ channel (BKCa) and voltage-gated K+ (Kv) 

channels are discussed in this chapter as these channels appear more relevant to 

myogenic signaling compared to other K+ channels. BKCa consists of α subunit forming a 

pore for selective K+ conduction, β and γ (also termed leucine-rich repeat containing 

protein 26 (LRRC26)) subunits responsible for increases in voltage and/or Ca2+ 

sensitivity of BKCa (Bao & Cox, 2005;Brenner et al., 2000;Evanson et al., 

2014;McManus et al., 1995;Shen et al., 1994;Wang & Sigworth, 2009). Although BKCa 

is referred to as a member of the family of voltage-gated K+ channels (Bao & Cox, 

2005;Cui et al., 1997;Horrigan & Aldrich, 1999;Stefani et al., 1997), the open probability 

of BKCa is apparently negligible (~0.1 %) in the physiological range (-40 to -30 mV) of 

membrane potential of myogenically active arteries or arterioles (Hill et al., 2010). To 

compensate for the relatively low voltage sensitivity of BKCa, the channel is also 

regulated by intracellular Ca2+ levels. Regarding this, the α subunit of BKCa contains 

three high affinity Ca2+ binding sites (i.e. RCK1, RCK2, and the so-called Ca2+ bowl). 

The binding of Ca2+ to these sites has been demonstrated to cause a leftward shift of 

conductance-voltage (G-V) relationship of BKCa, increasing the open probability of BKCa 

at more physiological levels of membrane potential (Cui et al., 2009).  

A further consideration relates to the spatio-temporal aspects of Ca2+ signaling. In 

this regard, BKCa is activated by spatially-restricted local Ca2+ signaling events. Local 

ryanodine receptor-mediated Ca2+ transients (Ca2+ sparks), occurring in a restricted space 
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between the sarcoplasmic reticulum and plasma membrane of arteriolar myocytes, have 

been demonstrated to activate BKCa. Ca2+ spark-mediated activation of BKCa 

subsequently leads to spontaneous transient outward currents (STOCs) that exert 

membrane hyperpolarization and vasodilation (Drab et al., 2001;Jaggar et al., 1998;Lohn 

et al., 2000;Nelson et al., 1995;ZhuGe et al., 1999). In addition to the Ca+ binding sites 

on the cytoplasmic carboxyl tail of the α subunit, it has been shown that the channels β 

and γ subunits have regulatory effects on BKCa gating kinetics and Ca2+/voltage 

sensitivity (Bao & Cox, 2005;Brenner et al., 2000;Evanson et al., 2014;McManus et al., 

1995). For example, co-assembly of the α and β subunits enhances conductance of BKCa, 

relative to BKCa containing α subunit alone despite being exposed to the same level of 

intracellular Ca2+ (Wang et al., 2002b). Moreover, suppression of trafficking of the β1 

subunit, stored intracellularly in Rab11A-positive recycling endosomes, towards the 

plasma membrane of arteriolar myocytes has been recently reported to decrease agonist-

dependent dilation of pressurized cerebral arteries (Leo et al., 2014). In the context of 

functional roles for BKCa in the myogenic response, it has been suggested that BKCa is 

directly activated by mechanical stretch, mimicking an alteration in intraluminal pressure 

(Kirber et al., 1992;Wu & Davis, 2001) and that the stretch-mediated BKCa activation 

contributes to appropriately regulate membrane potential and limit exaggerated myogenic 

constriction (Hill et al., 2010). Along with the direct activation of BKCa, changes in local 

Ca2+ signaling (i.e. Ca2+ sparks) of pressurized resistance arterioles activate BKCa. 

Increased intravascular pressure (from 10 to 60 mmHg) has been demonstrated to 

increase Ca2+ spark frequency (i.e. 2.6-fold) in cerebral arteries (Jaggar, 2001;Nelson et 

al., 1995). Thus, it is indicated that pressure-induced vasoconstriction is regulated by 
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BKCa activity, which is supported by previous studies showing that pharmacological 

inhibition of Ca2+ spark leads to membrane depolarization and vasoconstriction in 

cerebral arteries (Brayden & Nelson, 1992;Nelson et al., 1995). Further, siRNA-mediated 

knockdown of α, β, or γ (LRRC26 protein) subunits of BKCa alters kinetics of the channel 

(i.e. Ca2+ sensitivity, BKCa-dependent STOCs) and enhances myogenic constriction 

(Evanson et al., 2014;Yang et al., 2013).  

Some debate exists as to whether BKCa is directly or indirectly associated with 

pressure-induced vasoconstriction in all vascular beds. For example, the relationship 

between membrane potential and myogenic constriction is steeper in cremaster arterioles 

than cerebral arteries (Kotecha & Hill, 2005). The differences may result from 

differences in the regulation of BKCa in various vascular beds (Yang et al., 2009;Yang et 

al., 2013). Specifically, it has been found through a cell surface biotinylation assay that 

the expression level of the BKCa α subunit in cerebral arteriolar myocytes is markedly 

higher than that in cremaster arteriolar myocytes (Nourian et al., 2014). Interestingly, the 

ratio of β1:α subunits of BKCa is significantly higher in the cerebral vasculature compared 

to that for cremaster muscle arterioles (Nourian et al., 2014;Yang et al., 2009).  

BKCa activity is additionally regulated by GPCR. Activation of the AT1R (a 

GPCR) has recently been postulated to inhibit BKCa activity through a G-protein 

independent mechanism (Zhang et al., 2014) or facilitate the internalization and 

degradation of BKCa, which causes vasoconstriction (Leo et al., 2015). As the AT1R has 

been implicated to be mechanically activated in response to an increase in intraluminal 

pressure, it is conceivable that the putative inhibitory effect of mechanosensitive AT1R 

on the opening of BKCa (i.e. cross-talk between AT1R and BKCa) may be predicted, 
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thereby contributing to pressure-dependent vasoconstriction. Indirect regulation of BKCa 

has also been demonstrated, such is reported for arachidonic acid metabolites. 20-

hydroxyeicosatetraenoic acids (20-HETE) have thus been shown to be generated in 

several vascular beds, which in turn involve regulation of vascular tone (Harder et al., 

1994;Miyata & Roman, 2005). In this context, pressure-induced stretch of arteriolar 

myocytes has been suggested to produce 20-HETE that results in closure of BKCa, 

membrane depolarization, and increased Ca2+ entry through VOCCs, which subsequently 

contribute to myogenic constriction (Gebremedhin et al., 1998;Harder et al., 1994;Lange 

et al., 1997;Zou et al., 1996). 

In addition to BKCa, the Ca2+-independent Kv channel is also considered as a 

negative feedback regulator for arterial diameter and, thus, blood flow. Expression of the 

K+ channel, Kv1, is observed in mesenteric resistance arterioles and Kv1 channel-

mediated currents are inhibited by a selective inhibitor of Kv1 channel (i.e. correolide) in 

isolated mesenteric arteriolar myocytes (Plane et al., 2005). The pharmacological 

inhibition of Kv1 channel also enhances myogenic responsiveness in mesenteric arterioles 

(Plane et al., 2005). Effects of the negative feedback regulation have not been restricted 

to Kv1 channels. Previous observations have revealed that inhibition of Kv2 channel with 

stromatoxin leads to vasoconstriction of isolated and pressurized cerebral arteries 

(Amberg & Santana, 2006). This study identified that the magnitude of Kv2 channel 

suppression-induced vasoconstriction is similar to that caused by blockade of BKCa 

channels with iberiotoxin and the Kv2 channel is a considerable component of Kv 

channel-mediated currents detected in cerebral arteriolar myocytes (approximately 50%). 

Recently, considerable attention has been paid to the functionality of Kv7 channel in 
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resistance arteries. Thus, inhibition of Kv7 channel potentiates myogenic tone/reactivity 

or agonist-dependent vasoconstriction in several vascular beds (Mackie et al., 

2008;Yeung et al., 2007;Zhong et al., 2010). Collectively, BKCa and Kv channels 

expressed in arteriolar myocytes act as negative feedback regulators modulating 

membrane potential and diameter of resistance arteries or arterioles in response to 

elevated intraluminal pressure.  

 

1-6. Roles of membrane bound proteins, second messengers, or protein kinases (i.e., 

PLC, DAG, IP3, PKC) in the myogenic response 

As mentioned earlier, the mechanosensory events initiated by an increase in 

intraluminal pressure lead to arteriolar myocyte membrane depolarization and subsequent 

Ca2+ influx via VOCCs for myogenic constriction. In conjunction with Ca2+ signaling, 

membrane bound proteins, second messengers, or protein kinases evoked by 

stretch/tension-mediated membrane deformation play a vital role in myogenic 

constriction. It has been reported that pressure-dependent distension causes increased 

levels of IP3 and DAG via stimulation of PLC in cannulated dog renal arteries 

(Narayanan et al., 1994). Numerous studies have demonstrated DAG and IP3 to 

participate in pressure-induced vasoconstriction. Myogenic tone or reactivity has also 

been shown to be markedly abrogated by PLC inhibitors in several vascular beds (Coats 

et al., 2001;Osol et al., 1991;Park et al., 2003), suggesting that those products caused by 

PLC-mediated metabolism of membrane phospholipid (i.e. phosphatidylinositol 4,5-

bisphosphate; PIP2)  contribute to myogenic constriction. Membrane-permeable DAG 

analogues (1,2-dioctanoyl-sn-glycerol: DOG or 1-oleoyl-2-acetyl-sn-glycerol: OAG) 
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stimulate inward cation currents in cerebral arteriolar myocytes (Slish et al., 2002) and 

restore reduced myogenic reactivity of skeletal muscle arterioles (Chapter 2 in this 

thesis). As DAG stimulates TRPC channels (a known family of receptor-operated 

channels) in a manner independent of PKC (Large et al., 2009) and Ang II application 

evokes DAG-mediated activation of TRPC6 channel in mesenteric arteriolar myocytes 

(Saleh et al., 2006), it is predicted that DAG generated by mechanical stress on arteriolar 

myocytes may cause TRPC channel activation which in turn leads to membrane 

depolarization-dependent myogenic constriction.  

In addition to DAG, PKC, a downstream molecule of DAG, has been suggested to 

be a key contributor to pressure-induced vasoconstriction. PKC possesses a regulatory 

domain toward the N-terminal containing Ca2+ and DAG binding sites and catalytic 

domain toward the C-terminal (Newton, 1995). It has been reported that multiple 

isoforms of PKC are classified as following: 1) classical isoforms of PKC (α, βI, βII, and 

γ) activated by both Ca2+ and DAG; 2) novel isoforms of PKC (δ, ε, η, and θ) stimulated 

by only DAG; and 3) atypical isoforms of PKC (ζ and ι/λ) induced by neither Ca2+ nor 

DAG (Steinberg, 2008). Further, it has been suggested that classical PKCs are involved 

in Ca2+ sensitization and PKCδ regulates elevation in intracellular Ca2+ by activating 

cation channels and induces sustained myogenic constriction in rat posterior cerebral 

arteries (Kashihara et al., 2008), suggesting that PKC isoforms may have distinctively 

different roles in myogenic response. While it has been reported that mechanically-

activated PLC activates PKC in a manner dependent of DAG in posterior cerebral arteries 

(Jarajapu & Knot, 2002), inhibition of PKC abolishes myogenic tone and reactivity in 

isolated rat cremaster muscle arteries (Hill et al., 1990), rat cerebral arteries (Osol et al., 
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1991), human subcutaneous arteries (Coats et al., 2001), or human coronary arterioles 

(Miller, Jr. et al., 1997). These early results using pharmacological approaches have been 

extended later to implicate specific mechanisms by which 1) PKC facilitates activity of 

cation channels in arteriolar myocytes and induces myogenic constriction (Slish et al., 

2002); 2) PKC regulates 20-HETE-mediated suppression of BKCa (Harder et al., 2011); 

3) PKC-mediated phosphorylation of TRPM4 channel augments intracellular Ca2+ 

sensitivity of the channels (Nilius et al., 2005), 4) trafficking of TRPM4 channel toward 

plasma membrane is enhanced by PKC (Crnich et al., 2010), which contributes to 

pressure-induced vasoconstriction; 5) Ca2+ sensitization, one of potential mechanisms for 

myogenic constriction, occurs with PKC activation (Moreno-Dominguez et al., 2014); 

and 6) PKC-mediated phosphorylation of heat shock protein-27 (HSP-27) involves 

cytoskeletal remodeling and leads to myogenic constriction (Moreno-Dominguez et al., 

2014). These prior studies firmly suggest that PKC plays an important role in modulation 

of pressure-mediated vasoconstriction.  

In regard to release of Ca2+ from intracellular stores, two different types of Ca2+-

release channels including ryanodine receptors (RyR) and IP3 receptor (IP3R) have been 

identified in sarcoplasmic reticulum (SR; an internal store of Ca2+) of arteriolar myocytes 

(Wray & Burdyga, 2010). RyR underlying Ca2+ sparks elicits BKCa-mediated STOCs 

acting as a negative feedback regulator for membrane potential and vascular tone (Jaggar 

et al., 1998;Jaggar et al., 2000;Perez et al., 2001) whereas IP3/IP3R underlies Ca2+ waves 

that are characterized by propagation of Ca2+ from end to end of a cell and 

asynchronization among neighboring arteriolar myocytes (Jaggar & Nelson, 2000). In 

previous literature, while IP3R antagonist (2-aminoethoxydiphenylborate; 2-APB) 

20 
 



significantly attenuates myogenic constriction (Potocnik & Hill, 2001), administration of 

the same inhibitors does not affect steady-state diameter of skeletal muscle arterioles 

(Kotecha & Hill, 2005). In addition, negligible IP3-induced Ca2+ waves have been found 

in isolated and cannulated mesenteric arteries displaying considerable myogenic tone 

(Miriel et al., 1999). On the other hand, it has been demonstrated that increased 

intraluminal pressure (in particular below 60 mmHg) is sufficient to stimulate Ca2+ waves 

that appear to contribute to myogenic constriction (Mufti et al., 2010). However, despite 

these interesting studies, further investigations into the exact role of IP3 in myogenic 

constriction are needed to better understand as to how the asynchronous and transient 

nature of IP3-dependent Ca2+ waves govern directly pressure-induced vasoconstriction 

(Mufti et al., 2010).  

 

Overview of Ca2+-independent mechanisms underlying the myogenic response 

As already described, cation (e.g. Ca2+, Na+) entry induced by increased tension 

of arteriolar wall (i.e. in response to increased intraluminal pressure) is a key determinant 

for myogenic constriction. Known and unknown ion channels or intracellular biological 

molecules regulate membrane potential and Ca2+ dynamics for pressure-induced 

vasoconstriction. Ca2+ interacts with calmodulin and subsequently Ca2+-calmodulin 

complex stimulates myosin light chain kinase (MLCK) (Allen & Walsh, 1994;Wilson et 

al., 2002). The MLCK-dependent phosphorylation of 20 kDa myosin light chain (LC-20), 

which activates the MgATPase of actomyosin cross-bridge and subsequently induces 

contraction of smooth muscle (Kamm & Stull, 2001;Walsh et al., 1982), is eventually 

linked to pressure-mediated constriction. However, mechanical stimuli-mediated 
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intracellular Ca2+ signaling may not be the sole mechanism accounting for myogenic 

constriction. Therefore, the next section of this introduction introduces additional 

mechanistic components that may contribute to myogenic responsiveness in resistance 

arterioles. 

 

1-7. Role of Ca2+ sensitization in myogenic constriction  

Accumulating evidence has shown that only a small increase in global Ca2+ 

(relative to that elicited by a contractile agonist) occurs when intraluminal pressure is 

increased (D'Angelo et al., 1997a;Knot & Nelson, 1998;Osol et al., 2002;Zou et al., 

1995). Therefore, Ca2+-independent mechanisms underlying increase or maintenance of 

vasoconstriction without a corresponding elevation in intracellular Ca2+ (called Ca2+ 

sensitization) are apparently essential for pressure-induced vasoconstriction. The 

phosphorylation level of LC-20 is determined by a balance between MLCK and myosin 

light chain phosphastase (MLCP) activities. MLCP is comprised of a regulatory myosin 

phosphatase targeting subunit 1 (MYPT1) and catalytic subunit of the type-1 protein 

phosphatase (PP1cδ) (Grassie et al., 2012;Takizawa et al., 2003). MYPT1 is 

phosphorylated by post-translational modification. Specifically, Rho-associated kinase 

(ROCK) and PKC phosphorylates MYPT1 on Thr-697 and Thr-855 (Feng et al., 

1999;Muranyi et al., 2005) and 17-kDa protein kinase C-potentiated inhibitory protein 

(CPI-17) on Thr-38 (Eto, 2009), respectively. CPI-17 phosphorylation in turn induces 

phosphorylation of PP1cδ (Walsh & Cole, 2013).  

When phosphorylated, MYPT1 and PP1cδ, MLCP activity is markedly 

suppressed and subsequently alters the balance of MLCK and MLCP resulting in 
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enhanced phosphorylation of LC-20 without an overt increase in intracellular Ca2+ of 

arteriolar myocytes (Eto, 2009;Feng et al., 1999;Muranyi et al., 2005). In rat cerebral, 

gracilis, and cremaster arteries, increased intraluminal pressure is accompanied by 

ROCK-dependent MYPT1 phosphorylation which inhibits phosphatase activity and 

augments phosphorylation of LC-20 (Johnson et al., 2009;Moreno-Dominguez et al., 

2013). In contrast, ROCK inhibitors (e.g. Y27632 and H1152) significantly diminish 

pressure-induced vasoconstriction by decreasing phosphorylation of MYPT1 on Thr-855 

in skeletal muscle arterioles (Moreno-Dominguez et al., 2013). It has been noted that the 

ROCK-mediated MYPT1 phosphorylation occurs when intraluminal pressure is 

increased, from 60 to 100 mmHg, where minimal increases in membrane potential and 

intracellular Ca2+ are detected. On the basis of this, it has been suggested that Ca2+ 

sensitization contributes to myogenic constriction at relatively higher intraluminal 

pressures (i.e. above 60 mmHg). On the other hand, although PKC inhibitors result in 

significantly decreased myogenic constriction, phosphorylation of CPI-17 is not affected 

in the same vasculatures over 10-100 mmHg (Johnson et al., 2009;Moreno-Dominguez et 

al., 2013). It has been concluded by Walsh & Cole (2013) that PKC/CPI-17 signaling-

mediated Ca2+ sensitization does not play a key role in pressure-induced constriction, 

although this does not preclude other actions of PKC such as regulating actin 

cytoskeleton integrity.  

In regard to Ca2+ sensitization and myogenic responsiveness, the smooth muscle 

protein smoothelin has been recently suggested to be an endogenous inhibitor of MLCP 

(Turner & Macdonald, 2014). Consistent with this, smoothelin A (SmtnA), B (SmtnB), 

and smoothelin-like 1 protein (SMTNL1) have been identified in VSMC of resistance 
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arteries (van der Loop et al., 1997;van Eys et al., 1997;Wehrens et al., 1997;Wooldridge 

et al., 2008). In particular SMTNL1 has been found to regulate the contractility of 

vascular myocytes (Turner & Macdonald, 2014). Genetic approaches for SMTNL1 (i.e. 

gene knockout) significantly decrease phenylephrine-induced contraction of aorta 

(Wooldridge et al., 2008). Additional studies have shown that while SMTNL1 inhibits 

MLCP activity, it does not directly affect MLCK activity (Borman et al., 2009). Thus, 

SMTNL1 has been thought to be a novel Ca2+ sensitizer (Turner & Macdonald, 2014). 

Despite these observations, and contrary to initial hypotheses, knockout of SMTNL1 

surprisingly enhanced myogenic reactivity in posterior and middle cerebral arteries 

(Turner & Macdonald, 2014). Thus additional investigations are required to further 

demonstrate physiological roles of SMTNL1 in Ca2+ sensitization of vascular myocytes 

and its relationship to the myogenic response.                      

 

1-8. Role of arteriolar VSMC cytoskeleton in pressure-induced vasoconstriction  

In addition to Ca2+ sensitization mechanisms, cytoskeletal remodeling is 

considered as a candidate mechanism underlying Ca2+-independent myogenic 

constriction. Cytoskeletal components of arteriolar myocytes consist of intermediate 

filaments, microtubules, myosin, and actin filaments (Yamin & Morgan, 2012). Vimentin 

and desmin (i.e. intermediate filaments) have been found in differentiated arteriolar 

myocytes (Berner et al., 1981). The vimentin/desmin expression ratio is, however, 

different in distinct vascular beds. For example, larger arteries show a higher ratio 

whereas smaller arteries or arterioles display a lower ratio (Frank & Warren, 
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1981;Gabbiani et al., 1981;Johansson et al., 1997). The role of intermediate filaments in 

myogenic response has not been studied in any detail.  

Regarding microtubules, it was initially reported that there is no obvious evidence 

for microtubules in arteriolar myocytes, in the traditional sense (Somlyo, 1980). 

However, an influence of microtubules has been demonstrated for the contractile 

properties of fibroblasts, cardiac myocytes, and VSMC (Battistella-Patterson et al., 

1997). A possible contribution of microtubules to vascular contractility and myogenic 

constriction has also been assessed. Decreased microtubule density with colchicine, 

nocodazole, or demecolcine (microtubule depolymerizing agents) increases agonist-

induced vasoconstriction or steady-state myogenic tone of resistance arterioles (Hill et 

al., 2003;Zhang et al., 2000). Further, it has been determined that depolymerization of 

microtubules potentiates myogenic constriction of rat cremaster arterioles (Platts et al., 

1999). Subsequently, those authors have reported that the enhanced myogenic response is 

attributed to ROCK-mediated Ca2+ sensitization (Platts et al., 2002). Similarly it has been 

suggested, in conduit vessels (rat aorta), that microtubule depolymerization-induced 

facilitation of vascular contractility is related to ROCK activation (Chitaley & Webb, 

2002).  

Actin filaments are a large component (i.e. approximately 20%) of the total 

protein content of arteriolar myocytes (Kim et al., 2008a). Four isoforms of actin have 

been detected to date including α-smooth muscle actin, β-non-muscle actin, γ-smooth 

muscle actin, and γ-cytoplasmic actin (Yamin & Morgan, 2012). Contractile α-actin 

filaments are largely found in VSMC while γ smooth muscle actin filaments are primarily 

distributed in gastrointestinal muscles (Yamin & Morgan, 2012). In VSMC, α-actin 
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forms filamentous structures arranged longitudinally along the smooth muscle cells while 

non-contractile β- and γ-actin filaments are observed in the cell cortex or interior (Gallant 

et al., 2011). Historically the actin cytoskeleton of arteriolar myocytes was thought to be 

a relatively static structure. However, contractile actin cytoskeleton remodeling occurs 

actively in physiological circumstances and actin (de)polymerization is obligatory for 

vascular constriction or dilation (Cipolla et al., 2002;Mehta & Gunst, 1999). It is 

generally accepted that contractile α-actin filaments are anchored to cytosolic dense 

bodies or focal adhesion complexes formed on the cytoplasmic tails of integrin (Abd-

Elrahman et al., 2015;Gunst & Zhang, 2008;Small et al., 1990;Walsh & Cole, 

2013;Yamin & Morgan, 2012). The focal adhesion complexes serve as a platform 

connecting the cortical actin stress fibers that are necessary for interaction with myosin 

light chain and force generation. In addition, integrin activation and adhesion complex 

formation-dependent actin cytoskeletal reorganization (i.e. transition from globular α-

actin (G-actin) to filamentous α-actin (F-actin)) in arteriolar myocytes contribute to 

reciprocal transmission of physical force generated over the extracellular matrix (ECM) 

or intracellular environment (Abd-Elrahman et al., 2015;Hill & Meininger, 2012;Yamin 

& Morgan, 2012).  

Numerous studies have elucidated that the rearrangement of the actin cytoskeleton 

is initiated and regulated by several pathways such as 1) neuronal wiskott-aldrich 

syndrome protein (N-WASP) pathway along with proteins forming focal adhesion 

complexes (including focal adhesion kinase (FAK), talin, paxillin, vinculin, actin-related 

protein-2/3 (Arp2/3)), 2) ROCK-LIMK (Lin 11, Isl-1, Mec-3 kinase)-cofilin pathway, 3) 

HSP-27, and 4) vasodilator-stimulated phosphoprotein (VASP) pathway (Walsh & Cole, 
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2013). However, the question as to how mechanical stimuli exerted on the vascular wall 

(e.g. tension or stretch of arteriolar myocytes) result in actin cytoskeleton remodeling and 

contribute to myogenic constriction has not been fully investigated. With respect to the 

myogenic response, it have been shown that a decreased level of G-actin follows an 

increase in intraluminal pressure (Cipolla et al., 2002). Additionally, myogenic tone or 

reactivity is enhanced or reduced by treatment with activators (e.g. jasplakinolide) or 

inhibitors (e.g. ‘cytochalasins’ capping the barbed end of actin filaments or ‘latrunculin 

B’ sequestering G-actin monomer) of actin polymerization (Cipolla et al., 2002). 

Increased intraluminal pressure (i.e. from 10 to 40 mmHg) has a negligible effect on 

alterations in G-actin levels. However, stepwise increases (i.e. from 10 to 80 or 120 

mmHg) leads to a reduction of G-actin levels by 66% or 87%, respectively (Moreno-

Dominguez et al., 2014). The reduced G-actin (presumably concomitant with an increase 

in F-actin) content of resistance arterioles in response to increased circumferential 

vascular wall stress is associated with the development of myogenic constriction even in 

the absence of change in phosphorylation of LC-20 or thin filament regulatory proteins 

(i.e. calponin and caldesmon). This scenario is believed to result from ROCK or PKC-

mediated increase in phosphorylation of cofilin or HSP-27 and a subsequent increase in 

actin polymerization (Moreno-Dominguez et al., 2013;Moreno-Dominguez et al., 2014).  

Although HSP-27 is a chaperone protein, the protein is suggested to participate in 

actin polymerization (Gerthoffer & Gunst, 2001;Walsh & Cole, 2013). Specifically, the 

unphosphorylated form of HSP-27, that plays a role in inhibition of actin polymerization 

by capping actin stress fibers, is translocated towards the plasma membrane or cytosol 

when the protein is phosphorylated by MK2 (MAPK (mitogen-activated protein kinase)-
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activated protein kinase 2) or PKC (Gaestel et al., 1991;Larsen et al., 1997;Maizels et al., 

1998;Walsh & Cole, 2013). Subsequently, the translocation of HSP-27 allows actin 

filaments to stimulate actin polymerization and increase F-actin content (Srinivasan et al., 

2008). Agonist-induced stimulation of GPCR (e.g. muscarinic receptors or AT1R) leads 

to RhoA-dependent formation of focal adhesion complexes and promotes actin 

cytoskeletal organization in tracheal smooth tissues or arteriolar myocytes (Hong et al., 

2014;Zhang et al., 2012). It is speculated that agonist-dependent stimulation of PKC may 

in part contribute to actin polymerization by phosphorylation of HSP-27. Further, as 

mechanosensitive GPCR (i.e. purinergic receptors, AT1R) on arteriolar myocytes may 

generate DAG and subsequently stimulate PKC in response to increased intraluminal 

pressure or stretch, it is conceivable that myogenic constriction may be subjected to the 

mechanosensor GPCR/DAG/PKC-mediated phosphorylation of HSP-27 and in turn actin 

cytoskeleton remodeling.           

 

Overview of mechanosensors 

While pressure-induced vasoconstriction is known to participate in smooth 

muscle cell depolarization, increased Ca2+ entry via VOCCs and subsequent 

phosphorylation of the LC-20, the events or biological sensors involved in the upstream 

‘mechanosensation’ are less clearly defined. Substantial interest has been devoted to the 

involvement of mechanosensitive ion channels as an underlying mechanism for initiation 

of depolarization (Bulley et al., 2012;Davis et al., 1992;Drummond et al., 2004;Harder, 

1984;Jaggar et al., 1998;Knot & Nelson, 1998;Kotecha & Hill, 2005;Welsh et al., 

2002;Wu & Davis, 2001).  More recently, evidence has mounted for an additional step, 
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which suggests that classes of GPCR can be activated directly by mechanical stimuli – 

thus not requiring their classical ligands to initiate signaling events. A further 

consequence of mechanically-induced GPCR activation, yet to be experimentally 

considered, is that receptor-transactivation leads to the stimulation of pathways that 

regulate a number of cellular events in parallel to contraction. Moreover, proteins in the 

ECM environment or intercellular junctions are now drawing attention as potential 

biological mechanosensors transmitting physical stress for conversion to biological 

events (i.e. the myogenic response) (Hill & Meininger, 2012). Thus, putative biological 

sensors within arteriolar myocytes are described in the following section.   

 

1-9. Roles of integrins and cadherins in myogenic constriction  

Integrins appear as a class of strong candidate mechanosensory proteins as they 

provide a link between the ECM, plasma membrane, and myocyte cytoskeleton. In effect 

they are a cell-surface-adhesion receptor comprising a non-covalent association of α- and 

β-subunit heterodimers. Among a variety of combinations for the heterodimers (more 

than 24 distinct integrins being described), the predominant species reported in arteriolar 

myocytes are α1β1-, α3β1-, α4β1-, α5β1-, αvβ1-, αvβ3-, and αvβ5 (Davis et al., 

2001;Martinez-Lemus et al., 2005). In regard to vasomotor responses, integrin-

recognizing synthetic peptides containing the tri-peptide Arginine-Glycine-Aspartate 

(RGD) induce a sustained vasodilation in rat cremaster arterioles (Mogford et al., 1996) 

with the RGD peptide-mediated dilation being associated with a decrease in intracellular 

Ca2+ (D'Angelo et al., 1997b;Pierschbacher & Ruoslahti, 1987). However, the impact of 

RGD peptide on vascular reactivity is complex as the peptide causes vasoconstriction of 
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rat renal afferent arterioles that appears to be mediated via an increase in intracellular 

Ca2+ (Yip & Marsh, 1997). Given this discrepancy studies have been undertaken to 

delineate the effect of integrin binding on key smooth muscle ion channels. Soluble 

ligands of α5β1 integrin (i.e. RGD, fibronectin) are thus shown to lead to Ca2+ influx 

enhancement via dihydropyridine-sensitive Ca2+ channels, whereas ligand-induced 

activation of αvβ3 integrin reduces Ca2+ entry (Wu et al., 1998). The reciprocal Ca2+ 

regulation of these integrins may be related to divergent endpoint responses such as 

vasoconstriction or dilation. In addition to integrin-mediated direct regulation of Ca2+ 

influx, integrins have an ability to indirectly modulate Ca2+ signaling, vasomotor 

reactivity, or even myogenic responsiveness by enhancing BKCa-mediated K+ efflux. It 

has been elucidated that activation of α5β1 integrin facilitates BKCa activation via c-src-

dependent phosphorylation of BKCa (Wu et al., 2008;Yang et al., 2010). Thus, it is 

implied that the integrin/K+ channel-induced hyperpolarization may result in inhibition of 

VOCCs and in turn alter vasomotor reactivity and/or myogenic responsiveness.  

As integrins not only interact with ECM proteins including fibronectin, collagen, 

vitronectin, elastin, or laminin but also intracellularly provide a platform for focal 

adhesion proteins (Davis et al., 2001;Vuori, 1998), they serve as direct linkers 

transmitting biological signals bi-directionally between extra- and intra-cellular 

environment (i.e. outside-in and inside-out signaling) (Hill & Meininger, 2012). For 

example, mechanical forces (e.g. stretch or tension) exerted by increased intravascular 

pressure are transmitted through integrins and in turn converted to intracellular signals. 

An intriguing question related to the role of integrins in VSMC mechanotransduction is, 

do integrins participate in myogenic tone or responses? Antibodies-blocking αvβ3 or α5β1 
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integrin significantly abrogate pressure-induced vasoconstriction of rat cremaster 

arterioles (Martinez-Lemus et al., 2005). In addition, it has been observed that a genetic 

depletion of β1 integrin subunit profoundly reduces vascular contractile responses to 

norepinephrine and high concentration extracellular K+ buffer (80 mmol/L) in isolated 

superior mesenteric and femoral arteries as well as cremaster arterioles (1A‒3A 

branches) in vivo (Turlo et al., 2013). More recently, it has been found that blockade of 

αvβ3 significantly decreases Ca2+ waves and pressure-induced vasoconstriction in cerebral 

arteries (Mufti et al., 2015). Therefore, these captivating studies may support 

mechanosensitivity of integrins following an increase in intravascular pressure and their 

significant contribution to myogenic constriction.  

In more recent studies, direct evidence has been sought for mechanisms by which 

pressure-induced stretch of arteriolar myocytes results in integrin adhesion and what are 

the underlying downstream signaling events, including tyrosine phosphorylation of the 

focal adhesion proteins, which mediate myogenic constriction. Such studies have been 

facilitated by the development of techniques such as atomic force microscopy (AFM) 

which enables protein-protein interactions to be studied. In single arteriolar myocyte 

studies, contact with fibronectin (ECM protein)-coated AFM probes results in the 

clustering of α5 and β3 integrins, consistent with focal adhesions being formed at the 

cytoplasmic tails of the integrins (Sun et al., 2008). Local membrane stretch of single 

arteriolar myocytes, induced by controlled retraction of the AFM probes, intriguingly 

gives rise to myogenic-like behaviors (i.e. a counteracting pulling-down force) that are 

abolished by cytochalastin D (an agent for actin depolymerization) or blockade of α5β1- 

and αvβ3-integrins (Sun et al., 2008). Moreover, more recent investigations, using high-
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sensitive Western blotting techniques, have observed that pressure-dependent stretch of 

cerebral arteriolar myocytes (in response to a step increase in intraluminal pressure 

protocol) leads to α5 integrin-mediated phosphorylation of kinase proteins within integrin 

adhesion complexes including FAK and SFK (Src family kinase) (Colinas et al., 2015). 

The phosphorylation subsequently is thought to activate adhesion scaffolding (e.g. 

vinculin, paxillin) and signaling (e.g. PLCγ1) proteins. In parallel with these mechanisms, 

stimulation of PKC and ROCK gives rise to MYPT1-mediated Ca2+ sensitization and 

actin cytoskeleton rearrangement, which collectively contribute to myogenic 

vasoconstriction (Colinas et al., 2015).  

Emphasis has recently been placed on cell-to-cell junctions (Hill et al., 2009;Hill 

& Meininger, 2012;Schwartz, 2010). Cadherins, a family of Ca2+-dependent 

transmembrane proteins, involves cell-to-cell interactions which are involved in a number 

of biological processes including embryogenesis and tissue morphogenesis (George & 

Beeching, 2006;Jackson et al., 2010;Takeichi, 1991). It has been demonstrated that the 

intracellular domain of cadherins is coupled to catenin (a scaffolding protein) and the 

cadherin-catenin complex is provided for a nucleation site where actin cytoskeleton 

remodeling occurs (Aberle et al., 1996). N-cadherin has been shown to be the 

predominant cadherin expressed in rat resistance arterioles (Jackson et al., 2010;Jones et 

al., 2002). The question as to whether N-cadherin detects mechanical stresses on the 

vascular wall and initiates intracellular signaling for pressure-induced vasoconstriction 

has been approached in part using specific inhibitory antibodies or synthetic tripeptides 

(histidine-alanine-valine, HAV) for N-cadherin. Inhibition of N-cadherin markedly 

diminishes myogenic constriction, but not intracellular Ca2+ concentration, of rat 
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cremaster arterioles (Jackson et al., 2010). The preceding investigations raise the 

possibility that N-cadherin may function as a part of the mechanosensory apparatus and 

be related to Ca2+ sensitization and/or cytoskeleton reorganization for the myogenic 

response. However, as precise downstream signaling pathways have not been fully 

investigated, mechanistic studies are required to further understand how N-caherin 

contributes to pressure-induced vasoconstriction.    

 

1-10. Involvement of mechanosensitive GPCR in myogenic constriction 

The generally accepted concept of ligand-dependent activation of the AT1R has 

recently shifted to a new paradigm for mechanoactivation of the AT1R (i.e. ligand-

independent activation) (Zou et al., 2004). There is mounting evidence showing that a 

number of GPCR possess inherent mechanosensitivity, thereby conceivably serving as 

primary biological mechanosensors that recognize membrane stretch or deformation of 

arteriolar myocytes caused by increased intraluminal pressure changes (Schleifenbaum et 

al., 2014;Schnitzler et al., 2008;Schnitzler et al., 2011;Storch et al., 2012;Storch et al., 

2015;Yasuda et al., 2008;Zou et al., 2004). Supporting ligand-independent activation of 

GPCR, it was first demonstrated that mechanical activation of the AT1R leads to pressure 

overload-induced cardiac hypertrophy in the absence of Ang II production (Zou et al., 

2004). This innovative study has developed growing interest in mechanisms by which the 

AT1R acts as a mechanosensor for initiating events associated with the myogenic 

response (e.g. sensation of membrane stretch or increased intraluminal pressure) and if 

mechanoactivation of the AT1R elicits downstream signaling pathways for pressure-

induced vasoconstriction. In regard to this, it has been shown that Ang II-independent 
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activation of the AT1R induced by hypotonic buffer-mediated cell swelling or positive 

pipette pressure increases cation influx through TRPC6 channel (Schnitzler et al., 2008). 

As discussed earlier, TRPC6 channel has been previously suggested to be involved in 

mechanosensation but are not, themselves directly activated by membrane stretch. 

However AT1R and TRPC6 co-expression in HEK cells results in increased cation 

current after application of mechanical stress.  

Since the AT1R was identified to modulate the myogenic response, increasing 

emphasis has been placed on mechanistic studies relating to how mechanoactivation of 

the AT1R leads to myogenic constriction. It has been shown that osmotically induced 

membrane stretch of arteriolar myocytes reduces XE991-sensitive voltage-gated Kv 

channel currents, but the inhibited currents are not found in the absence of the AT1aR 

(Schleifenbaum et al., 2014). The AT1aR mechanoactivation-mediated suppression of K+ 

efflux via Kv channel may be coupled to membrane depolarization and myogenic 

constriction (Schleifenbaum et al., 2014). Surprisingly, in this study, interplay between 

the AT1R and the TRPC6 channel was not observed, which is inconsistent with previous 

studies that suggested an important role for TRPC6 channel in pressure-induced 

vasoconstriction (Schnitzler et al., 2008;Voets & Nilius, 2009;Welsh et al., 2002). 

Moreover, another mechanism underlying AT1R-mediated myogenic constriction has 

been proposed in cerebral arteries (Gonzales et al., 2014). The mechanically activated 

AT1R is coupled to activation of Src tyrosine kinase that is necessary for PLCγ1-

dependent generation of IP3 and DAG. Subsequently Ca2+ release from SR (by IP3-

mediated activation of IP3R and CICR (calcium-induced calcium release)) evokes 
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activation of TRPM4 channel, cation entry, membrane depolarization, and myogenic 

constriction.  

Despite its possible role as a mechanosensor, pressure-induced vasoconstriction is 

not completely suppressed by genetic ablation or pharmacological blockade of the AT1R. 

Thus, it is speculated that myogenic constriction may also be controlled by other 

mechanosensitive mechanisms and their associated signaling pathways. In regard to this, 

involvement of GPCR in myogenic constriction may not be restricted to the AT1R. To 

date, a variety of receptors of endothelin ET1A, muscarinic M5, vasopressin V1A, 

histamine H1, bradykinin B2, parathyroid hormone PTH1, dopamine D5, and purinergic 

P2Y4/P2Y6 have been appreciated as potential mechanoreceptors (Abdul-Majeed & 

Nauli, 2011;Brayden et al., 2013;Li et al., 2014;Schnitzler et al., 2008;Storch et al., 

2012;Zhang et al., 2009). Among them, purinergic receptors have received considerable 

attention. Myogenic constriction of pial arteries in the cerebral circulation is sensitive to 

treatment with candesartan (Brayden et al., 2013), indicating that the AT1R plays an 

important role in myogenic constriction of the cerebral resistance arteries. However, a 

similar contribution of the AT1R to myogenic response has not been identified in 

parenchymal cerebral arterioles, whereas P2Y4 or P2Y6 receptors appear 

mechanosensitive and contribute to myogenic constriction of the intracerebral vessels 

(i.e. parenchymal arterioles) in a manner of involving TRPM4 activation-dependent 

membrane depolarization (Brayden et al., 2013;Li et al., 2014). This suggests that 

pressure-induced vasoconstriction may be differentially initiated by disparate 

mechanosensitive GPCR in diverse vascular beds and/or species.  
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Most recently, a novel GPCR mechanosensor, cysteinyl leukotriene 1 receptor 

(CysLT1R), has been identified to participate in myogenic responsiveness (Storch et al., 

2015). Activation of CysLT1R has been traditionally reported to induce constriction of 

bronchial smooth muscle in asthma (Lynch et al., 1999;Singh et al., 2010). However, it 

has been found that pharmacological inhibition of CysLT1R with pranlukast and 

montelukast is surprisingly linked to reduced pressure-induced vasoconstriction of 

fourth-order mice mesenteric arterioles (Storch et al., 2015). Suppression of endogenous 

ligand leukotriene production using zileuton (5-lipoxygenaseinhibitor) or a neutralizing 

leukotriene antibody does not influence on myogenic constriction, supporting that 

CysLT1R is not activated by their ligand and may also play a crucial role in sensation of 

mechanical stresses in resistance arterioles.  

One criteria for mechanoreceptors is that mechanical stimuli (i.e. tension, stretch, 

intraluminal pressure) are able to directly induce conformational changes of target 

mechanosensitive GPCR. Using a substituted cysteine accessibility mapping approach, a 

mechanically-induced conformational change in the AT1R has been suggested. 

Importantly, this change in conformation is distinct from the ligand-dependent receptor 

conformation (Yasuda et al., 2008). Specifically these studies showed, direct stretch 

(20%) of cultured cells on extensible silicone dishes results in the seventh transmembrane 

protein of the AT1R rotating anticlockwise and dislocating towards the agonist-binding 

pocket of the receptor (Yasuda et al., 2008), whereas agonist-dependent activation of the 

AT1R correlates with the dislocation and rotation of the third transmembrane segment of 

the protein (Farrens et al., 1996;Karnik et al., 2003). Although there has not been direct 

evidence for the distinct conformational change of mechanically activated AT1R (e.g. 
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crystallography studies), bioluminescence or fluorescence resonance energy transfer 

(BRET or FRET) studies support that the AT1R favors a unique configuration (Rakesh et 

al., 2010;Schnitzler et al., 2008). Therefore, the AT1R and other GPCR appear to have 

more than one active receptor conformation as shown in dynamic states of ion channels 

(Storch et al., 2012) and the distinct conformational changes in response ligand-mediated 

or mechanical stress-induced activation of the AT1R and other GPCR conceivably may 

confer the receptors to cause unique intracellular signaling and physiological outcomes. 

 

1-11. Summary, hypotheses, and specific aims 

Arteriolar myocytes, being constantly exposed to variations in blood pressure, 

have been postulated to translate this mechanical stimulus into biological signals (i.e. 

mechanotransduction) and this physiological conversion plays an important role in the 

maintenance of local blood flow in small arteries. The so-called ‘arteriolar myogenic 

response’ has been suggested to be determined by electromechanical coupling (i.e. 

VSMC stretch-induced alteration in membrane potential via activation or inhibition of 

mechanosensitive cation/anion channels), Ca2+-mediated actomyosin cross-bridge 

interaction, a balance between MLCK and MLCP activity, or Ca2+-independent 

intracellular events (i.e. Ca2+ sensitization, cytoskeletal reorganization).  

Recently, studies have made progress in understanding the molecular/cellular 

events by which arteriolar myocytes sense mechanical stimuli and initiate myogenic 

constriction in response to increased intraluminal pressure. Intergrins, cadherins, and 

GPCR are considered as prospective candidate mechanosensors detecting pressure-

induced stretch of arteriolar myocytes. A variety of approaches including 
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pharmacological inhibition, genetic ablation (e.g. knockout animal model), transcriptional 

manipulation (e.g. antisense oligodexoynucleotides-mediated knockdown), or synthetic 

antibodies of these candidate mechanosensors have been used to demonstrate that they 

appear to be mechanosensitive and contribute to initiation of pressure-induced 

vasoconstriction. In particular, pharmacological inhibition or a genetic deficiency of the 

AT1R has been shown to markedly abolish myogenic reactivity in mouse mesenteric or 

cerebral resistance arteries. However, the question as to how mechnoactivation of the 

AT1R following pressure-induced deformation of arteriolar myocytes leads to myogenic 

constriction in skeletal muscle arterioles has not yet been addressed. In addition, whether 

commercially available AT1R blockers are all useful for inhibiting ligand-independent 

activation of the AT1R and subsequent myogenic constriction remains uncertain. 

Therefore, studies in the Chapter 2 focus on investigations into signaling processes for 

pressure-induced vasoconstriction in response to mechanoactivation of the AT1R in rat 

skeletal muscle arterioles. The hypotheses and specific aims examined in the Chapter 2 

are as follows:     

HYPOTHESIS 1:  Mechanosensitive GPCR contribute to myogenic 

constriction in skeletal muscle arterioles  

Specific Aim 1A: Determine whether myogenic reactivity is affected by 

pharmacological inhibition of the AT1R in cremaster arterioles 

Specific Aim 1B: Determine whether AT1R blockers have different specificity to 

inhibition of mechanoactivation of the AT1R 
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Specific Aim 1C: Determine whether altered myogenic reactivity (Specific Aim 

1A) occurs with inhibition of ligand-dependent AT1R activation, via auto/paracrine 

mechanisms, or by activation of AT2R-mediated dilation 

HYPOTHESIS 2: Mechanical activation of AT1R, independent of its classic 

agonist, leads to arteriolar myogenic constriction through second messenger-

dependent signaling pathways impacting Ca2+ dynamics and cytoskeletal 

reorganization in skeletal muscle arterioles 

Specific Aim 2A: Explore whether mechanoactivation of the AT1R affects global 

Ca2+ mobilization (e.g. sum of extracellular Ca2+ influx or intracellular Ca2+ release from 

sarcoplasmic reticulum) necessary for arteriolar myogenic constriction 

Specific Aim 2B: Explore whether second messengers (e.g. DAG, IP3) are 

generated by ligand-independent activation of the AT1R and are involved in downstream 

signaling (e.g. activation of protein kinase enzymes or cytoskeletal remodeling) for 

arteriolar myogenic constriction 
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CHAPTER 2 
 

LIGAND-INDEPENDENT ACTIVATION OF THE 

ANGIOTENSIN II TYPE 1 RECEPTORS EVOKES 

DIACYLGLYCEROL/PROTEIN KINASE C-MEDIATED ACTIN 

CYTOSKELETON REMODELING, CONTRIBUTING TO 

MYOGENIC VASOCONSTRICTION 

 
2-1. Abstract 

Gq/11 protein-coupled AT1R has been shown to be activated by mechanical 

stimuli. Such activation appears to occur independently of the receptor’s classical 

agonist, Ang II, in VSMC. Growing evidence supports the AT1R acting as a 

mechanosensor and contributing to pressure-induced vasoconstriction of small resistance 

arteries. However, the exact signaling mechanisms underlying this mode of activation are 

yet to be delineated. The purpose of the present study was to determine if 

pharmacological inhibition of the AT1R mechanoactivation affects myogenic constriction 

and to further investigate the generation of second messengers in response to AT1R 

mechanoactivation and their roles in myogenic constriction in skeletal muscle arterioles. 

Using pressure myography, the effects of AT1R blockers were assessed on myogenic tone 

and pressure-diameter relationships of rat first-order arterioles isolated from cremaster 

muscle. The AT1R antagonist losartan (10-6 and 10-5M) had little apparent effect on 

pressure-diameter relationships. In contrast, an alternate inverse agonist (a blocker 

inhibiting the agonist-independent activation of the AT1R) with a carboxyl group, 

candesartan (10-7–10-5M), showed a partial but concentration-dependent inhibition of 

myogenic reactivity as shown by a rightward shift in the pressure-diameter relationship. 
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To address the significant inhibitory roles of functional groups (e.g. carboxyl or hydroxyl 

group located on the imidazole or benzimidazole ring) on AT1R blockers in AT1R 

mechanoactivation-induced myogenic constriction, EXP3174 and olmesartan were used 

similarly and showed marked inhibitory effect on myogenic responsiveness. This implies 

that the functional group may be crucial for inhibition of mechanoactivation of the AT1R. 

A ratiometric Ca2+ indicator (Fura-2) was used with pressurized rat cremaser arterioles to 

explore a relationship between the candesartan-mediated reduction in myogenic 

constriction and Ca2+ signaling. Pressure-induced changes in global Ca2+ ratios in VSMC 

were similar in the absence or presence of candesartan, suggesting that AT1R-mediated 

myogenic constriction may rely on Ca2+ independent-downstream signaling that may be 

modulated by second messengers (e.g. diacylglycerol) generated by mechanoactivation of 

the AT1R. An exogenous diacylglycerol analog, 1-oleoyl-2-acetyl-sn-glycerol (OAG), 

was applied to isolated and pressurized rat cremaster arterioles in the absence or presence 

of candesartan. In the absence of candesartan, exogenous OAG application did not 

significantly affect pressure-induced vasoconstriction. Candesartan (10 µM) alone 

showed significant inhibitory effects on steady-state myogenic tone. Interestingly, this 

inhibition of myogenic reactivity was reversed by the application of exogenous OAG. 

However the rescue effect was not observed in the presence of a PKC inhibitor, 

GF109203X. Consistent with prior studies showing PKC inhibition-evoked reduction in 

actin polymerization of pressurized arterioles, pharmacological inhibition of AT1R 

mechanoactivation presumably being able to stimulate PKC markedly suppressed 

decrease in G-actin content of cremaster arterioles in response to increased intraluminal 

pressure. Collectively, the present studies not only support growing evidence for novel 
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modes of activation of the AT1R in skeletal muscle arterioles but also highlight possible 

variations in efficacy of AT1R blockers in inhibiting the myogenic response. Further, it is 

suggested that mechanically activated AT1R generates diacylglycerol and in turn 

activates PKC that induces actin cytoskeleton reorganization for pressure-induced 

vasoconstriction. 

 

2-2. Introduction 

 

Mechanotransduction refers to physiological processes by which mechanical 

stimuli (i.e. pressure or tension) are sensed and converted into biological signals. Small 

resistance arteries are mechanosensitive, displaying vasoconstriction and dilation in 

response to increase and decrease in intravascular pressure (so-called the ‘Myogenic 

Response’), respectively. This is an inherent property of VSMC, regardless of endothelial 

cells or neuronal innervation, to regulate peripheral resistance and blood pressure and 

protect capillary damage against substantial alteration in blood pressure and flow (Davis 

& Hill, 1999;Hill et al., 2001). Since this conversion (i.e. from change in intraluminal 

pressure to vasomotor response) is crucial for regulating blood pressure and flow, and 

impaired pressure-induced vasoconstriction is often found in pathophysiological 

conditions including systemic hypertension, vasospasm, stroke, or diabetes (Hill et al., 

2009), attention has been given to putative mechanisms by which VSMC detect changes 

in intraluminal pressure and subsequently induce myogenic constriction.  

Signaling events including VSMC membrane depolarization, Ca2+ mobilization 

via voltage-dependent Ca2+ channels, inhibition of an outward K+ conductance, and 
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phosphorylation of myosin light chain in VSMC are considered to contribute to pressure-

induced vasoconstriction (Davis et al., 1992;Davis & Hill, 1999;Hill & Meininger, 

1994;Hill et al., 2001;Hill et al., 2010;Knot & Nelson, 1998;Kotecha & Hill, 2005). 

While considerable information has been provided regarding myogenic intracellular 

signaling mechanisms, less is known regarding a fundamental question: how do the 

VSMC detect mechanical stresses and in turn initiate critical steps for myogenic 

constriction such as depolarization and Ca2+ entry? To date, several VSMC proteins have 

been proposed as mechanosensors including ion channels, VSMC-matrix adhesion 

through integrins, cytoskeletal components, and membrane-bound proteins (Hill & 

Meininger, 2012;Martinez-Lemus et al., 2005;Schnitzler et al., 2008;Sun et al., 2008). 

Previously, the TRPC6 channel per se, one member of the superfamily of TRPC 

channels, had been suggested to serve as a mechanosensor in VSMC. Conversely, 

Schnitzler et al, (2008) offered evidence that the TRPC6 channel was not involved in the 

initial mechanotransduction steps following osmotically induced-membrane stretch. 

Pressure-induced vasoconstriction was also observed in TRPC6 channel-deficient 

mesenteric arteries (Schleifenbaum et al., 2014). Thus, it remains necessary to identify 

additional biological sensors in VSMC for a more accurate understanding of arteriolar 

myogenic constriction.  

GPCR are referred to as the largest class of integral membrane proteins and are 

involved in signal transduction from hormones, neurotransmitters, or mechanical stimuli 

to intracellular signaling pathways. Recently, both P2Y4 and P2Y6 pyrimidine receptors, 

G protein-coupled purinergic receptors, have been found to participate in myogenic 

constriction in cerebral parenchymal arterioles (Brayden et al., 2013). Further, the P2Y 
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purinergic receptor mechanoactivation has provided an important link to TRPM4-

dependent membrane depolarization and myogenic constriction (Li et al., 2014). In 

similar fashion, the AT1R, a member of the family of GPCR, has emerged as a novel 

candidate in mechanosensation in cardiac (Zou et al., 2004) and arteriolar myocytes 

(Blodow et al., 2014;Schleifenbaum et al., 2014;Schnitzler et al., 2008). Furthermore, 

overexpression of the AT1R in non-mechanosensitive VSMC derived from aorta 

(typically devoid of myogenic responsiveness) imparted mechanosensitivity to those cells 

(Schnitzler et al., 2008). It is likely that myogenic constriction of small renal arteries may 

be associated with high expression of endogenous AT1R expression in the vascularature 

(Ruan et al., 1997). In this case it is viewed that mechanical stimuli can activate the 

AT1R in a manner not requiring its classical agonist (i.e. Ang II), which provokes 

pressure-induced vasoconstriction.  

As exaggerated ligand-dependent activation of the AT1R contributes to 

cardiovascular dysfunction in disorders such as systemic hypertension, various AT1R 

blockers have been clinically used for the management of hypertension. Since enhanced 

myogenic constriction following mechanoactivation of the AT1R may also be suggested 

to critically impair appropriate blood flow and pressure, investigation to actions of the 

blockers on AT1R mechanoactivation is important and extends clinical usages beyond 

simply lowering blood pressure. Although the exact conformational change of 

mechanically activated AT1R has not been defined using methods such as GPCR 

crystallography, it has been documented using a substituted cysteine accessibility 

mapping (SCAM) that a putative model of stretch-induced conformational change of the 

AT1R is distinct from that caused by Ang II, itself (Yasuda et al., 2008). As the AT1R 
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blockers contain unique side chains (e.g. hydroxyl or carboxyl group on imidazole or 

benzimidazle ring) determining their pharmacokinetic and pharmacodynamics properties 

(Qin et al., 2009), it is conceivable that the structural differences among the AT1R 

blockers differentially determine their pharmacological efficacy to suppress myogenic 

constriction in skeletal muscle arterioles. However, this has not been studied in any detail 

to date.  

As mentioned earlier, a number of intracellular signaling events have been 

ascribed to contribute to myogenic responsiveness in small resistance arteries. Myogenic 

tone and reactivity have been reported to couple to PLC and G protein activation in small 

cerebral arteries (Osol et al., 1993). Specifically, GPCR-evoked activation of PLCγ1 

results in Ca2+ influx via TRPC6 channel and induces IP3 generation-coupled local Ca2+ 

release from sarcoplasmic reticulum that activates TRPM4 channels and modulates 

membrane depolarization and myogenic constriction (Gonzales et al., 2014). In addition, 

myogenic constriction has been suggested to occur in a manner of independent of 

membrane potential-mediated changes in intracellular Ca2+ dynamics and myosin light 

chain phosphorylation. Either disruption or stabilization of actin cytoskeleton proteins 

elicits decreased or increased myogenic constriction, respectively (Cipolla & Osol, 

1998;Cipolla et al., 2002). Remodeling of actin cytoskeleton for development of 

contractile force during myogenic constriction is regulated by PKC and HSP-27 (El-

Yazbi et al., 2015;Moreno-Dominguez et al., 2013;Moreno-Dominguez et al., 2014). 

Since ligand-dependent activation of the AT1R has been long suggested to involve DAG 

and PKC-dependent vasoconstriction, it is likely that mechanoactivation of the AT1R 

conceivably relies on DAG-PKC-mediated signaling pathways for myogenic constriction. 
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However, the impact of mechanoactivation of the AT1R on myogenic constriction and 

such intracellular signaling mechanisms is yet to be completely defined. Further, 

mechanoactivation of the AT1R has not been studied in skeletal muscle arterioles despite 

this tissue being a major contributor to basal vascular resistance. 

The purpose of this study was to determine if the AT1R can be activated 

independently of Ang II and thereby contributes to myogenic constriction in skeletal 

muscle arterioles. Further, the present study sought to determine how mechanoactivation 

of the AT1R evokes contractile force exerted by elevated intraluminal pressure. It was 

found that inverse agonists of the AT1R (e.g. candesartan, olmesartan) showed a partial 

but concentration-dependent inhibition of myogenic reactivity as shown by a rightward 

shift in the pressure-diameter relationship, whereas an AT1R antagonist, losartan, had 

little apparent effect on myogenic reactivity (i.e. significant difference only at 50 mmHg 

of intraluminal pressure). In addition, we observed that the inhibition of myogenic 

reactivity following treatment with candesartan was reversed in the presence of 

exogenous DAG analogue (i.e. OAG), but the OAG-mediated rescue effect was not 

evoked in the presence of a PKC inhibitor. We also provide evidence that PKC-mediated 

actin cytoskeleton reorganization induced by elevation of intraluminal pressure was 

interrupted by the AT1R blocker (i.e. candesartan). Thus, mechanoactivation of the AT1R 

appears to induce the generation of DAG and subsequently arteriolar myogenic 

constriction that may be associated with PKC-dependent actin cytoskeleton 

rearrangement.  

 

2-3. Methods  
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Animals 

All experimental protocols were approved by the Animal Care and Use 

Committee of the University of Missouri-Columbia (U.S.A.). Male Sprague-Dawley rats 

(6-8 weeks of age; 150-250g) were involved in the present study. Animals were housed 

in a well-controlled animal facility (i.e. temperature, humidity, and light) and allowed to 

freely access standard rat chow and water. Rats were anaesthetized with sodium 

pentobarbital (Nembutal, 100 mg/kg body weight) given by intraperitoneal injection.  

 

Vessel Isolation 

For pharmacological and functional studies using pressure myography, either the 

left or right cremaster muscle was excised from anesthetized rats. First-order rat 

cremaster muscle arterioles (approximately 1‒2 mm in length) were dissected in a cooled 

chamber (4°C) containing dissection solution (in mM): NaCl 140; KCl 5.6; MgSO4 1; 

NaH2PO4 1.2; EDTA 0.02; sodium pyruvate 2; glucose 5; MOPS 3; albumin 0.1 mg/ml 

(USB Corporation, Cleveland, OH, USA). pH of the dissection buffer was adjusted to 7.3 

with NaOH at room temperature.  

 

Functional assessment of skeletal muscle arterioles using pressure myography  

Methods for measurement of vasomotor responses of skeletal muscle arterioles 

used in this study have been described previously (Barrett et al., 2015;Hill et al., 

2000;Meininger et al., 1991). Segments of first-order rat cremaster arterioles were 

cannulated and secured onto glass micropipettes with 11-0 monofilament suture and 

positioned in a custom designed superfusion chamber. The arterioles were luminally 
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filled with a modified Kreb’s buffer containing (in mM): NaCl 111; NaHCO3 25.7; KCl 

4.9; CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2; glucose 11.5; HEPES 10. pH of the buffer was 

adjusted to 7.3 with NaOH at room temperature. The cannulation stage was placed on an 

inverted microscope and the arterioles were continually superfused with Kreb’s buffer (4 

ml/min) during vascular functional experiments. The arterioles were initially pressurized 

to 70 mmHg (in the absence of luminal flow) by connecting the inflow pipettes to a 

height-adjustable fluid reservoir (the outflow pipette was closed using a 3-way stopcock). 

Length of the cannulated arterioles was determined by stretching the vessels until lateral 

bowing did not occur while increasing intraluminal pressure (30–110 mmHg). The 

arterioles were incubated with warm (33–34°C) Kreb’s buffer during a 60-min 

equilibration period and allowed to develop spontaneous myogenic tone. Typically, 40–

50 % of the maximal passive diameters was shown in rat cremaster arterioles. Changes in 

intraluminal diameter in response to alteration of intraluminal pressures were monitored 

using video microscopy and a video-based caliper system. Intraluminal pressures were 

progressively increased from 10 to 110 mmHg in a stepwise manner (i.e. 20 mmHg steps) 

to examine pressure-diameter relationships. Krebs buffer (control), AT1R blockers 

(losartan, 10-6M–10-5M; candesartan, 10-7M–10-5M; EXP3174, 10-6M–10-5M; olmesartan, 

10-6M–10-5M), angiotensin II type 2 receptor (AT2R) antagonist (PD-123319, 10-6M), 

angiotensin-converting enzyme inhibitor (captopril, 10-6M), and PKC inhibitor (GF 

109203X, 3X10-6M) were superfused into the vessel chamber. Exogenous DAG analog, 

OAG (10-7M–10-5M), was directly applied to isolated and pressurized rat cremaster 

arterioles. Vessel diameters in response to changes in intraluminal pressure were 

measured (in absence or presence of the various inhibitors) by video microscopy. At the 
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end of all pressure myography experiments, vessels were superfused with 0mM Ca2+ 

Kreb’s buffer containing 2mM EGTA and maximal passive diameters at each pressure 

step were recorded. All diameters were normalized to the vessel’s passive diameter at 70 

mmHg (%d70passive). Myogenic constriction was calculated as the decrease in diameter 

from passive diameter at each pressure: myogenic constriction (%) = [(passive diameter - 

constricted diameter)/passive diameter] X 100. Data represent mean values ± S.E.M., p < 

0.05. 

 

Measurement of intracellular global [Ca2+]i in pressurized rat skeletal muscle 

arterioles 

Cannulated and pressurized rat cremaster arterioles were incubated abluminally 

with fura 2-acetoxymethyl ester (Fura 2-AM, 2 µM, Molecular Probes, Eugene, OR) for 

60-min at room temperature in a buffer solution containing 0.5% dimethyl sulfoxide 

(DMSO) and 0.01% pluronic F-127 (Hill et al., 2000). At completion of dye loading 

vessels were washed by superfusion with fresh Kreb’s buffer (34°C) for 30-min. Fura-2 

loaded arterioles were exposed to epiilumination (75-W xenon lamp) with alternative 

excitation wavelengths (340 and 380 nm) using a computer controlled and motorized 

filter wheel. The excitation wavelengths were passed through a dichroic mirror that 

reflects the excitation light through a 20X microscope objective. Fluorescence emission 

at 510 nm was detected and quantified using photomuliplier tubes (PMTs, IonOptix LLC, 

Milton, MA). Fluorescent intensity following changes in intraluminal pressures was 

measured in the absence or presence of candesartan (10-5M) and were presented as the 

340- to 380-nm ratio for quantification of changes in [Ca2+]i in arteriolar wall VSMC. To 
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measure vessel diameter simultaneously with Ca2+ ratios, a video-based caliper system 

was connected to a charge-coupled device (CCD) camera using a beam splitter. Ca2+ ratio 

and diameter measurements were normalized to passive Ca2+ ratio and diameter at 70 

mmHg, respectively. Data represent mean values ± S.E.M., p < 0.05. 

 

Determination of G-actin content in pressurized rat skeletal muscle arterioles 

Methods for G-actin measurement were slightly modified from those used 

previously (Moreno-Dominguez et al., 2013;Moreno-Dominguez et al., 2014). Briefly 

described, rat cremaster muscle arterioles pressurized to 20 or 70 mmHg in the absence 

or presence of candesartan (10-5M) were frozen with acetone (–70 °C) cooled by a dry ice 

mixed with ethanol bath. The cold acetone was directly applied to a cannulation chamber 

containing cremaster arterioles. The frozen vessels were removed from glass pipettes, and 

the cannulated ends (assumed to be damaged) cut from the central portion of the vessel 

and discarded. Each sample was stored in a 1.5 ml tube at –80 °C prior to SDS-PAGE 

and Western blotting. LAS2 buffer including 1 ml lysis and F-actin stabilization buffer, 

10 µl ATP (100 mM), 10 µl 100X protease inhibitor cocktail stock in an actin in vivo 

assay kit (Cytoskeleton Inc., BK037) were prepared in advance at room temperature for 

G-actin assessment. The frozen cremaster arterioles were transferred to a glass grinder 

and homogenized in 5 µl LAS2 buffer. The homogenate was suspended and incubated 

with 90 µl LAS2 buffer for 20-min at room temperature. 80 µl of the homogenate was 

transferred to an ultracentrifuge tube and centrifuged at 100,100 X g for 1 hour at 22 °C 

to separate G- and F-actin. All of the high speed supernatant containing G-actin was 

transferred to another 1.5 ml tube and stored at –80 °C until SDS-PAGE was performed. 
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The separated G-actin samples (approximately 15–25 µl) were mixed with the same 

volume of Laemmli sample buffer (Bio-Rad, 161-0737) and heated at 95 °C for 10 min. 

The protein samples were kept at room temperature for 10–15 min and loaded onto 10% 

SDS-PAGE gels in 1.5-mm-thick that were separated by electrophoresis at 80 V for 2 

hours using a Mini Protean 3 Cell (Bio-Rad). After the electrophoresis, the protein 

samples were transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, 

BR341850231) at 0.15–0.2A for 2 hours using a Mini Trans-Blot Electrophoretic 

Transfer Cell (Bio-Rad). The transferred membranes were washed with mixture of TBS 

(Tris-Buffered Saline) buffer and 0.05% Tween 20 (so called 0.05% TBST) twice for 5-

min. The membranes were blocked with 5% non-fat dry milk in 0.05% TBST buffer at 

room temperature for 1 hour and then cut at the 35-kDa molecular mass marker. Proteins 

on the upper or lower membrane were detected with mouse monoclonal anti-actin (1: 

5,000; Sigma-Aldrich, A5228) or goat polyclonal anti-SM22α (1:2,000; Novus 

Biologicals, NB600-507) antibodies, respectively. Both primary antibodies were 

incubated overnight at 4 °C in 1% dry milk in 0.05% TBST. The upper and lower 

membranes were washed in 0.05% TBST three times for 15-min and incubated with anti-

mouse IgG-horseradish peroxidase-conjugated secondary antibody (1:10,000; Sigma-

Aldrich, A9044) or anti-goat IgG-horseradish peroxidase-conjugated secondary antibody 

(1:5,000; R&D Systems, HAF 109) respectively in 1% dry milk and 0.05% TBST at 

room temperature for 1 hour. The membranes were washed with 0.05% TBST three times 

for 15-min. Dura Chemiluminescence Detection Reagent (Thermo Scientific, 34076) was 

incubated with the upper and lower membranes for 2- and 5-min, respectively. Bio-Rad 

Chemi-DOC XRS digital system and ImageLab software (Bio-Rad) were utilized to 
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identify chemiluminescence signals and quantify band intensities, respectively. G-actin 

content was normalized to expression of SM-22α, an indicator of VSMC. Data represent 

mean values ± S.E.M., p < 0.05. 

 

RNA purification from intact skeletal muscle arterioles and real-time quantitative 

polymerase chain reaction (PCR)  

Methods for RNA purification and real-time PCR used in this study have been 

described previously (Lee et al., 2015; Nourian et al., 2014). Total RNA was extracted 

from first-order rat cremaster arterioles using the Arcturus PicoPure RNA isolation kit 

(Applied Biosystems, Carlsbad, CA, USA) and on-column DNase I (Qiagen, Valencia, 

CA, USA) to minimize contamination from genomic DNA. To elute RNA, 35 µl of warm 

elution buffer was directly applied to the membrane of the RNA purification column. In a 

volume of 20 µl, 8 µl of eluted RNA was used for cDNA synthesis via reverse 

transcription using random hexamer and oligod(T) primers, and SuperScript III First-

Strand Synthesis System (Life Technologies, Grand Island, NY, USA). Real-time 

quantitative PCR was conducted in duplicate using KAPA SYBER FAST qPCR Kit 

Master mix (KAPA Biosysems, Woburn, MA, USA). A Mastercycler EP Realplex 2 

(Eppendorf-North America, Westbury, NY, USA) was employed to detect mRNA 

expression of angiotensin II type 1a receptor (AT1aR), type 1b receptor (AT1bR), and type 

2 receptor (AT2R) in rat cremaster arterioles. Each PCR reaction (20 µl) contained 10 µl 

of the KAPA SYBR Mix, 1 µl of forward and reverse primers, 7 µl of DNase-free water, 

and 1 µl of first-strand cDNA as a template. For each real-time PCR determination, a 

negative control without template cDNA was included. The forward and reverse primers 
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used for AT1aR, AT1bR, and AT2R were pre-designed and purchased from Integrated 

DNA Technologies (Caralville, IA, USA). As an internal control, β-actin was selected as 

a representative housekeeping gene. Amplification efficiencies between target and 

housekeeping genes were tested. Primers used for real-time PCR are as follows (or Table 

2-1): 1) AT1aR (Agtr1a gene); accession number: NM_030985; forward: 5’-

CACTATTCGAAATCCACTTGACC-3’; reverse: 5’-CTCTCAGCTCTGCCACATTC-

3’; amplicon length: 129bp; amplification efficiency: 1.98, 2) AT1bR (Agtr1b gene); 

accession number: NM_031009; forward: 5’-TGCTCTCTGACACTATTTAAAATGC-

3’; reverse: 5’-GACACACACAGCCTTTCCA-3’; amplicon length: 114bp; amplification 

efficiency: 1.99, 3) AT2R (Agtr2 gene); accession number: NM_012494; forward: 5’-

GCAGAAACATCACCAGCAGTC-3’; reverse: 5’-GCAGAAACATCACCAGCAGTC-

3’; amplicon length: 97bp; amplification efficiency: 1.99, and 4) β-actin; accession 

number: NM_031144; forward: 5’-CCTCTATGCCAACACAGTGCTGTCT-3’; reverse: 

5’-GCTCAGGAGGAGCAATGATCTTGA-3’; amplicon length: 128; amplification 

efficiency: 1.993. The real-time PCR thermal program utilized comprised polymerase 

activation at 95°C for 2-min, 42 cycles of denaturation at 95°C for 3-sec, annealing, and 

extension at 56°C for 30-sec. A melting curve was tested after each run to confirm the 

specificity of the amplified products. The comparative threshold (Ct) method (2-∆∆Ct; 

(Livak & Schmittgen, 2001)) was employed to evaluate relative expression levels. Each 

expression was normalized to AT1aR expression and presented as mean ± S.E.M., p < 

0.05.         

 

Chemicals  

53 
 



Table 2-1. Properties of primers used for real-time quantitative PCR  
 

Target 
gene 

Accession 
number Primer sequence Amplicon 

length 
Amplification 

efficiency 

AT1aR NM_030985 
F: 5’-CACTATTCGAAATCCACTTGACC-3’ 

129bp 1.97 
R: 5’-CTCTCAGCTCTGCCACATTC-3’ 

AT1bR NM_031009 
F: 5’-TGCTCTCTGACACTATTTAAAATGC-3’ 

114bp 1.99 
R: 5’-GACACACACAGCCTTTCCA-3’ 

AT2R NM_012494 
F: 5’-GCAGAAACATCACCAGCAGTC-3’ 

97bp 1.99 
R: 5’-GCAGAAACATCACCAGCAGTC-3’ 

β-actin NM_031144 
F: 5’-CCTCTATGCCAACACAGTGCTGTCT-3’ 

128bp 1.99 
R: 5’-GCTCAGGAGGAGCAATGATCTTGA-3’ 
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Candesartan and GF 109203X were purchased from Selleckchem (Houston, TX, 

USA) and Enzo Life Science (Farmingdale, NY, USA), respectively. Olmesartan and 

EXP3174 were obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). 

Losartan, PD-123,319, and captopril were acquired from Sigma-Aldrich (St. Louis, MO, 

USA). OAG was purchased from Cayman (Ann Arbor, MI, USA). Chemical agents were 

dissolved in PSS/Kreb’s buffers or DMSO on a basis of their solubility. 

 

Statistical analysis 

All data are presented in graphical form using Prism GraphPad software (La Jolla, 

CA, USA) and expressed as mean ± SEM. Statistical analyses were conducted using 

either IBM SPSS Statistics 22 or Prism GraphPad. Student’s t-test was conducted for 

comparison of data obtained from two different treatments. One-way ANOVA with or 

without repeated measures was performed to analyze statistical differences between 

repetitively measured data or where there were more than three different treatments, 

respectively. If significant differences were shown by the one-way ANOVA, Bonferroni 

correction was used for post-hoc testing. A p value of <0.05 was considered as 

statistically significant. 

 

2-4. Results  

 

Pharmacological inhibition of the AT1R mechanoactivation attenuates pressure-

induced vasoconstriction of skeletal muscle resistance arterioles 
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It has previously been shown that mechanically activated AT1R in cardiac 

myocytes induces cardiac hypertrophy (Zou et al., 2004). In addition, genetic 

manipulation of the AT1R (i.e. AT1aR and AT1bR gene knockout) has been identified to 

partially or completely abolish myogenic vasoconstriction of mouse mesenteric arteries 

(Blodow et al., 2014;Schleifenbaum et al., 2014), suggesting that the AT1R serves as a 

mechanosensor and in turn contributes to myogenic responses in small resistance arteries. 

Along with an alternative approach using a variety of AT1R blockers, the present studies 

aimed to investigate whether ligand-independent activation of the AT1R is related to 

pressure-induced myogenic constriction. An antagonist of the AT1R, losartan, was first 

assessed in functional vasomotor studies. Ang II-concentration response curves and 

pressure-diameter relationships were studied in rat cremaster arterioles in the absence or 

presence of losartan to determine its inhibitory effects on vasoconstriction following both 

ligand-dependent and -independent activation of the AT1R (Figure 2-1 and 2-2). The 

AT1R antagonist (10-6M of losartan) significantly blunted Ang II-dependent 

vasoconstriction (Figure 2-1A and 2-1B), whereas the antagonist (10-6–10-5M) had little 

apparent effect on steady-state myogenic tone or pressure-diameter relationships although 

there was a significant difference in intraluminal diameter at only 50 mmHg (Figure 2-2A 

and 2-2B).   

It has been reported that losartan inhibits Ang II-induced, but not mechanical 

stress-mediated, secretion of vascular endothelial growth factor protein (Gruden et al., 

1999) as the antagonist does not possess carboxyl or hydroxyl functional group (Figure 2-

3) that are requisites for inverse agonists that are defined as blockers inhibiting the 

agonist-independent activation of the AT1R (Akazawa et al., 2009;Milligan, 2003). 
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Figure 2-1. Inhibitory effects of losartan on Ang II-mediated vasoconstriction  

A: Ang II-dose response curves of rat cremaster arterioles pressurized to 70 mmHg were 

measured in the absence (n=4) or presence of losartan 10-6M (n=6). Diameters observed 

at each concentration were normalized to passive diameter at 70 mmHg (%d70passive). * 

p < 0.05 vs. Control. B: Diameters obtained from Ang II-concentration response curves 

(Figure 2-1A) were re-calculated and plotted (n=4 or 6). The differences in diameters 

recorded at 10-12M and 10-7M of Ang II was considered ‘maximum vasoconstriction’. 

Diameter obtained at each concentration was subtracted from a diameter at 10-12M of 

Ang II. Then the value were divided by the maximum vasoconstriction, which was 

represented as ‘% of maximum’. * p < 0.05 vs. Control. Group data are presented as 

mean ± SEM. 
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Figure 2-2. The AT1R antagonist (i.e. losartan) does not markedly inhibit myogenic 

vasoconstriction  

A & B: Pressure-diameter relationships were collected in isolated and pressurized rat 

cremaster arterioles (Figure 2-2A) and myogenic constriction (%) was calculated (Figure 

2-2B) in the absence or presence of losartan (10-6M–10-5M). Intraluminal pressure was 

increased from 10 to 110 mmHg in 20 mmHg steps. Myogenic reactivity was first 

measured in the absence of losartan. After 1 hour incubation of the antagonist via a 

superfusion system, myogenic responsiveness for the same arterioles was repeated 

(Control, n=14; 10-6M, n=6; 10-5M, n=8). Diameters observed at each pressure were 

normalized to passive diameter at 70 mmHg (%d70passive; Figure 2-2A). Myogenic 

constriction (%) was calculated as follows (Figure 2-2B; Control, n=12; 10-6M, n=4; 10-

5M, n=8): myogenic constriction (%) = [(passive diameter - constricted diameter)/passive 

diameter] X 100. * ‡ p < 0.05 vs. 10-6M or 10-5M, respectively. Group data are presented 

as mean ± SEM. 
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Figure 2-3. Chemical structures of antagonists or inverse agonists of the AT1R  

While losartan (AT1R antagonist) does not have hydroxyl or carboxyl group on imidazole 

ring, inverse agonists of the AT1R (i.e. olmesartan, EXP3174, and candesartan) possess 

the functional groups. The figure above is taken from a previous study (Miura et al., 

2006). 
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Therefore, we selected several inverse agonists of the AT1R and tested myogenic 

reactivity of rat skeletal muscle arterioles. An alternate inverse agonist, candesartan (10-

7–10-5M) with a carboxyl group in the benzimidazole ring (Figure 2-3), showed a partial 

and concentration-dependent inhibition of myogenic reactivity as indicated by the 

rightward shift in the pressure-diameter relationship and myogenic constriction (Figure 2-

4A and 2-4B). Further, olmesartan including both hydroxyl and carboxyl groups (Figure 

2-3) and EXP3174 containing a carboxyl group (but structurally similar to losartan; 

Figure 2-3) were used to study specificity of AT1R blockers. As shown in Figure 2-5A–

D, olmesartan and EXP3174 (losartan metabolite) both significantly diminished pressure-

induced vasoconstriction. This implicates the importance of functional groups on the 

AT1R blockers to inhibit mechanisensitive AT1R-mediated pressure-induced 

vasoconstriction. With respect to the pharmacological inhibition of myogenic reactivity, 

it can be argued that time-dependent factors alone influence on myogenic reactivity, 

irrespective of the action of inverse agonists of the AT1R. However, time-control 

pressure-diameter relationships ruled out the possibility (Figure 2-5E). Therefore, it is 

suggested that mechanoactivation of the AT1R following increased intraluminal pressure 

participates in myogenic constriction of rat skeletal muscle arterioles, consistent with 

previous studies using genetic deletion of AT1a/AT1bR subtypes in mice (Blodow et al., 

2014;Schleifenbaum et al., 2014). 

 

Reduced myogenic reactivity may not be accompanied by AT2R-mediated vasodilation 

and/or inhibition of locally generated Ang II-induced vasoconstriction in 

auto/paracrine manner  

60 
 



 

Figure 2-4. Candesartan, an inverse agonist of the AT1R, inhibits AT1R 

mechanoactivation-dependent vasoconstriction  

A & B: Pressure-diameter relationships were performed in rat cremaster arterioles 

(Figure 2-4A) and myogenic constriction (%) was calculated (Figure 2-4B) in the absence 

or presence of candesartan (10-7M–10-5M). Myogenic reactivity was first measured in the 

absence of candesartan. After 1 hour incubation of the inverse agonist via a superfusion 

system, myogenic responsiveness for the same arterioles was repeated (Control, n=13; 

10-7M, n=3; 10-6M, n=5; 10-5M, n=5). Diameters observed at each pressure were 

normalized to passive diameter at 70 mmHg (%d70passive; Figure 2-4A). Myogenic 

constriction (%) was calculated as follows (Figure 2-4B; Control, n=12; 10-7M, n=2; 10-

6M, n=5; 10-5M, n=5): myogenic constriction (%) = [(passive diameter - constricted 

diameter)/passive diameter] X 100. * † ‡ p < 0.05,* Control VS. 10-5M, † 10-7M VS. 10-

5M, ‡ 10-6M VS. 10-5M. Group data are presented as mean ± SEM. 
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Figure 2-5. Impact of other inverse agonists of the AT1R on myogenic constriction  

A & B: Pressure-diameter relationships were conducted in isolated and pressurized rat 

cremaster arterioles in the absence or presence of olmesartan (10-6M‒10-5M) (Figure 2-

5A) and myogenic constriction (%) calculated (Figure 2-5B). Intraluminal pressure was 

elevated from 10 to 110 mmHg in 20 mmHg steps. Myogenic reactivity was first 

measured in the absence of olmesartan. After 1 hour incubation of the inverse agonist 

(10-6M or 10-5M, each n=4) via a superfusion system, myogenic responsiveness for the 

same arterioles was repeated (Figure 2-5A; Control, n=8; 10-6M, n=4; 10-5M, n=4). 

Diameters observed at each pressure were normalized to passive diameter at 70 mmHg 

(%d70passive; Figure 2-5A). Myogenic constriction was calculated as follows (Figure 2-

5B; Control, n=8; 10-6M, n=4; 10-5M, n=4): myogenic constriction (%) = [(passive 

diameter - constricted diameter)/passive diameter] X 100. * ‡ p < 0.05 Control vs. 10-6M 

or 10-5M, respectively. C & D: Pressure-diameter relationships were performed in rat 

cremster arterioles (Figure 2-5C) in the absence or presence of EXP3174. Myogenic 

constriction (%) was calculated (Figure 2-5D) as above (Figure 2-5B). Myogenic 

reactivity was first measured in the absence of EXT3174. After 1 hour incubation of the 

AT1R blocker via a superfusion system, myogenic reactivity measurement on the same 

arterioles was repeated (10-6M or 10-5M, each n=4). * ‡ p < 0.05 Control vs. 10-6M or 10-

5M, respectively. Group data are presented as mean ± SEM. E: As a time control 

myogenic reactivity was repeated twice using the same protocol but without addition of 

inhibitory chemical agents (1st and 2nd; n=4). 
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Mechanical stretch leads to local production of Ang II from cardiac myocytes 

with this endogenous Ang II making a critical contribution to stretch-induced cardiac 

hypertrophy (Sadoshima et al., 1993). Similarly, we considered the possibility that Ang 

II, produced locally by membrane stretch of arteriolar myocytes, contributes to the effect 

of AT1R blockers on myogenic reactivity. To rule out the probability that locally 

generated Ang II acting in an autocrine or paracrine manner, pressure-diameter 

relationships were evaluated in the absence or presence of an angiotensin-converting 

enzyme inhibitor (captopril, 10-6M) and/or candesartan (10-5M). Pretreatment with 

captopril alone had no effect on myogenic reactivity and inhibition of myogenic 

reactivity was still observed following treatment with captopril and candesartan (Figure 

2-6A and 2-6B). Thus it appears that pressure-mediated Ang II generation does not occur 

in skeletal muscle resistance arterioles and the inhibitory effect of candesartan on 

pressure-induced vasoconstriction is not accounted for by disruption of interaction of 

AT1R with the local Ang II. 

As activation of the AT2R has protective effects on the cardiovascular system by 

preventing vascular remodeling, oxidative stress, or atherosclerosis (Horiuchi & Mogi, 

2011) and promotes vasodilation (Maron & Leopold, 2014), it is conceivable that the 

AT2R may be activated and subsequently involved in vasodilation once the AT1R is 

suppressed by candesartan. To examine whether the candesartan-mediated inhibition of 

myogenic response (Figure 2-4A and 2-4B) may be linked to activation of the AT2R, 

pressure-diameter relationships were monitored in the absence or presence of candesartan 

and/or a specific inhibitor of the AT2R (PD-123,319, 10-6M). The relationships obtained 

from pretreatment of candesartan alone and combination of candesartan+PD-123,319
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Figure 2-6. Decreased pressure-induced vasoconstriction by candesartan does not 

result from AT2R-dependent vasodilation and/or suppression of local Ang II 

production  

A & B: Myogenic reactivity was examined (Figure 2-6A) and myogenic constriction (%) 

was calculated (Figure 2-6B) in pressurized rat cremaster arterioles with or without 

captopril alone (angiotensin converting enzyme inhibitor; 10-6M; n=3) or in the presence 

of a combination of captopril (10-6M) and candesartan (10-5M; n=3). Experimental 

protocols and calculation of myogenic constriction were performed as described 
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previously. ‘Capto’ and ‘Can’ indicate captopril and candesartan, respectively. * p < 0.05; 

Captopril 10-6M vs. Captopril 10-6M+Candesartan 10-5M. C & D: Myogenic reactivity 

was observed (Figure 2-6C) and myogenic constriction (%) was calculated (Figure 2-6D) 

in pressurized rat cremaster arterioles with or without candesartan alone (10-5M; n=5) or 

combination of candesartan (10-5M) and PD-123,319 (AT2R inhibitor; 10-5M; n=5). 

Experimental protocols and calculation of myogenic constriction were performed as 

described previously. ‘Can’ and ‘PD’ represent candesartan and PD-123,319, 

respectively. † ‡ p < 0.05; † Control vs. Candesartan 10-5M, ‡ Control vs. Candesartan 

10-5M + PD-123,319 10-5M. Group data are presented as mean ± SEM. 
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were nearly identical (Figure 2-6C and 2-6D), implying that the AT2R activation is not 

involved in the candesartan-mediated reduction in myogenic reactivity. Collectively, 

these studies provide additional support for the contribution of the AT1R to 

mechanosensory events underlying the arteriolar myogenic response.   

 

Reduction in intracellular global Ca2+ in arteriolar myocytes may not be a key 

determinant for candesartan-induced decrease in myogenic constriction of skeletal 

muscle resistance arterioles 

It has been well established that Ca2+ influx (i.e. primarily through voltage-

dependent Ca2+ channels/transient receptor potential ion channels) and Ca2+ release from 

sarcoplasmic reticulum (SR) are important determinants for pressure-induced 

vasoconstriction. We therefore addressed the question that candesartan-induced reduction 

in myogenic constriction may be related to changes in intracellular global Ca2+ 

concentration ([Ca2+]i) in arteriolar myocytes. We, therefore, assessed the global Ca2+ 

ratio with Fura-2 in arteriolar myocytes of pressurized rat cremaster arterioles in the 

absence or presence of candesartan. Increased intraluminal pressure evoked elevation in 

global Ca2+ ratio in the absence of candesartan 10-5M (Figure 2-7A), which was 

consistent with previous studies (Davis et al., 1992;Gokina & Osol, 2002;Jackson et al., 

2010;Meininger et al., 1991) and our expectation. However, surprisingly, a pressure 

elevation-mediated increase in global Ca2+ ratio continued to be observed despite the 

presence of candesartan (Figure 2-7A), implicating that mechanoactivation of the AT1R 

may not directly affect Ca2+ dynamics in pressurized rat skeletal muscle arterioles (Figure 

2-7A). Thus, a further hypothesis was proposed that AT1R mechanoactivation-mediated
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Figure 2-7. Candesartan-dependent inhibition of myogenic constriction may not 

require a decrease in global [Ca2+]i of rat cremaster arterioles  

A: Ca2+ fluorescence ratios were determined in pressurized rat cremaster arterioles loaded 

with Fura-2 (2 µM) in the absence or presence of candesartan 10-5M (n=6). Intraluminal 

pressures were elevated from 10 to 110 mmHg in 20 mmHg steps. Values are expressed 

as percent change in the 340- to 380-nm fluorescence ratio and normalized to the Ca2+ 

ratio under passive condition (0 Ca2++EGTA) at 70 mmHg. * p < 0.05 Control or 

Candesartan 10-5M vs. zero Ca2++EGTA. Group data are presented as mean ± SEM. B: 

Putative mechanisms underlying mechanically activated AT1R-induced vasoconstriction 

via second messengers-dependent Ca2+ sensitization and/or actin polymerization.  
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generation of second messengers (e.g. DAG) modulates downstream pathways for 

myogenic constriction such as Ca2+ sensitization and/or cytoskeleton rearrangement 

(Figure 2-7B). 

 

Exogenous DAG restores decreased arteriolar myogenic constriction following 

candesartan 

The activation of GqPCR leads heterotrimeric G-proteins to stimulate PLC-β or 

PLC-γ that cleaves PIP2 to IP3 and DAG. IP3 and DAG function as second messengers 

that induce vasoconstriction through Ca2+ release from SR (McCarron et al., 2004) and 

activation of TRPC channels (Large et al., 2009), respectively. To address the possibility 

indirectly whether novel intraluminal pressure-induced activation of the AT1R generates 

second messengers (in this case DAG) and in turn causes myogenic constriction as shown 

in previous studies assessing that increased intraluminal pressure generates DAG and IP3 

(Narayanan et al., 1994), increasing concentrations of the exogenous DAG analogue, 

OAG, were applied to pressurized cremaster arterioles showing spontaneous tone at 70 

mmHg in the absence or presence of candesartan (Figure 2-8A). The application of 

exogenous DAG alone markedly potentiated steady-state myogenic tone in the absence of 

candesartan (Figure 2-8A, Squares). Further, the loss of myogenic tone at 70 mmHg, 

following candesartan treatment, was restored by exogenous DAG (Figure 2-8A, 

Triangles). This is consistent with AT1R mechanoactivation-induced DAG production 

contributing to myogenic constriction in rat skeletal muscle arterioles.  

Next, the effect of a single OAG dose (10-5M) on the pressure-diameter 

relationships was determined in rat cremaster arterioles (Figure 2-8B and 2-8C). In the
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Figure 2-8. Decreased myogenic constriction due to candesartan is reversed by 

exogenous DAG  

A: Myogenic reactivity was observed in pressurized rat cremaster arterioles with or 

without candesartan pretreatment 10-5M (left panel; n=5). Subsequently OAG-

concentration response curves (10-7M–10-5M; right panel; n=5) were studied in the same 

arterioles pressurized to 70 mmHg in the absence or presence of candesartan (10-5M). 

‘70B’ indicates baseline of each dose-response curve at 70 mmHg in the absence or 

presence of candesartan. * † ‡ p < 0.05 * Control vs. Candesartan 10-5M, † 70B without 

candesartan 10-5M vs. each concentration of OAG without candesartan 10-5M, ‡ 70B 
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with candesartan 10-5M vs. each concentration of OAG with candesartan 10-5M. B & C: 

Myogenic reactivity (Figure 2-8B) and vasoconstriction (Figure 2-8C) were evaluated in 

the absence or presence of OAG (10-5M), candesartan (10-5M), or combination of OAG 

and candesartan (n=7). Experimental protocols and calculation of myogenic 

vasoconstriction were performed as described previously. ‘Cande’ indicates candesartan. 

* † ‡ p < 0.05; * Control vs. Candesartan 10-5M, † OAG 10-5M vs. Candesartan 10-5M; ‡ 

Candesartan 10-5M vs. OAG 10-5M + Candesartan 10-5M. Group data are presented as 

mean ± SEM. 
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absence of candesartan, exogenous DAG had little effect on pressure-induced 

vasoconstriction (Figure 2-8B and 2-8C, Triangles). Candesartan alone inhibited steady-

state myogenic tone and myogenic reactivity as previously observed (Figure 2-8B and 2-

8C, Circles). Interestingly, the decreased myogenic reactivity in the presence of 

candesartan was significantly reversed by application of exogenous DAG (10-5M) over an 

intraluminal pressure range of 50–110 mmHg (Figure 2-8B and 2-8C, Rhombuses). 

Taken together, AT1R mechanoactivation-mediated generation of DAG may play an 

important role in myogenic constriction of rat skeletal muscle resistance arterioles.  

 

Mechanoactivation of the AT1R elicits PKC-dependent myogenic vasoconstriction of 

skeletal muscle resistance arterioles  

It has been shown that pharmacological inhibition of PKC abolishes myogenic 

constriction in rat cremaster or cerebral arteries (Hill et al., 1990;Osol et al., 1991). 

Recently, PKC-mediated mechanisms underlying Ca2+ sensitization and/or cytoskeleton 

remodeling have been reported to take part in force generation for myogenic response 

(Moreno-Dominguez et al., 2013;Moreno-Dominguez et al., 2014). Along with the 

previous studies, as specific PKC isoforms are downstream effectors of DAG, we 

determined if the exogenous DAG-dependent rescue effects (i.e. reversed myogenic tone 

and reactivity; Figure 2-8A–C) were blunted by PKC inhibition. Pretreatment with a 

broad spectrum PKC inhibitor alone (GF 109203X, 3X10-6M) did not markedly affect 

myogenic reactivity of rat cremaster arterioles (Figure 2-9A and 2-9B; Triangles). 

Candesartan significantly diminished myogenic reactivity in the presence of GF 109203X 

(Figure 2-9A and 2-9B; Circles). To assess the possible contribution of downstream
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Figure 2-9. DAG/PKC-mediated intracellular signaling is associated with myogenic 

constriction in response to mechanoactivation of AT1R  

A & B: Myogenic reactivity (Figure 2-9A) and vasoconstriction (Figure 2-9B) of rat 

cremaster arterioles were determined in the absence or presence of GF 109203X (a PKC 

inhibitor; 3X10-6M) alone and combination of GF 109203X, candesartan (10-5M), and/or 

OAG (10-5M) (n=4). Experimental protocols and calculation of myogenic 

vasoconstriction were conducted as described previously. ‘GF’ and ‘Cande/Can’ 

represent GF 109203X and candesartan, respectively. *†‡ p < 0.05; * Control vs. 

GF109203X 3X10-6M+Candesartan 10-5M, † Control vs. GF109203X 3X10-

6M+Candesartan 10-5M+OAG 10-5M, ‡ GF109203X 3X10-6M vs. GF109203X 3X10-

6M+Candesartan 10-5M. Group data are presented as mean ± SEM.  
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DAG-PKC pathways to mechanosensitive AT1R-mediated myogenic constriction, 

exogenous DAG was applied to rat cremaster arterioles pretreated with both GF 103209X 

and candesartan. Whereas exogenous DAG rescued the attenuated myogenic reactivity 

following candesartan in the absence of PKC inhibitor (Figure 2-8B and 2-8C; 

Rhombuses), OAG application did not restore myogenic reactivity in the presence of the 

PKC inhibitor (Figure 2-9A and 2-9B; Rhombuses). This is consistent with 

mechanoactivation of the AT1R resulting in activation of DAG-PKC-dependent pathways 

eliciting myogenic constriction of rat skeletal muscle resistance arterioles.  

 

Actin cytoskeleton remodeling may be a key contributor to the AT1R 

mechanoactivation-induced myogenic constriction  

Current evidence suggests that a mechanosensitive increase in [Ca2+]i alone 

leading to activation of myosin light chain kinase and phosphorylation at serine 19 of 20 

kDa regulatory light chain (LC20) is not sufficient to fully explain the molecular 

mechanisms underlying arteriolar myogenic constriction (Abd-Elrahman et al., 

2015;Cole & Welsh, 2011;Hill & Meininger, 2012;Turner & Macdonald, 2014;Walsh & 

Cole, 2013). Consistent with this, we found that the candesartan-mediated decrease in 

myogenic constriction was not accompanied by reduced global intracellular Ca2+ (Figure 

2-7A) and mechanoactivation of the AT1R appeared coupled to PKC-related signaling 

pathways (Figure 2-9A and 2-9B). Intravascular pressure elevation leads to PKC-

dependent actin cytoskeletal reorganization, whereas the increased pressure does not 

induce phosphorylation of CPI-17 in rat skeletal muscle arterioles (Moreno-Dominguez 

et al., 2013) that is phosphorylated by PKC (Eto, 2009) and related to mechanisms 
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underlying Ca2+ sensitization (Walsh & Cole, 2013). Thus, we hypothesized that 

mechanical activation of the AT1R initiates actin cytoskeleton remodeling. Prior to 

examination of the impact of candesartan on actin polymerization elicited by pressure 

elevation, globular α-actin (G-actin) content was assessed in response to a change in 

intraluminal pressure using Western-blotting (Figure 2-10A and 2-10B). A marked 

decrease in G-actin content was observed in rat cremaster arterioles exposed to an acute 

increase in intraluminal pressure (from 20 to 70 mmHg), consistent with previous studies 

demonstrating pressure elevation-induced actin cytoskeleton remodeling (Moreno-

Dominguez et al., 2013;Moreno-Dominguez et al., 2014) and confirmed reliability of the 

G-actin measurement assay. Subsequently, increased intraluminal pressure-dependent 

actin cytoskeleton rearrangement was evaluated in the absence or presence of candesartan 

to determine if myogenic constriction initiated by mechanoactivation of the AT1R is 

accompanied by increased actin polymerization. An increase in G-actin level, indicative 

of decreased filamentous α-actin (F-actin) and actin polymerization, was detected in the 

presence of candesartan 10-5M (Figure 2-10C and 2-10D). Collectively, it is implied that 

mechanoactivation of the AT1R may give rise to activation of PKC and in turn elicit actin 

cytoskeleton remodeling during the myogenic constriction of rat skeletal muscle 

arterioles.   

 

2-5. Discussion 

The circulatory system and its component vascular cells (e.g. VSMC, EC) are 

continually exposed to mechanical stimuli (e.g. blood pressure, shear stress) and these 

cells respond to the mechanical stresses to maintain physiological homeostasis.

75 
 



 

Figure 2-10. Blockade of the AT1R causes a reduction in mechanically-activated 

actin polymerization  

A & B: Alteration in G-actin levels in response to increased intraluminal pressure (i.e. 

from 20 to 70 mmHg) was evaluated in rat cremaster arterioles using Western blotting 

analysis (each pressure, n=4). Representative Western blotting images (Figure 2-10A) of 

G-actin content of rat skeletal muscle arterioles pressurized to 20 or 70 mmHg and 

quantitative group data (Figure 2-10B) are shown. G-actin content was normalized to 

expression of SM-22α, an indicator of total VSMC protein. * p < 0.05; * 20 vs. 70 mmHg. 
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C & D: G-actin levels of pressurized (70 mmHg) cremaster arterioles in the absence or 

presence of candesartan was measured (each group, n=7). Representative Western 

blotting images (Figure 2-10C) and quantified group data (Figure 2-10D) are shown. G-

actin content was normalized to expression of SM-22α, an indicator of total VSMC 

protein. * p < 0.05; * 20 vs. 70 mmHg. Group data are presented as mean ± SEM. 
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In particular, arteriolar constriction or dilation following an increase or decrease in 

intraluminal pressure, respectively (the ‘Myogenic Response’), is vital to autoregulation 

which modulates local hemodynamics in line with metabolic needs while also protecting 

tissues/organs from fluctuations in blood pressure and flow (Davis & Hill, 1999;Hill et 

al., 2001;Kauffenstein et al., 2012;Lidington et al., 2013;Schubert et al., 2008;Tan et al., 

2013). Deficient flow caused by an exaggerated myogenic response as observed in 

hypertension or excessive flow caused by impaired myogenic responsiveness likely 

contributes to ischemic stroke, vascular rupture, and blood-brain barrier disruption 

(Walsh & Cole, 2013). However, despite its physiological and clinical significance, the 

precise cellular mechanisms underlying how VSMC sense a change in intraluminal 

pressure and what subsequent downstream signaling are activated remain unclear.  

Recently, GPCR have emerged as potential mechanosensors for myogenic 

constriction. In this regard, it has been demonstrated that endothelin, α-adrenergic, and 

vasopressin receptors are both highly expressed in arteriolar myocytes and can be 

mechanically activated (Blodow et al., 2014;Schnitzler et al., 2008). P2Y4 and P2Y6 

receptors (purinergic receptors) are involved in contraction of arteriolar myocytes 

following increased intraluminal pressure (Brayden et al., 2013;Li et al., 2014). In 

contrast, β-adrenergic receptors, despite being a GPCR, do not appear to be 

mechanosensitive (Blodow et al., 2014;Schnitzler et al., 2008). This suggests that Gq/11-

coupled receptors, not Gs-coupled receptors, may be mechanosensors and may contribute 

to the myogenic response (Schnitzler et al., 2008). Further, growing evidence supports 

the AT1R acting as a novel mechanosensor and contributing to myogenic autoregulation 

in mouse mesenteric, cerebral, and renal arteries (Blodow et al., 2014;Brayden et al., 
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2013;Schleifenbaum et al., 2014;Schnitzler et al., 2008). An augmented myogenic 

response in congestive heart failure was attenuated by losartan (antagonist of AT1R) or 

candesartan (inverse agonist of the AT1R), implicating AT1R involvement in myogenic 

reactivity during pathophysiological situations (Gschwend et al., 2003). 

The present studies revealed, in rat cremaster muscle arterioles, that 

pharmacological inhibition of the AT1R results in decreased myogenic reactivity. This is 

consistent with the general involvement of the AT1R in arteriolar myogenic signaling, 

similar to that now shown in mouse mesenteric, cerebral and renal arteries. In addition 

these data suggest that AT1R mechanosensitivity exists across species. Unlike human 

beings, rodents express two isoforms of AT1R, AT1aR and AT1bR, in arteriolar myocytes 

and the both isoforms share the same downstream signaling pathways when they are 

activated (Tian et al., 1996;Zhou et al., 1993). Both isoforms appear to be 

mechanosensitive in mouse mesenteric and renal arterioles (Blodow et al., 

2014;Schleifenbaum et al., 2014). However, the relative expression level of either 

subtypes of AT1R may dictate the pathway used by a given vasculature. Thus Blodow et 

al. (2014) has shown that the AT1bR exhibits greater apparent mechanosensitivity 

compared to the AT1aR and that the relative mRNA expression of the AT1bR 

predominates in mouse mesenteric arterioles (i.e. 96.1% (AT1bR) vs. 3.9% (AT1aR)). In 

the case of rat cremaster muscle arterioles, we found the level of mRNA expression for 

the AT1aR to be considerably higher than that for the AT1bR (refer to Figure 2-11). Thus, 

it is speculated that the AT1aR may be the major mechanosensor and that the inverse 

agonists used in this study (e.g. candesartan, olmesartan, and EXP3174) predominantly
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Figure 2-11. mRNA expression for AT1aR, AT1bR, and AT2R in rat skeletal muscle 

arterioles  

Quantitative real-time PCR with SYBR-green detection was performed for mRNA 

expression of AT1aR, AT1bR, and AT2R in cremaster arterioles (n=6 or 5). β-actin was 

used as a reference gene. The comparative threshold (Ct) methods (2-∆∆Ct) were utilized to 

assess relative expression levels. Each expression was normalized to AT1aR expression 

and presented as mean ± S.E.M. * p < 0.05 vs. AT1bR and AT2R.  
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interfere with mechanosensitive responses of the AT1aR to increased intraluminal 

pressure, thus reducing myogenic constriction in rat skeletal muscle arterioles.  

In these studies we performed several protocols to confirm that the 

mechanosensitivity of the AT1R lies within the receptor. Although previous studies have 

determined that Ang II is locally produced in response to stretch and causes cardiac 

hypertrophy in an autocrine or paracrine manner (Parker et al., 1990;Sadoshima et al., 

1993), it is unlikely that this contributed to myogenic constriction in our studies. This is 

supported by prior studies showing normal myogenic responses in isolated mesenteric 

arteries of angiotensinogen gene knockout mice (Schleifenbaum et al., 2014) and our data 

demonstrating that ACE inhibition (captopril) did not inhibit myogenic reactivity of rat 

skeletal muscle arterioles (Figure 2-6A and 2-6B). In addition, the present studies showed 

that the attenuated myogenic reactivity following candesartan treatment does not result 

from AT2R activation-mediated vasodilation (Figure 2-6C and 2-6D). Collectively, these 

control studies support the hypothesis that the AT1R per se is mechanically activated by 

increased intraluminal pressure and makes a contribution to myogenic constriction in 

skeletal muscle arterioles, thus supporting previous findings (Blodow et al., 

2014;Schleifenbaum et al., 2014;Schnitzler et al., 2008). 

Since mechanical activation of the AT1R has been suggested to cause protein 

conformational changes distinct from those induced by agonists (Storch et al., 

2012;Yasuda et al., 2008), it would be advantageous to have pharmacological blockers 

that specifically target the mechanically activated receptor. Such inhibitors would 

potentially be useful in pathophysiological situations resulting from impaired ligand-

independent activation of the AT1R. For example, pressure overload-induced AT1R 
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activation causes cardiac hypertrophy that is markedly attenuated by candesartan, an 

inverse agonist of the AT1R (Zou et al., 2004). An inverse agonist is defined as a ligand 

that interrupts the agonist-independent activation of a receptor (Akazawa et al., 

2009;Milligan, 2003). We, therefore, used several AT1R blockers such as losartan, 

candesartan, olmesartan, and EXP3174 (a losartan metabolite) in myogenic reactivity 

studies. Losartan (an antagonist) did not significantly reduce myogenic reactivity (Figure 

2-2A and 2-2B, except for 50 mmHg), whereas candesartan (Figure 2-1C and 2-1D), 

olmesartan, and EXP3174 (Figure 2-5A‒D) significantly attenuated pressure-induced 

vasoconstriction over the range 50–110 mmHg.  

According to previous literature, inverse agonists of the AT1R require unique 

structures that allow multivalent inhibitor-receptor interactions: either 1) the hydroxyl 

group of the imidazole ring of the inverse agonist and Tyr113 of the AT1R or 2) the 

carboxyl group of the inverse agonist and Lys199 and His256 of the AT1R (Miura et al., 

2006;Qin et al., 2009). The hydroxyl and/or carboxyl functional group on candesartan, 

olmesartan, and EXP3174 (Figure 2-3) may therefore reduce myogenic constriction by 

hindering conformational changes of the AT1R elicited by increased intraluminal pressure 

while losartan without any functional groups may not be sufficiently effective in 

inhibition of myogenic reactivity. To observe significance of the functional groups, we 

used EXP3174 (a losartan metabolite) containing the carboxyl group (Figure 2-3). It is 

interesting to note that although the EXP3174 has similar chemical structure to losartan, 

the effectiveness was markedly higher than losartan, consistent with the possibility that 

the chemical structure of the inverse agonist of the AT1R may be important to restrain 

conformational change of the AT1R distinct from ligand-dependent activation of the 
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receptor. However, whether losartan can act as an inhibitor of myogenic reactivity 

remains elusive as it was shown to be effective in isolated mouse mesenteric arteries 

(Blodow et al., 2014), which is distinct from our results (Figure 2-2A and 2-2B). It has 

been examined that the tetrazole ring of olmesartan (Figure 2-3) interacts with Gln257 of 

the AT1R (Miura et al., 2006), and substitution of the tetrazole group to a carboxyl group 

inhibited stretch-induced extracellular signal-regulated kinase (ERK) activation (Qin et 

al., 2009). In regard to the discrepancy in the losartan effect, since the tetrazole group-

mediated interactions with AT1R may be responsible for suppression of conformational 

change of AT1R by mechanical stimuli, losartan containing the tetrazole group seems to 

inhibit the AT1R and myogenic constriction in specific vascular beds and/or species (e.g. 

mouse mesenteric arteries). Further studies are required to more specifically examine 

these structure-function relationships. 

Myogenic constriction is thought to occur through the following sequence of 

signals: 1) membrane depolarization in response to stretch of arteriolar myocytes; 2) 

extracellular Ca2+ influx via VOCCs and intracellular Ca2+ release from sarcoplasmic 

reticulum; 3) increased global intracellular Ca2+ level and its interaction with calmodulin; 

and 4) phosphorylation of myosin light chain via MLCK (Davis et al., 1992;Davis & 

Hill, 1999;Knot & Nelson, 1998;Kotecha & Hill, 2005;Zou et al., 1995;Zou et al., 2000). 

While these biophysical/biochemical events lead to contractile force generation, it 

remains unclear how these steps are coupled to initial mechanosensory mechanisms. 

While it is evident that G-protein, PLC, DAG, or PKC regulate myogenic tone and 

constriction through membrane depolarization induced by the activation of cation 

channels including TRPC6 or TRPM4 channel (Earley et al., 2004;Earley et al., 
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2007;Large et al., 2009;Osol et al., 1993;Slish et al., 2002;Welsh et al., 2002), Ca2+ 

sensitization (Cipolla et al., 2014;El-Yazbi et al., 2010), or actin cytoskeleton 

reorganization (Cipolla & Osol, 1998;Cipolla et al., 2002), direct evidence for how the 

second messenger-mediated downstream pathways are generated and activated by 

elevation of intraluminal pressure has not been completely elucidated. In regard to this, 

identification of potential mechanosensitive GPCR (e.g. AT1R, P2Y4, P2Y6 receptors) 

appears to provide significant clues to the unsolved questions as to how membrane 

depolarization is initiated and second messengers mediating myogenic constriction are 

generated. Increased intraluminal pressure evokes PLCγ1-dependent production of DAG 

(Jarajapu & Knot, 2002) and stimulates asynchronous Ca2+ waves (Mufti et al., 2010), 

contributing to myogenic constriction. Further, a series of mechanoactivation of the 

AT1R, Src tyrosine kinase, and PLCγ1 lead to DAG and/or IP3-mediated alteration in 

Ca2+ dynamics and subsequently induce membrane depolarization via TRPM4 channel 

(Gonzales et al., 2014). In the present study, candesartan-dependent reduction in 

myogenic reactivity (Figure 2-4A and 2-4B) implicates a significant role of 

mechanosensitive AT1R in generation of the second messengers for myogenic 

constriction. To our knowledge, ours is the first study directly applying membrane-

permeant DAG analogues (OAG) to intact resistance arterioles to investigate effect of 

DAG on myogenic tone and reactivity of rat skeletal muscle arterioles. Direct application 

of exogenous DAG analogue to intact pressurized rat cremaster arterioles without 

candesartan did not significantly potentiate myogenic reactivity, implying that a tonic 

production of endogenous DAG may sufficiently occur in the basal state of pressurized 

cremaster arterioles (Figure 2-8). In contrast, in the presence of candesartan, bath 
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application of OAG reversed reduced steady-state myogenic tone (Figure 2-8A) and 

reactivity (Figure 2-8B and 2-8C), suggesting that AT1R activation in response to 

increased intraluminal pressure may be associated with DAG-dependent vasoconstriction.  

DAG is known to directly activate cation channels including TRPC6 channels 

giving rise to membrane depolarization-mediated Ca2+ influx and vasoconstriction (Ju et 

al., 2010;Large et al., 2009;Slish et al., 2002). As it was thought conceivably that 

mechanoactivation of the AT1R could utilize these pathways, we examined intracellular 

global Ca2+ ratio of pressurized cremaster arterioles in the absence or presence of 

candesartan (Figure 2-7A). Somewhat surprisingly, increased pressure-induced changes 

in Ca2+ ratio were not markedly affected by candesartan (10-5M). This was taken to 

suggest that the AT1R mechanoactivation requires additional mechanisms including Ca2+ 

sensitization and/or cytoskeletal remodeling for myogenic constriction, rather than only a 

direct effect of increased myocyte Ca2+ (Figure 2-7B). As DAG stimulates several PKC 

isoforms and PKC has been implicated in myogenic constriction, we took a 

pharmacological approach for investigating its role in the effects of exogenous DAG. In 

the presence of PKC inhibitor, exogenous DAG did not reverse attenuated myogenic 

reactivity (Figure 2-9A and 2-9B), whereas the rescue effect of exogenous DAG-

dependent was detected in the absence of PKC inhibitor (Figure 2-8A–C). This suggests 

that the AT1R-DAG-PKC signaling sequence may play an important role in myogenic 

constriction in skeletal muscle arterioles. Treatment of PKC inhibitors alone has 

previously been shown to markedly abolish myogenic tone and reactivity (Hill et al., 

1990;Moreno-Dominguez et al., 2013;Moreno-Dominguez et al., 2014), which is 

inconsistent with our present findings. However, previous studies reported that myogenic 
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constriction is not affected by the pharmacological inhibition of PKC in swine mesenteric 

arteries (Su et al., 2003) or rat cerebral, femoral, and mesenteric arteries (Baek et al., 

2010). In part, disparate results may relate to specificity of inhibitors used (Baek & Kim, 

2011). Further, the discrepancy may result from the possibility that the PKC inhibitor 

used in this study may impede both PKC-mediated stimulatory and inhibitory actions 

toward vasoconstriction (perhaps mediated by specific PKC isoforms). For example, it 

has been reported that ligand-dependent activation of the AT1R leads to a kinase 

anchoring protein 150 (AKAP150)-induced PKC activation that phosphorylates TRPV4 

channel. The phosphorylated TRPV4 channel induces Ca2+ sparklet and subsequent 

ryanodine receptor-dependent Ca2+ spark that activates large conductance Ca2+-activated 

K+ channels (BKCa) and in turn evokes vasodilation (Earley et al., 2005;Mercado et al., 

2014). Thus, pharmacological inhibition of PKC is likely expected to enhance steady-

state myogenic tone or responsiveness in pressurized resistance arterioles, which may 

offset PKC inhibition-mediated reduction in myogenic constriction as identified in 

previous studies.  

Historically the actin cytoskeleton of arteriolar myocytes was considered a static 

structure, but in more recent times we have come to appreciate that it is, in fact, 

extremely dynamic. Contractile α-actin cytoskeleton is actively rearranged in 

physiological circumstances and increased actin polymerization is certainly essential to 

arteriolar myogenic constriction (Cipolla et al., 2002). It has been reported that a 

decreased level of globular α-actin (G-actin; presumably correlated to increased levels of 

filamentous α-actin (F-actin)) is observed following an acute increase in arteriolar 

intraluminal pressure (Cipolla et al., 2002). Further, myogenic tone or reactivity can be 
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manipulated using activators (e.g. jasplakinolide) or inhibitors (e.g. cytochalasins capping 

the barbed end of actin filaments and latrunculin B sequestering G-actin monomer) of 

actin polymerization (Cipolla et al., 2002). Changes in intravascular pressure (from 10 to 

80 or 120 mmHg) have been demonstrated to cause a reduction in G-actin content up to 

by 66% or 87%, respectively (Moreno-Dominguez et al., 2014). The present 

investigation also provides similar evidence that skeletal muscle arterioles exposed to an 

increase in intravascular pressure (from 20 to 70 mmHg) showed 62% reduction in G-

actin level (Figure 2-10A and 2-10B).  

Integrins, a candidate class of mechanosensors, are thought to detect mechanical 

stress on the vascular wall during an increase in intraluminal pressure. Convincing 

evidence supports the significance of integrin for pressure-dependent vasoconstriction. 

Blockade of αvβ3- or α5β1-integrins dramatically decreased myogenic constriction of rat 

cremaster arterioles (Martinez-Lemus et al., 2005). Further, studies have also 

demonstrated that antibodies targeting β1 or β3 integrins markedly attenuate myogenic 

constriction of cremaster arterioles with no significant change in myocyte intracellular 

Ca2+ levels (Jackson et al., 2010). It has been long documented that dense bodies and 

focal adhesion complexes formed on the cytoplasmic tails of integrins are provided for 

anchorage of α-actin filaments (Abd-Elrahman et al., 2015;Gunst & Zhang, 2008;Walsh 

& Cole, 2013;Yamin & Morgan, 2012). The mechanoactivation of integrins has been 

postulated to initiate phosphorylation of focal adhesion proteins (i.e. FAK, SFK, vinculin, 

paxillin) and stimulate PLCγ1 catalytic activity (Colinas et al., 2015). Subsequently ROK 

and PKC-dependent signaling pathways are linked to actin polymerization for the 

myogenic response in rat cerebral arteries (Colinas et al., 2015). Thus, the diminished 
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pressure-dependent vasoconstriction by inhibition of integrins shown in previous studies 

may result from disturbed actin cytoskeleton reorganization. We found in the present 

studies that AT1R mechanoactivation-mediated myogenic responses appear to rely on 

PKC activation. This suggests that the candesartan-induced decrease in myogenic 

constriction may result from suppression of AT1R-induced PKC activation. Further, it is 

implied that the reduced PKC activity may be coupled to decreased actin polymerization 

without altering pressure-induced increases in global Ca2+ levels in VSMC of rat skeletal 

muscle arterioles. Moreover, it is conceivable that there may be cross-talk between AT1R 

and integrins for actin cytoskeleton rearrangement whereby both potential 

mechanosensors synergistically and cooperatively contribute to actin polymerization 

evoked during myogenic constriction.  

Actin cytoskeleton remodeling has been shown to occur through a variety of 

pathways including neuronal wiskott-aldrich syndrome protein (N-WASP) pathway, 

ROCK-LIMK-cofilin pathway, HSP-27 pathway, and vasodilator-stimulated 

phosphoprotein (VASP) pathway (Walsh & Cole, 2013). However, the exact mechanisms 

by which mechanical stimuli applied to vascular wall are coupled to increased actin 

cytoskeleton remodeling for myogenic constriction have not been fully explored. The 

present study provides the first data examining whether mechanically activated AT1R 

contributes to myogenic constriction of skeletal muscle arterioles through signaling 

pathways involving DAG-PKC-actin cytoskeleton reorganization. Based on prior studies, 

non-phosphorylated HSP-27 has been reported to impede actin polymerization by 

capping actin stress fibers. However, HSP-27 phosphorylation induced by p38 MAPK-

MK2 (MAPK-activated protein kinase 2) pathways alters localization of the capping 
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protein from actin stress fibers to plasma membrane or cytosol (Gaestel et al., 

1991;Larsen et al., 1997;Maizels et al., 1998;Walsh & Cole, 2013). The removal of HSP-

27 from the actin fibers leads to an increase in actin cytoskeletal rearrangement (i.e. 

increase in F-actin level) (Srinivasan et al., 2008). With respect to the myogenic 

response, it is important to note that PKC-modulated HSP-27 phosphorylation occurs 

during an increase in intraluminal pressure and the phosphorylation is markedly 

suppressed by PKC inhibition in rat middle cerebral arteries (Moreno-Dominguez et al., 

2014). Thus, an inhibitor for PKC-dependent phosphorylation of HSP-27, KRIBB3, 

caused decreased actin polymerization (i.e. increased G-actin content) and altered 

myogenic reactivity in rat cerebral arteries (Moreno-Dominguez et al., 2014). As 

generation of the second messenger (i.e. DAG) following mechanoactivation of the AT1R 

results in activation of PKC, it is conceivable that myogenic constriction may result from 

AT1R mechanoactivation/DAG/PKC-mediated phosphorylation of HSP-27 and in turn 

actin cytoskeleton remodeling. We found in isolated and pressurized rat skeletal muscle 

arterioles that G-actin content was remarkably decreased in the presence of candesartan 

(Figure 2-10C and 2-10D). This suggests that mechanosensitive AT1R may be 

responsible for regulation of actin cytoskeleton remodeling. As inhibition of PKC with 

GF109203X hinders actin polymerization in skeletal muscle arterioles (Moreno-

Dominguez et al., 2013) and AT1R-mediated myogenic response is identified to be PKC-

dependent in this study, it can be assumed that elevation of intraluminal pressure leads to 

myogenic constriction presumably through DAG/PKC/HSP-27 phosphorylation-induced 

actin cytoskeleton remodeling (Figure 2-12). Thus, it is necessary in future studies to 

examine whether phosphorylation status of HSP-27 is altered by candesartan-mediated   
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Figure 2-12. Schematic diagram showing putative signaling pathways for AT1R 

mechanoactivation-mediated myogenic constriction in rat skeletal muscle arterioles 

Mechanical stimuli (e.g. increased intraluminal pressure, membrane stretch, and 

augmented wall tension) cause conformational changes in transmembrane proteins of 

AT1R in arteriolar VSMC. The mechanically activated AT1R stimulates Gq/11 protein 

and PLC that cleaves PIP2 to IP3 and DAG. In particular, while DAG activates non-

selective cation channels (e.g. TRPC3. 6) directly and evokes depolarization/Ca2+ influx-

dependent vasoconstriction, PKC activated by DAG leads to actin cytoskeleton 

rearrangement (i.e. decreased G-actin content) likely via phosphorylation of HSP-27 and 

in turn contributes to myogenic constriction. 
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PKC inhibition during pressure-induced vasoconstriction.        

Taken together, it is concluded that the AT1R can be activated by increased 

intraluminal pressure and thereby plays an important role in myogenic constriction of 

skeletal muscle arterioles. These findings are therefore consistent with a growing 

literature that mechanical force can directly activate this GPCR. It is possible that 

structural differences in inverse agonists of the AT1R such as candesartan possessing an 

additional carboxyl group allows this molecule to constrain AT1R mechanoactivation, 

while losartan lacking this functional group is relatively ineffective. A major finding in 

this study is mechanoactivation of the AT1R resulting in the generation of second 

messengers (e.g. DAG) and vasoconstriction that may be related to PKC-dependent actin 

cytoskeleton reorganization (Figure 2-12).  
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CHAPTER 3 

LITERATURE REVIEW  

REGULATORS OF G PROTEIN SIGNALING (RGS) PROTEINS 

IN THE CARDIOVASCULAR SYSTEM 

 
The largest group of transmembrane receptors is the superfamily of GPCR. These 

receptors are involved in numerous physiological events and represent the class of 

proteins most often targeted for pharmaceutical interventions. Given their importance in 

cell signaling, the activation of GPCR and subsequent intracellular signaling events are 

likely to be tightly regulated to ensure appropriate cellular function. Impaired regulation 

of GPCR signaling cascades is likely coupled to many cardiovascular disorders. 

Recently, ligand-independent GPCR mechanotransduction has become an important area 

in vascular research. In particular, one GPCR, the AT1R, has been found to be activated 

by mechanical stresses imparted on VSMC (e.g. cell swelling or positive/negative 

pressure application through patch pipettes) regardless of the presence of their natural 

ligand(s) and contributes to membrane depolarization and vasoconstriction (Schnitzler et 

al., 2008). Although myogenic vasoconstriction is required for the local control of 

hemodynamics in response to changes in intravascular pressure, exaggerated myogenic 

responses may contribute to cardiovascular disorders including hypertension and 

vasospasm. Therefore, it is conceivable that modulators of AT1R-mediated signaling are 

required as negative feedback regulators in resistance arterioles. With respect to the 

protective mechanisms underlying regulation of the AT1R-mediated myogenic response, 

regulators of G protein signaling (RGS) proteins are considered potential candidates. 

Considerable progress in the understanding of RGS proteins has occurred during the last 
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decade. Thus, in this chapter, the role of RGS proteins in cardiovascular system will be 

reviewed.       

 

3-1. Characteristics of RGS proteins 

Heterotrimeric G proteins coupled to GPCR are comprised of α, β, and γ subunits 

and function as signal transducers. The trimeric G protein family is categorized into four 

classes based on the function and structure of the α subunit: 1) Gαs or 2) Gαi/o protein 

activates or inhibits adenylyl cyclase respectively, 3) Gαq protein stimulates various 

isoforms of PLC and in turn generates DAG and IP3 by cleaving PIP2, 4) Gα12/13 protein 

induces Rho activation. Binding of ligand to target GPCR promotes GDP to GTP 

exchange on the α subunit. The GTP-bound α subunit dissociates from β and γ subunit 

complexes. Each subunit involves downstream signaling cascades (Hollinger & Hepler, 

2002). The magnitude and/or duration of the signaling is determined by how long the Gα 

subunit is activated, which relies on activity of intrinsic GTPase on the α subunit. GTP 

hydrolysis by intrinsic GTPase activity results in a conformational change of the α 

subunit, allowing re-association of GDP-bound inactive α subunit with the β and γ 

subunit complexes. The intracellular signaling responses are terminated. However, as the 

rate of intrinsic GTPase is not rapid, a GTPase activating protein (GAP) is necessary for 

termination of G protein-mediated signaling. It has long been documented that RGS 

proteins serve as GAPs and fine-tune the GPCR activities by accelerating GPTase 

activity up to 2,000 times (Ross & Wilkie, 2000). Thus, GPCR-mediated signaling is 

controlled by promoting rapid ‘on’‒’off’ kinetics of downstream effectors and 

diminishing sensitivity of GPCR (Gu et al., 2009).    
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To date, more than 30 RGS proteins have been discovered with different RGS 

proteins being classified by their sequence homology and additional domains (Abramow-

Newerly et al., 2006). One RGS protein subfamily, B/R4, consists of RGS1, 2, 3, 4, 5, 8, 

13, 16, 18, and 21 proteins (Bansal et al., 2007) which are highly expressed in 

cardiovascular tissues (Ganss, 2015). Notably, RGS2, 4, and 5 proteins are widely 

distributed in heart and blood vessels and genes of the three proteins are located on the 

same chromosome 1 that is associated with homeostasis of blood pressure (Gu et al., 

2009). The B/R4 subfamily has been postulated to include the smallest RGS proteins, 

thereby providing the small contact region for Gα protein or other molecules (Louwette et 

al., 2012). The RGS proteins commonly possess a core RGS carboxyl-terminal domain 

(called the RGS box) composed of approximately 120 amino acids conferring the 

catalytic function of RGS proteins. The RGS box directly interacts with Gα protein of the 

GPCR and contributes to facilitation of GTPase activity to modulate G protein-dependent 

intracellular signaling. Representatively, the RGS box of RGS4 protein and RGS4-Gα 

protein complexes are shown in Figure 3-1. While the N-terminal domain (33 amino 

acids) of RGS proteins does not take part in the acceleration of GTPase, the amphipathic 

α helical structures of this domain offers a site for interaction with the plasma membrane 

(Bernstein et al., 2000;Chen et al., 1999). Furthermore, the N-terminal domain is 

essential for the N-end rule protein degradation pathway (Hu et al., 2005;Kwon et al., 

2002;Lee et al., 2005). Specifically, arginylation at an N-terminal cysteine (position 2) of 

RGS proteins induced by arginyl transferase induces ubiquitin ligases to degrade RGS 

proteins. Regulation of RGS4, 5, and 16 proteins is implemented through the N-end rule 

degradation pathway. The degradation of RGS proteins should be precisely controlled
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Figure 3-1. ‘RGS box’ domain of RGS4 protein and its interactions with Gα protein 

The ‘RGS box’ domain of RGS4 protein is comprised of 9 distinct helices structures 

(α1‒α9, left panel). The helical structure of the RGS box domain of RGS4 protein 

directly interacts with three regions of Gα protein (called switch 1‒3, right panel). The 

RGS box domain accelerates GTPase activity on Gα protein. The figure above is taken 

from a previous study (Vashisth et al., 2013). 
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during physiological conditions, while impaired degradation can contribute to 

pathophysiological events in the cardiovascular system. Indeed, arginyl transferase 

knockout or single point mutation of cysteine to serine in RGS proteins results in 

decreased N-end degradation of RGS proteins and increased mortality with ventricular 

hypoplasia and late angiogenesis (Kwon et al., 2002;Lee et al., 2005). 

RGS protein activity is affected by posttranslational modification including 

phosphorylation. RGS2, RGS5, RGS9 proteins are phosphorylated, which hinders GAP 

activities of those proteins (Kach et al., 2012). Conversely, phosphorylated RGS4 protein 

seems to enhance its GAP activity by stimulating it to interact with Gq protein or to 

translocate to the cell membrane in astrocytes, smooth muscle cells, and cardiac 

myocytes (Hong et al., 1993;Huang et al., 2007;Pedram et al., 2000). Importantly, in 

smooth muscle cells, G protein-coupled receptor kinase 2 (GRK2) possessing Gq-specific 

RGS-like domains and RGS4 can be phosphorylated by protein kinase A (PKA) and 

subsequently the modified proteins inhibit the activity of PLC, which is a downstream 

effector of Gq protein (Carman et al., 1999;Huang et al., 2007). Collectively, on the basis 

of these prior studies, we can form the view that the phosphorylation-dependent 

modulation of RGS proteins GAP activity may depend on cell type, kinase types, or the 

available sites of phosphorylation. 

 

3-2. Roles of RGS proteins in cardiovascular function 

There has been an exponential increase in studies designed to understand the 

functional roles of RGS proteins in the cardiovascular system. To elucidate the 

physiological relevance of RGS proteins in vivo, genetic manipulation approaches such as 
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knockout or knockdown of specific RGS proteins have been implemented. For example, 

RGS2 protein deficient mice have shown promise as models for investigation of the 

physiological function of RGS2 protein in the cardiovascular system. Genetic ablation of 

RGS2 protein elicited excessive hypertrophy in response to prolonged Gαq stimulation 

(i.e. increased pressure overload evoked by transverse aortic constriction surgery), 

suggesting that mechanical stress-mediated GPCR activation and subsequent cardiac 

hypertrophy are modulated by RGS2 protein (Takimoto et al., 2009). Previous 

observations have led Heximer and colleagues (2003a) to establish their hypothesis that 

GPCR-mediated signaling responsible for blood pressure homeostasis may be precisely 

deactivated by negative feedback regulatory mechanisms of GPCR systems such as 

RGS2 protein. In addition, it has been specifically shown that genetic ablation of RGS2 

protein leads to abnormal regulation of systemic blood pressure secondary to prolonged 

GPCR signaling. As a consequence, heterozygous and mice with full knockout of RGS2 

protein exhibit significantly increased mean arterial pressure (MAP) and P2Y receptor-

mediated intracellular Ca2+ levels compared to controls (Heximer et al., 2003). This study 

suggests that RGS2 protein may participate in the regulation of purinergic receptors. 

RGS2 protein has also been shown to regulate nitric oxide (NO)-mediated vasodilation 

(Tang et al., 2003). NO activates cGMP-dependent protein kinase (PKG) and 

subsequently leads to phosphorylation at the N-terminal of RGS2 protein that results in 

translocation toward plasma membrane and increase GAP activity of RGS2 protein (Tang 

et al., 2003).     

Genetic mutation causing a lack of RGS2 protein exacerbates MAP in mice 

treated with continuous Ang II infusion, implying that Ang II-induced hypertension is 
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attenuated by regulation of RGS2 protein (Hercule et al., 2007). The relationship between 

RGS2 protein and hypertension has also been identified in human studies (Semplicini et 

al., 2006;Yang et al., 2005). Along with the alteration in systemic MAP, the RGS2 

protein-deficient mice have shown significantly enhanced vasoconstriction to 

phenylephrine, endothelin-1, and Ang II in mouse interlobar arterioles, which indicates 

that RGS2 protein may interact with multiple GPCR and modulate their downstream 

signaling pathways (Hercule et al., 2007). Importantly, these investigations support the 

proposition that RGS2 protein facilitates the rate of G protein deactivation by 

accelerating GTP hydrolysis (Abramow-Newerly et al., 2006;Heximer et al., 1997). 

Interestingly, RGS2 protein deficiency also leads to markedly enhanced myogenic 

responsiveness of isolated and pressurized interlobar arterioles (Hercule et al., 2007). In 

the context of GPCR-mediated mechanotransduction processes underlying the myogenic 

response (a major topic in this dissertation), however, the types of GPCR governed by 

RGS2 protein remains uncertain.  

In the heart and central nervous system RGS4 protein is predominantly expressed 

and the transcriptional regulation of RGS4 protein is altered in pathophysiological 

circumstances. In contrast to other RGS proteins, pulmonary hypertension or increased 

pressure overload (by aortic band operation) interestingly upregulates mRNA expression 

for RGS4 protein in hypertrophied ventricles compared to control cardiac tissues 

(Tokudome et al., 2008;Wang et al., 2008a;Zhang et al., 1998). Similar observations 

have also been reported in human cardiac tissues where mRNA levels for RGS4 protein 

in cardiomyopathy are 2-3 fold higher compared to those in normal heart (Mittmann et 

al., 2002;Owen et al., 2001). Therefore, it is likely that RGS4 protein appears to act as a 
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compensatory regulator to prevent the heart failure from progressing further. This is also 

supported by previous studies showing that Gαq-mediated hypertrophic signaling (i.e. 

myofilament arrangement and cardiomyocyte growth), in response to pressure overload, 

is reduced by overexpression of RGS4 protein (Tamirisa et al., 1999).  

Of the more than 30 RGS proteins, small arteries or arterioles display strong and 

predominant expression of RGS5 protein (Adams et al., 2000). Gene expression studies 

have identified that cardiovascular pathology is related to expression of RGS5 protein. In 

atherosclerotic lesions, mRNA levels for RGS5 protein are profoundly reduced in 

arteriolar myocytes (Li et al., 2004) while treatment of 3-hydroxy-3-methylglutaryl 

coenzyme A reductase inhibitor (statin) being effective for atherosclerosis significantly 

upregulates expression of RGS5 protein in the aorta (Liu et al., 2007). Moreover, 

transcription of RGS5 protein in the brain capillary and choroid plexus is markedly 

decreased in stroke-prone hypertensive rats (Kirsch et al., 2001). Even though RGS5 

protein is dispensable for arterial development during embryonic stages (Ganss, 2015), 

the protein is necessarily expressed after birth for full arterial development (Bondjers et 

al., 2003;Cho et al., 2003b). Collectively the available data suggest that RGS5 protein 

may contribute to regulation of contractility or tone of arteries. Providing further support, 

gene expression studies show RGS5 protein to be a potent modulator of cardiovascular 

function. Knockout of RGS5 protein in arteriolar myocytes significantly potentiates Ang 

II-induced downstream signaling pathways including enhanced activation of MAPK 

(Wang et al., 2002a). In cardiac tissue, pressure overload-induced cardiac remodeling is 

exacerbated in RGS5-deficient mice (Li et al., 2010). Further, in animal models with 

genetic deletion of RGS5 protein, resistance arteries are hypertrophied and markedly 
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stiffened (Holobotovskyy et al., 2013). In RGS5 knockout mice, enhanced Ang II-

mediated Ca2+ signaling and contraction of femoral arteries are observed and may 

contribute to hypertension (Holobotovskyy et al., 2013). Aging-dependent vascular 

stiffness is further exacerbated in RGS5-deficient arteries (Holobotovskyy et al., 2013). 

In recent studies of pregnant RGS5-deficient mice, decreased expression of RGS5 protein 

has been implicated in causing gestational hypertension that is associated with enhanced 

contraction of femoral and uterine vascular beds in response to Ang II (Holobotovskyy et 

al., 2015). The RGS5 knockout-induced preeclampsia and gestational hypertension are 

ameliorated by an AT1R blocker (i.e. candesartan), suggesting that AT1R signaling-

mediated blood pressure homeostasis is regulated by RGS5 protein (Holobotovskyy et 

al., 2015). However, in contrast some studies have reported that genetic ablation of RGS5 

protein unexpectedly induces hypotension (Cho et al., 2008;Nisancioglu et al., 2008). 

The disparate responses may relate to result from different knockout strategies (cloning a 

lacZ/neomycin gene cassette or Cre/LoxP technologies), genetic background, and/or 

methods for assessment of blood pressure (i.e. tail-cuff plethysmography vs. 

anaesthetized state).                 

The above studies described provide information supporting RGS proteins 

playing a protective role in the cardiovascular system. In regard to this, upregulation of 

RGS5 protein has been observed to attenuate Ca2+ signaling and contractility of arteries 

in response to administration of GqPCR-related vasoconstrictors, suggesting that Gq 

protein-mediated downstream signaling pathways are modulated by RGS5 protein 

(Holobotovskyy et al., 2013;Wang et al., 2002a;Wang et al., 2008a;Yang et al., 2012). 

According to previous studies (Li et al., 2010), RGS5 overexpression opposes cardiac 
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hypertrophy and fibrosis caused by aortic banding (i.e. increased pressure 

overload/mechanical stress on cardiac myocytes), which result from the RGS5 protein-

dependent inhibition of MEK-ERK1/2 signaling. Additionally, cardiac-specific RGS4 

protein overexpression ameliorates Gαq protein signaling-dependent left ventricular 

hypertrophy under mechanical stress (Rogers et al., 1999;Rogers et al., 2001). PKG-

mediated phosphorylation of RGS4 protein, caused by the application of atrial natriuretic 

peptide, plays an important role in guanylyl cyclase A-evoked attenuation of cardiac 

hypertrophy (Tokudome et al., 2008). In that study, upregulation of RGS4 protein 

significantly abrogates heart weight, cardiomyocyte size, and augmented gene expression 

relating to cardiac hypertrophy in a guanylyl cyclase-A knockout animal model 

(Tokudome et al., 2008). Taken together, it is suggested that RGS proteins mediate rapid 

and precise termination of GPCR signaling pathways and this is critical to physiological 

function and pathologies of cardiovascular system.    

 

3-3. Selective regulation of RGS proteins 

RGS proteins appear to have functional similarity for the modulation of GPCR 

activity in the cardiovascular system. Thus, it was traditionally predicted that RGS 

proteins are coupled to certain classes of Gα subunit (Neitzel & Hepler, 2006). This is 

supported by previous studies that individual RGS proteins of the B/R4 subfamily 

indiscriminately interacts with Gαi or Gαq/11 protein (Hollinger & Hepler, 2002). It has 

also been well-established that Gαq- or Gαi-induced GPCR downstream responses are 

regulated by RGS5 protein in arteriolar myocytes (Bodenstein et al., 2007;Cho et al., 

2003b;Seki et al., 1998;Zhou et al., 2001). Likewise, RGS2 protein selectively interacts 
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with Gαq protein and potently fine-tunes GqPCR signaling (Heximer et al., 1997). RGS4 

protein shows considerable sequence homology with RGS5 protein and inhibits Gαq and 

Gαi protein-dependent signaling (Gu et al., 2009). Of additional interest, the B/R4 

subfamily of RGS proteins is not evenly expressed in all cells or tissues. T and B 

lymphocytes are key sites of RGS1 protein (Agenes et al., 2005) whereas VSMC strongly 

express RGS5 protein (Gu et al., 2009). Further, even in the same cells or tissues, RGS 

proteins are considered to differentially interact with specific GPCR. Therefore, 

numerous investigations have tested the hypothesis that RGS proteins preferentially and 

precisely discriminate specific GPCR bound to the same Gα protein (Neitzel & Hepler, 

2006).  

Studies have demonstrated that RGS3 protein selectively inhibits endothelin-1 

receptor-mediated signaling while RGS1 and 2 proteins show negligible inhibitory effects 

on the endothelin-1 receptor signaling pathways (Cho et al., 2003a). In that study, 

substantial attenuation of AT1R-dependent ERK-2 phosphorylation is observed in a 

manner dependent on RGS2 and 3 proteins, but not RGS4 protein. Additionally, RGS4 

protein efficiently attenuates Ca2+ signaling in response to activation of muscarinic 

cholinergic, bombesin, and cholecystokinin receptors in pancreatic acinar cells (Xu et al., 

1999). In particular, cholinergic receptors are preferentially regulated by RGS4 protein. 

In glomerular mesangial cells, urotensin II-mediated elevation in intracellular global Ca2+ 

levels is specifically modulated by RGS2 protein (Adebiyi, 2014). In VSMC, RGS3 or 5 

protein is involved in selectively control of signaling of the acetylcholine receptor or 

AT1R, respectively (Wang et al., 2002a). Relevant to candidate biological 

mechanosensors, including purinergic receptors or AT1R for myogenic vasoconstriction 
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of resistance arterioles, it is suggested that different RGS proteins discriminately regulate 

different GPCR-mediated mechanoactivation pathways and subsequent pressure-induced 

vasoconstriction. 

The N-terminal domain of RGS proteins provides specificity of the RGS protein. 

The ability of RGS4 protein, deleted of its N-terminal domain, to inhibit Gαq protein-

induced Ca2+ signaling is approximately 10,000 times less than the full-length RGS4 

protein (Zeng et al., 1998). Similarly, N-terminal mutation decreases the inhibitory 

effects of RGS5 protein on Ca2+ signaling in response to application of Ang II and 

endothelin-1. Further, the N-terminal-deleted RGS5 protein is largely confined to the 

cytosol despite agonist stimulation (Zhou et al., 2001). Moreover, the same research 

group has compared abilities of RGS2, 4, and 5 proteins to regulate AT1R-mediated Ca2+ 

signaling (Matsuzaki et al., 2011). As a consequence, it has been found that inhibition of 

Ca2+ signaling is dependent on the total volume of RGS proteins transfected to HEK-293 

cells. Among three RGS proteins, RGS2 protein is a potent modulator for AT1R 

signaling. Notably, switching of the N-terminal domain between RGS2 and 5 proteins 

dramatically alters their inhibitory effects on downstream pathways following AT1R 

activation (Matsuzaki et al., 2011), further confirming that the selectivity of RGS 

proteins to specific GPCR may be determined by the properties of their N-terminals.  

 

3-4. Summary, hypotheses, and specific aims 

The myogenic response is crucial for determining the magnitude and distribution 

of blood flow in small resistance arteries. Despite the physiological importance, impaired 

myogenic constriction has been thought to link to pathological disorders in vascular 
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system, for example, abnormal remodeling of vascular wall or ischemic stroke in brain. 

In this context, it can be speculated that blood vessels have developed negative feedback 

regulatory machineries to prevent excessive myogenic constriction. For example, in some 

arteriolar myocytes, BKCa plays a central role in moderating pressure-induced membrane 

depolarization and extracellular Ca2+ entry via VOCCs that are key determinants for 

myogenic constriction. 

It has been well-established that GPCR contribute to signaling transduction in the 

cardiovascular system. In small resistance arteries, GPCR have been implicated to act as 

potential mechanosensors and initiate, in part, myogenic signaling. Likewise, we found 

that the AT1R contributes to pressure-induced vasoconstriction in a manner dependent of 

DAG (a downstream molecule of Gq protein signaling). It is, therefore, conceivable that 

dysregulation of AT1R-mediated downstream signaling may be coupled to exaggerated 

myogenic constriction. Alternatively described, it is likely that there may be negative 

regulatory mechanisms underlying the appropriate termination of the mechanosensor-

mediated downstream pathways. However, regulation of mechanosensitive AT1R in 

myogenic constriction has not yet been completely elucidated. As mentioned earlier, 

RGS proteins have been believed to hydrolyze GTP on active α subunit of G protein and 

fine-tune G protein-mediated signaling. Thus, we have targeted RGS proteins as a 

negative feedback regulator and sought to test the hypothesis that pressure (stretch)-

dependent vasoconstriction is controlled by RGS proteins. The hypotheses and specific 

aims examined in the Chapter 4 are as follows: 

HYPOTHESIS: RGS proteins negatively regulate mechanosensitive GPCR-

mediated myogenic vasoconstriction in resistance arterioles 
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Specific Aim A: Examine mRNA expression and protein levels of RGS proteins 

in arteriolar VSMC 

Specific Aim B: Examine the trafficking and selectivity of specific RGS proteins 

to the AT1R in response to Ang II treatment and VSMC stretch induced by hypo-

osmolality 

   Specific Aim C: Examine whether RGS protein knockdown alters AT1R-

mediated vasoconstriction and/or myogenic reactivity  
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CHAPTER 4 
 

RECRUITMENT OF RGS5 PROTEIN TO ACTIVATED 

ANGIOTENSIN II TYPE 1 RECEPTORS FOR REGULATION OF 

MYOGENIC OR ANGIOTENSIN II-MEDIATED 

VASOCONSTRICTION IN SKELETAL MUSCLE ARTERIOLES 

 
4-1. Abstract 

As enhanced pressure-induced vasoconstriction may contribute to vascular 

disorders, mechanoactivation of the AT1R is likely regulated by negative feedback 

mechanisms. This study explored whether regulators of G-protein signaling (RGS) 

proteins, key molecules for the negative regulation of GPCR signaling, are co-localized 

with the AT1R activated by mechanical stress or Ang II in VSMC and subsequently 

regulate Ang II- or intraluminal pressure-mediated vasoconstriction of rat skeletal muscle 

arterioles. End-point PCR analysis indicated that message for RGS2, 4, 5, 14, and 16 

proteins were expressed and real-time quantitative PCR results revealed that message for 

RGS5 protein was abundantly expressed in rat cremaster arterioles. To explore whether 

Ang II-mediated activation of the AT1R leads to translocation of RGS5 protein, 

immunofluorescence staining was performed with cultured cremaster arteriolar myocytes 

and provided the suggestion that RGS5 protein was expressed and co-localized with the 

AT1R activated by Ang II. Subsequently, an in situ proximity ligation assay (PLA) was 

employed with or without candesartan (an AT1R blocker) in arteriolar myocytes. The 

VSMC were treated with Ang II (10-7 & 10-6M) or hypotonic solution (240–150 

mOsm/L) to determine if ligand dependent- or independent-activation of the AT1R 
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recruits RGS protein. PLA, using antibodies directed against AT1R and RGS5 protein, 

indicated a concentration-dependent significant increase in fluorescent labeling per 

VSMC, indicative of co-localization between the two target proteins, in the presence of 

Ang II or hypotonic solution, compared to non-treated control. Increased PLA labeling 

induced by Ang II or hypotonic solution was significantly reduced by candesartan (10-

5M), suggesting that inhibition of AT1R activation impedes the translocation of RGS5 

protein. In contrast to RGS5 protein, the Ang II- or membrane stretch-induced activation 

of the AT1R did not result in translocation of RGS16 protein in VSMC, suggesting that 

AT1R signaling pathways may be specifically regulated by RGS5 protein. To address the 

physiological impact of RGS5 protein on Ang II- or pressure-induced vasoconstriction, a 

single dose response of Ang II (10-7M) and myogenic reactivity were studied in rat 

cremaster arterioles transfected with sham siRNA or siRNA-directed RGS5 protein. 

Knockdown of RGS5 protein caused enhanced vasoconstriction in response to Ang II or 

increased intraluminal pressure. Myogenic constriction was profoundly attenuated by 

candesartan, suggesting that RGS5 protein may contribute to regulation of signaling 

pathways after ligand-dependent or -independent activation of the AT1R in VSMC. 

Taken together, these findings indicate that the AT1R activation causes trafficking of 

RGS5 protein, which may prevent exaggerated AT1R-mediated vasoconstriction of rat 

skeletal muscle arterioles by rapidly and precisely terminating Gq/11 protein-dependent 

downstream signaling.  

 

4-2. Introduction  
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Resistance arteries and arterioles are mechanosensitive, displaying constriction 

and dilation in response to increased or decreased intravascular pressure (the Myogenic 

Response), respectively. It is inherent to VSMC and independent of the endothelium or 

neural inputs. A general and linear sequence for pressure-induced constriction comprises: 

1) mechanosensation of stretch/strain/pressure by the blood vessel wall; 2) 

mechanotransduction triggered by VSMC depolarization, increased Ca2+ entry, and 

protein phosphorylation; 3) activation of actomyosin interaction; and 4) vasoconstriction 

(Brayden et al., 2008;Davis et al., 1992;Davis & Hill, 1999;Drummond et al., 2004;Knot 

et al., 1998;Kotecha & Hill, 2005;Wu & Davis, 2001;Zou et al., 1995;Zou et al., 2000). 

Recently, the AT1R, a member of the family of GPCR, has been proposed to act as a 

mechanosensor in a ligand-independent manner. It has been proposed that in arteriolar 

VSMC an increase in intraluminal pressure activates the AT1R directly and in turn 

produces Gq/11 protein-mediated second messengers (i.e. IP3 and DAG) (Schnitzler et 

al., 2008;Schnitzler et al., 2011;Storch et al., 2012). GPCR-evoked activation of PLCγ1 

results in Ca2+ influx via TRPC6 channel and induces IP3 generation-coupled local Ca2+ 

release from SR that activates TRPM4 channel and modulates membrane depolarization 

and myogenic constriction (Gonzales et al., 2014). While intracellular signaling pathways 

following mechanoactivation of the AT1R have been well investigated, regulatory 

mechanisms underlying the AT1R mechanoactivation-mediated myogenic constriction of 

resistance arterioles are yet to be fully delineated. 

The arteriolar myogenic response is considered to be a vital autoregulatory 

mechanism, which regulates local hemodynamics in accordance with metabolic needs 

and protects tissues/organs from fluctuations in blood pressure and flow (Davis & Hill, 
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1999;Hill et al., 2001;Kauffenstein et al., 2012;Lidington et al., 2013;Schubert et al., 

2008;Tan et al., 2013). Further, the myogenic response acts to generate vascular tone, 

prevent capillaries from being damaged from high blood pressure, and reduce edema due 

to high capillary hydrostatic pressure. Deficient blood flow caused by an exacerbated 

myogenic response as observed in hypertension likely contributes to ischemic stroke, 

vascular rupture, and blood-brain barrier disruption (Walsh & Cole, 2013). In addition, an 

inability of resistance arteries to develop appropriate myogenic tone occurs in 

cardiovascular pathologies. In subarachnoid hemorrhage, enhanced myogenic tone occurs 

due to membrane depolarization resulting from abnormal Kca channel activity (Roman et 

al., 2006), reduced Ca2+ spark generation (Ishiguro & Wellman, 2008), or augmented 

activity of the L-type Ca2+ channel (Shirao et al., 2008). An exaggerated myogenic 

response in congestive heart failure is attenuated by losartan or candesartan (AT1R 

blockers), implicating involvement of the AT1R in myogenic reactivity in 

pathophysiological situations (Gschwend et al., 2003). It is therefore likely that AT1R-

mediated signaling mechanisms underlying myogenic constriction are tightly controlled 

to maintain appropriate myogenic responsiveness. This is, indeed, supported by our own 

data presented in the previous chapter. However, investigation into negative regulatory 

mechanisms for preventing AT1R-mediated exacerbation of myogenic constriction has 

not been fully studied.  

The AT1R is a member of Gq/11PCR family of seven transmembrane proteins. 

The heterotrimeric G-protein component of a GPCR consists of Gα and Gβγ subunits. 

Activated GPCR exchange guanosine triphosphate (GTP) with guanosine diphosphate 

(GDP) on the Gα subunit, which subsequently dissociates from the remaining Gβγ 
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subunit. The dissociated subunits activate or inhibit downstream effectors (Hollinger & 

Hepler, 2002). Many studies have demonstrated that most cells inactivate GPCR 

signaling by catalyzing GTP on Gα subunit that is then allowed to be re-united with Gβγ 

subunit (Bansal et al., 2007). However, cofactors are necessary for the inactivation of 

GPCR since the Gα subunit has intrinsic GTPase activity, hydrolyzing GTP at a slow 

rate. Regulators of G protein signaling (RGS) proteins interact with the activated Gα 

subunit and accelerate intrinsic GTPase activity of the subunit. RGS proteins are referred 

to as GTPase accelerating protein (GAP) and negative regulators that contribute to 

reduced GPCR signaling (Willars, 2006). The RGS family of proteins has >30 members 

which share a 120 common residue domain that is referred to as ‘RGS box’ and directly 

bind to Gα subunit to attenuate GPCR signaling (Sjogren & Neubig, 2010). 

As there are diverse GPCR and RGS proteins in mammalian cells, it is suggested 

that RGS proteins may be stimulated selectively and recruited to specific GPCR in 

response to various physiological signals to selectively regulate downstream signaling 

(Neitzel & Hepler, 2006). RGS3 and RGS5 proteins are thought to preferentially control 

M3-Ach receptor and AT1R-related cellular pathways, respectively (Wang et al., 2002a). 

In HEK cells with AT1R expression, the intracellular Ca2+ signaling response to Ang II is 

further attenuated by RGS2 protein compared to RGS4 or RGS5 protein (Matsuzaki et 

al., 2011). More recently, it has been demonstrated that urotensin II-induced Ca2+ 

signaling is regulated by RGS2 protein in glomerular mesangial cells (Adebiyi, 2014). 

The ligand-dependent activation of urotensin II receptor induces recruitment of RGS2 

protein to the mesangial cell membrane, which attenuates Ca2+ signaling. Similarly, due 

to the selectivity of RGS proteins shown in previous studies, it is suspected that specific 
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RGS proteins involve regulation of the AT1R mechanoactivation. However, the 

specificity remains to be determined.    

As RGS proteins are considered negative feedback regulatory molecules for G 

protein-mediated signaling of GPCR, it is anticipated that the dysfunction of RGS 

proteins may result in excessive and uncontrolled GPCR signaling that in turn may 

contribute to cardiovascular dysfunction. RGS2 and RGS5 proteins contribute to pressure 

overload-induced cardiac remodeling as evidenced by studies of mice genetically lacking 

these regulatory proteins (Li et al., 2010;Takimoto et al., 2009). Thus enhanced Gq/11-

mediated signaling evokes hypertrophy, fibrosis, and dysfunction in the absence of RGS2 

and RGS5 proteins (Zhang & Mende, 2014). It has been reported that RGS2 and RGS5 

proteins regulate blood pressure (Heximer et al., 2003;Tang et al., 2003) and vessel wall 

remodeling (Holobotovskyy et al., 2013). The loss of RGS5 protein evokes a profound 

Ang II-mediated hypertension that results from augmented Gq/11-mediated signaling. 

Specifically it is associated with increased activities of PKC, ERK, and ROCK 

(Holobotovskyy et al., 2013). Most recently, RGS5 protein-deficiency in pregnant mice 

has been identified to cause hypertension and preeclampsia during the gestational period 

(Holobotovskyy et al., 2015). At present, evidence relating to the involvement of AT1R 

mechanoactivation in pressure-dependent vasoconstriction and the function of RGS 

proteins in the cardiovascular system has been accumulating in parallel. Thus, it is 

necessary to clarify how the negative regulatory RGS proteins modulate AT1R 

mechanoactivation-mediated myogenic constriction. 

Thus, the present study aimed to explore whether RGS proteins, key molecules 

for the negative regulation of GPCR signaling, are co-localized with AT1R activated by 
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agonists or mechanical stimuli in arteriolar myocytes for regulation of the AT1R-

mediated vasoconstriction. In particular, this study sought to determine: 1) whether major 

RGS proteins expressed in cremaster arteriolar myocytes are distributed in cytosol and/or 

plasma membrane at a resting state; 2) whether application of Ang II or mechanical 

stresses (i.e. stretch of cell membrane) results in translocation of specific RGS proteins 

(in case RGS5 protein) to the activated AT1R in cremaster arteriolar myocytes; 3) 

whether the equivalent treatments may not induce trafficking of non-specific RGS 

proteins (in case RGS16 protein) in cremaster arteriolar myocytes; and 4) whether genetic 

manipulation of RGS proteins (i.e. knockdown) alters Ang II-mediated vasoconstriction 

or myogenic reactivity of rat cremaster muscle arterioles. 

 

4-3. Methods  

 

Animals  

All experimental protocols were approved by the Animal Care and Use 

Committee of the University of Missouri-Columbia (U.S.A.). Male Sprague-Dawley rats 

(6-8 weeks of age; 150-250g) were involved in the present study. Animals were housed 

in a well-controlled animal facility (i.e. temperature, humidity, and light) and allowed to 

freely access standard rat chow and water. Rats were anaesthetized with sodium 

pentobarbital (Nembutal, 100 mg/kg body weight) given by intraperitoneal injection. 

 

Vessel isolation 
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For the various studies (e.g. real-time quantitative PCR, in situ proximity ligation 

assay, siRNA transfection, pressure myography), either the right or left cremaster muscle 

was excised from anesthetized rats involved in this study. The muscle tissue was 

transferred to a cooled chamber (4°C) containing dissection solution (in mM): NaCl 140; 

KCl 5.6; MgSO4 1; NaH2PO4 1.2; EDTA 0.02; sodium pyruvate 2; glucose 5; MOPS 3; 

albumin 0.1 mg/ml (USB Corporation, Cleveland, OH, USA). pH of the dissection buffer 

was adjusted to 7.3 with NaOH at room temperature. First-order cremaster arterioles 

(approximately 1‒2 mm in length) were dissected from the tissues in the cooled chamber.  

 

RNA purification and end-point/real-time quantitative polymerase chain reaction 

(PCR)  

Methods for RNA purification and end-point/real-time PCR used in this study 

have been described previously (Fujiwara-Igarashi et al., 2013;Lee et al., 2015;Nourian 

et al., 2014). First-order cremaster arterioles from rats were subjected to total RNA 

extraction using the Arcturus PicoPure RNA isolation kit (Applied Biosystems, Carlsbad, 

CA, USA) and on-column DNase I (Qiagen, Valencia, CA, USA) to minimize 

contamination from genomic DNA. Warm elution buffer (35 µl) was directly applied to 

the membrane of RNA purification column to elute RNA. The eluted RNA (8 µl) was 

used for cDNA synthesis via reverse transcription using random hexamer, oligod(T) 

primers, and SuperScript III First-Strand Synthesis System (Life Technologies, Grand 

Island, NY, USA). End-point PCR was first performed to examine whether RGS2, 4, 5, 

14, and 16 proteins are expressed in intact rat cremaster muscle arterioles. The rat heart 

and brain tissues were used as positive controls for RGS proteins detected in end-point 
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PCR analysis. Each end-point PCR reactions (25 µl) included 1 µl of first-strand cDNA 

mixture as the template, 3 mM MgCl2, 0.25 µM primers, 0.2 mM deoxynucleotide 

triphosphates, and GoTaq Flexi DNA polymerase (Promega, Madison, WI, USA). The 

PCR thermal program consisted of 1) an initial denaturation step at 95 °C for 2-min, 2) 

35 cycles of denaturation step at 95 °C for 20-sec, 3) an annealing step at 60 °C for 30-

sec, an elongation step 72 °C for 30-sec, and an extension step 72 °C for 5-min. PCR 

amplification products were separated by electrophoresis with a 2% agarose gel. DNA 

bands were imaged by ethidium bromide staining.  

Real-time quantitative PCR was conducted using KAPA SYBER FAST qPCR Kit 

Master mix (KAPA Biosysems, Woburn, MA, USA). A Mastercycler EP Realplex 2 

(Eppendorf-North America, Westbury, NY, USA) was employed to detect mRNA 

expression of RGS2, 4, 5, 14, and 16 proteins in intact rat cremaster arterioles. The 

mRNA expression of RGS5 protein was also tested with cremaster arterioles transfected 

with sham siRNA and siRNA-targeted RGS5 protein to assess efficiency of the siRNA. 

Each PCR reaction (20 µl) contained 10 µl of the KAPA SYBR Mix, 1 µl of forward and 

reverse primers, 7 µl of DNase-free water, and 1 µl of first-strand cDNA as a template. 

For each real-time PCR determination, a negative control without template cDNA was 

included. Forward and reverse primers of the RGS proteins used in this study were pre-

designed and purchased from Integrated DNA Technologies (Caralville, IA, USA). 

Amplification efficiencies between target and housekeeping genes were tested. For an 

internal control, β-actin was selected as an appropriate housekeeping gene. The real-time 

PCR thermal program comprised polymerase activation at 95°C for 2-min, 42 cycles of 

denaturation at 95°C for 3-sec, annealing, and extension at 56°C for 30-sec. A melting 
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curve was tested after each run to confirm the specificity of the amplified products. The 

comparative threshold (Ct) method (2-∆∆Ct; Livak & Schmittgen, 2001) was employed to 

evaluate relative expression levels. Each expression was normalized to expression of 

RGS2 protein and presented as mean ± S.E.M., p < 0.05. The expected size of PCR 

products, amplification efficiency, and primer sequences are described in Table 4-2. 

 

Isolation of arteriolar myocytes from rat cremaster muscle arterioles 

Methods for isolation of fresh arteriolar myocytes from rat cremaster arterioles 

were similar to those used previously (Yang et al., 2013). Cremaster arteries were 

dissected and incubated with low-Ca2+ PSS (1 ml) including (in mM): NaCl 144; KCl 

5.6; CaCl2 0.1; MgCl2 1.0; Na2HPO4 0.42; HEPES 10; sodium pyruvate 2; and BSA 1 

mg/ml at room temperature. After 5-min, segments of the arteries were confirmed to 

settle to the bottom of the tube and then the solution was decanted. The dissected 

cremaster arterioles were incubated with low-Ca2+ PSS containing 26 U/ml papain 

(Sigma-Aldrich, St. Louis, MO, USA) and 1 mg/ml dithiothreitol (Sigma-Aldrich, St. 

Louis, MO, USA) at 37°C for 30-min along with intermittent agitation, which were 

transferred to low-Ca2+ PSS containing 1.95 U/ml type H collagenase (Sigma-Aldrich, St. 

Louis, MO, USA), 1 mg/ml soybean trypsin inhibitor (Sigma-Aldrich, St. Louis, MO, 

USA), and 75 U/ml elastase (Elastin Products Company, Owensville, MO, USA) for 

incubation (8–10 min at 37°C.). After further digestion, the remaining segments of 

cremaster arterioles were washed 2–3 times with low-Ca2+ PSS and triturated gently by a 

fire-polished Pasteur pipette to release single cells in 20% serum medium. Specific 

components of the conditional medium are introduced below. Isolated arteriolar 
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Table 4-1. Properties of primers used for end-point and real-time PCR 

Target 
gene Accession number Primer sequence Amplicon 

length 
Amplification 

efficiency 

RGS2 NM_053453 
F: 5’-CCCGTTTGAGCTATTTCTTGC-3’ 

129bp 1.92 
R: 5’-CATCAAATGCTTCTGCCCAG-3’ 

RGS4 NM_017214 
F: 5’-GGAGCGCAAAGGATATGAAAC-3’ 

147bp 1.94 
R: 5’-GCGATTCAGCCCATTTCTTG-3’ 

RGS5 NM_019341 
F: 5’-TTGAGTTCTGGGTTGCCTG-3’ 

147bp 1.97 
R: 5’-TGGTGATGTCTTTAGTGAAGTGG-3’ 

RGS14 NM_053764 
F: 5’-AGACACTGGTTTTGGACACTC-3’ 144bp 

  2.05 
R: 5’-CTTCTACCGACAAACTGGAGG-3’ 

RGS16 NM_001077589 
F: 5’-AATTCGAGTGGGCCAGTAAG-3’ 

130bp 1.99 
R: 5’-GTCTTTAGGAAGGCGTGGAA-3’ 

β-actin NM_031144 
F: 5’-CCTCTATGCCAACACAGTGCTGTCT-3’ 

128bp 1.99 
R: 5’-GCTCAGGAGGAGCAATGATCTTGA-3’ 
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myocytes from cremaster arterioles were cultured under conditional medium (DMEM/F-

12) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, 

Lawrenceville, GA, USA), 1% HEPES (Sigma-Aldrich, St. Louis, MO, USA), 1% L-

glutamine (Sigma-Aldrich, St. Louis, MO, USA), 1% sodium pyruvate (Sigma-Aldrich, 

St. Louis, MO, USA), 1% penicillin, and 1% streptomycin for 10–12 days prior to an in 

situ proximity ligation assay. Arteriolar myocytes were placed in 15-well tissue culture 

treated Slide Angiogenesis (ibidi, Planegg, Germany) and kept in a humidified and water-

jacked incubator (Forma Scientific, Waltham, MA, USA) with 5 % CO2 at 37°C.  

 

Immunofluorescence staining 

Cultured cremaster arteriolar myocytes (passage 0) incubated with or without Ang 

II (1 µM) for 30-min were fixed with 4% paraformaldehyde for 20 min and 

permeabilized with a blocking solution containing 0.05% Triton X-100 and 1% bovine 

serum albumin (BSA) overnight at 4°C. After the incubation, the fixed arteriolar 

myocytes were treated with antibodies to AT1R and RGS5 protein overnight and stained 

with Alexa 488-conjugated anti-rabbit (Life Technologies, Grand Island, NY, USA, 

Catalog: A-11008) or Alex 647-conjugated anti-goat (Life Technologies, Grand Island, 

NY, USA, Catalog: A-21447) secondary antibodies. Alex 488 and 647 were excited at 

488 and 633 nm respectively and emission wavelength was detected by confocal 

microscopy.  

 

In situ proximity ligation assay (PLA)  
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An in situ PLA detection kit (Duolink, Olink Biosciences, Inc.) was used to study 

co-localization of the AT1R with RGS5 or RGS16 protein. Methods for in situ PLA have 

been described previously (Adebiyi, 2014). Cremaster arteriolar myocytes (passage 0) 

were cultured for 8‒10 days in glass chamber slides and serum-starved for 12-hour prior 

to the assay to eliminate effects of Ang II in the 10% serum medium. The arteriolar 

myocytes was treated with Ang II (10-7 and 10-6M) or hypo-osmotic solution (240–150 

mOsm/L) in the absence or presence of candesartan. The treated VSMC were fixed with 

4% paraformaldehyde for 20 min and permeabilized with a blocking solution containing 

0.05% Triton X-100 and 1% BSA overnight at 4°C. After blocking, the VSMC were 

incubated with primary antibodies against AT1R (1:200 dilution, a rabbit polyclonal 

AGTR-1 antibody, Novus Biologicals, NBP1-77078), RGS5 protein (1:200 dilution, a 

goat polyclonal IgG RGS5 protein antibody, Santa Cruz Biotechnology, sc-28492) or 

RGS16 protein (1:200 dilution, a goat polyclonal IgG RGS16 protein antibody, Santa 

Cruz Biotechnology, sc-23859) at 4°C for 12-hour. The VSMC were incubated with 

Duolink secondary antibodies conjugated with oligonucleotides (anti-goat PLA probe 

Plus and anti-rabbit PLA probe Minus) in a pre-heated humidity chamber (60 min, 37°C). 

The VSMC were then treated with ligation solution (30 min, 37°C) to make a complete 

DNA oligonucleotide circle between the two PLA probes. Following enzymatic ligation, 

the circle-forming oligonucleotides were amplified by polymerase in the humidity 

chamber (100 min, 37°C). Amplification products were identified by fluorescently 

labeled complementary oligonucleotide detection probes. The glass chamber slide was 

mounted using Duolink In Situ Mounting Medium with DAPI nuclear stain, imaged using 

a confocal microscope, and analyzed with a Duolink Image Tool (Olink Bioscience). 
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Data represent mean values ± S.E.M., p < 0.05. Oligonucleotides hybridized to the two 

PLA probes only if they are in close proximity (<40 nm). 

 

siRNA transfection using reversible permeabilization 

Several segments (approximately 1–2 mm in length) of first-order rat cremaster 

arterioles were micro-dissected in a cooled dissection chamber (4°C). Either sham siRNA 

(as a negative control, Qiagen, Valencia, CA, USA; Catalog number: 1027280) or 

siRNA-directed RGS5 protein (Integrated DNA Technologies, Coralville, IA, USA) was 

transfected into vessel segments using reverse permeabilization (Yang et al., 2013). 

Oligonucleotide sequences for RGS5 siRNA were 5’-

UUGAUCUUCUUGUAAUUCUCACAGGCA-3’ and 3’-

AACUAGAAGAACAUUAAGAGUGUCC-5’. Negative control treatment was 

performed using the sham siRNA. For siRNA transfection with reversible 

permeabilization, segments of cremaster arterioles were transferred to sterilized culture 

dishes and treated to four different solutions containing (in mM): 1) EGTA 10, KCl 120, 

ATP 5, MgCl2 2, TES 20 (pH 6.8, 30-min, 4°C); 2) EGTA 0.1, KCl 120, ATP 5; MgCl2 

2, TES 20; siRNA 125 nM (pH 6.8, 3-hour, 4°C); 3) EGTA 0.1, KCl 120, ATP 5, MgCl2 

10, TES 20, siRNA 100 nM (pH 6.8, 30-min, 4°C); and 4) NaCl 140, KCl 5, MgCl2 10, 

glucose 5, MOPS 2 (pH 7.1, 30-min, 22°C). After the 30-min incubation in solution 4, 

CaCl2 was gradually applied every 15-min to cumulatively increase Ca2+ concentration in 

solution 4 (from 0.001 to 0.01 to 0.01 to 1.6 mM). Vessel segments were then bathed in 

serum-free DMEM/F12 culture medium containing 1% HEPES (Sigma-Aldrich, St. 

Louis, MO, USA), 1% L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 1% sodium 
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pyruvate (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin, and 1% streptomycin and 

kept in a humidified and water-jacked incubator (Forma Scientific, Waltham, MA, USA) 

with 5 % CO2 for 48-hour at 37°C. The vessel segments transfected with either sham 

siRNA or siRNA targeting RGS5 protein were used in assessing pressure-diameter 

relationships and vasomotor response to Ang II (10-7M) to address whether knockdown 

of RGS5 protein affects myogenic reactivity and/or Ang II-induced vasoconstriction of 

rat cremaster muscle arterioles. The remainder of vessel segments were used in real-time 

quantitative PCR studies to verify whether siRNA-directed RGS5 protein efficiently 

reduces the mRNA level of endogenous RGS5 protein in rat skeletal muscle arterioles.     

 

Functional assessment of skeletal muscle arterioles using pressure myography  

Methods for measurement of myogenic reactivity of skeletal muscle arterioles 

have been described previously (Barrett et al., 2015;Hill et al., 2000;Meininger et al., 

1991). Segments of first-order rat cremaster arterioles transfected with either sham 

siRNA or siRNA targeting RGS5 protein were cannulated and secured onto glass 

micropipettes with 11-0 monofilament suture and positioned in a custom designed 

superfusion chamber. The arterioles were luminally filled with a modified Kreb’s buffer 

containing (in mM): NaCl 111; NaHCO3 25.7; KCl 4.9; CaCl2 2.5; MgSO4 1.2; KH2PO4 

1.2; glucose 11.5; HEPES 10. pH of the buffer was adjusted to 7.3 with NaOH at room 

temperature. The cannulation stage was placed on an inverted microscope and the 

arterioles were continually superfused with Kreb’s buffer (4 ml/min) during vascular 

functional experiments. The arterioles were initially pressurized to 70 mmHg (in the 

absence of luminal flow) by connecting the inflow pipettes to a height-adjustable fluid 
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reservoir (the outflow pipette was closed using a 3-way stopcock). Length of the 

cannulated arterioles was determined by stretching the vessels until lateral bowing did not 

occur while increasing intraluminal pressure (30–110 mmHg). The arterioles were 

incubated with warm (33–34°C) Kreb’s buffer during a 60-min equilibration period and 

allowed to develop spontaneous myogenic tone. Changes in intraluminal diameter in 

response to alteration of intraluminal pressures were monitored using video microscopy 

and a video-based caliper system. Intraluminal pressures were progressively increased 

from 10 to 110 mmHg in a stepwise manner (i.e. 20 mmHg steps) to examine pressure-

diameter relationships in the absence or presence of candesartan (10-5M). Vasomotor 

responses of the siRNA-transfected cremaster arterioles to Ang II (10-7M) were studied. 

At the end of all pressure myography experiments, vessels were superfused with 0 mM 

Ca2+ Kreb’s buffer containing 2mM EGTA and maximal passive diameters at each 

pressure step were recorded. All diameters in response to changes in intraluminal 

pressure or single dose of Ang II were normalized to the vessel’s passive diameter at 70 

mmHg (%d70passive). Data represent mean values ± S.E.M., p < 0.05. 

 

Western blotting 

Rat heart, kidney, retina, and cultured (passage 0) cremaster arteriolar VSMC 

were isolated and homogenized in RIPA lysis buffer containing protease inhibitors using 

a pre-cold mortar and pestle for protein extraction. Approximately 5‒45 µg protein 

(tissue-dependent) was loaded onto a 4‒20% sodium dodecyl sulfate-polyacrylamide gel, 

subjected to electrophoresis and transferred to polyvinylidene difluoride membranes 

(Bio-Rad) with 0.2 µm pore size under 50 V constant current for 135-min. The 
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membranes were blocked in 4% nonfat milk in TBS with 0.1% Tween 20 for overnight at 

40 °C followed by incubating with rabbit polyclonal anti-AGT1R antibody (1:500 

dilution, #NBP1-77078, Novus Biologicals, Littleton, CO), anti-RGS5 protein antibody 

(1:250 dilution, Santa Cruz Biotechnology, sc-28492, Dallas, TX), and anti-RGS16 

protein (1:500 dilution, Santa Cruz Biotechnology, sc-23859, Dallas, TX) for overnight at 

40 °C. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit (for AT1R detection, 

1:8000, ab6721, Abcam, Cambridge, MA) or donkey anti-goat (for RGS5 or 16 protein 

detection, 1:5000 or 1:2000 respectively, #HAF109, R&D system, Minneapolis, MN) 

secondary antibodies were used. Immunoreactive bands were visualized with ECL 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) for 

AT1R, ECL SuperSignal West Femto Chemiluminescent Substrate for RGS5 protein, and 

ECL SuperSignal West Dura Chemiluminescent Substrate for RGS16 protein. Bio-Rad 

Chemi-DOC XRS digital system (Bio-Rad) was utilized to detect chemiluminescence 

signals. In additional protocols for verifying the specificity of the AT1R antibody used in 

this study and whether it detects the predicted molecular weight-matched receptor, a 

blocking peptide (NBPI-77078PEP, Novus Biologicals, Littleton, CO) was used and 

mixed in PBS with or without the antibody against the AT1R. The mixture was incubated 

at 37 °C for 2 hours and at 4 °C for overnight and then centrifuged to pellet the AT1R-

peptide immune complexes. After removal of supernatant in the mixture, TBST buffer 

was applied to the mixture for Western blotting. 

 

Statistical analysis 
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All data are presented in graphical form using Prism GraphPad software (La Jolla, 

CA) and expressed as mean ± SEM. Statistical analyses were conducted using either IBM 

SPSS Statistics 22 or Prism GraphPad. Student’s t-test was conducted for comparison of 

data obtained from two different treatments. One-way ANOVA with or without repeated 

measures was performed to analyze statistical differences between repetitively measured 

data or where there were more than three different treatments, respectively. If significant 

differences were shown by the one-way ANOVA, Bonferroni correction was used for 

post-hoc testing. A p value of <0.05 was accepted as statistical significance. 

 

4-4. Results 

 

mRNA expression of RGS proteins in rat skeletal muscle arterioles  

RGS2 and RGS3 proteins are extensively expressed in both mouse and human 

tissues (Kehrl & Sinnarajah, 2002). RGS1 and RGS13 proteins are typically found in the 

T and B lymphocyte natural killer cells, dendritic cells, and monocytes (Bansal et al., 

2007;Han et al., 2006). In the case of RGS4 protein, it appears to be expressed in the 

CNS, heart, and brain of both human and rodents (Erdely et al., 2004). The major site of 

RGS5 protein expression is arteriolar myocytes while this protein is also utilized as a 

pericyte-specific marker in microvascularture (Bansal et al., 2007). To examine mRNA 

expression of several RGS proteins in rat skeletal muscle arterioles and to provide the 

rationale for selecting specific RGS proteins related to regulation of the mechanosensitive 

AT1R, end-point and real-time quantitative PCR were performed on rat heart and brain 

tissue, or cremaster arterioles (Figure 4-1A and 4-1B). Based on a review of the 
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literature, RGS2, 4, and 5 proteins were targeted as major candidates for the assessment 

of mRNA expression in rat skeletal muscle arterioles. The heart and brain samples were 

used as positive controls (Figure 4-1A), whereas RGS14 and 16 proteins were initially 

selected as negative controls in both PCR analyses (Figure 4-1A and 4-1B). In contrast to 

our expectation, end-point PCR showed mRNA expression of RGS14 and 16 proteins in 

cremaster arterioles (Figure 4-1A). However, the relative mRNA expression of RGS14 

and 16 proteins to RGS2 protein was much less than other major target RGS proteins 

(Figure 4-1B). It was found that RGS2, 4, and 5 proteins are the most dominantly 

expressed with RGS5 protein being clearly the most abundant in rat cremaster muscle 

arterioles (Figure 4-1B, n=6). Thus, RGS5 protein was chosen for all experiments 

conducted in the present study. 

 

Association of RGS5 protein with ligand dependently activated AT1R in cremaster 

arteriolar myocytes 

Accumulating evidence suggests that RGS proteins are distributed in the cytosol 

under resting conditions (Adebiyi, 2014;Tang et al., 2003). Immunofluorescence staining 

was employed with cultured cremaster arteriolar myocytes and antibodies directed 

against AT1R and RGS5 protein to examine localization of AT1R and RGS5 protein in 

non-treated cremaster arteriolar myocytes (Figure 4-2A). Dark green and red pseudo-

color images indicate AT1R and RGS5 proteins, respectively. It was found that 

expression of the AT1R consisting of seven transmembrane proteins is mainly detected on 

the upper surface of cremaster arteriolar myocytes while RGS5 protein appears to be 
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Figure 4-1. mRNA profile of RGS proteins in rat skeletal muscle arterioles through 

end-point and real-time quantitative PCR  

A: End-point PCR products were amplified from cDNA isolated from rat heart, brain, 

and cremaster arterioles. The end-point PCR images are representative of n = 3 separate 

experiments. RGS2, 4, 5, 14, and 16 proteins were detected in rat cremaster arterioles. 

Size of PCR products was identical to amplicon of each target gene. M. H, B, C, and N 

indicate heart (a positive control for assessment of mRNA expression for RGS2, 4, 16 

proteins), brain (a positive control for assessment of mRNA expression for RGS5 and 14 

proteins), cremaster arterioles, and no template (a negative control), respectively. B: 

Real-time quantitative PCR was performed. Relative mRNA expression to RGS2 protein 

in cremaster muscle arterioles was shown (n=6). β-actin was used as a housekeeping 

gene. * p < 0.05 RGS5 protein vs. other RGS proteins. Group data are presented as mean 

± SEM. 
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Figure 4-2. Translocation of RGS5 protein in response to Ang II treatment in 

skeletal muscle arteriolar myocytes  

A–C: Representative immunofluorescently stained images displaying co-localization 

between endogenous RGS5 protein and AT1R were obtained from cultured cremaster 

arteriolar myocytes in the absence or presence of Ang II (10-6M). The cultured cremaster 

arteriolar myocytes were incubated with or without Ang II for 30-min. Dark green and 

red pseudo-color images represent AT1R and RGS5 protein, respectively. Left and right 

panels of Figure 4-2A and 4-2B exhibit top and bottom of cultured cremaster arteriolar 

myocytes in the absence or presence of Ang II, respectively. Side view of cultured 

cremaster arteriolar myocytes is shown in the absence (Figure 4-2C, right) or presence 

(Figure 4-2C, left) of Ang II.  
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located on the bottom surface, implying that the AT1R and RGS5 protein may primarily 

be located at the cell surface and cytosol, respectively, when the AT1R is not activated 

(Figure 4-2A). However, as there are many GPCR and RGS proteins in various cell-

types, it is conceivable that RGS proteins are specifically selected to regulate their target 

GPCR. Therefore, to investigate whether RGS5 protein, being predominant in rat 

cremaster arterioles (Figure 4-1B), is translocated to the AT1R upon activation, cultured 

cremaster arteriolar myocytes were incubated with Ang II 10-6M (Figure 4-2B). In 

contrast to non-treated arteriolar myocytes, top and side views of fluorescence images 

(Figure 4-2B, left panel, yellow-dotted rectangle box) and the side-view (Figure 4-2C, 

left panel, yellow area was larger) of cremaster arteriolar myocytes treated with Ang II 

were distinct from those obtained from non-treated arteriolar myocytes (left panel of 

Figure 4-2A, right panel of 4-2C). That is, merged color was detected in Ang II-treated 

cremaster arteriolar myocytes. It is suggested that most RGS5 protein may be located 

intracellularly but ligand-dependent activation of the AT1R may lead to translocation of 

RGS5 protein toward the plasma membrane of arteriolar myocytes.     

 

Translocation of RGS5 protein, but not RGS16 protein, toward ligand-dependently or -

independently activated AT1R in arteriolar myocytes 

 Pressure-dependent vasoconstriction is a unique response of resistance arteries 

and arterioles to mechanical stresses (e.g. intraluminal pressure, membrane stretch, or 

wall tension). It has been identified that the AT1R is mechanically activated and in turn 

contributes to arteriolar myogenic constriction (Schnitzler et al., 2008;Schnitzler et al., 

2011;Storch et al., 2012). Thus, we raised the question: does mechanoactivation of the 
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AT1R in response to pressure elevation or membrane stretch induce the trafficking of 

RGS5 protein from cytosol to the AT1R to modulate receptor-mediated myogenic 

constriction? Although translocation of RGS5 protein was suggested in the 

immunofluorescence studies (Figure 4-2), we felt that an additional, more quantitative, 

approach was required to test and confirm protein-protein interactions between AT1R and 

RGS5 protein in response to agonists or mechanical stimuli. Thus, an in situ PLA, was 

performed after treating cultured cremaster arteriolar myoctyes with Ang II (10-7 & 10-

6M) or hypo-osmotic solution (240–150 mOsm/L) in the absence or presence of 

candesartan (Figure 4-3A‒D). Candesartan has been demonstrated to remarkably hamper 

Ang II-induced vasoconstriction (Takai et al., 2013) or AT1R mechanoactivation-

mediated myogenic constriction (Blodow et al., 2014). These observations were further 

shown for cremaster muscle arterioles in Chapter 2.  

Ligand-induced activation of the AT1R evokes RGS5 protein trafficking toward 

the receptor in the absence of candesartan, which was concentration-dependent (Figure 4-

3A and 4-3C‒D). The hypotonic solution protocol used in the present investigations has 

been commonly employed to induce stretch of membrane of arteriolar myocytes (Bulley 

et al., 2012;Welsh et al., 2000). Membrane stretch of arteriolar myocytes induced by 

hypotonic extracellular buffer led to increased fluorescent labeling in the absence of 

candesartan (Figure 4-3B‒D), consistent with increased co-localization between the 

AT1R and RGS5 protein that was also dependent on the level of hypotonicity. Further, we 

sought to observe whether the trafficking of RGS5 protein to mechanosensitive AT1R is 

abolished by candesartan (Figure 4-3A‒D). The AT1R blocker considerably abrogated 

the co-localization between both proteins (Figure 4-3A‒D). These important and novel
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Figure 4-3. Ang II- or membrane stretch-induced co-localization of RGS5 protein 

with AT1R in cremaster arteriolar myocytes  

A & B: Representative confocal microscopy images collected from in situ PLA. PLA 

was performed with cultured cremaster arteriolar myocytes to observe interaction/close 

proximity between two proteins, AT1R and RGS5 protein. The arteriolar myocytes were 

treated with Ang II (10-7 or 10-6M; Figure 4-3A) or hypo-osmotic solutions (240–150 

mOsm/L; Figure 4-3B) in the absence (left panel) or presence (right panel) of candesartan 

(10-5M). ‘Cande’ represents 10-5M of candesartan. C: Representative images of side view 

of cremaster arteriolar myocytes with or without treatment of Ang II (10-6M) or 

hypotonic solution (150 mOsm/L) are exhibited. Candesartan was not applied. D: Puncta 

obtained from five separated PLA experiments were quantified using the specific 

software program, Duolink Image Tool (Olink Bioscience). The PLA puncta collected 
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from each treatment were normalized to PLA puncta obtained from control treated with 

candesartan. * p < 0.05 vs. Control (-) candesartan; # p < 0.05 (-) vs (+) candesartan. 

Group data are presented as mean ± SEM. 
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data imply that ligand-mediated activation or mechanoactivation of the AT1R recruits 

RGS5 protein and the regulatory protein may play a critical role in modulating AT1R-

related downstream signaling pathways for Ang II-induced or myogenic constriction.  

Next, in order to examine the general hypothesis of whether the trafficking of 

RGS proteins is selective to specific GPCR in response to biological stimuli, the in situ 

PLA was repeated with antibodies against RGS16 protein and the AT1R (Figure 4-4A 

and 4-4B). These studies were also performed as a test of specificity of the RGS5 protein 

data. We found mRNA expression of RGS2, 4, 5, 14, and 16 proteins in cremaster muscle 

arterioles (Figure 4-1). As the AT1R signaling has been previously reported to be 

modulated by RGS2, 4, or 5 proteins (Holobotovskyy et al., 2013;Holobotovskyy et al., 

2015;Ketsawatsomkron et al., 2012;Matsuzaki et al., 2011;Pang et al., 2015), RGS16 

protein was selected as a negative control for this specificity study (i.e. the interaction of 

the AT1R-RGS5 protein). Since RGS14 protein belongs to a D/R12 subfamily while 

RGS2, 4, 5, and 16 proteins are included in a B/R4 subfamily, RGS14 protein was 

excluded as an appropriate negative control. In contrast to RGS5 protein (Figure 4-

3A‒D), Ang II or membrane stretch did not result in co-localization between AT1R and 

RGS16 protein even in the absence of candesartan (Figure 4-4A and 4-4B). These results 

provide indirect evidence suggesting that the AT1R specifically interacts with RGS5 

protein in the presence of ligand and mechanical stimuli.  

 

Knockdown of RGS5 protein augments AT1R-mediated myogenic reactivity and Ang 

II-induced vasoconstriction in rat skeletal muscle arterioles  
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Figure 4-4. Non-specificity of RGS16 protein with AT1R in cremaster arteriolar 

myocytes  

A: Representative confocal microscopy images collected from in situ PLA. PLA was 

performed with cultured cremaster arteriolar myocytes to explore whether translocation 

of RGS16 protein selectively occurs in response to ligand-dependent or independent-

activation of the AT1R, The arteriolar myocytes were treated with Ang II (10-6) or hypo-

osmotic solutions (150 mOsm/L) in the absence (left panel) or presence (right panel) of 

candesartan (10-5M). ‘Cande’ represents 10-5M of candesartan. B: Puncta obtained from 

four separated PLA experiments were quantified using Duolink Image Tool software 

(Olink Bioscience). The PLA puncta collected from each treatment were normalized to 

PLA puncta obtained from control treated with candesartan. Group data are presented as 

mean ± SEM. 
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Systemic knockout of RGS2 protein causes hypertension by potentiating Gq/11-

mediated vascular responses (Heximer et al., 2003) and/or impairing mechanisms for NO 

and cGMP-induced vasorelaxation (Tang et al., 2003). However, the mechanisms 

underlying the roles of RGS5 protein in Ang II-mediated or AT1R mechanoactivation-

induced myogenic responsiveness have not been fully investigated. To determine the 

impact of RGS5 protein on myogenic reactivity of rat skeletal muscle arterioles, pressure-

diameter relationships were undertaken with rat cremaster arterioles following 

manipulation of RGS5 protein expression (i.e. siRNA transfection) in the absence of 

candesartan (Figure 4-5A). The myogenic tone of cremaster arterioles transfected with 

either sham siRNA or siRNA targeting RGS5 protein developed spontaneously (Figure 4-

5A). Further, pressure-induced vasoconstriction was shown in both siRNA-transfected 

cremaster arterioles (Figure 4-5A). However, magnitude of the myogenic constriction 

was considerably enhanced in rat cremaster arterioles with siRNA-directed RGS5 protein 

(Figure 4-5A, Closed Circles) compared to those transfected with sham siRNA (Figure 4-

5A, Closed Squares). 

Next, the response to a single concentration of Ang II (100 nM) was evaluated in 

rat cremaster arterioles with either sham siRNA or siRNA for RGS5 protein to 

investigate that RGS5 protein specifically integrates AT1R-mediated vasoconstriction 

(Figure 4-5B). Similar to the enhanced myogenic reactivity (Figure 4-5A), it was found 

that the response to Ang II was markedly augmented by downregulation of RGS5 protein 

(Figure 4-5B), implying that RGS5 protein may act as an important modulator for AT1R-

mediated signaling evoked by agonists. The increased myogenic reactivity and Ang II-

induced vasoconstriction appeared to result from high efficiency of siRNA-directed 
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Figure 4-5. Downregulation of RGS5 protein exaggerates AT1R-mediated myogenic 

reactivity and vasoconstriction in skeletal muscle arterioles  

A: Pressure-diameter relationships were assessed in rat cremaster arterioles transfected 

with either sham siRNA or siRNA-directed RGS5 protein (indicated as RGS5 siRNA) to 

demonstrate role of RGS5 protein in myogenic reactivity (n=4). The siRNA-transfected 

cremaster arterioles were pressurized and intraluminal pressure was elevated from 10 to 

110 mmHg in 20 mmHg steps. ‘Active’ indicates that myogenic reactivity was evaluated 
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in the presence of Kreb’s buffer. ‘Passive’ represents passive diameter curves that were 

tested in the presence of 0 mM Ca2+ buffer plus 2 mM EGTA. Diameters observed at 

each pressure were normalized to passive diameter at 70 mmHg (%d70passive, Figure 4-

5A). * p < 0.05 sham siRNA-Active vs. RGS5 siRNA-Active. B: Vasomotor response of 

pressurized cremaster arterioles transfected with sham siRNA or siRNA-targeted RGS5 

protein (indicated as RGS5 siRNA) to Ang II (100 nM) was tested to determine if 

decreased mRNA expression of RGS5 protein directly enhances AT1R-mediated 

signaling. After transfection of sham siRNA or siRNA-directed RGS5 protein to 

cremaster arterioles, Ang II (100 nM) was applied to cremaster arterioles pressurized to 

70 mmHg. * p < 0.05 sham siRNA vs. RGS5 siRNA. C: Real-time quantitative PCR was 

employed to verify efficiency of siRNA used for knockdown of RGS5 protein (n=4). 

67% decrease in mRNA level of RGS5 protein was detected. * p < 0.05 sham siRNA vs. 

RGS5 siRNA. D & E: Pressure-diameter relationships were evaluated in rat cremaster 

arterioles transfected with sham siRNA or siRNA-directed RGS5 protein (indicated as 

RGS5 siRNA) in the presence of candesartan (10-5M) to explore whether AT1R 

mechanoactivation-mediated myogenic constriction is governed by RGS5 protein (n=3). 

Assessment of myogenic reactivity of cremaster arterioles transfected sham siRNA or 

siRNA-directed RGS5 protein was repeated, as described Figure 4-5A. Diameters 

observed at each pressure were normalized to active diameter at 10 mmHg.  * p < 0.05 

RGS5 siRNA vs. RGS5 siRNA-Cande.  Group data are presented as mean ± SEM. 
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RGS5 protein. The siRNA used for vascular functional studies significantly reduced 

mRNA expression of RGS5 protein in rat cremaster arterioles (67% decrease, Figure 4-

5C). The mRNA expression level was examined using real-time quantitative PCR. While 

it was found that ligand-dependent activation of AT1R and subsequent vasoconstriction 

seem to be regulated by RGS5 protein (Figure 4-5B), whether the enhanced myogenic 

responsiveness (Figure 4-5A) may result from dysregulation of AT1R mechanoactivation 

due to a reduced mRNA level of RGS5 protein was uncertain. To address this, pressure-

diameter relationships in the absence or presence of candesartan (10-5M) were tested with 

cremaster arterioles after transfection of siRNA (Figure 4-5D and 4-5E). Candesartan did 

not affect myogenic reactivity of cremaster arterioles transfected with sham siRNA 

(Figure 4-5D). However, RGS5 siRNA-induced excessive myogenic constriction was 

profoundly attenuated by candesartan (Figure 4-5E). The disparate data appear related to 

current small ‘n’ numbers.  

 

4-5. Discussion  

 

The superfamily of GPCR transmembrane receptors is involved in many 

physiological events and therefore often targeted pharmaceutically (Kristiansen, 2004). 

Recently, ligand-independent GPCR mechanotransduction has become an important area 

of interest. In particular, the AT1R has been found to be activated by longitudinal stretch 

of VSMC, regardless of the presence of its natural ligand, subsequently contributing to 

membrane depolarization and vasoconstriction. Although myogenic constriction 

underlies local control of hemodynamics, an exaggerated myogenic response likely 

141 
 



contributes to vascular disorders (e.g. hypertension, vasospasm). Thus, it was considered 

important to investigate how mechanosensitive GPCR-mediated myogenic 

responsiveness is appropriately controlled. The present observations focused on 

regulation of mechanoactivation of the AT1R during membrane stretch of arteriolar 

myocytes or pressure-induced vasoconstriction as well as ligand-dependent activation of 

the AT1R. Overall, a key aim of this study was to explore negative regulatory 

mechanisms (provided by RGS proteins) for agonist-dependent or mechanosensitive 

AT1R signaling in arteriolar myocytes or resistance arterioles from skeletal muscle. 

In conjunction with the importance of GPCR-mediated signaling, diverse RGS 

proteins are expressed in different species and/or in a tissue-dependent manner. More 

than 30 mammalian RGS proteins have been identified (Gu et al., 2009). It has been well-

known that expression of RGS2 protein regulating Gαs and Gαq-dependent signaling 

(Heximer et al., 1997;Roy et al., 2006), occurs broadly across species, including in 

rodent and human tissues (Kehrl & Sinnarajah, 2002;Zhang et al., 2011). RGS4 protein 

has been shown to be a potent regulator of Gαq and Gαi/o-mediated signaling (Lan et al., 

1998;Zhou et al., 2001) and highly expressed in the central nervous system (Zhang et al., 

1998). Expression of individual RGS proteins depends, however, on tissues and/or 

species. In regard to RGS5 protein, VSMC have been reported to express high levels of 

this regulatory protein (Ganss, 2015;Gu et al., 2009;Matsuzaki et al., 2011). Vascular 

RGS5 protein level in mice reaches its peak during embryonic development and 

gradually decreases thereafter (Cho et al., 2003b). However, expression of arterial RGS5 

is sustained in adult mice. Further, mRNA levels for RGS5 protein are 46-fold more 

highly enriched in arteries compared to veins (Adams et al., 2000). In the present study, 
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we consistently found that message for RGS2, 4, and 5 proteins are expressed and RGS5 

proteins are dominant in rat skeletal muscle arterioles (Figure 4-1). Owing to this high 

level of expression and information from previous studies, RGS5 protein was primarily 

targeted in this study. 

It is obligatory for RGS proteins to target to the vicinity of the plasma membrane 

to interact with Gα protein and fine-tune GPCR-mediated signaling. To address this, a 

number of studies have explored the intracellular localization of RGS proteins in 

response to biological stimuli. RGS3 protein has been observed to translocate from the 

cytosol to the plasma membrane following exposure to endothelin-1 (Dulin et al., 1999). 

The µ/δ-opioid receptor agonists lead to trafficking of RGS4 and RGS9-2 proteins toward 

cell membrane (Leontiadis et al., 2009;Psifogeorgou et al., 2007). Further, it has been 

demonstrated that NO stimulates cGMP-dependent protein kinase I-α that increases the 

membrane localization of RGS2 protein through phosphorylation of the regulatory 

protein (Tang et al, 2003). In this study using cell surface protein biotinylation, the 

largest fraction of RGS2 protein was identified in the cytosol in the absence of NO 

donors and cGMP analogues (Tang et al., 2003). Several additional studies have 

previously supported the notion that RGS2 protein is localized between the plasma 

membrane and cytosol under resting conditions in a variety of cells (Adebiyi, 

2014;Bowman et al., 1998;Gu et al., 2007;Heximer et al., 2001;Salim et al., 

2003;Takimoto et al., 2009). However, factors regulating intracellular localization of 

RGS5 protein has had little attention, particularly in arteriolar myocytes.  

To our knowledge, the present study is the first to demonstrate that RGS5 protein 

is mainly distributed in the cytosol of arteriolar myocytes and ligand-
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dependent/independent activation of the AT1R results in membrane-associated 

recruitment of RGS5 protein. This observation was made using alternative approaches, 

immunofluorescence staining (largely qualitative) and in situ proximity ligation assay 

allowing relative quantification (Figure 4-2 and 4-3). An interesting observation in the 

immunofluorescence staining was that merged/overlapping colors (i.e. AT1R‒ dark green 

and RGS5 protein‒dark red) were monitored on cell surface in the presence of Ang II 

stimulation (Figure 4-2B, yellow color-dotted box) while non-treated arteriolar myocytes 

showed distinct locations of the two proteins (Figure 4-2A). These results provided us 

with the initial suggestion that RGS5 protein, while mainly located in cytosolic 

compartments at rest, may co-localize the AT1R upon mechanical stimulation. As 

predicted, our novel findings suggest that hypotonic solution-mediated membrane stretch 

caused translocation/membrane localization of RGS5 protein and interaction with the 

mechanosenstive AT1R in skeletal muscle arteriolar myocytes (Figure 4-3). Further 

considering that candesartan-induced a decrease in fluorescent labeling using PLA, it is 

strongly suggested that RGS5 protein participates in regulation of the AT1R-mediated 

intracellular signaling.  

It is noteworthy that fluorescent puncta were apparent in non-stimulated cremaster 

arteriolar myocytes (Figure 4-3A, Control). This basal coupling implicates that some 

RGS5 protein may originally interact with the plasma membrane and/or other proteins 

neighboring AT1R in the absence of any stimuli. In addition, we cannot exclude another 

possibility that RGS5 protein is associated with constitutively activated AT1R since it has 

been shown that the AT1R exhibits spontaneous activity without agonists or mechanical 

stress (Akazawa et al., 2009) and the exaggerated constitutive activity of the AT1R may 
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result in cardiovascular remodeling (Qin et al., 2009). Moreover, with respect to puncta 

observed in non-stimulated arteriolar myocytes, non-specificity of antibodies used for 

immunofluorescence staining and PLA should also be considered.                     

As the AT1R plays a critical role in regulating blood pressure, vascular 

contraction, or sodium/water retention (Crowley et al., 2006;Crowley et al., 2011;Gurley 

et al., 2011), a number of prior studies have sought to identify roles of the AT1R by using 

commercial antibodies for immuno-blotting. Of relevance to the present study, accurate 

detection of RGS protein and AT1R is required to demonstrate protein-protein interaction 

between both proteins in arteriolar myocytes or resistance arterioles. However, caution 

must be used when using commercial antibodies in identification of the AT1R (Benicky 

et al., 2012;Herrera et al., 2013). In particular, these studies have reported that antibodies 

including sc-1173/sc-579 (Santa Cruz Biotechnology), AAR-011 (Alomone Labs), 

AB15552 (Millipore), and ab18801/ab9393 (Abcam) non-specifically bind to unknown 

proteins of diverse molecular size in kidney cortex, kidney medulla, or liver of wild-type 

mice. Further, non-specific bands obtained from Western blotting with those antibodies 

were detected in tissues isolated from AT1a/bR knockout mice.  

To avoid non-specificity in the findings obtained from PLA, we have attempted to 

utilize an antibody (NBPI-77078, Novus Biologicals, Littleton CO USA) specifically 

binding to the AT1R (Figure 4-6). The AT1R isoforms found in rodents, AT1aR and 

AT1bR, encode a 359‒375 amino acid protein and have a predicted molecular weight of 

42 kDa (Iwai et al., 1991;Kakar et al., 1992;Murphy et al., 1991). The ≈42 kDa band was 

observed both in rat kidney (a positive control) and cremaster arterioles (Figure 4-6A).
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Figure 4-6. Specificity of antibodies of AT1R, RGS5, and RGS16 proteins 

A: Representative Western-blotting image for the AT1R in rat kidney, cremaster VSMC, 

and PC12 cell-line is shown. The kidney and PC12 cell-line were employed as a positive 

and negative control, respectively. Numbers in brackets indicate protein loading volume. 

Dominant bands were observed in kidney and cremaster VSMC (blue color-dotted box) 

representing native (≈41‒43 kDa) and glycosylated (≈55‒65 kDa) AT1R in each tissue. 
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However, the same bands were also faintly detected in the negative control, PC12 cell-

line (red color-dotted box). B: Representative Western-blotting image for the AT1R in rat 

kidney and cremaster VSMC is displayed in the absence (right) or presence (left) of the 

AT1R blocking peptide. As shown in Figure 4-6A, the native and post-translationally 

modified AT1R were both identified in the absence of the blocking peptide. In contrst, the 

same bands were not seen in the presence of the peptide. C & D: Expression of RGS5 

and 16 proteins was assessed in rat heart (a positive control for RGS5 and 16 proteins), 

retina (a positive control for RGS16 protein), and cremaster VSMC. RGS5 and 16 

proteins were detected at ≈28‒30 kDa and ≈37 kDa, respectively, in the heart, retina, or 

cremaster VSMC.   
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The AT1R has also been shown to undergo post-translational glycosylation (Herrera et 

al., 2013) and the glycosylated AT1R has been anticipated to have higher molecular 

weight (Deslauriers et al., 1999). The ≈65 kDa band appears glycosylated AT1R (Figure 

4-6A). Meanwhile, to test the specificity of the AT1R antibody used in this study, the 

PC12 cell-line was chosen as a negative control since it has been reported that 

undifferentiated PC12 cells do not express the AT1a/bR (Wolf et al., 2002). Our antibody 

detected non-specific bands even in the negative control (red color-dotted box, Figure 4-

6A), indicating that the antibody may not be ideal and PLA puncta shown in control 

(Figure 4-3A) may be due to the non-specificity of the antibody. However, it is noted that 

intensity of the bands representing both native and modified AT1R (red color-dotted box, 

Figure 4-6A) was weaker compared to those in rat kidney and cremaster VSMC (blue 

color-dotted box, Figure 4-6A) although total protein loading for each tissue was matched 

(i.e. 5 µg). According to earlier studies, then PC12 cell-line has been identified to often 

differentiate into neuronal cells by nerve growth factors and the differentiated cell-line 

expresses both AT1R and AT2R (Cosgaya et al., 1998;Zhao et al., 2003). Therefore, it 

can be suspected that some fraction of the PC12 cell-line used the present study may be 

differentiated during cell culture procedures and the weaker bands may result from the 

AT1R expression in the fully developed neuronal cells. Thus, using the PC12 cell-line as 

a negative control may have weaknesses due to complications arising from their 

differentiation.  

Since multiple bands were observed (approximately at 20 kDa, Figure 4-6A), we 

also performed Western blotting with a blocking peptide/antigen-directed against the 

AT1R antibody to confirm whether the receptor antibody specifically identifies the target 
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AT1R (Figure 4-6B). Consistent with the prior analysis (Figure 4-6A), the antibody 

detected the same native and post-translated AT1R (≈41‒65 kDa) in the absence of the 

peptide (right panel, Figure 4-6B). Conversely, in the presence of the peptide, the bands 

were completely absent (left panel, Figure 4-6B), implying that our antibody may be 

relatively specific compared to commercially available antibodies discussed in previous 

studies (Benicky et al., 2012;Herrera et al., 2013) and our findings obtained from 

immunofluorecnce statining and in situ PLA studies (Figure 4-2‒4) may, therefore, be 

reliable.  

In addition to the AT1R, specificity of antibodies (i.e. targeting RGS5 and 16 

proteins) was evaluated (Figure 4-6C & 4-6D). RGS5 and 16 proteins have been detected 

at ≈26‒28 kDa (Abel et al., 2000;Liang et al., 2005) or ≈23‒31 kDa (Derrien et al., 

2003;Osterhout et al., 2003;Patten et al., 2002), respectively. Even though several 

additional bands were found, distinct single bands of RGS5 protein were consistently 

identified at ≈26‒28 kDa in rat heart and cremaster VSMC (Figure 4-6C), suggesting that 

RGS5 protein antibody shows a degree of specificity. In contrast to RGS5 protein, the 

molecular weight of RGS16 protein found in rat retina and heart was relatively higher 

(i.e. ≈37‒39 kDa) compared to those as previously reported (Figure 4-6D). A faint band 

of the same size was also observed in rat cremaster VSMC, consistent with negligible 

mRNA expression of RGS16 protein in cremaster muscle arterioles (Figure 4-1B). As 

RGS proteins are often regulated by covalent modifications (e.g. phosphorylation, 

palmitoylation, ubiquitination, arginylation) (Kach et al., 2012) and dimerization of RGS 

proteins has been suggested (in ths case, ≈42 kDa of RGS5 protein) (Yang et al., 2007), 

the slight discrepancy of molecular weight, found in this study, may be related to post-
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translational modifications. Despite this, the distinct and consistent detection at ≈37‒39 

kDa in all tissues (e.g. retina, heart, cremaster VSMC) indirectly implicates specificity of 

RGS16 protein antibody.         

With regard to the selectivity of RGS proteins to activated AT1R, RGS16 protein 

was targeted and involved in studies to observe whether trafficking of the regulatory 

protein occurs in a ligand-dependent or -independent manner. As the relative mRNA 

expression of RGS16 protein (normalized to RGS2 protein) was negligible (Figure 4-1B) 

and AT1R-RGS16 protein interaction has not been reported to date, we anticipated to find 

little or no PLA fluorescence signal in intact or Ang II/hypotonic solution-treated 

arteriolar myocytes. However, the fluorescence signal was still detected (Figure 4-4), 

speculating that RGS16 protein may also be distributed to plasma membrane or cytosol 

of arteriolar myocytes. As mentioned earlier, previous studies have demonstrated that 

RGS2 protein is localized at both cell membrane and cytosolic compartments (Bowman 

et al., 1998;Gu et al., 2007;Heximer et al., 2001;Salim et al., 2003;Takimoto et al., 

2009). A large fraction of RGS2 protein has been identified to exist intracellularly by cell 

surface protein biotinylation (Adebiyi, 2014). Similarly, in our study, a large fraction of 

RGS5 protein was detected in the cytosolic fraction under basal conditions but some of 

RGS5 protein was observed in cell membrane. Likewise, RGS16 protein may also be 

present in both plasma membrane and cytosolic fractions and it is possible that the PLA 

puncta (Figure 4-4) may result from non-specific interaction between the AT1R and 

RGS16 protein that are at the plasma membrane when the both proteins are in close 

proximity. Importantly, Ang II or extracellular hypotonic buffer, which caused AT1R 

activation and translocation of RGS5 protein, did not induce trafficking of RGS16 
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protein. It is, therefore, suggested that the AT1R activation and its downstream pathways 

may be specifically fine-tuned by RGS5 protein, but not RGS16 protein. In addition, 

although a level of non-specific binding of antibodies against AT1R, RGS5, and/or 

RGS16 protein was likely to have occured (i.e. PLA puncta observed in Control or 

Control with Candesartan conditions; Figure 4-3 & 4-4), the finding that treatment with 

Ang II or hypotonic buffer did not cause translocation of RGS16 protein towards the 

AT1R (Figure 4-4) suggests that increases in PLA puncta (i.e. co-localization between 

AT1R and RGS5 protein; Figure 4-3) did not result from increases in non-specific 

binding of RGS5 protein antibody in response to the agonist or membrane stretch.             

Cells continually communicate with extracellular signals and convert such 

information into intracellular biological signals. Dysregulation of GPCR-mediated signal 

transduction is importantly associated with cardiovascular dysfunction (Zhang & Mende, 

2014). RGS proteins play an essential role in regulation of the transduction by turning off 

the G-protein signaling pathways. RGS2, 4, and 5 proteins have been shown to closely 

related to cardiovascular function (Gu et al., 2009). In this context, it has been reported 

that systemic ablation of RGS2 protein causes hypertension that results from exaggerated 

Gq/11-mediated vasoconstriction (Heximer et al., 2003) and diminished NO-mediated 

vasodilation (Sun et al., 2005a). Further, decreased mRNA level of RGS5 protein in 

VSMC was detected in atherosclerotic lesions (Li et al., 2004) and hypertension 

(Holobotovskyy et al., 2013). Resistance small arteries show myogenic constriction 

responsible for regulation of blood flow, which is, in part, dependent on 

mechanosensitive GPCR. Given the findings that AT1R mechanoactivation contributes to 

pressure-induced vasoconstriction (Chapter 2) and RGS5 protein appears to co-localize 
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with the AT1R activated by agonists or mechanical stimulu (Figure 4-2 & 4-3), the 

present component of our studies sought to determine using siRNA-directed against 

RGS5 protein if RGS5 protein functionally regulates myogenic or Ang II-mediated 

vasoconstriction of skeletal muscle arterioles. Myogenic tone and reactivity were 

developed as is typically observed in cremaster arterioles, indicating that functional 

viability of arteriolar myocytes was largely maintained after transfection of siRNA-

directed RGS5 protein through 48-hour reversible permeabilization. Interestingly, 

knockdown of RGS5 protein caused enhancement of myogenic constriction (Figure 4-

5A), which may be attributed to abnormal regulation of mechanosensitive GPCR targeted 

by RGS5 protein in cremaster arteriolar myocytes. Our data are consistent with early 

studies showing increased myogenic tone or reactivity in interlobar arterioles of RGS2 

protein-deleted mice (Hercule et al., 2007) and knockdown of RGS5 protein in mouse 

mesenteric arterioles (Ketsawatsomkron et al., 2012). However, in these prior studies, the 

question of which mechanosensitive GPCR are dysregulated by loss or decrease in RGS2 

or 5 protein for the enhanced myogenic responsiveness was not investigated. 

Growing evidence supports that the AT1R acts as a novel mechanosensor and 

contributes to myogenic constriction (Blodow et al., 2014;Schleifenbaum et al., 

2014;Schnitzler et al., 2008). Increased intravascular pressure stimulates heterotrimeric 

G-protein associated with the mechanosensitive AT1R and leads to G protein-mediated 

myogenic constriction that may be expected to be modulated by RGS5 protein. While we 

recently found that myogenic reactivity of intact rat cremaster arterioles was significantly 

abrogated by candesartan, the blocker was not remarkably effective in rat cremaster 

arterioles transfected with sham siRNA (Figure 4-5D). On the other hand, 
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pharmacological inhibition of the AT1R with candesartan significantly abrogated 

excessive myogenic constriction caused by downregulation of RGS5 protein, indicating 

selective regulation of RGS5 protein for the AT1R may determine duration and/or 

intensity of AT1R-mechanoactivation-dependent myogenic responsiveness.  

Along with the candesartan protocol, vasomotor responses to Ang II were tested 

following siRNA transfection to investigate specificity of RGS5 protein to regulation of 

AT1R-dependent vasoconstriction (Figure 4-5B). Previous studies have delineated that 

ribozyme-dependent knockdown of RGS5 protein enhances activation of mitogen-

activated protein kinase in response to Ang II (Wang et al., 2002a) and RGS5 siRNA 

treatment augments Ang II-induced vasoconstriction of mouse mesenteric arteries 

(Ketsawatsomkron et al., 2012). Consistent with these studies, knockdown of RGS5 

protein led to an increase in Ang II-induced vasoconstriction of rat cremaster arterioles. It 

is indicated that AT1R-dependent signaling stimulated both by ligand and mechanical 

stresses may be specifically modulated by RGS5 protein in skeletal muscle arterioles to 

prevent AT1R-mediated exacerbated vasoconstriction. 

In summary, RGS2, 4, 5, 14, and 16 proteins are expressed in rat skeletal muscle 

arterioles with RGS5 protein being the predominant species. The novel findings in this 

study suggest that both ligand-dependent and independent-activation of AT1R cause 

recruitment of RGS5 protein in arteriolar myocytes, implying that downstream signaling 

pathways of AT1R and their physiological outcomes (e.g. myogenic response, Ang II-

induced vasoconstriction) may be tightly controlled in resistance arterioles by RGS5 

protein by terminating G-protein dependent signaling (Figure 4-7, ①). Further, it is 

suspected that dysregulation of AT1R signaling by decreased expression or abnormal 
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activity of RGS proteins gives rise to excessive myogenic response and/or Ang II-

mediated vasoconstriction that may contribute to the development or progression of 

cardiovascular disorders (i.e. hypertension) (Figure 4-7, ②). Therefore, RGS proteins are 

considered promising therapeutic targets for pharmacological drug discovery to prevent 

or treat GPCR-mediated cardiovascular disorders. 
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Figure 4-7. Putative mechanisms underlying regulation of RGS5 protein for Ang II-

dependent or mechanosensitive AT1R-mediated myogenic constriction of rat skeletal 

muscle arterioles  

Ang II and mechanical stimuli (e.g. membrane stretch, increased intraluminal pressure) 

have been demonstrated to activate the AT1R in arteriolar myocytes, which induces 

vasoconstriction. The novel findings in the present study implicate that AT1R activated 

by Ang II or mechanical stresses causes the recruitment of RGS5 protein, which may 

prevent exaggerated AT1R-mediated vasoconstriction by rapidly and accurately 

terminating Gq-protein dependent downstream signaling pathways.  
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CHAPTER 5 

 
FUTURE DIRECTIONS 

 
 

5-1. Interplay between Ang II and intraluminal pressure through AT1R-mediated 

signaling in vivo 

The renin-angiotensin system is involved in a number of physiological 

mechanisms (e.g. increase in sympathetic activity, water retention, or regulation of 

systemic blood pressure). Ang II is a key peptide hormone in the renin-angiotensin 

system and triggers the AT1R as a potent vasoconstrictor. Increased sympathetic 

activation of juxtaglomerular cells, decreased blood pressure in afferent arterioles, or 

reduction in sodium delivery to distal tubules of the kidney leads to generation of Ang II 

for homeostasis of cardiovascular function. Along with the release of Ang II, the AT1R in 

arteriolar myocytes is constantly exposed to variations in intraluminal pressure within 

resistance arterioles. Mounting evidence has shown that the AT1R is mechanosensitive 

and is involved in the mechanotransduction mechanisms underlying the myogenic 

response in resistance arterioles (Blodow et al., 2014;Schleifenbaum et al., 

2014;Schnitzler et al., 2008). Consistent with this, Chapter 2 describes studies examining 

whether, in isolated rat skeletal muscle arterioles in vitro, the AT1R exhibits 

mechanosensitivity and how the AT1R mechanoactivation-induced myogenic constriction 

occurs. As the AT1R has been suggested to show at least two different active 

conformational changes in response to ligand or mechanical stimuli (Storch et al., 

2012;Yasuda et al., 2008) and subsequently induce vasoconstriction, it is thus 
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hypothesized that simultaneous application of both Ang II and increased intraluminal 

pressure mimicking in vivo physiological circumstances may facilitate the AT1R-

mediated myogenic constriction. 

Similar to this question, individual treatment of cerebral arteriolar myocytes with 

Gq/11-coupled receptor agonists (i.e. U46619 or uridine triphosphate (UDP)) or 

mechanical stimuli (i.e. hypotonic solution) has been identified to increase TRPC 

channel-like currents (Anfinogenova et al., 2011). However, interestingly, pretreatment 

of the agonists has not synergistically facilitated membrane stretch-mediated conductance 

of the TRPC channel-like currents (Anfinogenova et al., 2011). This research group also 

has demonstrated no enhancement of myogenic reactivity of cerebral arteries along with 

U46619 or UTP. Likewise, in our preliminary studies, vessels were pretreated with Ang 

II and the pressure-diameter relationship was performed to examine whether distinct 

modes of activation of the AT1R elicited by Ang II and increased intraluminal pressure 

contribute to facilitation of myogenic responsiveness in rat skeletal muscle arterioles. 

Surprisingly, our preliminary data indicate that the pretreatment with Ang II dramatically 

abolishes myogenic constriction (Figure 5-1A and 5-1B) and the diminished pressure-

induced vasoconstriction was recovered by the elimination of Ang II (Figure 5-1B). This 

suggests that once Ang II interacts with the ligand binding pocket of the AT1R, 

membrane stretch of arteriolar myocytes may not be sufficient to overcome the previous 

Ang II-dependent conformational change of the AT1R. Further, when the distinct modes 

of ligand-dependent- and -independent activation occurs simultaneously, a possibility that 

they may abrogate their conformation changes and signaling of each other can be 

suggested.   
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Figure 5-1. Agonist of the AT1R appears to impair agonist-independent activation of 

AT1R and myogenic constriction  

A & B: Pressure-diameter relationships were conducted in isolated and pressurized rat 

cremaster arterioles in the absence or presence of Ang II pretreatment (10-9M). 

Intraluminal pressure was elevated from 10 to 110 mmHg in 20 mmHg steps. Myogenic 

reactivity was first measured with Kreb’s buffer. After 30-min incubation of Ang II (10-

9M) with a superfusion system, myogenic reactivity measurement on the same arterioles 

was repeated (Figure 5-1A and 5-1B; n=1). To monitor effects of binding of Ang II to the 

AT1R on myogenic reactivity, pressure-diameter relationships were tested after washout 

of Ang II for 1 hour (Figure 5-1B). Diameters observed at each pressure were normalized 

to the passive diameter at 70 mmHg (%d70passive).  
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The exact mechanisms explaining why agonist-mediated activation of GPCR has 

no synergic (Anfinogenova et al., 2011) or even an inhibitory effect on myogenic 

reactivity have not been addressed. In vivo, it is likely that diverse stimuli simultaneously 

stimulate GPCR that are consequently activated in the multiple ways. Of relevance to the 

topic of this dissertation, the interplay between the endogenous Ang II and alterations in 

intraluminal pressure on the AT1R should be further investigated. Such information will 

help in comprehending the kinetics of conformational changes of the AT1R in arteriolar 

myocytes and its role in vascular function. In addition, the studies will contribute to 

knowledge necessary for the development of pharmacological agents specifically aimed 

at inhibiting function of the receptor.  

 

5-2. Potential cellular mechanisms by which downregulation of RGS5 protein 

exaggerates Ang II-induced vasoconstriction and AT1R mechanoactivation-mediated 

myogenic constriction in skeletal muscle arterioles 

In Chapter 4, it was outlined that ligand-dependent or -independent activation of 

the AT1R leads to trafficking of RGS5 protein in skeletal muscle arteriolar myocytes 

(Figure 4-3; Chapter 4). Moreover, novel findings were identified that the translocation of 

RGS5 protein from the cytosol to the membrane-located AT1R functionally modulates 

AT1R-mediated signaling and vasoconstriction (Figure 4-5; Chapter 4). Specifically, 

dysregulation of the AT1R signaling by siRNA-induced knockdown of RGS5 protein 

exaggerates AT1R-mediated vasoconstriction (e.g. in response to Ang II or increased 

intraluminal pressure). However, potential mechanisms at the cellular level underlying 
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the excessive vasoconstriction caused by RGS5 downregulation have not been assessed 

in this dissertation.  

Integrins serve as mechanosensors in arteriolar myocytes and participate in 

pressure-induced vasoconstriction. Specifically, inhibition of αvβ3 and α5β1 integrin 

abrogated myogenic vasoconstriction (Martinez-Lemus et al., 2005). Integrin activation 

induces assembly of diverse scaffolding proteins at its intercellular domains (i.e. focal 

adhesion (FA) complexes), which transmit signals from the ECM to the cytoskeleton, and 

vice versa. Formation of FA complexes at the intracellular domains of integrins plays a 

key role in cytoskeletal organization that appears to be a requisite pathway for myogenic 

constriction (Martinez-Lemus et al., 2009). Interestingly, it has been suggested that 

ligand-dependent GPCR activation leads to RhoA-dependent FA formation and actin 

polymerization (Zhang et al., 2012). AT1R activation by Ang II significantly increases 

adhesion force and actin polymerization in cremaster arteriolar myocytes (Hong et al., 

2014). It is therefore speculated that there is crosstalk among GPCR activation and 

integrin-mediated FA complexes and cytoskeletal rearrangement. However, the 

contribution of mechanoactivation of AT1R to the formation of FA complexes and actin 

polymerization has not been clearly demonstrated. In addition, it is unknown at the single 

cell level whether AT1R mechanoactivation-mediated FA formation and actin remodeling 

are regulated by RGS5 protein. If these hypotheses are correct, then the reduced RGS5 

protein-medicated enhancement of vasoconstriction found in the Chapter 4 may result 

from enhanced focal adhesion formation and/or actin polymerization.   

To evaluate these questions in preliminary investigations, focal adhesion force, 

adhesion probability, and actin stress fiber images of single cremaster arteriolar myocytes 
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were tested in the absence or presence of hypotonic solution (200-150 mOsm/L) ± 

candesartan (10-5M) using atomic force microscopy (AFM) (Figure 5-2A‒D and Figure 

5-3A and 5-3B). Inconsistent with our initial expectations, cell swelling-mediated 

membrane stretch of cremaster arteriolar myocytes did not augment focal adhesion force 

(Figure 5-2A and 5-2C). In the case of adhesion probability (i.e. numbers of rupture 

events in each retraction curve of AFM), 150 mOsm/L but not 200 mOsm/L hypotonic 

buffer significantly increases the probability (Figure 5-2D). However, the increased 

number of adhesion events following membrane stretch were not attenuated by 

candesartan (Figure 5-2D), suggesting that mechanoactivation of the AT1R may not 

stimulate formation of new focal adhesion complexes. 

Despite this, mechanical stress applied to the arteriolar myocytes did induce 

substantial remodeling of the actin cytoskeleton in the absence of candesartan (middle 

panels) compared to control (the most left panels) (Figure 5-3A and 5-3B). Further, 

pharmacological inhibition of the AT1R appears to markedly interrupt the increase in 

actin cytoskeleton reorganization, which is especially evident at the cortical area of 

arteriolar myocytes. Overall, these preliminary studies have found at the single cellular 

level that mechanical activation of the AT1R, and its downstream signaling, are 

associated with increased actin polymerization in arteriolar myocytes. In addition, these 

intriguing findings are consistent with increased G-actin contents in pressurized skeletal 

muscle arteriole treated with candesartan (Figure 2-10D; Chapter 2). As these AFM 

preliminary data provide us with relationships between mechanoactivation of the AT1R 

and actin cytoskeleton rearrangement, it will be interesting to explore the hypothesis that 

RGS5 knockdown-mediated dysregulation of downstream signaling of mechanosensitive
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Figure 5-2. Adhesion force and event probability of skeletal muscle arteriolar 

myocytes are not affected by membrane stretch or mechanoactivation of the AT1R  

A‒D: Focal adhesion force (Figure 5-2A and 5-2C) and probability (Figure 5-2B and 5-

2D) were assessed in the absence or presence of hypotonic solution (150 mOsm/L, Figure 

5-2A and 5-2B; 200 mOsm/L, Figure 5-2C and 5-2D) ± candesartan (10-5M). The studies 

used fibronectin-coated beads on AFM cantilevers to examine whether formation of 

integrin-dependent focal adhesion complexes of single cremaster arteriolar myocytes is 

stimulated by mechanoactivation of the AT1R. Cultured arteriolar myocytes at passage 0 

(10-15 cells) were utilized for the AFM studies. * p < 0.05 ** p < 0.01 vs. Control. Group 

data are presented as mean ± SEM. 
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Figure 5-3. Mechanoactivation of the AT1R induces actin polymerization  

A & B: Representative actin stress fiber images of single cremaster arteriolar myocytes 

are displayed. The images were obtained using AFM contact mode imaging. To 

determine if swelling-induced membrane stretch alters actin cytoskeleton arrangement 

and mechanosensitive AT1R involves the remodeling, cell surface scanning was 

performed on cultured (passage 0) single cremaster arteriolar myocytes in the absence or 

presence of hypotonic solution (200 mOsm/L, Figure 5-3A; 150 mOsm/L, Figure 5-3B) ± 

candesartan.     
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AT1R abnormally exacerbates actin polymerization and in turn causes excessive 

myogenic constriction.   

 

5-3. Potential contribution of reduced trafficking of RGS5 protein to hypertension  

RGS5 protein has been reported to be strongly expressed in normal arteriolar 

myocytes and arteries (Ganss, 2015) and reduction in RGS5 protein has been identified in 

bypass graft neo-intima and atherosclerotic arteries (Geary et al., 2002;Li et al., 2004). 

Similarly, mRNA expression for RGS2 and 5 proteins is reduced in saphenous arteries 

isolated from hypertensive rats (Grayson et al., 2007). Furthermore, abnormalities 

relating to RGS proteins have been shown in human hypertension. Gene polymorphisms 

of human RGS2 and 5 proteins are associated with hypertension (Riddle et al., 2006;Xiao 

et al., 2009). Decreased RGS2 mRNA levels have been observed in hypertensive 

individuals compared to normotensive ones (Semplicini et al., 2006). In contrast, 

Bartter’s/ Gitelman’s syndromes show increased RGS2 expression and hypotension in 

humans (Calo et al., 2008). Thus, as cardiovascular diseases (i.e. hypertension) are 

strictly related to the downregulation of RGS proteins, mRNA level of expression of 

RGS2 and 5 proteins was evaluated in preliminary studies using cremaster arterioles from 

Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR). Studies were 

conducted at three age groups to determine if a concurrent aging effect was evident.  

Although inconsistent with prior studies, we have found no significant difference 

in mRNA level for RGS5 protein between WKY and SHR at any of the three age groups 

(Figure 5-4B). In contrast the transcriptional level of RGS2 protein was found to be 

significantly higher at each age group in the SHR compared to those in the WKY (Figure  
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Figure 5-4. Comparison of RGS2 and 5 mRNA expression in rat skeletal muscle 

arterioles of young (16‒19 weeks), intermediate age (>60 weeks), and old (>80 

weeks) WKY and SHR  

A & B: Real-time quantitative PCR with SYBR-green detection was performed to 

compare mRNA expression for RGS2 (Figure 5-4A) and RGS5 (Figure 5-4B) protein in 

rat cremaster arterioles of three different aging groups (n=5 or 7). As an internal control, 
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ribosomal protein S5 (Rps5) was selected as a housekeeping gene as it has been reported 

that difference in mRNA expression of Rps5 in cerebral arteries between WKY and SHR 

is the lowest among eight reference genes (e.g. 18S rRNA, β-actin, TBP, HGPRT, 

Pecam1, Rps16, cyclophilin B, and Rps5) (Bannister et al, 2012). The comparative 

threshold (Ct) method (2-∆∆Ct) was utilized to assess relative expression levels. Expression 

was normalized to corresponding WKY expression and presented as mean ± S.E.M. * p < 

0.05 vs. WKY.  
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5-4A). This indicates that mRNA levels of RGS2 and 5 proteins are not sufficient to 

account for hypertension. Therefore, we have developed the hypothesis that trafficking of 

RGS5 protein toward the AT1R in response to Ang II or membrane stretch, may be 

impaired, which may subsequently contribute to development of hypertension by 

enhancing AT1R signaling pathways although mRNA expression levels of RGS5 protein 

is similar between normotensive and hypertensive animal models.   

To explore the ability of RGS5 protein to translocate toward the AT1R in response 

to Ang II- or membrane stretch-mediated receptor activation, in situ PLA was performed. 

These preliminary studies used arteriolar myocytes isolated from cremaster arterioles of 

young (16-19 weeks of age) and old (87-89 weeks of age) WKY and SHR (Figure 5-

5A‒C and 5-6A‒C). A greater level of RGS5 trafficking to the AT1R was detected in 

myocytes from control animals (compared to SHRs) after application of either Ang II 

(10-7M) or hypotonic solution (150 mOsm/L). This was evident in both young (Figure 5-

5A and 5-5C) and old (Figure 5-6A and 5-6C) WKY and SHR in the absence of 

candesartan. Our preliminary in situ PLA data interestingly suggest that co-localization 

between AT1R and RGS5 protein is markedly lower in both young and old SHR in the 

absence of candesartan compared with counterpart WKY (Figure 5-5A and 5-5C; 5-6A 

and 5-6C), implying that RGS5 trafficking is reduced in young and old SHR and thus 

termination of AT1R signaling pathways may be impaired in both SHR groups. In the 

presence of candesartan, no marked differences in trafficking of RGS5 protein were 

observed between WKY and SHR at either age point (Figure 5-5B and 5-5C; Figure 5-6B 

and 5-6C). Since RGS proteins are implicated to translocate toward activated GPCR, the 

upstream inhibition of the AT1R activation (by candesartan) may lead most RGS5 protein  
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Figure 5-5. Ability of RGS5 protein to translocate toward activated AT1R in young 

SHR appears lower than that of young WKY  

A & B: Representative confocal microscopy images collected following in situ PLA. 

PLA was performed with cultured (passage 0) cremaster arteriolar myocytes isolated 

from young (16‒19 weeks) WKY and SHR to evaluate co-localization between AT1R 

and RGS5 protein. The arteriolar myocytes were treated with Ang II (10-7M) or hypo-

osmotic solution (150 mOsm/L) in the absence (Figure 5-5A) and presence (Figure 5-5B) 

of candesartan (10-5M). Left or right panel column indicates young WKY and SHR, 

respectively. C: Puncta obtained from three separated PLA experiments were quantified 

using specific software, Duolink Image Tool (Olink Bioscience). * p < 0.05 vs. each 

Control; # p < 0.05 (-) vs. (+) candesartan; $ p < 0.05 WKY vs. SHR. Group data are 

presented as mean ± SEM. 
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Figure 5-6. Impaired trafficking of RGS5 protein is observed in old SHR 

A & B: Representative confocal microscopy images collected following in situ PLA.  

PLA was performed with cultured (passage 0) cremaster arteriolar myocytes isolated 

from old (87‒89 weeks) WKY and SHR to evaluate co-localization between AT1R and 

RGS5 protein. The arteriolar myocytes were treated with Ang II (10-7M) or hypo-osmotic 

solution (150 mOsm/L) in the absence (Figure 5-6A) and presence (Figure 5-6B) of 

candesartan (10-5M). Left or right panel column indicates old WKY and SHR, 

respectively. C: Puncta obtained from five separated PLA experiments were quantified 

using specific software, Duolink Image Tool (Olink Bioscience). * p < 0.05 vs. each 

Control; # p < 0.05 (-) vs. (+) candesartan; $ p < 0.05 WKY vs. SHR. Group data are 

presented as mean ± SEM. 
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to remain in the cytosol. This would thus be consistent with the observation that there 

were no differences in translocation of RGS5 protein between young/old WKY and SHR 

following candesartan treatment. 

As GPCR are an important target for the treatment of hypertension (Feldman & 

Gros, 1998), a complete understanding of the mechanisms for GPCR regulation is vital. 

Consistent with increased vascular resistance resulting from increased myogenic 

activation, exaggerated myogenic constriction has been found in a variety of vascular 

beds of hypertensive rats (Ahn et al., 2007;Falcone et al., 1993;Pires et al., 2015;Ren et 

al., 2010). Therefore, these interesting preliminary data require further investigations into 

novel mechanisms by which reduced trafficking of RGS5 protein-mediated dysregulation 

of the AT1R signaling (i.e. both agonist-dependent and -independent downstream 

pathways) may result in exacerbated myogenic constriction in hypertension and/or may 

contribute to development of hypertension. 

 

5-4. Scaffolding proteins for regulation of RGS proteins and GPCR-mediated signaling 

The conserved RGS domain (so-called ‘RGS box’) is an important region where 

Gα subunit is bound and GTPase activity on the subunit takes place (Sjogren & Neubig, 

2010). However, the exact mechanisms underlying recognition of RGS proteins by 

GPCR remains uncertain. In regard to the fundamental question of how RGS proteins 

identify GPCR, various scaffolding proteins including homer-2, neurabin, 14-3-3, or 

spinophilin have been investigated. Spinophilin is highly expressed in neuronal dendritic 

spines and brain tissues (brainstem, hypothalamus, and cerebellum) (da Costa-Goncalves 

et al., 2008;da Costa Goncalves et al., 2011). A fascinating hypothesis has been proposed 
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that spinophilin acts as a linker protein connecting between RGS proteins and GPCR 

(Wang et al., 2005). These investigators have examined Ca2+ signaling responses to 

epinephrine (10 & 100 µM) in parotid-gland ductal cells obtained from wild-type or 

spinophilin-deficient mice to determine the role of this scaffolding protein in the 

regulatory actions of RGS2 protein on GPCR. It has been found that intracellular Ca2+ 

signaling in oocytes is regulated by RGS2 protein bound to spinophilin that associates 

with the third intracellular loop of α-adrenergic receptor (Wang et al., 2005). Further, in 

neuronal dendritic spines and synapses, spinophilin is largely enriched and regulates 

glutamate transmission that is thought to be a key player for regulation of sympathetic 

outflow and autonomic control (da Costa-Goncalves et al., 2008). Spinophilin-deficient 

mice exhibit elevated blood pressure due to decreased parasympathetic activity (da 

Costa-Goncalves et al., 2008) and a potentiated Ang II-mediated increase in blood 

pressure/heart rate (da Costa Goncalves et al., 2011). As systemic knockout of 

spinophilin appears to cause disorders in the cardiovascular system, spinophilin may play 

a crucial role in vascular function. Nevertheless, there are no previous studies 

demonstrating function of the scaffolding protein in arteriolar myogenic constriction.  It 

will, therefore, be necessary to address the hypothesis in future studies as to whether the 

scaffolding protein, spinophilin, may be expressed, regulate activity of RGS proteins 

toward AT1R signaling, and then affect pressure-induced vasoconstriction in resistance 

arterioles. 

 

5-5. Supplementary information (Methods) 

Animals 
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All experimental protocols were approved by the Animal Care and Use 

Committee of the University of Missouri-Columbia (U.S.A.). Male Sprague-Dawley rats 

(6-8 weeks of age; 150-250g), Wistar-Kyoto (WKY), and spontaneously hypertensive 

rats (SHR) were used for preliminary studies described in Chapter 5. Both WKY and 

SHR were classified according to their age: 1) young group (16-19 weeks of age; 320-

380g), 2) intermediate old group (62-66 weeks of age; 380-460g), and 3) advanced old 

group (87-89 weeks of age: 400-490g). Animals were housed in a temperature-, 

humidity-, and light-controlled animal facility and provided with free access to standard 

rat chow and water. Rats were anaesthetized with sodium pentobarbital (Nembutal, 100 

mg/kg body weight) given by intraperitoneal injection.  

 

Isolation of cremaster arteriolar myocytes and arterioles, RNA purification, real-time 

quantitative PCR, in situ proximity ligation assay, and functional assessment using 

pressure myography 

Methods for these experiments were similar to those used previously in Chapter 2 

and 4. Cremaster arteriolar myocytes and arterioles were isolated from WKY and SHR of 

three different aging groups as well as young (6-8 weeks) Sprague-Dawley rats.  

 

Fibronectin coating of AFM probes 

AFM methods used for this dissertation have been previously described in the 

work of Meininger and colleagues (Hong et al., 2014;Hong et al., 2015;Qiu et al., 

2010;Sun et al., 2005b). A glass bead (5 µm in diameter) was attached to the tip of an 

AFM probe (MLCT-O10, Santa Barbara, CA; Bruker Corp.) and subsequently coated 
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with fibronectin (FN, Invitrogen, Carlsbad, CA) using the protocol described in previous 

studies (Lehenkari & Horton, 1999;Qiu et al., 2010;Sun et al., 2005b). In brief, FN and 

the micro-bead were linked using polyethylene glycol (PEG, Sigma, St. Louis, MO). The 

probe was incubated with PEG (10-2M) for 5 min and washed with phosphate buffered 

saline (PBS). Then the probe was treated with FN (0.25 mg/ml) for 5 min followed by 

rinsing with PBS. Each cantilever (to which the probe was attached) was calibrated after 

a given experiment using thermal noise amplitude analysis (Butt & Jaschke, 1995; Hutter 

& Bechhoefer, 1993). The spring constants set between 10 and 20 pN/nm.  

 

Assessment of biomechanical properties with AFM 

An Asylum AFM System (Model MFP-3D-BIO, Asylum Research, Santa 

Barbara, CA) was used to evaluate biomechanical properties of single living arteriolar 

myocytes. The AFM system was positioned on an inverted microscope (Model IX81, 

Olympus America Inc.). All AFM assessments were performed at room temperature 

(approximately 25oC) in CO2 independent medium (Invitrogen) excluding antibiotics and 

FBS supplementation. The parameters applied were a 0.05 Hz indentation frequency, 

with an approach/retraction velocity of 150 nm/sec, 3000 nm traveling distance for one 

sampling cycle (indentation and retraction), and approximately 1000-3000pN loading 

force. Approximately fifteen force curves for 5 minutes were obtained from randomly 

selected arteriolar myocytes and measured at a site between the nucleus and cell margin. 

To minimize drifting following submerging of the AFM probe into the cell bath, the 

AFM system was thermally and mechanically equilibrated for 30 minutes. Serum 

starvation of arteriolar myocytes was undertaken overnight to eliminate unknown effects 
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caused by serum medium. Specific interaction between FN-coated AFM probes and 

integrins has been demonstrated (Sun et al., 2005b).  

 

Analysis of AFM force curve  

Force curves was automatically analyzed using a proprietary software package 

written in Matlab (2014a, Mathworks). Focal adhesion forces generated by interaction 

between FN and integrin adhesion complexes were assessed by the product of cantilever 

spring constant and the height of ruptures in retraction force curves. A length of the 

approach curve, following the initial point of contact, indicating approximately 100-300 

nm of AFM indentation into the arteriolar myocytes, was fitted with a modified Hertz 

model as shown in equation (1) to evaluate Young’s modulus (E-modulus) of the cell 

cortex (Costa, 2003;Li et al., 2008). 

           
2

3
2

3(1 )
4 b

v FE
r δ

−
= ×                                 (1) 

Where E represents the E-modulus, F indicates the force exerted by the AFM probe on 

the cell surface, δ designates the indentation depth into the cell membrane, rb represents 

the radius of the spherical AFM tip, and ν denotes the Poisson ratio for the cell. 

 

AFM contact mode imaging 

The same AFM was utilized to obtain the live cell topography images in contact 

mode as described previously (Hong et al., 2014). The size of the cell surface area 

involved in cell scanning experiments was 60 x 60 µm (with 200 mOsm/L hypotonic 

solution) or 90 x 90 µm (with 150 mOsm/L hypotonic solution). The digital density of 

the scanned area was 512 × 512 pixels. A stylus type AFM probe (Model: MLCT-C, k = 
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15 pN/nm, Bruker, Santa Barbara, CA) was employed to conduct the AFM imaging at 0.2 

Hz frequency with a 300-500 pN tracking force at room temperature. Cultured cremaster 

arteriolar myocytes were used at passage zero and treated with serum free medium or 

hypotonic solutions in the absence or presence of candesartan 10-5M.  
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