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ABSTRACT 

 

  

OXIDANT-DEPENDENT REGULATION OF L-TYPE CALCIUM CHANNEL ACTIVITY 

BY ANGIOTENSIN IN VASCULAR SMOOTH MUSCLE 

 

 

 Resistance arteries are a major point of physiological regulation of blood flow.  Increases in 

vessel wall stress or sympathetic activity stimulate vascular wall angiotensin signaling, resulting in 

smooth muscle contraction which directly increases peripheral resistance.  Calcium influx through 

voltage-gated L-type calcium channels underlies vascular smooth muscle contraction.  Roughly half of 

calcium influx in these cells occurs through a small number of persistently active channels, whose 

activity increases with membrane depolarization. The number of channels gating in this manner is 

increased by activation of angiotensin receptors on the cell membrane, and basal L-type channel activity 

is increased during hypertension.  Reactive oxygen species are also generated by vascular smooth 

muscle in response to vessel stretch and by several paracrine signaling pathways including angiotensin 

signaling.  Oxidative stress and augmented calcium handling resulting from chronic angiotensin signaling 

in the vasculature each contribute to enhanced vessel reactivity, pathological inflammation and vessel 

remodeling associated with hypertension. 

 This study uses a multidisciplinary approach to investigate the role of hydrogen peroxide in 

angiotensin signaling in vascular smooth muscle. Using calcium- and redox-sensitive fluorescent 

indicators, local generation of hydrogen peroxide by NAD(P)H oxidase and mitochondria are shown to 

synergistically promote PKC-dependent persistent gating of plasma membrane L- type calcium channels 

in response to angiotensin II.  We show that broad inhibition of hydrogen peroxide signaling by catalase 

and targeted inhibition of mitochondrial reactive oxygen species production attenuates cerebral 

resistance artery constriction to angiotensin.  We further demonstrate the role of endothelium-
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independent mitochondrial reactive oxygen species in development of enhanced vessel tone and 

smooth muscle calcium in a murine model of hypertension.  Together, these findings contribute to the 

understanding of intracellular calcium and oxidative signaling in vascular physiology and disease and 

may provide insight into local signaling dynamics involving these second messengers in various other 

systems. 
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Chapter 1. Introduction and Background 

 

 

1.1 Introduction 

 Arterial tone is a variable factor in regulation of blood flow.  In healthy individuals, coordination 

of cardiac output, neuronal signaling, and local regulation of arterial diameter allows appropriate 

delivery of oxygen and glucose to and removal of waste from tissues according to metabolic need. 

Pathologically, each of these controlling factors may become dysregulated and contribute to insufficient 

vascular bed perfusion or enhanced peripheral artery resistance.  The clinical diagnosis of hypertension, 

when intervention is recommended in otherwise healthy individuals, is defined as systolic or diastolic 

pressure exceeding 140/ 90mm Hg respectively (Chobanian et al., 2003). The prevalence of hypertension 

is projected to increase from the current incidence of 25% to include 29% of the global adult population 

by the year 2025 (Kearney et al., 2005).  The comorbidity among hypertension, insulin-resistant 

diabetes, and obesity is high and has been collectively been labeled the metabolic syndrome (Alberti et 

al., 2005). While chronically elevated blood pressure arises from various genetic, behavioral, and 

environmental factors, the resultant enhanced vascular wall stress progressively leads to vascular 

maladaptation.  This, in turn, compounds the risk of myocardial infarction, systemic organ damage, and 

stroke. 

Enhanced vascular resistance is common among hypertension, type II diabetes, and obesity. 

Mechanical stress on the heart, kidneys, and vasculature arising from chronically elevated vascular 

resistance contributes to the pathology of these conditions.  Central to vascular resistance is the level of 

contractility to physiological stimuli in the smooth muscle layer which sheaths the arterial tree.  Small 

changes in the contractile state of vascular smooth muscle have a large impact on blood flow and 

resistance in medium-sized and small arteries.  Calcium homeostasis in the smooth muscle layer 

determines the level of vasoconstriction in resistance arteries and additionally affects gene expression 
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through calcium-sensitive transcription pathways. Bulk calcium entry into vascular smooth muscle is 

predominantly through voltage-gated L-type calcium channels (LTCC’s), and this event is required for 

arterial smooth muscle contraction (Knot and Nelson 1998). Modulation of smooth muscle LTCC activity 

occurs primarily through changes in membrane potential and G-protein coupled receptor signaling 

cascades. Pathologically, resting membrane potential and response to metabotropic agonists become 

skewed toward enhanced contractility. 

 Angiotensin (Ang II) is a classical mediator of vasoconstriction and transcription modification, 

acting primarily through a Gαq/11 coupled receptor in vascular smooth muscle. Stretch- induced 

activation of the vascular smooth muscle angiotensin receptor additionally mediates autoregulation of 

arterial blood flow in resistance arteries (Gonzales et al., 2014; Schleifenbaum et al., 2014).  Chronic 

activation of this pathway in the vasculature is directly involved in hypertensive pathology. In addition to 

calcium, reactive oxygen species (ROS) are a major mediator of physiological Ang II signaling. 

Intracellular buffering of ROS may become depleted pathologically, leading to nontargeted effects of 

ROS signaling referred to as oxidative stress. Recent advances in cellular imaging have revealed Ang II 

enhances LTCC activity partially through a spatially localized redox-sensitive pathway (Amberg et al., 

2010), however the details of this signal transduction had not been elucidated.   This study aims to 

clarify the role of local sources of oxidative species in angiotensin receptor signaling in native cerebral 

vascular smooth muscle.  To better appreciate the merit of the present study, the following sections 

review 1) cerebral artery and smooth muscle physiology and the vascular pathophysiology of 

hypertension with special attention paid to vascular Ang II and ROS signaling (Sections 1.2 and 1.3) and 

2) local regulation of LTCC’s by Ang II (Section 1.4).  
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1.2 Pial Artery Anatomy  

Murine pial arteries are used exclusively in the present investigation.  These arteries arise from 

an anastomotic ring roughly encircling the hypothalamus on the ventral surface of the brain. This 

structure, known as the Circle of Willis, is supplied chiefly by the left and right internal carotid arteries 

and the paired vertebral arteries which fuse caudally to form the basilar artery prior to joining the Circle. 

The basilar artery itself supplies several pairs of small pontine arteries and the larger left and right 

anterior and posterior cerebellar arteries. The Circle of Willis supplies the paired anterior, middle and 

posterior cerebral arteries which travel along the pial surface and bifurcate multiple times before diving 

into the underlying tissue where they give rise to the penetrating arterioles. These arterioles differ 

markedly  from the pial arteries with respect to their physiological regulation and  together with intrinsic 

neurons and astrocytes, form the neurovascular unit (reviewed in Idaecola, 2004).  

Pial arteries consist of a relatively thin outer adventitial layer composed primarily of collagen 

fibers, serving primarily a structural role. The luminal surface of these vessels is composed of a single 

layer of endothelial cells.  These cells are separated from the medial smooth muscle layer by a relatively 

thick internal elastic lamina, which along with endothelial tight junctions form a fluid barrier to allow 

isolation of cerebrospinal fluid from the plasma.  Fenestrations exist in this layer which allow 

communication between the endothelium and underlying smooth muscle layers. The medial layer itself 

consists of circumferentially- oriented smooth muscle cells, the thickness of which ranges from a single 

layer in small, distal branches to multiple layers in larger vessels such as the basilar and middle cerebral 

arteries (reviewed in Lee, 1995). Smooth muscle cells in the tunica media are mechanically coupled 

through adherens junctions between focal adhesions on adjacent cells. Additionally, electrical coupling 

between adjacent smooth muscle and, likewise, between the smooth muscle and endothelial layer 

provide coordinated contraction and relaxation to cause vasoconstriction or vasodilation respectively. 
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Chronic elevation in blood pressure induces significant remodeling in arteries. This has been 

linked to direct effects of endothelial shear stress and vessel wall stretch, contributing to chronically 

elevated vessel wall [Ca2+], oxidative stress, and inflammation, mediated in part by vessel wall 

angiotensin signaling. The changes seen in early stages of hypertension can be seen as protective, in that 

they attempt to bolster the integrity of the vessel wall. Increased production of collagen and smooth 

muscle α1 integrin, responsible for collagen anchoring, occurs in the aorta of rats which have been 

chronically infused with Ang II (Brassard et al., 2005).  This reduces vessel compliance and contributes to 

enhanced systemic resistance.  Additionally, remodeling of the smooth muscle layer occurs, involving 

both cellular proliferation and migration. This effects a narrowing of the lumen either through smooth 

muscle hypertrophy in larger arteries or inward, eutrophic remodeling in smaller vessels.  Luminal 

restriction contributes to sustained elevation of arterial resistance (reviewed in Schiffrin and Touyz 

2004; Schiffrin, 2010). Remodeling is observed in systemic and cerebral arteries in postmortem studies 

from hypertensive patients (Rizzoni et al., 2007; reviewed in Schiffrin and Touyz, 2004), cerebral and 

small mesenteric arteries from rats chronically infused with 100ng/kg Ang II after four weeks (Simon et 

al., 1998) as well as in mature, selectively bred spontaneous hypertensive rats (SHR) (Rizzoni et al., 

1994). While these types of remodeling strengthen the vascular wall, consequent narrowing of the 

lumen results in chronically enhanced resistance to flow and exacerbates elevation of blood pressure.  

Additionally, enhanced oxidative stress and cytokine synthesis in the vessel wall during hypertension 

promotes inflammation and subsequent invasion of the tunica media by monocytes, leading to the 

formation of scleroses which further occlude the vascular lumen and compromise the integrity of the 

vascular wall (reviewed in Schiffrin and Touyz, 2004).  
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1.3  General Physiological of Pial Arterties 

 

1.3.1 Sympathetic Innervation 

Similar to systemic resistance arteries, pial vessels are extrinsically innervated by the autonomic 

nervous system.  Typically in systemic vasculature, sympathetic efferents tonically release the 

neurotransmitters norepinephrine and adenosine triphosphate (ATP)  in the tunica media to stimulate 

smooth muscle contraction by binding to metabotropic α1 adrenergic receptors (A1AR’s) and ionotropic 

purinergic receptors (P2XR’s) respectively on the apposed sarcolemma, resulting in membrane 

depolarization and smooth muscle contraction. During sympathetic activation via systemic 

baroreceptors or central pathways, vascular tone is generally increased.  Along with sympathetic 

enhancement of cardiac output, renin release, and norepinephrine release, this results in short-term 

elevation of blood pressure.  During human cases of hypertension and in rat models, the sympathetic 

nervous system is chronically activated, contributing to augmented peripheral resistance (reviewed in 

Oparil, 1986). 

P2XR’s are ionotropic and conduct sodium and calcium currents, directly causing membrane 

depolarization and subsequent activation of LTCC’s (see Section 1.3.3).  A1AR’s are associated with 

Gαq/11 G-proteins.  A1AR’s, like all G-protein coupled receptors, are integral cell membrane proteins with 

seven transmembrane domains.  The intracellular C-terminus binds a heterotrimeric guanine binding 

regulatory protein (G- protein) composed of α and βγ subunits, the specific identity of which determines 

the downstream target(s) of receptor activation. Ligand binding to the A1AR induces a conformational 

change which allows exchange of bound guanosine diphosphate (GDP) for guanosine triphosphate 

(GTP). Activation by ligand binding causes dissociation of the heterotrimeric G- protein complex.  

Canonically, the dissociated α subunit from Gαq/11 binds to membrane- associated phospholipase C β 

(PLCβ) which then cleaves the phosphodiester bond in plasma membrane constituent 
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phosphatidylinositol (4,5) bisphosphate (PIP2).  PIP2 cleavage releases the inositol group (1, 4, 5 

phosphoinositol: IP3) from the membrane, where it diffuses through the cytosol to activate stromal 

calcium release through the sarcoplasmic reticulum IP3 receptor (IP3R).  Diacylglycerol (DAG), the second 

product of PIP2 cleavage, remains at the cell membrane, contributing to activation of membrane-

depolarizing currents and additionally increases cytosolic calcium through activation of voltage-

dependent LTCC’s by directly activating protein kinase C (PKC). 

 Cerebral arteries differ from systemic arteries in their sensitivity to norepinephrine due to 

relatively low expression of A1AR’s in cerebral vessels and loose association between prejunctional 

sympathetic synaptic varicosities and smooth muscle membranes.  Cerebral artery smooth muscle 

therefore respond only to strong sympathetic input via α2 adrenergic receptor (A2AR) (Fujiwata et al., 

1982; Ferron et al., 1984).  This receptor is coupled to a Gαi family heterotrimeric G-protein. Upon 

GTP/GDP exchange, the active α subunit of A2AR associates with plasma membrane- bound adenylyl 

cyclase and inhibits its activity. This lowers cytosolic cyclic adenosine monophosphate (cAMP) regulated 

protein kinase (PKA) activity, promoting vasoconstriction through decreasing PKA-mediated stimulation 

of hyperpolarizing plasma membrane potassium channels (reviewed in Liebmann and Bohmer, 2000).   

 

1.3.2 Autoregulation of Cerebral Blood Flow 

The brain requires constant perfusion according to its high metabolic demand.  In cases of 

decreased blood supply or poor oxygenation, small arteries in the cerebral vasculature dilate, thus 

locally increasing blood flow and restoring adequate downstream perfusion.  The capacity to increase 

blood flow to the brain is limited, however. The spatial constraint arising from the rigidity of the skull 

requires limiting elevation of flow, else this would result in increased intracranial pressure.  This would 

consequentially lead to decreased capillary exchange and tissue damage.  Increased flow is therefore 

met with rapid vasoconstriction to mitigate these effects. Due to the critical nature of maintaining 
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cerebral blood flow between these two extremes, autoregulation of luminal diameter is a major 

physiological feature of pial arteries. 

 Endothelial regulation 

The endothelium tempers the reactivity of the smooth muscle layer in response to increased 

flow. The vascular endothelium communicates with the underlying smooth muscle through releasing 

diffusible factors which influence its contractility.  Furchgott and Zawadski (1980) first discovered its 

essential role in producing an “endothelium- derived relaxing factor” by comparing the response of 

arteries with an intact versus mechanically- denuded endothelium to acetylcholine.  This factor was 

subsequently identified as nitric oxide (NO) (Palmer et al, 1987) and is produced by the endothelial NO 

synthase (eNOS) in response to calcium and G-protein-coupled receptor signaling. NO diffuses freely 

across the endothelial cell membrane to adjacent smooth muscle cells. The primary target of NO in 

smooth muscle is soluble guanylyl cyclase, which catalyzes the conversion of guanosine monophosphate 

to cyclic guanosine monophosphate (cGMP). cGMP binds to the regulatory domain of the serine/ 

threonine kinase, protein kinase G (PKG), resulting in disinhibition of its catalytic activity. PKG targets 

various effectors, collectively resulting  in hyperpolarization of the smooth muscle cell membrane  and a 

decrease in contractility.  NO production by the vascular endothelium is tonic and Increases in response 

to elevated sheer stress in the event of increased blood flow (Corson et al., 1994).   

Circulating oxygen and pH also play roles in autoregulation of cerebral blood flow. Dilation of 

arteries to hypoxia and increased fluid metabolites transiently increase local blood flow during 

functional hyperemia.  Local hypoxia causes vasodilation of cerebral arteries which may be directly 

mediated by the smooth muscle layer.  This effect is inhibited by application of glibenclimide, an 

inhibitor of ATP- sensitive potassium (KATP) channels (Taguchi et al., 1994), independent of endothelial 

vasodilatory factors. Efflux of potassium through activated of KATP channels hyperpolarizes the smooth 

muscle cell, leading to vasodilation. The endothelium plays a major role in arterial diameter regulation in 
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response to changes in luminal pH (Kontos et al., 1977).  This is in part mediated through stimulation of 

eicosanoid metabolism in the endothelium to produce prostacyclin (PGI2), evidenced by sensitivity of 

this response to indomethacin (Fan et al., 2011). PGI2 targets the smooth muscle IP1 Gαs- coupled 

receptor. The IP1 receptor GTP- bound α subunit subsequently activates adenylyl cyclase and promotes 

vasodilation.  

In addition to NO and PGI2- mediated vasorelaxation, gap junctions between smooth muscle and 

endothelial projections play an important role in myoendothelial feedback. These cellular junctions, 

formed by apposing hexamers of connexins expressed on both smooth muscle and endothelial 

membranes via fenestrations in the inner elastic lamina.  These conduits provide a two-way 

communication of electrical potential (deWit, 2003), evidenced by disruption in vascular electrical 

coordination in Cx40-/- mice.  Additionally, small chemical messengers such as calcium and metabolites 

pass through these channels and are capable of mediating smooth muscle relaxation.  This is evidenced 

by endothelium- dependent relaxation of cerebral arteries in the presence of eNOS inhibitors by a 

smooth muscle sarcoplasmic reticulum- dependent mechanism (Tran et al., 2012) 

During the pathogenesis of hypertension, autoregulation of resistance arteries becomes 

skewed, favoring chronic restriction of luminal flow. Endothelial damage and oxidative stress promotes 

cell senescence, disruption of NO production, and formation of peroxynitrite (ONOO-). ONOO- itself is a 

highly reactive oxidant, leading to downstream nitrosylation of various targets. As a result of these 

factors, the endothelial vasodilatory response is diminished.  Clinically, this has been shown as a 

decrease in flow-mediated dilation measured by Doppler imaging of the brachial artery in response to 

pressure cuff-induced transient flow disruption in hypertensive patients (reviewed in Deanfield et al., 

2007). Administering the methyl ester of L-NG-nitro arginine (LNAME) in the drinking water of healthy 

Sprague-Dawley rats induces hypertension by inducing endothelial dysfunction (Dananberg et al., 1993).  

LNAME competes with the eNOS substrate L-arginine, decreasing NO production.  This directly leads to a 
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rapid rise in blood pressure, which is augmented by secondary activation of the sympathetic nervous 

system and the renin angiotensin aldosterone system.  Chronically elevated blood pressure 

subsequentlyleads to alterations in vascular signaling and vascular remodeling (Duarte et al, 2002).  This 

model is used to induce hypertension in Chapter 4 of this document to investigate the role of smooth 

muscle-derived mitochondrial ROS in the pathogenesis of hypertension. 

 Myogenic tone  

 Bayliss (1902) first commented on the constriction and dilation of denervated arteries to an 

increase or decrease in luminal pressure respectively.  Knot and Nelson (1998) demonstrated in isolated 

cerebral arteries that this arises from endothelium- independent tonic contraction of the smooth muscle 

layer through smooth muscle depolarization and calcium entry. Recently this has been shown to be 

dependent on the level of stretch- induced (ligand-independent) activation of type-1 angiotensin 

receptors (AT1R’s) on the cell membrane of smooth muscle from cerebral and mesenteric arteries 

(Schleifenbaum et al., 2014).  This rapid response to fluctuation in systemic blood flow serves to protect 

downstream arterioles and capillary beds from excessive pressure or insufficient perfusion. The 

myogenic response is exaggerated in arteries from the SHR model during the development of 

hypertension compared with Wistar- Kyoto control subjects, but not in older subjects with established 

hypertension (Rizzoni et al., 1994; Izzard et al., 1996). As the pathology progresses this response is likely 

diminished due to vessel remodeling.  Inward remodeling allows sustained reduction of luminal flow 

while lessening energy expenditure from chronic smooth muscle contraction.  

 

1.3.3 Electrophysiology of Vascular Smooth Muscle 

  Ionic gradients and resting membrane potential 

 Smooth muscle membrane potential is determined by the balance of ionic concentrations 

across the cell membrane.  The plasma membrane Na+/K+- ATPase uses active transport to maintain  
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concentration gradients with relatively high extracellular sodium (Na+) ([Na+]i/[Na+]e≈ 0.1), relatively high 

[K+]i ([K+]i/[K+]e≈35) and an electrical gradient, as it moves three sodium ions to the extracellular space in 

exchange for two potassium (K+) ions.  The [K+] gradient is used by the K+/Cl- cotransporter to maintain a 

chloride (Cl-) gradient ([Cl-]e/[Cl-]i≈14). Additionally, a steep cytosolic calcium (Ca2+) gradient 

([Ca2+]i/[Ca2+]e≈.0001) is maintained by the concerted activity of rapid cytosolic calcium buffers (chiefly 

calbindin and calretinin) and slower extrusion systems including sequestration via the mitochondrial 

uniporter, the sarco(endo)plasmic reticulum calcium ATPase (SERCA), and export through the plasma 

membrane calcium ATPase (PMCA) and the plasmalemmal Na+/ Ca2+exchanger (reviewed in Clapham, 

2007).  Low resting [Ca2+]i and rapid sequestration of transient calcium fluxes provide the framework 

necessary for activation of contractile machinery in  depolarization- induced global [Ca2+]i elevation, 

while simultaneously allowing spatially restricted calcium microdomain signaling for other cellular 

functions.  

The resting membrane potential in the smooth muscle layer in relaxed arteries absent myogenic 

tone is around -70mV (Harder, 1984). Membrane potential is a function of the log of the ratio of the 

transmembrane ionic concentration gradient and the relative permeability of the membrane to each 

ion.  The hyperpolarized state of vascular smooth muscle under these conditions is due to relatively high 

permeability to potassium, as it lies near potassium’s Nernst equilibrium (EK≈-90mV) and addition of 

extracellular potassium spontaneously depolarizes the membrane.  The source of resting permeability to 

potassium has been characterized as an inward- rectifier potassium current (IKIR).  The source of this 

current, the KIR family of ion channels have constituents which consist of tetramers of two- 

transmembrane segment- containing subunits, lack voltage sensitivity and show voltage- dependent  

inhibition of outward current by intracellular polyamines.  These channels have constitutive activity in 

isolated vascular smooth muscle, producing barium- sensitive inwardly rectifying currents at voltages 

negative to EK and small outward (hyperpolarizing) currents at physiological potentials (Quayle et al., 
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1993a). Bath application of barium has similarly been shown to depolarize intact arteries at low 

intraluminal pressure (reviewed in Nelson and Quayle, 1995). Transient inward (depolarizing) currents 

have also been identified in isolated cerebral vascular smooth muscle at -70mV.   These have been 

shown to arise from activity of transient receptor potential (TRP) channels, namely the calcium- 

activated TRP melanostatin family member 4 (TRPM4) channels (Gonzales et al., 2010a).  These channels 

consist of tetramers of six- transmembrane domain subunits. Spontaneous inward TRPM4 currents can 

be selectively inhibited pharmacologically by 9-phenanthrol, promoting vasorelaxation in pressurized 

arteries. TRPM4 activation is dependent on transient calcium release from closely apposed IP3R’s on the 

sarcoplasmic reticulum (Gonzales et al., 2010) 

Mechanotransduction and Stretch- Induced Depolarization 

Pressure- induced constriction of medium and small arteries occurs in a variety of vascular beds 

including pial arteries.  This occurs by a graded tonic constriction of arteries across the range of 

physiological intraluminal pressures, and is an inherent property of the smooth muscle layer, leading to 

the descriptive title “myogenic tone”. Two recent studies have independently demonstrated the smooth 

muscle AT1R acts as a mechanosensor in cerebral, mesenteric, and renal arteries.  In the first study, 

isolated mesenteric and renal arteries from mice lacking AT1R (Atr1a-/-) failed to develop pressure-

induced tone. This was shown to be ligand-independent, as arteries isolated from mice deficient in the 

gene for angiotensinogen (Agt-/-) showed normal vasoconstriction to intraluminal pressure elevation 

(Schliefenbaum et al., 2014).  The second study used the AT1R antagonist losartan to inhibit inward 

currents evoked in isolated cerebral smooth muscle to osmotic stress or negative pressure delivered 

through the recording micropipette (Gonzales et al., 2014).  

AT1R activation initiates transient calcium signaling which in turn evokes larger calcium- 

sensitive depolarizing currents. The TRP family of ion channels plays a major role in both initial transient 

calcium signaling and membrane depolarization.  The canonical group of TRP channels (TRPC) conduct 
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nonselective cation currents and are activated downstream of G-protein and receptor tyrosine kinase 

activation. TRPC6 was shown to be mediate sarcolemmal calcium influx subsequent to stretch- induced 

AT1R activation via PLC cleavage of PIP2 in cerebral arteries (Gonzales et al., 2014), leading presumably 

to direct activation by DAG as demonstrated by Hoffman et al. (1999). This localized Ca2+ influxl is 

amplified by stromal calcium- induced calcium release through IP3R’s, requiring concomitant 

sensitization by IP3 (Gonzales et al., 2014).  This leads to enhancement of TRPM4 current, also shown to 

be required for stretch-induced depolarization (Earley et al., 2004).  Interestingly, mesenteric arteries 

from Trpc6-/- mice were shown to develop tone normally (Schliefenbaum et al., 2014), perhaps due to 

vascular bed specificity or compensatory mechanisms.    TRPC3 channels have been shown to be 

activated by agonist- induced activation of cotransfected AT1R’s (Gonzales et al., 2010a) and are also 

dependent on direct activtation by DAG (Hoffman et al;., 1999). TRPC3 activation may therefore 

contribute to the myogenic response to luminal pressure in mesenteric or other arteries, however this 

has not been directly investigated. Local calcium transients have additionally been shown to elicit 

stretch activated inward currents through the calcium-activated chloride channel transmembrane 16A 

(TMEM16A) in vascular smooth muscle (Bulley et al., 2012), implicating chloride currents in smooth 

muscle membrane depolarization as well. 

Pathological changes in AT1R expression promote enhanced pressure-induced constriction of 

arteries. Vascular AT1R protein expression is enhanced in human and animal hypercholesteremia and 

hyperinsulinemia, and rat models of high salt diet (reviewed in Nickenig and Harrison, 2002). In arteries 

from young SHR, enhanced binding of radiolabeled Ang II was observed relative to Wistar- Kyoto control 

rats (Schiffrin, 1984).  Interestingly, in this study radioligand binding levels returned to those of controls 

in 20wk. specimens, coinciding with the time frame observed for vascular remodeling. 

L-type Calcium Channels  
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Sufficient membrane depolarization leads to  the activation of voltage-gated calcium channels 

(VGCC’s), specifically the cardiac isoform of LTCC’s, CaV1.2., translating local calcium signaling into a 

significant rise in [Ca2+]i.  Cardiac LTCC’s are expressed in many cell types including neurons, pancreatic β 

cells,  andcardiac and smooth muscle These channels are responsible for coupling membrane 

depolarization to a wide variety of physiological responses (reviewed in Catterall, 2011).  LTCC’s feature 

a large (≈190kd) pore forming α1 subunit consisting of four tandem domains (DI- DIV), each containing 

six transmembrane segments (S1-S6). Similar to TRP channels, the pore is formed by interaction among 

the fifth and sixth membrane-spanning segment (S5 and S6) in each domain.  Unlike TRP channels, the 

S1- S4 segments act as an intrinsic voltage sensor, similar to the role of the homologous segments of 

voltage- gated sodium channels suggested by Guy and Seetharamulu (1986).  The S4 segment contains a 

number of basic residues which defelct outward as a result of membrane depolarization, causing a 

conformational change in the pore to allow selective calcium permeability at more positive membrane 

potentials.  These channels demonstrate increasing voltage-dependent activation with depolarization 

throughout the physiological range of membrane potential for smooth muscle cells (Vm≈-55 to -35mV).  

Depolarization across the entire range of physiological potentials in arterial smooth muscle 

results in a related biphasic increase in Ca2+ influx due to the opposing effects of voltage- dependent 

activation and voltage- and calcium- dependent inactivation (reviewed in Catterall, 2011). Under 

physiological conditions, the luminal pressure of cerebral arteries is between 60-140mm Hg.  At 60mm 

Hg, the smooth muscle in pial arteries is partially contracted, the membrane partly depolarized (Vm ≈-

45mV (Knot and Nelson, 1998) to -58 mV (Harder, 1984)), and intracellular calcium levels are elevated 

([Ca2+]i ≈190nM) relative to unpressurized arteries (110nM) (Knot and Nelson, 1998). Increasing the 

intraluminal pressure in pial arteries to 100mm Hg causes vasoconstriction, depolarizes the cell 

membrane (Vm≈ -35mV), and raises intracellular calcium (([Ca2+]i ≈315nM). Selectively blocking voltage- 

gated L-type calcium channels (LTCC’s) with diltiazem or nisoldipine prevents pressure-induced elevation 
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of [Ca2+]i without preventing membrane depolarization. Global increases in [Ca2+]i by LTCC activation 

causes the release of stromal calcium through ryanodine receptors to further elevate [Ca2+]i through 

calcium-induced calcium release (Collier et al., 2000).  Both IP3R’s and ryanodine receptors open with 

elevated local [Ca2+]i. The direct contribution of stromal calcium release in facilitating smooth muscle 

contraction is unclear, however a putative role for propagation of calcium release or “calcium waves” by 

IP3R’s may exist for activation of contractile machinery deep in the cell (reviewed in Wray and Noble, 

2005). 

Steady-state inactivation of LTCC’s in vascular smooth muscle is marked. General inhibition of 

channel gating is possibly important to avoid excitotoxicity given the physiological slow depolarization 

and repolarization typical of myogenic tone.   A significant portion of the channels expressed on the 

membrane are inactive due to inhibition through interaction with the cleaved C-terminal tail fragment 

of the channel (Hulme et al., 2006; Bannister et al., 2013), additional mechanisms maintain relatively 

small steady-state calcium currents in these cells at physiological membrane potentials. Steady- state 

calcium currents in isolated smooth muscle from pial arteries at -40mV are approximately -0.2pA, 

corresponding to one open channel at any given time in the entire cell.  At -20mV, this increases to only 

-0.8pA (Rubart et al., 1996). LTCC’s undergo rapid calcium- dependent inactivation, requiring 

concentration- dependent binding of 2 calcium ions each to the N- and C- terminal lobes of calmodulin 

associated with the IQ domain on the CaV1.2 α1 C-terminus.  Additionally, a slower voltage-dependent 

inhibition occurs which is evident using barium in place of calcium as a charge carrier.  Calcium- and 

voltage-dependent inhibition activate a common autoinhibitory interaction between the cytosolic DI/DII 

linker and the channel pore (Kim et al., 2004).  The α1 subunit also interacts with the peripheral α2ό and 

intracellular β subunits, involved in membrane trafficking of the α1 subunit.  The β subunit is additionally 

involved in regulating autoinhibition and interacts with the DI/DII linker of the α1subunit directly.   
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LTCC activity is highly regulated by kinase activity. PKG has an inhibitory effect on the activity of 

LTCC’s in voltage-clamp studies in cardiomyocytes, however the mechanism for current inhibition is not 

well characterized. In voltage-clamped cardiomyocytes, PKA was shown to increase whole -cell LTCC 

current and can potentially phosphorylate several residues on the α1 subunit and one site on the β 

subunit (reviewed in Hoffman et al., 2014).   Protein kinase C (PKC) is capable of phosphorylating the 

same sites as PKA and also increases channel activity. A major function of PKA phosphorylation appears 

to be modulation of the interaction between the channel and the post- translationally cleaved inhibitory 

C-terminal fragment (Hulme et al., 2006).Localization of PKC and PKA with LTCC’s is dependent on 

coordination by a group of proteins known as A- kinase anchoring proteins (AKAP’s) which function to 

localize PKC, PKA, and protein phosphatases with effectors, in large part determining the specificity of 

kinase-mediated cellular signaling.  AKAP 5/79/150 (referred to hereafter as AKAP150) directly 

associates with the c-terminus of Cav1.2 (Hulme et al., 2003) and additionally regulates calcium-

dependent inhibition by docking of the CaM-dependent serine/threonine phosphatase calcineurin in 

hippocampal neurons (Dittmer et al., 2014). Calcineurin activity also critically mediates transcriptional 

regulation through the nuclear factor of activated T-cells (nFAT) family by dephosphorylating a critical 

residue, allowing translocation of nFAT to the nucleus.  This reveals a mechanism by which local LTCC 

activation plays a role in transcription regulation. 

Smooth muscle LTCC activity and expression are upregulated in models of hypertension, 

contributing to enhanced myogenic tone and altered gene transcription. SHR rats were shown to have 

enhanced whole-cell calcium currents in isolated vascular smooth muscle cells from young, pre-

hypertensive animals (Ohya et al., 1993, Nieves-Cintrón et al., 2008).  The difference in current density is 

insignificant compared with control animals at later stages in the progression of hypertension. (Ohya et 

al., 1993). Enhanced α2ό expression has been implicated in increased α1 surface trafficking in these 

animals (Bannister, 2012). Other studies have shown an important role for the β3 subunit in membrane 
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recruitment of the α1 subunit during Ang II infusion, as knockout mice for this gene do not demonstrate 

functional channel upregulation and display significantly lower elevation in blood pressure (Kharade et 

al., 2013). Endothelin was also shown to upregulate LTCC protein by redox-sensitive activation of the 

transcription factor NF-κB. This may be a shared pathway between endothelin and Ang II, as preventing 

synthesis of Ang II through angiotensin converting enzyme (ACE) inhibition was found to decrease 

elevated channel expression in SHR rats (Cox et al., 2002). In addition, local activity of LTCC’s in vascular 

smooth muscle is heterogeneous and channel activity is generally increased in pathological states. This 

aspect of LTCC physiology is discussed in Section 1.4.  

Repolarization of Smooth Muscle Membrane 

As with other excitable tissues, vascular smooth muscle membrane depolarization is opposed by 

activation of repolarizing currents through potassium channels. The two major groups of ion channels 

promoting membrane repolarization in vascular smooth muscle are voltage- gated and calcium- 

activated potassium channels. Membrane depolarization is directly opposed by activation of voltage- 

gated potassium (KV) channels in cerebral arteries. These channels consist of homo- or heterotetramers 

of six transmembrane- segment α subunits proteins containing a basic S4 segment similar to LTCC’s. 

Voltage-dependent whole-cell potassium currents originate primarily from KV1.2, KV1.5, and KV2.1 

channels (Knot and Nelson, 1995; Albarwani et al., 2003; Amberg and Santana, 2006). Pharmacologically 

isolated steady- state currents from KV channels in vascular smooth muscle, similar to LTCC’s, are small 

however due to a majority of expressed channels existing in the inactivated state at physiological 

membrane potentials.  Also similar to LTCC currents, depolarization of the membrane across the 

physiological range of membrane potential increases potassium conductance through KV channels. 

These channels play an important role in regulating basal tone (Robertson and Nelson, 1994; Amberg 

and Santana, 2006), as application of 4- aminopyridine and stromatoxin independently cause 

vasoconstriction of pressurized cerebral arteries.  
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Calcium- activated potassium (KCa) channels, including large (BK), intermediate (IK) and small 

(SK) single-channel conductance species also oppose membrane depolarization in smooth muscle.  

These may be activated by local calcium signaling through stromal release by RyR’s or IP3R’s, conferring 

basal activity and coupling their activity to metabotropic receptor activation. Spontaneous activity of BK 

channels, caused by transient release of stromal calcium through closely apposed RyR’s (Nelson et al., 

1995) is important for regulating basal tone in pressurized cerebral arteries, evidenced by the 

vasoconstrictor effect of the selective inhibitor iberotoxin (Brayden and Nelson, 1992).  BK channels, 

unlike other KCa channels contains a S4 voltage sensor, therefore its activity increases with both 

depolarization and [Ca2+]i. BK channel activity is also regulated by kinases. Specifically, PKA and PKG 

phosphorylation stimulate channel opening, whereas PKC inhibits its activity (Zhou et al., 2010).  

Regulation of potassium channels in hypertension generally promotes a more depolarized 

resting membrane potential and diminishes opposing hyperpolarizing currents in response to pressure 

and agonist-induced depolarization, contributing to hyper-reactivity of vascular smooth muscle.  

Expression assays from SHR rats show decreased Kv2.1 mRNA content in various vascular beds compared 

with controls (Cox et al., 2001). Functional potassium channel downregulation is due in part to Ang II- 

mediated stimulation of LTCC’s. Ang II- induced hypertension decreases expression of Kv2.1 channels in 

cerebral arteries.  This is mediated specifically by LTCC- dependent activation of nFATc3 transcriptional 

regulation (Amberg et al., 2004). This pathway also downregulates KV2.1 expression in a diet-induced 

diabetes model (Nieves-Cintrón et al., 2015).   BK channel activity in the SHR hypertension model and in 

Ang II- infused rats is also decreased in hypertension. The β1 subunit of BK channels, which confers 

sufficient calcium sensitivity for physiological activation, is downregulated in SHR (Amberg and Santana, 

2003). Similar to Kv2.1, downregulation of this subunit is mediated through AT1R and LTCC- dependent 

activation of nFATc3 transcriptional inhibition (Nieves-Cintrón et al., 2007). The local regulation of 

LTCC’s by Ang II in physiology and hypertension is discussed in Section 1.4. 
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1.3.4 Smooth Muscle Contraction 

In skeletal and cardiac muscle, calcium activates the contractile machinery by binding to 

troponin C, causing a conformational change in the thin filament architecture allowing interaction 

between actin bundles (thin filaments) and myosin bundles (thick filaments) in a cycle dependent on 

ADP/ ATP exchange and ATP hydrolysis. This calcium-dependent cycle causes a ratchet-like shortening of 

the thin/thick filament complex (sliding filament theory) resulting in cell contraction.   Smooth muscle 

lacks troponin, and calcium sensitivity focuses on thick filament activation instead.  In smooth muscle, 

this process initiated by activation of cytosolic calmodulin by eevation of global [Ca2+]I. This protein in 

turn associates with an autoinhibitory domain on the smooth muscle-specific myosin light chain kinase 

(MLCK). Phosphorylation of smooth muscle myosin by MLCK greatly increases its affinity for actin and is 

the major calcium-dependent step in smooth muscle excitation-contraction coupling.  Shortening of the 

contractile apparatus beyond this step is similar to what occurs in skeletal and cardiac muscle. Myosin 

light chain phosphatase (MLCP) directly opposes the myosin phosphorylation by MLCK and is 

constitutively active, therefore promoting relaxation of smooth muscle in the absence of elevated 

[Ca2+]i. The balance of activity between MLCK and MLCP directly determines the contractile state of 

smooth muscle and is a point of physiological regulation. Endothelial NO release causes PKG-mediated 

phosphorylation of MLCK, inhibiting its kinase activity (Lincoln et al., 2001).  Sensitization of the 

contractile apparatus occurs chiefly through inhibition of MLCP activity by myosin phosphatase targeting 

proteins.  These are linked to activity of AT1R’s by upstream activation of Rho- kinase (reviewed in 

Nguyen Det Cat and Touyz, 2013). 

 

1.3.5 Circulating Factors 

Direct humoral regulation of pial artery diameter is generally limited and occurs primarily 

through receptor- mediated activity in the endothelial layer due to exclusion of non-diffusible circulating 

18 

 



factors from the tunica media. The typical response of the cerebral vasculature to circulating factors is 

vasodilatory, which in some cases is opposite of their effect in other vascular beds and underscores the 

importance of endothelial function in regulating cerebral blood flow. An example of this vascular bed-

specific response is vasodilation in cerebral arteries to the systemic vasoconstrictor arginine vasopressin 

(Vanhoutte et al., 1984). The inflammatory mediators bradykinin (Bae et al., 2003), histamine (Toda, 

1990), ATP, and uridine triphosphate (UTP) likewise bind Gaq/11- coupled receptors in the pial artery 

endothelium to cause vasodilation.  In many cases of endothelium-derived relaxation, PGI2 production is 

supplementary to NO production.  The role of gap junction-mediated vasorelaxation is plausible but has 

not been adequately studied with respect to these vasodilatory factors. 

Angiotensin  

Circulating Ang II is a major active component of the renin-angiotensin- aldosterone system 

(RAAS), and has been extensively studied (reviewed in Phillips, 1987; Sparks et al., 2014). Circulating Ang 

II is produced through a series of cleavage reactions of the globular protein angiotensinogen which is 

primarily produced by the liver and released tonically into the blood.  Circulating angiotensinogen is 

cleaved by renin, a protease released by granular cells in the juxtaglomerular apparatus of the kidney in 

response to either decreased kidney perfusion or sympathetic stimulation.  Renin cleaves 

angiotensinogen into the decapeptide angiotensin I.  Angiotensin I is further hydrolyzed to form the 

active octapeptide Ang II by angiotensin converting enzyme (ACE), which exists as an integral membrane 

protein in pulmonary epithelia and on vascular endothelial cells. 

The primary function of circulating Ang II is to restore or enhance renal filtration. Ang II binds to 

Gαq/11- coupled AT1R receptors in various organs in a multipronged approach to accomplish this.  

Restoration of kidney function by circulating Ang II is accomplished by enhancement of renal Na+ and 

water uptake in the proximal and distal convoluted tubules directly and by stimulating aldosterone 

release by the adrenal cortex (reviewed in Sparks et al., 2014). Lesion- based studies demonstrate 
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circulating Ang II stimulates outputs from the circumventricular organs, namely the subfornical organ 

(SFO)(Meehan and Collister, 2011) and organ of the vascular lamina terminalis (OVLT)(Vieira et al., 

2010). Stimulation of these nuclei in turn increases systemic blood pressure through stimulating the 

release of vasopressin by the posterior pituitary. Vasopressin subsequently increases blood volume by 

enhancing water resorption by the distal collecting tubules in the kidney.  Additionally, neurons in the 

SFO and OVLT project to the cardiovascular control center in the medulla to increase sympathetic 

outflow and inhibit baroreflex-mediated inhibition of sympathetic flow (Phillips, 1987). In the pial 

arteries, circulating Ang II has been shown by Doppler estimation of flow to have a small vasodilatory 

effect in vivo (Krejcy et al., 1997) mediated through endothelial NO production (Pueyo et al., 1998). 

Sympathetic activation occurs in cases of secondary hypertension as a result of renal artery stenosis or 

kidney damage.  This is centrally mediated primarily by elevated circulating Ang II levels in these patients 

(Catt et al., 1971, reviewed in Zocalli et al., 2002).  

   

1.3.6 Paracrine and Autocrine Factors 

Prostaglandins and Endothelin 

As discussed above, the endothelium plays a major role in mediating smooth muscle relaxation 

through paracrine signaling.  The endothelium and smooth muscle in the arterial wall also produce 

vasoconstrictive factors.  These include prostaglandins such as PGE2 and thromboxane A2.  These 

arachidonic acid metabolites are formed in response to endothelial or smooth muscle damage and bind 

to ligand-specific Gaq family receptors, promoting inflammation and vasoconstriction (reviewed in 

Riccotini and FitzGerald, 2011). Endothelial cells also tonically release the peptide endothelin.  

Endothelin is a potent vasoconstrictor which binds to ETA receptors on vascular smooth muscle cells.  

The effect of ETA receptor activation in smooth muscle exhibits considerable overlap with the effect of 

Ang II which is described in more detail in the following section.  This is owed in part to activation of 
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similar second- messenger signaling cascades.  NO negatively regulates endothelin synthesis, thus in the 

event of endothelial dysfunction endothelin signaling becomes enhanced (reviewed in Thorin and Webb, 

2010). 

 Local renin-angiotensin system 

In addition to circulating Ang II, many local paracrine and autocrine signaling systems including 

the heart, brain and vasculature produce endogenous Ang II, (reviewed in Paul et al., 2007). Both the 

endothelium and smooth muscle cells in arteries have been shown to produce endogenous Ang II. 

Activity of the vascular renin- angiotensin system is upregulated under conditions such as increased 

shear stress, (Delli Gatti et al., 2008) and insulin resistance (Shinozaki et al., 2004; Lavrentyev, 2007)  

where ligand-mediated receptor activation acts synergistically with stretch-induced receptor activation. 

The major plasma membrane target of Ang II in smooth muscle is the AT1R, although these cells 

additionally express type-2 angiotensin receptors (AT2R’s). AT1R activation leads to pleiotropic 

downstream effects regulating contraction, secretion, and gene transcription, producing immediate and 

long-term effects with respect to the physiology of these cells. 

A major initial step in signal transduction by AT1R activation is PIP2 cleavage and formation of 

DAG and IP3 by PLCβ and/or PLCγ. While PLCβ activation is directly mediated by receptor stimulation, 

PLCγ is activated by tyrosine phosphorylation. Src- family tyrosine kinases including cSrc and Pyk2 could 

potentially mediate this pathway, as both are shown to be activated downstream of AT1R in cultured 

vascular smooth muscle cells (Eguchi et al., 1999; Touyz et al., 2001). Pyk2 is calcium-sensitive and may 

be activated by IP3R or plasmalemmal calcium entry, providing a possible link between G-protein and 

tyrosine kinase activation in vascular smooth muscle. Alternately, the receptor tyrosine kinase, 

epidermal growth factor receptor (EGFR) has also been shown to be rapidly activated following AT1R 

activation and both cSrc and Pyk2 are activated downstream of this event (Eguchi et al., 1998). DAG 

along with calcium possibly liberated by IP3 is crucial in the canonical activation of PKC, in addition to its 
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previously described role in mediation of stretch- induced depolarization. PKC plays a role in basal and 

pressure-induced myogenic tone (Osol et al, 1991;  Amberg et al., 2007) and local activation of LTCC’s in 

vascular smooth muscle cells (discussed in Section 1.4) Phospholipase A (PLA) activation occurs 

downstream of tyrosine kinases, leading to paracrine release of prostaglandins.  Phosphatidylinositol- 3 

kinase (PI3K) activation likewise occurs subsequent to AT1R stimulation, and may be directly mediated 

by the receptor (Murga et al., 1998) or subsequent to tyrosine kinase activation (Saward and Zahradka, 

1997). 

Reactive oxygen species 

ROS serves as a subcellular and paracrine mediator of Gαq and receptor tyrosine kinase signaling.  

Ang II is a well characterized mediator of agonist-induced ROS production in many cell types including 

vascular smooth muscle (Griendling et al., 1994), endothelial cells (Li and Shah, 2003), cardoimyocytes 

(Xie et al., 2001), and neurons (Wang et al., 2004; Sun et al., 2005; Chan et al., 2009). Perivascular 

adipose tissue and insulin resistance likewise increase vascular ROS signaling.  

A major source of cellular ROS produced by Ang II in each of these systems is plasmalemmal 

NAD(P)H oxidase. The non-phagocytic NAD(P)H oxidase isoform Nox1 primarily mediates ROS formation 

in vascular smooth muscle (Lassègue et al., 2001) and exists as an inactive  heterodimer of the catalytic 

(Nox1) and membrane-associated (p22) subunits at the plasma membrane. Catalytic activity may be 

initiated by tyrosine kinase (Touyz et al., 1999) and/or PKC- mediated (Brown and Griendling, 2009) 

phosphorylation of the cytosolic organizational subunit Noxo1 to facilitate interaction between Noxo1 

and the catalytic domain- activating Noxa1 subunits.  These are targeted to the cell membrane by Rac1 

GTPase, mediated through activity of PI3K (reviewed in Pick, 2014).  The assembled tetramer oxidizes 

NADPH to NADP+ and a free proton, and reduces extracellular oxygen to form superoxide (O2
-). O2

- is 

highly reactive and is rapidly degraded spontaneously or enzymatically to the uncharged stable ROS, 

hydrogen peroxide (H2O2) by superoxide dismutase. H2O2 can then passively re-enter the cell and modify 
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protein activity through oxidation.  O2
- additionally reacts with NO to form the reactive species 

peroxynitrite (ONOO-), reducing NO bioavailability. ONOO- directly oxidizes the eNOS cofactor BH4, 

preventing NO production (reviewed in Fukai and Ushio-Fukai, 2011). ONOO- forms covalent bonds with 

amino acid residues on proteins to modify their activity similar to the effect of H2O2 discussed below, 

although the affinity of specific residues for the two species differs. 

 Another major cellular source of ROS is the mitochondrial electron transport chain (ETC), and 

mitochondrial ROS have been shown to contribute to Ang II-induced oxidative signaling in neurons, 

cardiomyocytes, vascular endothelium, and smooth muscle. Ideally, this group of enzymes located on 

the mitochondrial inner membrane oxidize NADH2 or succinate (at complexes I and II respectively) and 

bind the free electrons from this oxidation. Energy is released by moving these electrons through 

successively stronger electron acceptor sites on the inner membrane. The released free energy is 

subsequently used to move protons across the inner membrane from the matrix to the intermembrane 

space.  This creates an electrical and proton gradient across the inner membrane. Two protons and two 

electrons combine with O2, the final oxidizing agent in the electron transport chain to form molecular 

water. The electrochemical gradient across the inner membrane is utilized by ATP synthase to couple 

proton re-entry to phosphodiester bond formation, converting ADP to ATP.  

 Occasional premature release of electrons from the ETC results in formation of mitochondrial 

O2
-. Similar to O2

- formed by NAD(P)H oxidase, mitochondrial O2
- is rapidly converted to H2O2.  The rate 

of O2
- production can be increased by enhanced fatty acid or glucose metabolism. Additionally, 

mitochondrial ROS production can be stimulated by increasing the matrix volume.  Swelling deforms the 

inner membrane and decreases the efficiency of the assembled ETC complexes. Subsequent transient 

increases in superoxide production are linked to potassium currents directed into the mitochondrial 

matrix through mitochondrial KATP channels (mitoKATP).  This has been demonstrated to be crucial in Ang 

II-mediated cardioprotection during ischemia using the selective mitoKATP opener diazoxide and inhibitor 
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5-hydroxydecanoate (5-HD) (Kimura et al., 2005).  5-HD was also demonstrated to attenuate Ang II-

induced endothelial dysfunction (Doughan et al., 2008). Cardiomyocyte mitoKATP channels are redox-

sensitive and opening can be obtained by treatment with exogenous H2O2 (Facundo et al., 2007). Ang II 

signaling in neurons (Chan et al., 2009), cardiomyocytes (Kimura et al., 2005), and endothelial cells 

(Doughan et al, 2008) shows a dependence of mitochondrial ROS release on NAD(P)H oxidase activation.  

Through this mechanism termed “ROS-induced ROS release”, signaling can be amplified beyond a 

certain threshold of initial activity. 

The reversible oxidation of protein sulfhydryl groups is diagrammed in Figure 1.1. H2O2 modifies 

thiols on exposed cysteine and methionine residues by formation of sulfenic acid or methionine 

sulfoxide groups. This is dependent on the stability of the sulfhydryl bond in these residues, 

preferentially oxidizing low pKa sites.  Sulfenic acids represent a reversible mechanism by which H2O2 can 

participate in intracellular signaling through reversible modification of proteins, analogous to 

phosphorylation. Sulfenic acids may be spontaneously converted to disulfide bonds by a dehydration 

reaction involving other thiol groups. These may be from within the same protein, froming an 

intramolecular disulfide bond, or from 

another source. Soluble glutathione (GSH) 

may be involved in these reactions to form a 

glutathionylated product. Intra- or 

intermolecular disulfide bonds can be 

reduced enzymatically reduced by 

thioredoxin (Trx). Trx is regenerated by Trx 

reductase, which couples Trx reduction to 

oxidation of NADPH to NADP+. 

 
Figure 1.1. Reversible oxidation of low pKa cysteine thiol 

residues by H2O2. Exposed cysteine residues with weak hydroxyl 

bonds may be selectively oxidized by H2O2 to form sulfenic acid.  

Sulfenica acid can subsequently form a disulfide bond with 

another sulfhydryl-containing molecule such as glutathione. 

Disulfides can be catalytically reduced by thioredoxin or in the 

case of glutathionylated proteins, glutaredoxin, to regenerate 

reduced cysteine residues. 
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Glutationylated cysteines may also be reduced by glutaredoxin (reviewed in Klomsiri et al., 2011).  

Tyrosine phosphatase active sites commonly employ acidic cysteine residues at their active site, 

and these enzymes represent a group of effector proteins for ROS regulation (reviewed by Klomsiri et 

al., 2011). This illustrates a mechanism through which unchecked ROS activity broadly enhances protein 

kinase activity, leading to various outcomes. In other proteins, oxidation of sulfhydryl groups causes a 

conformational change which may up- or down-regulate protein activity. Oxidation of PKCα 

(Gopalakrishna and Anderson, 1989; Knapp and Klann, 2000) and cSrc (Abe et al., 1997) by low levels of 

exogenous H2O2 has been demonstrated. In both instances, this involves removal of autoinhibition, 

conferring catalytic activity on these proteins. Because these kinases are involved in inactivation of 

peroxiredoxins (discussed below) and activation of NAD(P)H oxidase, ROS can be seen as a potential 

means of feed- forward amplification of Ang II signaling. Physiologically this may be necessary to 

maintain basal activity of various pathways involved in protein expression and survivability. 

Because it is inherently toxic to cells, buffering systems have been developed to neutralize 

cytosolic and mitochondrial ROS, leading to spatial restriction of its activity under physiological 

conditions. The rapid conversion of highly reactive O2
- to H2O2 is catalyzed by cytosolic, mitochondrial, or 

extracellular superoxide dismutase (SOD1-3, respectively) (reviewed in Fukai and Ushio-Fukai, 2011).  

H2O2 is neutralized through a series of redox reactions within the cytosol or mitochondrial matrix.  This is 

chiefly accomplished initially through oxidation of the peroxiredoxin (Prx) family of enzymes and 

reduction of H2O2.  These enzymes exist as homodimers and form disulfide bridges between specific 

cysteine residues on apposed monomers during H2O2 neutralization.  These disulfide bonds are reduced 

by Trx to regenerate Prx dimers, forming an internal disulfide bond in Trx.  The reaction rate of Prx with 

H2O2 is several orders of magnitude higher than other oxidative targets, favoring its reaction over other 

proteins given sufficient activity (reviewed in Rhee et al., 2011).  Glutathione peroxidase (Gpx), serves as 

a secondary ROS buffer. Similar to Prx, Gpx can reduce H2O2, converting GSH to an oxidized homodimer 
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containing a disulfide bond (GSSG).  Gpx activity is limited by the availability of GSH, which typically is 

abundant in the cytosol.  GSSG is reduced by glutathione reductase, which is in turn reduced by 

oxidation of NADPH (reviewed in Iwasaki et al., 2009).  Both Gpx and Prx depend on availability of 

NADPH for sustained activity. Sustained local ROS production can lead to diminishment of NADPH 

through regeneration of peroxidase activity and additionally by NAD(P)H) oxidase, forming 

microdomains which allow oxidation of other targets. Additionally, tyrosine phosphorylation of cytosolic 

Prx1 inhibits its activity (Rhee et al., 2011), providing another mechanism for local regulation of ROS 

microdomain signaling.  

The spatial restriction of H2O2 signaling protects cells from the adverse effects of nonspecific 

oxidative modification of cellular proteins, while also allowing regulation of divergent signaling 

processes even within the same cell dependent on the localization of H2O2 sources and effectors.  This is 

akin to divergent calcium signaling seen in smooth muscle and other cell types.  In support of this 

concept, exogenous and endogenous H2O2 has been shown by different groups to mediate both 

vasoconstriction (Amberg et al., 2010; Nowicki et al., 2001; Tabet et al., 2004) and vasodilation 

(Hayabuchi et al., 1998; Iida and Katusic, 2000; Liu et al., 2011; Matoba et al., 2000; Xi et al., 2005) in 

various arterial beds.  The vasoconstrictive response in these studies is derived at least in part from 

enhancement of LTCC current, while vasodilation was shown to be mediated by increased BKCa, and KV 

channel activity.  

  Paracrine/ autocrine influence on the pathogenesis of arterial hypertension 

Chronic activation of the vascular renin- angiotensin system and enhanced endothelin 

production contributes largely to the pathogenesis of hypertension.  Vascular smooth muscle 

characteristically undergoes transition between a contractile and proliferative phenotype, dependent on 

a large number of inputs from its local environment. This is physiologically important for repair of 

damaged vessel walls and angiogenesis. By activating tyrosine kinase-, calcium-, and redox-sensitive 
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signaling pathways, paracrine signaling in the vascular wall contributes to maintaining a contractile 

phenotype and promotes cell survival in smooth muscle. 

In general, transcriptional modification in vascular smooth muscle during the pathogenesis of 

hypertension leads to enhanced tissue inflammation, augmented sensitivity to vasoconstrictor stimuli, 

remodeling of vascular wall matrix constituents, and increased myogenic tone. As the pathology 

progresses, this  eventually results in sclerotic plaque formation and  vessel remodeling as described in 

Section 1.2. Increased calcium signaling specifically through LTCC’s in smooth muscle leads to activation 

of the calcium- sensitive transcription pathways including  nFATc3 (Nieves- Cintrón et al, 2008), CREB 

(Wellman et al, 2001) and contributes to activation of  NF-κB (Ortego et al., 1999). Tyrosine kinase- 

dependent transcriptional pathways activated by Ang II in vascular smooth muscle include extracellular 

receptor kinase (ERK), p38mitogen- activated protein kinase (p38MAPK), and c-jun N- terminal kinase 

(JNK) (Eguchi et al., 2001). JNK phosphorylation is additionally involved in calcium sensitization if the 

contractile apparatus (Guilluy et al., 2010) and plays a direct role in activation of transcription through 

the AP-1 pathway. Redox- sensitive transcription pathways linked to AT1R activation include NF-κB, 

p38MAPK, and AP-1.  NF-κB and p-38MAPK activation increases expression of pro-inflammatory 

cytokines  in response to AT1R activation (Han et al., 1999) and NF-κB may increase  surface trafficking  

of LTCC’s in some hypertensive models (Narayanan et al., 2010). Additionally, NAD(P)H oxidase subunit 

expression is upregulated by Ang II treatment (Touyz et al., 2002) and in vascular smooth muscle from 

SHR, and AT1R and ET1 activation enhance its expression in WKY controls (Briones et al., 2011).  

Upregulation of multiple components of Ang II signaling postulates a feed-forward cycle of vascular 

reactivity and transcriptional modification pathologically. 
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1.4 L-type Calcium Channel Sparklets 

1.4.1 Early Characterization of Sparklets 

The term “sparklets” was first used to describe optical recordings of calcium flux through single 

L-type calcium channels in isolated ventricular myocytes (Wang et al., 2001). These recordings were 

performed using a confocal line-scan setup in which cells were stimulated with either membrane 

depolarization or with a pharmacological L-type channel agonist (FPL64176). Using the cell-permeable 

ratiometric Ca2+ indicator Fura-2, this group was able to simultaneously record unitary Ca2 influx events 

both as increases in fluorescence  in a confocal line scan set at the plane of a cell- attached micropipette 

and complementary inward currents from the electrode. Due to rapid intracellular buffering and 

diffusion of both calcium and calcium-bound fluorophores away from the channel, temporal resolution 

of calcium influx was closely comparable between the two data acquisition techniques.  Demuro and 

Parker (2004) successfully added a second dimension to acquisition of sparklet data by developing a 

total internal reflection fluorescence (TIRF) system using a wide-field fluorescence microscope to 

simultaneously view plasmalemmal calcium transients over a large area of the cell membrane of 

xenopus oocytes transfected with N-type calcium channels.  

 Briefly, TIRF utilizes a through-the-lens laser focusing setup and an objective with a large 

numerical aperture.  Thiis allows positioning of the focused light beam at an oblique angle relative to the 

coverslip such that when the beam encounters the coverslip/imaging solution interface, the change in 

refractive index causes the beam to be reflected away from the sample rather than penetrate it.  While 

the beam is entirely reflected in this setup, a shallow (<200nm) electromagnetic field is produced within 

the solution with the same energetic characteristics as the light beam.  This wave can therefore excite 

fluorophores which would be excited by the wavelength of light produced by that beam exclusively 

within the evanescent field. 
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1.4.2 Sparklets in Vascular Smooth Muscle  

 The 2004 study by Demuro and Parker revealed heterogeneity in single- channel gating 

characteristics among the population of N-type channels within single cells. Subsequent to this 

discovery, the Santana lab adapted this technique toinvestigate heterogeneous LTCC activity in the 

cardiovascular system. Smooth muscle sparklets were investigated by Navedo et al., (2005) in isolated 

myocytes using a TIRF microscope similar to Demuro and Parker (2004). This group used the whole-cell 

dialyzed configuration of patch- clamp electrophysiology to gain voltage control over the cells.  To 

improve temporal resolution, a high concentration (10mM, compared with 200µM fluorophore) of the 

calcium chelator ethylene glycol tetraacetic acid (EGTA) was included in the intracellular solution , as the 

incoming calcium binds first to the fluorophore due to preferential binding kinetics, and is subsequently 

chelated by the nonfluorescent, but more abundant EGTA.  

Native LTCC sparklets were characterized pharmacologically by demonstrating their sensitivity 

to the dihydropyridine agonist Bay-K 8644 and antagonist nifedipine (Navedo et al., 2005). Furthermore, 

vascular smooth muscle cells from transgenic mice expressing dihydropyridine insensitive Cav1.2 

retained basal sparklet activity in the presence of nifedipine (Navedo et al., 2007). To biophysically 

associate sparklets with LTCC’s, simultaneous TIRF imaging and whole-cell current traces were analyzed.  

Because the calcium indicator fluo-5F is ratiometric, the change in calcium concentration at the mouth 

of the channel could be calculated, then converted to instantaneous current by plotting the 

concentration vs. the measured inward current recorded corresponding to the fluorescence recording.  

The quantal value was then plotted against voltage by performing a series of voltage step protocols to 

yield the single- channel slope conductance.  This was then compared to the slope conductance given by 

isolated nifedipine-sensitive single- channel current traces using a similar voltage step protocol. These 

values were statistically identical (10.1pS from sparklet recordings vs 10.9pS from cell-attached 

recordings in 20mM [Ca2+]e) (Navedo et al., 2005).  Additionally, heterologous expression of CaV1.2 
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yielded statistically identical quantal calcium influx concentration profiles under identical recording 

conditions at various membrane voltages (Navedo et al., 2006).  

Native LTCC’s in vascular smooth muscle were observed to have heterogeneous activity across 

the membrane under basal conditions (Navedo, 2005). Cells voltage clamped at -70mV featured rare loci 

which showed persistent gating termed “high activity sparklets”, in addition to occasional gating at 

other sites termed “low activity sparklets”. A bimodal distribution of open probability was observed, 

determined by the number of quantal influx events per active site during the recording (nPs, analogous 

to nPo values obtained from cell-attached or excised patch recordings), identifying the two groups as 

separate populations. The difference in nPs between these populations arises from the frequency and 

number of gating events, in addition to the apparent dwell time in the open state when gating occurs, as 

time constants for high activity sparklets are best modeled by a slow and fast component (Amberg et al, 

2007). Within a sparklet site, multiple quantal events may occur simultaneously.  Optically, this results in 

summation of the fluorescence signature. An all-points histogram shows that the change in  [Ca2+]i fits a 

multiple- component Gaussian curve with peaks centered around multiples of the quantal value (i.e. 

35nM, 70nM, 105nM, etc.).The probability of multiple simultaneous events is low compared with 

unitary events, and shows a progressive trend toward decreased likelihood as quantal level increases. 

With exception of these sites the majority of the membrane remained optically silent, fitting with the 

low (around 10-8) voltage-dependent single channel open probability at -70mV (Quayle et al., 1993b).  

Although sparklet sites nPs is higher than predicted, sparklet activity retains voltage dependence.  

Increasing the membrane voltage from -70mV to -40 increases the mean nPs of both high and low 

activity sparklets (Amberg et al., 2007).  
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1.4.3 High Activity Sparklets 

Low and high activity LTCC sparklets differ in both their physiological regulation and the 

downstream consequences of their activity.  While each of these phenomena contribute nearly equally 

to steady-state global calcium levels under physiological conditions (Amberg et al., 2007), high activity 

sparklets are upregulated by metabotropic receptor activation and in disease models, where their 

influence critically affects both smooth muscle contraction and transcription.    

Importance in Regulation of Tone 

In addition to regulation of transcription, PKC-dependant regulation of sparklet activity is 

physiologically relevant in smooth muscle contraction. This was demonstrated by Amberg et al. (2007) in 

dialyzed, voltage clamped (at -70mV) cerebral myocytes by excluding EGTA from the intracellular pipette 

solution and decreasing extracellular calcium to physiological concentrations. To image both 

sarcolemmal sparklet events and global calcium levels, the laser angle was adjusted to slightly exceed 

the critical TIRF angle, allowing visualization of sparklets as spatiotemporally discreet spikes in 

fluorescence and global cytosolic calcium as a more uniform and stable background signal. In control 

myocytes, after one or two initial events, individual sparklets resulted in a direct increase in global 

calcium.  The inclusion of a PKC inhibitory peptide prevented sparklet activity and resulted in a slow, 

diminished increase in global fluorescence.  Treatment of cells with the PKC inhibitor of Gӧ6976 reduces 

the amplitude of whole-cell calcium currents induced by membrane depolarization by roughly half 

(Navedo et al., 2008). This also translates to a role in vessel diameter regulation. Bath application of 

Gӧ6976 decreases vessel wall [Ca2+] in pressurized resistance arteries to a similar degree and caused 

vasodilation (Amberg et al., 2007). Additionally, PKCα-/- and AKAP-/- arteries have lower basal arterial 

wall [Ca2+], and exhibited diminished myogenic tone compared  with wild-type controls (Navedo et al., 

2008; Nieves-Cintrón et al., 2008).  These experiments lead to the conclusion that under physiological 
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conditions, high activity sparklets under the control of PKCα contribute significantly to the maintenance 

of smooth muscle calcium to regulate arterial tone.   

 Regulation by intracellular kinase activity 

The heterogeneity of LTCC activity in vascular smooth muscle is mediated not by distribution of 

the channel across the membrane, but of key regulatory elements which modulate channel gating. A 

major role for PKC was observed by Navedo et al. (2005) by observing the enhancement of sparklet 

activity by the DAG analog phorbol 12, 13-dibutyrate (PDBU) and abolition of high activity sparklets 

activity by inclusion of a PKC inhibitory peptide in the intracellular solution, even in the presence of 

PDBU. A key finding from these experiments was that addition of PDBU increased the number of high 

activity sparklet sites by upregulating activity at low activity or previously silent sites. PDBU did not 

increase activity at already established high activity sites. In addition, heterologously expressed 

functional CaV1.2 in voltage-clamped tSA201 cells requires coexpression of PKC for basal sparklet 

activity, and transgenic mice lacking PKCα (PKCα-/-) do not exhibit high activity sparklets (Navedo et al., 

2006). Additionally, pharmacological inhibition of the serine/ threonine phosphatases calcineurin (CaN) 

and protein phosphatase 2A (PP2A) each increased the occurrence of high activity sparklets in a PKC-

dependent manner in voltage clamped cells (Navedo et al., 2006).  Taken together, these studies suggest 

that basal high activity sparklet sites are under the local control of a kinase/ phosphatase system 

favoring kinase activity, and that increasing PKC activity can tip the balance in favor of kinase activity at 

additional sites. Exposure of vascular smooth muscle cells to forskolin, an activator of adenylyl cyclase, 

similarly results in enhanced LTCC sparklet activity, implicating PKA as an alternate kinase involved in 

native regulation of sparklets (Navedo et al., 2010).   

  Regulation by AKAP150  

Interestingly, high activity sparklets, even in the presence of agonists such as PDBU and 

forskolin, and additionally in cells treated with protein phosphatase inhibitors, are confined to a very 
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small portion of the cell membrane. Conversely, inclusion of the PKC catalytic domain in the intracellular 

pipette solution causes homogeneous activation of calcium influx across the smooth muscle membrane 

(Navedo et al., 2005).  This suggests functional coupling of active kinases to LTCC’s determines local 

sparklet activity.  AKAP150 was shown to mediate this interaction in vascular smooth muscle, as vascular 

myocytes from transgenic mice lacking the gene for AKAP 150 (AKAP150-/-) were found to lack basal 

sparklet activity and are insensitive to PDBU stimulation of sparklet activity (Navedo et al., 2008). 

 The association with AKAP 150 identifies a potential role for high activity sparklets in 

transcriptional regulation by nFAT (see Section 1.3). This was confirmed in cultured arterial myocytes by 

transfection with a green fluorescent protein-fused nFATc3 (nFATc3-EGFP). Confocal imaging showed 

nuclear translocation nFATc3-EGFP upon stimulation by PDBU.  Translocation was blocked by inhibition 

of LTCC activity by nifedipine.  This was shown to be dependent on a local rather than global increase in 

[Ca2+]i by chelating global [Ca2+]i with  the acetomethoxy ester of  1,2-bis(o-aminophenoxy)ethane-

N,N,N',N'-tetraacetic acid (BAPTA-AM) (Nieves-Cintrón et al., 2008). AKAP150 anchored calcineurin 

specifically is likely to mediate nFATc3 activation in this setup, where it can interact with calmodulin 

activated at the mouth of the LTCC prior to BAPTA chelation of [Ca]i.  

 Regulation by AT1R activation 

The known interactions among the signaling components within the Ang II- LTCC sparklet 

microdomain described in this section are summarized in Figure 1.2. Ang II, acting through PKC recruited 

to the cell membrane by AKAP150, stimulates sparklet activity in smooth muscle in much the same 

manner as PDBU.  Voltage-clamped arterial myocytes exposed to Ang II in the bath solution show an 

increase in both high and low activity sparklets in a spatially limited manner across the cell membrane 

(Nieves-Cintrón et al., 2008). Ang II- induced activation of sparklets does not occur in myocytes isolated 

from PKCα-/- or AKAP150-/- mice, indicating this pathway was important for Ang II mediated sparklet 
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activity. Mutation of the PKA 

binding site on AKAP150 does 

not confer the same 

insensitivity to Ang II  (Navedo 

et al., 2008). Similarly, 

pressurized arteries from each 

of these knockout models 

groups respond minimally to 

the vasoconstrictive effect of 

extraluminal Ang II compared 

with arteries from wild-type controls. Increased blood pressure resulting from in-vivo chronic Ang II 

infusion was also diminished in these groups compared to wild-type controls (Nieves-Cintrón et al., 

2008; Navedo et al., 2008).  Taken together these studies show a direct link between local regulation of 

smooth muscle LTCC’s by Ang II and physiological regulation of myogenic tone.  

Ang II- and PKC-dependent sparklet activity is also important in the development of 

hypertension. This pathway is linked to activation of nFATc3-mediated gene expression, and sparklet 

activity becomes upregulatied during the pathogenesis of hypertension.  Cultured human arterial 

smooth muscle cells exposed to Ang II for 48h show a decrease in Kv2.1 expression, and this action is 

mediated through an nFAT-sensitive pathway. Fittingly, PKC-/- and AKAP150-/- mice infused with Ang II do 

not develop as steep an increase in blood pressure as wild-type mice.  Investigation of voltage- 

controlled isolated arterial myocytes from these three groups shows an increase in basal sparklet 

activity only in in wild type mice receiving Ang II infusion. Isolated myocytes from SHR rats also exhibit 

increased basal sparklet activity (Nieves-Cintrón et al., 2008; Navedo et al., 2008), suggesting this 

signaling pathway is upregulated pathologically. 

 
Figure 1.2. Previous model for Ang II-induced activation of LTCC sparklets. 

Activation of AT1R on the plasma membrane stimulates ROS production by 

NAD(P)H oxidase. This ROS is released into a plasmalemmal microdomain within 

1µm of a target L-type calcium channel. PKC targeted to this microdomain by the 

scaffolding protein AKAP150 mediates channel activation.  This activity is 

opposed by competing phosphatases present in the cytosol (PP2A) and localized 

by AKAP150 (CaN). 
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Role of Reactive Oxygen Species 

 High activity LTCC sparklets persist over relatively long time-courses.  This suggests a 

mechanism to maintain local kinase/phosphatase activity to favor phosphorylation should occur in the 

area around high activity sparklet sites. ROS, as a known mediator of Ang II signaling fulfills this role in a 

spatially discreet manner. As mentioned in Section 1.3, PKC and competing phosphatases are targets for 

modulation by ROS. Cysteine oxidation in either of these targets should encourage temporal stability of 

high activity sparklets.  Fitting with this, Ang II- induced sparklets are demonstrated by Amberg et al. 

(2010) to be sensitive to the NAD(P)H oxidase inhibitor apocynin. In agreement with previous reports on 

basal oxidative activity of vascular smooth muscle by NAD(P)H oxidase (Bassett et al, 2009), treatment of 

vascular smooth cells with the redox-sensitive lipophilic fluorescent indicator 2’,7’- 

dichlorodihydrofluorescein diacetate (DCF) reveals rare, punctate (<1µm wide) areas of enhanced 

fluorescence using TIRF. Exposing these cells to Ang II promotes a significant increase in surface density 

of these puncta. In cells treated with DCF, exposed to Ang II, and subsequently dialyzed with a calcium 

fluorophore and voltage clamped, high activity sparklets specifically localize within 1µm of an 

accompanying plasmalemmal DCF puncta (Amberg et al., 2010).  

 The role of local kinase/phosphatase balance in this interaction is also demonstrated by Amberg 

et al. (2010).  Bath application of the ROS-generation system xanthine and xanthine oxidase produces 

high and low activity sparklets in voltage-clamped arterial myocytes with a spatial distribution similar to 

that of other systems used to promote sparklet activity. The lack of widespread LTCC activation with this 

treatment suggests channel oxidation is not the mechanism by which local ROS interacts with LTCC’s. 

Furthermore, pretreatment of cells with a PKC inhibitor (Gӧ6976) attenuated ROS- induced sparklet 

activity, and immunocytochemistry revealed an increase in surface expression of PKCα in cells exposed 

to xanthine and xanthine oxidase.  In conclusion, this study expands the scope of previous investigations 

of vascular smooth muscle sparklets by linking observed calcium influx to activation of ROS microdomain 
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signaling. This association provides a plausible point of convergence for Ang II and other mediators of 

oxidative stress in chronic elevation of vessel wall calcium contributing to the pathogenesis of 

hypertension.  This study further investigates mechanisms coordinating this signaling pathway and may 

provide insight into unique therapeutic target for maintaining vascular health in populations at-risk for 

vascular disease.  

 

 1.5 Central Hypothesis and Key Observations 

The current study detailed in the following sections expands this investigation of Ang II- and ROS 

mediated sparklet regulation. The central hypothesis of this dissertation is that the subplasmalemmal 

hydrogen peroxide sources NAD(P)H oxidase and mitochondria coordinate an oxidative response to  

extracellular angiotensin signaling  which modifies local PKCα activity to promote high activity gating of 

discreet populations of L-type calcium channels under physiological and pathophysiological conditions.  

Key observations from the following chapters in support of this hypothesis are: 

1. Hydrogen peroxide is required for angiotensin- induced high activity L-type calcium channel 

sparklets. 

2. Cofactor- independent activation of PKCα is required for high activity sparklet activity.  

3. NAD(P)H oxidase and mitochondria concertedly produce punctate plasmalemmal hydrogen 

peroxide domains which directly colocalize with and critically regulate high activity sparklet 

sites. 

4. Both NAD(P)H oxidase and mitochondrial hydrogen peroxide production are required for 

angiotensin- induced  high activity sparklets 
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Chapter 2. Hydrogen peroxide mediates oxidant-dependent stimulation of arterial smooth muscle L-

type calcium channels1 

                                                

 

2.1 Summary 

Changes in calcium and redox homeostasis influence multiple cellular processes. Dysregulation 

of these signaling modalities is associated with pathology in cardiovascular, neuronal, endocrine, and 

other physiological systems. Calcium and oxidant signaling mechanisms are frequently inferred to be 

functionally related. To address and clarify this clinically relevant issue in the vasculature we tested the 

hypothesis that the ubiquitous reactive oxygen molecule hydrogen peroxide mediates oxidant-

dependent stimulation of cerebral arterial smooth muscle L-type calcium channels. Using a 

combinatorial approach including intact arterial manipulations, electrophysiology, and total internal 

reflection fluorescence imaging, we found that application of physiological levels of hydrogen peroxide 

to isolated arterial smooth muscle cells increased localized calcium influx through L-type calcium 

channels. Similarly, oxidant-dependent stimulation of L-type calcium channels by the vasoconstrictor 

angiotensin II was abolished by intracellular application of catalase. Catalase also prevented angiotensin 

II from increasing localized subplasmalemmal sites of increased oxidation previously associated with 

colocalized calcium influx through L-type channels. Furthermore, catalase largely attenuated the 

contractile response of intact cerebral arterial segments to angiotensin II. In contrast, enhanced 

dismutation of superoxide to hydrogen peroxide with superoxide dismutase had no effect on 

angiotensin-dependent stimulation of L-type calcium channels. From these data we conclude that 

hydrogen peroxide is important for oxidant-dependent regulation of smooth muscle L-type calcium 

channels and arterial function. These data also support the emerging concept of hydrogen peroxide as a 

1 Chaplin NL, Amberg GC (2012) Hydrogen peroxide mediates oxidant-dependent stimulation of arterial smooth 

muscle L-type calcium channels. Am J Physiol Cell Physiol; 302(9):C1382-1393. doi: 10.1152/ajpcell.00222.2011 
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biologically relevant oxidant second messenger in multiple cell types with a diverse array of 

physiological functions. 

 

2.2 Introduction 

Calcium (Ca2+) and redox signaling cascades are important modulators of cellular function. In 

many cell types, including arterial smooth muscle, direct and indirect evidence suggests that crosstalk 

occurs between Ca2+ and redox signaling cascades under physiological and pathophysiological conditions 

(Ermak and Davies, 2002; Hidalgo and Donoso, 2008; Trebek et al., 2010). Consistent with this, 

concomitant increases in Ca2+ influx and oxidative stress are associated with vascular diseases including 

hypertension, stroke, and atherosclerosis (Nieves-Cintrón, 2008; Touyz, 2000; Touyz and Schiffrin, 2000; 

Wellman et al., 2001). Thus, examination of mechanisms involved with the crosstalk between Ca2+ and 

redox signaling is of fundamental importance in understanding arterial function and dysfunction in 

health and disease. 

Previously we used total internal reflection fluorescence (TIRF) imaging to investigate oxidant-

dependent stimulation of L-type Ca2+ channels in arterial smooth muscle cells (Amberg et al., 2010). This 

approach revealed that exogenous reactive oxygen species (ROS) generated by xanthine oxidase 

stimulated localized Ca2+ influx through L-type Ca2+ channels (i.e., “Ca2+ sparklets”). Furthermore, the 

vasoconstrictor angiotensin II (Ang II) induced punctate generation of subplasmalemmal ROS that 

preceded and colocalized with subsequent L-type Ca2+ channel activity. While these observations 

demonstrate that ROS promote L-type Ca2+ channel function and that the spatial distribution of local 

ROS generation mirrors that of local Ca2+ influx through L-type Ca2+ channels, the identity of the 

participating ROS linking these Ca2+ and redox signaling events is unclear.  

Hydrogen peroxide (H2O2) is an important ROS signaling molecule (Forman et al., 2010; Mishina 

et al., 2011; Veal and Day, 2011). H2O2-dependent modulation of protein function is thought to occur by 
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oxidation of key amino acids (e.g., cysteine) that operate as allosteric redox-dependent switches. As 

with most cell types, major sources of H2O2 in arterial smooth muscle cells include NADPH oxidase (Nox) 

enzyme complexes and the mitochondrial electron transport chain. Previous work demonstrated that 

H2O2 regulates macroscopic recombinant L-type Ca2+ currents (Hudasek et al., 2004). However, the role 

of H2O2 in oxidative stimulation of localized arterial smooth muscle L-type Ca2+ channels has not been 

investigated.     

In this study we tested the hypothesis that H2O2 mediates oxidant-dependent stimulation of L-

type Ca2+ channels in rat cerebral arterial smooth muscle cells. We found that exogenous H2O2 increased 

not only macroscopic L-type Ca2+ channel currents but, more importantly, that H2O2-dependent 

increases in L-type Ca2+ channel function was localized. Conversely, removal of endogenous H2O2 with 

catalase abolished Ang II-dependent stimulation of L-type Ca2+ channels. Consistent with these 

observations, catalase also prevented increases in punctate subplasmalemmal ROS generation following 

Ang II exposure and attenuated Ang II-dependent constriction of pressurized cerebral arterial segments. 

In contrast to removal of H2O2 with catalase, enhanced dismutation of superoxide (to H2O2) had no 

effect on ROS puncta formation or Ang II-dependent stimulation of L-type Ca2+ channels. Taken 

together, these data provide compelling evidence that in rat cerebral arterial smooth muscle cells, 

physiologically-relevant oxidant-dependent stimulation of L-type Ca2+ channels is mediated by locally 

produced H2O2. 

 

2.3 Materials and Methods 

Isolation of rat cerebral arterial myocytes 

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) were euthanized with sodium 

pentobarbital (200 mg/kg intraperitoneally; Fort Dodge Animal Health, Fort Dodge, IA) in accordance 

with institutional guidelines and approved by the Institutional Animal Care and Use Committee of 
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Colorado State University. Isolated smooth muscle cells were prepared from basilar and cerebral 

arteries. Arteries were removed, cleaned, and placed in ice-cold Ca2+-free buffer containing (in mM): 140 

NaCl, 5 KCl, 2 MgCl2, 10 glucose, and 10 HEPES (adjusted to pH 7.4 with NaOH). Arteries were incubated 

for 15 min at 37°C in Ca2+-free buffer supplemented with papain (10 U/mL; Worthington Biochemical, 

Lakewood, NJ) and dithiothreitol (1 mg/mL) followed by a second incubation (15 min at 37°C) in Ca2+-

free buffer supplemented with collagenase (300 U/mL, Type II, Worthington Biochemical). Arteries were 

then washed with and placed in Ca2+-free buffer and kept on ice for 30 min after which trituration with a 

fire-polished Pasteur pipette was used to create a cell suspension; cells were used within 6 h of 

dispersion.  

Electrophysiology 

 Freshly prepared smooth muscle cell suspensions were pipetted into a glass bottomed 

recording chamber and the cells were allowed to adhere for 20 min. Membrane potential was controlled 

with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). The perforated whole-cell patch-

clamp technique was used to record macroscopic L-type Ca2+ channel currents with barium (Ba2+) as the 

charge carrier. For these experiments the amphotericin B (250 μg/ml) supplemented pipette solution 

contained (in mM): 120 CsCl, 20 TEA-Cl, 1 EGTA, and 20 HEPES (adjusted to pH 7.2 with CsOH) and cells 

were superfused with an external solution composed of (in mM): 115 NaCl, 10 TEA-Cl, 0.5 MgCl2, 5.5 

glucose, 5 CsCl, 20 BaCl2, and 20 HEPES (adjusted to pH 7.4 with CsOH). The mean capacitance of the 

cells used for macroscopic L-type Ca2+ channel current experiments was 18.2±0.9 pF (n=12 cells). For our 

Ca2+ imaging experiments, we used the conventional dialyzed whole-cell patch-clamp technique. During 

these experiments cells were superfused with a solution containing (in mM): 120 NMDG+, 5 CsCl, 1 

MgCl2, 10, glucose, 10 HEPES, and 20 CaCl2 (adjusted to pH 7.4 with HCl). Pipettes were filled with a 

solution composed of (in mM): 87 Cs-aspartate, 20 CsCl, 1 MgCl2, 5 MgATP, 0.1 Na2GTP, 1 NADPH, 10 

HEPES, 10 EGTA, and 0.2 fluo-5F (adjusted to pH 7.2 with CsOH). All electrophysiological experiments 
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were performed at room temperature (22-25°C) and were allowed to progress between 5 and 10 

minutes. Only recordings with stable GΩ seals were analyzed. 

Total internal reflection fluorescence (TIRF) microscopy 

 Ca2+ influx through L-type channels was visualized with a TILL Photonics (Victor, NY) through-

the-lens TIRF system built around an inverted Olympus IX-71 (Center Valley, PA) microscope using a 

100X (numerical aperture = 1.45) TIRF oil-immersion objective and an Andor iXON EMCCD camera 

(Andor Technology, South Windsor, CT). To monitor Ca2+ influx, myocytes were loaded with the Ca2+ 

indicator fluo-5F (200 µM; pentapotassium salt; Invitrogen, Carlsbad, CA) and an excess of EGTA (10 

mM) via the patch pipette. To preclude potential contaminating Ca2+ release events from the 

sacroplasmic reticulum, the Ca2+-ATPase inhibitor thapsigargin (1 µM) was present during all 

experiments. Excitation of fluo-5F was achieved with a 491 nm laser and excitation and emission light 

was separated with appropriate filters. Ca2+ influx was recorded at 50 Hz at a holding potential of -70 mV 

and elevated external [Ca2+] (20 mM) to facilitate the detection of events and provide fluorescent signals 

of sufficient amplitude (Navedo et al., 2006) to permit quantal analysis.  

L-type Ca2+ channel sparklet analysis 

 Background-subtracted fluo-5F fluorescence signals were converted to [Ca2+] (Amberg et al., 

2010; Maravall et al., 2000; Navedo et al., 2006) using the equation  
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where F is fluorescence, Fmax is the fluorescence intensity of fluo-5F in the presence of saturating free 

Ca2+, Fmin is the fluorescence intensity of fluo-5F in a solution where [Ca2+] is 0, Kd is the dissociation 

constant of fluo-5F, and Rf is the Fmax/Fmin of fluo-5F. Kd and Rf values for fluo-5F were determined in 
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vitro and Fmax was determined at the conclusion of each experiment with ionomycin (10 µM). Fluo-5F 

fluorescence images were analyzed with custom software (kindly supplied by Dr. L. Fernando Santana) 

(25). For an elevation in [Ca2+]i to be considered an L-type Ca2+ channel sparklet event, a grid of 3 x 3 

contiguous pixels had to have a [Ca2+]i amplitude equal to or larger than the mean basal [Ca2+]i plus three 

times its standard deviation. 

Quantal analysis of L-type Ca2+ channel sparklet activity (Navedo et al., 2005; Navedo et al., 

2006; Amberg et al., 2010) was performed on histograms generated from individual event amplitudes. 

The resulting histograms were fitted with the multicomponent Gaussian function 
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where a and b are constants, [Ca2+]i is intracellular Ca2+, and q is the quantal unit of Ca2+ influx. 

L-type Ca2+ channel sparklet activity was determined (Amberg et al., 2010; Navedo et al., 2005; Navedo 

et al., 2006) by calculating the nPs of each site, where n is the number of quantal levels detected, and Ps 

is the probability that the site is active. nPs values were obtained using pCLAMP 10.0 (Molecular Devices, 

Sunnyvale, CA) on imported [Ca2+]i time course records. L-type Ca2+ channel sparklet activity was 

quantified using an initial unitary [Ca2+]i elevation of 38 nM as determined experimentally (Navedo et al., 

2005). Consistent with previous reports (Amberg et al., 2007; Amberg et al., 2010; Navedo et al., 2005; 

Navedo et al., 2006). L-type Ca2+ channel sparklet activity was bimodally distributed with sites of low 

activity (nPs between 0 and 0.2) and high activity (nPs greater than 0.2). Active L-type Ca2+ channel 

densities (Ca2+ sparklet sites per µm2) were calculated by dividing the number of active sites by the area 

of cell membrane visible in the TIRF images. 
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Detection of reactive oxygen species generation 

 TIRF microscopy was also used to visualize subplasmalemmal ROS generation as described 

previously by us (2). Cells were loaded in Ca2+-free buffer supplemented with the cell-permeant ROS 

indicator 5-(and-6)-chloromethyl-2'7'-dichlorodihydrofluorescein diacetate acetyl ester (DCF; 10 µM; 

Invitrogen, Carlsbad, CA) for 20 min at room temperature. Following removal of excess DCF with 

unsupplemented Ca2+-free buffer, excitation of subplasmalemmal DCF was achieved with a 491 nm laser 

and excitation and emission light was separated with appropriate filters. Analogous to L-type Ca2+ 

channel influx, for an area of elevated DCF fluorescence to be considered a localized site of increased 

ROS generation (a ROS “puncta”), a grid of 3 x 3 contiguous pixels had to have a fluorescence amplitude 

equal to or larger than the mean basal DCF fluorescence plus three times its standard deviation (Amberg 

et al., 2010; Navedo et al., 2005) ROS puncta densities (ROS puncta per µm2) were calculated by dividing 

the number of sites detected by the area of cell membrane visible in the TIRF images. Changes in DCF 

fluorescence (∆ DCF) were calculated from the mean pixel intensities of the total intracellular 

submembranous slice visible in the TIRF images (average ∆ DCF) and the areas confined to nascent ROS 

puncta (puncta ∆ DCF).  

Intact arterial diameter measurements 

 Middle cerebral arteries for intact tissue experiments were isolated and stored in ice-cold 

MOPS buffer containing (in mM): 145 NaCl, 5 KCl, 1 MgSO4, 2.5 CaCl2, 1 KH2PO4, 0.02 EDTA, 2 pyruvate, 5 

glucose, 1% bovine serum albumin, and 3 MOPS (adjusted to pH 7.4 with NaOH). Arteries were cleaned 

of connective tissue and transferred to a vessel chamber (Living Systems, Burlington, VT). One end of the 

artery was cannulated onto a glass micropipette and secured with monofilament suture. Luminal 

contents were rinsed and the other end was cannulated onto an opposing micropipette and secured. 

Arteries were pressurized to 20 mmHg with a bicarbonate-based physiological saline solution (B-PSS) 

containing (in mM): 119 NaCl, 4.7 KCl, 1.8 CaCl2, 1.2 MgSO4, 24 NaHCO3, 0.2 KH2PO4, 10.6 glucose, and 
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superfused (3 mL/min) with warmed B-PSS (37°C) aerated with a normoxic gas mixture (21% O2, 6% CO2, 

balance N2). To block the effects of endothelial-derived nitric oxide, the nitric oxide synthase inhibitor 

NG-nitro-L-arginine (300 µM) was included in the B-PSS superfusate.  

Following a 15-minute equilibration period, intraluminal pressure was increased to 60 mmHg, 

arteries were stretched appropriately to remove bends, and the pressure was lowered back to 20 mmHg 

for a second 15-minute equilibration period. Intravascular pressure was then again increased to 60 

mmHg and the inner diameter continuously monitored using video microscopy and edge-detection 

software (Ionoptix, Milton, MA). To assess viability of the preparation, all arteries were exposed to 

isotonic B-PSS containing 60 mM KCl. Experiments with Ang II (10 nM) and/or PEG-catalase (500 U/mL) 

were initiated after a stable level of tone was obtained at 60 mmHg and were terminated by superfusing 

with Ca2+-free B-PSS supplemented with the L-type Ca2+ blocker diltiazem (10 µM) to obtain the passive 

diameter of the artery. Arterial tone (% constriction) was calculated as the percentage difference in 

active luminal diameter versus passive luminal diameter.  

Passive arterial diameters were not different for experiments with Ang II alone (180.6 ± 11.5 µm, 

n=5 arteries) and for Ang II plus PEG-catalase (193.3 ± 20.1 µm, n=4 arteries; P >0.05). Similarly, 

myogenic tone at 60 mmHg under control conditions (i.e., with only NG-nitro-L-arginine present) was 

also similar for experiments with Ang II alone (39.2 ±3.0%, n=5 arteries) and for Ang II plus PEG-catalase 

(32.2±6.8%, n=4 arteries; P >0.05). A small increase in arterial diameter was observed following PEG-

catalase exposure, 7.7±0.75 µm which corresponded to a 8.5±3.8% loss of tone, but this did not 

approach statistical significance (P =0.41, n=4 arteries). 

Chemicals and statistics 

 Manganese tetrakis (4-N-methylpyridyl) porphyrin (MnTMPyP) and tempol were from EMD 

(Gibbstown, NJ); all other chemicals were from Sigma (St. Louis, MO) unless stated otherwise. Normally 

distributed data are presented as the mean±standard error of the mean (SEM).  Two-sample 
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comparisons of these data were performed using either a paired or unpaired (as appropriate) two-tailed 

Student’s t test and comparisons between more than two groups were performed using a one way 

ANOVA with Tukey’s multiple comparison post-test. L-type Ca2+ channel sparklet activity (i.e. nPs) 

datasets were bimodally distributed, thus two-sample comparisons of nPs data were examined with the 

non-parametric Wilcoxon matched pairs test (two-tailed) and comparisons between more than two 

groups were performed using the non-parametric Friedman test with Dunn’s multiple comparison post-

test. Arithmetic means of nPs datasets are indicated in the figures (solid grey horizontal lines) for non-

statistical visual purposes and dashed grey lines mark the threshold for high-activity Ca2+ sparklet sites 

(nPs ≥ 0.2) (Amberg et al., 2010; Navedo et al., 2005; Navedo et al., 2006). P values less than 0.05 were 

considered significant and asterisks (*) used in the figures indicate a significant difference between 

groups. 

 

2.4 Results 

To test our hypothesis that H2O2 mediates oxidative stimulation of L-type Ca2+ channels we 

proposed four experimental criteria: 1) Application of exogenous H2O2 should increase L-type Ca2+ 

channel activity; 2) lowering endogenous H2O2 should reduce L-type Ca2+ channel activity; 3) lowering 

endogenous H2O2 should also limit arterial constriction in response to oxidative stimuli; and 4) 

manipulation of other candidate ROS such as superoxide should minimally effect L-type Ca2+ channel 

function.         

  Catalase attenuates contraction of intact rat cerebral arteries in response to Ang II 

 We previously reported that ROS generation by Ang II, a known activator of arterial NADPH 

oxidase complexes (Lassègue et al., 2001; Touyz, 2005) constricted rat cerebral arteries in an L-type Ca2+-

channel dependent manner (Amberg et al., 2010). To continue this line of investigation and establish the 

importance of H2O2 as a participating ROS we tested the effect of catalase on pressurized (60 mmHg) 

45 

 



middle cerebral arterial responses to Ang II. Similar to previous reports (Amberg et al., 2010; Touyz and 

Schiffrin, 2000; Wackenfors et al., 2006), Ang II (10 nM) produced a moderate constriction (19.3±4.0 µm, 

n=5 arteries) of rat cerebral arterial segments (Figure 2.1A). However, in presence of cell-permeable 

PEG-catalase (500 U/mL), the contractile response to Ang II (3.5±2.2 µm) was nearly abolished (Figure 

2.1B&C; P<0.05, n=4 arteries). These data are consistent with our hypothesis that H2O2 is involved in 

oxidative-dependent contraction of arterial smooth muscle (e.g., stimulation of L-type Ca2+ channels).  

Exogenous hydrogen peroxide increases macroscopic L-type Ca2+ channel currents in 

isolated cerebral arterial smooth muscle cells  

To investigate if stimulation of L-type Ca2+ channels could contribute to the catalase-sensitive 

component of Ang II-induced arterial constriction we applied a physiologically-relevant concentration of 

H2O2 (100 µM) (Schröder and Eaton, 2008; Stone and Yang, 2006) to isolated arterial myocytes. We 

found that exogenous H2O2 increased macroscopic L-type Ca2+ channel currents obtained with the 

amphotericin B perforated-patch technique using Ba2+ as the charge carrier. We arrived at the this 

conclusion with two voltage-clamp protocols: First we tested the effect of H2O2 on macroscopic L-type 

Ca2+ channel currents in response to step depolarizations to 0 mV from a holding potential of -70 mV. As 

shown in Figure 2.2A&B, exogenous H2O2 increased diltiazem-sensitive macroscopic L-type Ca2+ channel 

currents (P<0.05, n=5 cells).  To confirm and illustrate the voltage-dependency of the H2O2–induced 

current, we recorded diltiazem-sensitive macroscopic Ba2+ currents during ramp depolarizations from - 

  

Figure 2.1.  PEG-catalase attenuates angiotensin II-dependent constriction of middle cerebral arteries. 

A & B, Representative time courses showing luminal diameters of pressurized (60 mm Hg) middle 

cerebral arterial segments exposed to angiotensin II (Ang II; 10 nM) in the absence (panel A) or presence 

of PEG-catalase (500 U/mL; panel B). C, Plot of the mean±SEM induced constriction (%) by Ang II in the 

absence (n=5 arteries) or presence of PEG-catalase (n=4 arteries). * P<0.05  
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70 to +40 mV 

before and after 

application of 

H2O2 (see Figure 

2.2C, D, and E). 

As with our 

recordings 

obtained during 

step 

depolarizations, 

diltiazem-

sensitive currents 

evoked during 

continuous ramp 

depolarizations were increased by H2O2 (P<0.05, n=7 cells). The representative difference current in 

Figure 2.2D highlights the voltage-dependency of the diltiazem-sensitive current induced by H2O2. Taken 

together, these observations strongly support our hypothesis that H2O2 stimulates voltage-dependent L-

type Ca2+ channels. However, as evident below, these data also reveal interpretive limitations inherent 

to conventional macroscopic electrophysiological recordings of L-type Ca2+ channel currents.  

Exogenous hydrogen peroxide stimulates localized L-type Ca2+ channel activity 

 Our macroscopic current recordings indicate that H2O2 stimulates L-type Ca2+ channels. 

However, these data provide no information with regard to the spatial regulation of L-type Ca2+ channel 

function by H2O2. To overcome this deficiency we used TIRF microscopy to visualize Ca2+ influx through 

single L-type Ca2+ channels with high temporal and spatial resolution. First, however, we used TIRF 

  

Figure 2.2.  Hydrogen peroxide increases macroscopic L-type Ca2+ channel currents in isolated 

rat cerebral arterial smooth muscle cells. A, Representative Ba2+ current traces during step 

depolarizations to 0 mV from a holding potential of -70 mV before (left) and after application of 

H2O2 (100 µM; middle) and H2O2 plus diltiazem (10 µM; right). B, Plot of the mean±SEM peak 

Ba2+ current densities before and after H2O2 and H2O2 plus diltiazem (n=5 cells). C, 

Representative diltiazem-sensitive (10 µM) currents evoked during voltage ramps from -70 to +40 

mV with a depolarization rate of 220 mV/s before (left) and after application of H2O2 (100 µM; 

right); the dotted grey line marks the zero current level. D, plot showing the amplitude (pA) of a 

representative H2O2-induced current as a function of voltage (mV) during a ramp depolarization 

as described in C. E, Plot of the mean±SEM net area under the curves associated with the 

diltiazem-sensitive currents recorded during the ramp protocol before and after H2O2 (n=7 cells). 

* P<0.05  
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microscopy to image subplasmalemmal changes in intracellular oxidation in arterial myocytes exposed 

to exogenous H2O2 with the cell-permeable fluorescent ROS indicator DCF (10 µM; see Materials and 

Methods). Important for this study, H2O2, but not superoxide, is implicated as an experimentally-

relevant DCF oxidant (LeBel et al, 1992; Rhee et al., 2010; Zhu et al., 1994). As shown in Figure 2.3, 

exogenous H2O2 (100 µM) produced a homogenous (i.e., non-punctate by our criteria) increase in 

intracellular oxidation as evident in the uniform increase in subplasmalemmal DCF fluorescence 

(average ∆ DCF) throughout the visualized intracellular space (P<0.05, n=5 cells).  These observations 

suggest that increased DCF fluorescence in our TIRF imaging experiments faithfully reports changes in 

intracellular oxidation throughout the imaged subplasmalemmal space without spatially erroneous 

confounding biases such as non-uniform intracellular compartmentalization or oxidation of the ROS 

indicator.     

Having 

demonstrated that H2O2 

increased intracellular 

oxidation throughout the 

imaged subplasmalemmal 

space, we then used TIRF 

microscopy to image Ca2+ influx through single L-type channels. To do so, we applied H2O2 (100 µM) to 

isolated voltage-clamped (at -70 mV) cerebral arterial myocytes dialyzed with the Ca2+ indicator fluo-5F 

and monitored for changes in Ca2+ influx. Consistent with the hypothesis that H2O2 stimulates local L-

type Ca2+ channel activity, punctate sites of Ca2+ entry (i.e., “Ca2+ sparklets”) increased following H2O2 

application (see Figure 2.4A).  To link these image stacks to L-type Ca2+ channel function we constructed 

and analyzed event amplitude histograms from fluo-5F fluorescence time courses as shown in Figure 

2.4A, right. Similar to previous reports (Amberg et al., 2010; Navedo et al., 2005; Navedo et al., 2006; 

 
Figure 2.3.  Exogenous hydrogen peroxide increases subplasmalemmal DCF 

fluorescence. A, Representative TIRF images showing DCF fluorescence (indicating 

intracellular oxidation) in a control arterial myocyte (left) and in a cell incubated with 

H2O2 (100 uM; right). B, Plot of the mean±SEM changes in spatially averaged DCF 

fluorescence (average Δ DCF) in control cells and cells incubated with H2O2 (n=5 
cells each). * P<0.05 

48 

 



Navedo et al., 2010), the resulting event distributions (see Figure 2.4B) revealed that localized Ca2+ influx 

was quantal and that addition of H2O2 increased the number of quanta activated (P<0.05, n=5 cells) but 

not the quantal amplitude (q=35 nM [Ca2+]i for control and q=34 nM [Ca2+]i for H2O2; P>0.05, n=5 cells). 

Importantly, the quantal amplitudes before and after H2O2 were indistinguishable from each other and 

approximated those previously reported for arterial smooth muscle L-type Ca2+ channels and for Cav1.2 

L-type Ca2+ channels in heterologous expression systems (Amberg et al., 2010; Navedo et al., 2005; 

Navedo et al., 2006; Navedo et al., 2007). From these data and consistent with our conventional 

macroscopic electrophysiological recordings we conclude that H2O2 increases Ca2+ influx in rat cerebral 

arterial smooth muscle cells by stimulating local L-type Ca2+ channels. 

To further 

characterize the effect of 

H2O2 on L-type Ca2+ 

channel function we 

quantified the L-type 

Ca2+ channel activity 

represented in the fluo-

5F fluorescence 

recordings by calculating 

nPs values for each Ca2+ 

influx site where n is the 

number of quantal levels 

observed and Ps is the 

probability that the site 

is active. As evident in 

   

Figure 2.4. Hydrogen peroxide increases L-type Ca2+ channel sparklet activity in 

isolated rat cerebral arterial smooth muscle cells. A, Representative TIRF images 

showing Ca2+ influx in an arterial myocyte before and after H2O2 (100 µM). Traces show 

the time course of Ca2+ influx at the three circled sites before and after H2O2. B, Ca2+ 

sparklet amplitude histograms before (white) and after H2O2 (red). The solid black lines 

are best-fits to the control (q=35 nM) and to the H2O2 (q=34 nM) histograms with a 

multi-component Gaussian function where q is the quantal unit of Ca2+ influx (see 

Materials and Methods). C, Plot of Ca2+ sparklet site activities (nPs) before and after 

H2O2 (n=5 cells). The solid grey lines are the arithmetic means of each group and the 

dashed line marks the threshold for high-activity Ca2+ sparklet sites (nPs≥0.2). D, Plot of 
the mean±SEM Ca2+ sparklet density (Ca2+ sparklet sites/µm2) before and after H2O2 

(n=5 cells). * P<0.05 
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the event amplitude histograms shown in Figure 2.4B, H2O2 increased L- type Ca2+ channel function (as 

quantified by nPs) with the number of high-activity Ca2+ influx sites (nPs ≥ 0.2) (Navedo et al., 2005) 

increasing from 2 to 14 (Figure 2.4C; P<0.05, n=5 cells). Furthermore, the density (sites per µm2) of L-

type Ca2+ channel influx increased 3.9-fold (Figure 2.4D; P<0.05, n=5 cells). These data indicate that H2O2 

stimulated L-type Ca2+ channel function by increasing the number of channels active and by increasing 

the overall activity of these channels. 

Oxidative-dependent stimulation of L-type Ca2+ channels is prevented by hydrogen 

peroxide removal 

 Next, we examined if endogenous H2O2 contributes to oxidative stimulation of L-type Ca2+ 

channels by manipulating H2O2 within arterial smooth muscle cells with exogenous catalase. For these 

experiments we used Ang II to generate ROS in isolated arterial smooth muscle cells. While superoxide is 

the de novo product of NADPH oxidase, superoxide is rapidly converted to H2O2 and oxygen by 

superoxide dismutase catalysis or spontaneous dismutation (Forman et al., 2010).  

We recently demonstrated that Ang II promotes localized ROS generation in isolated arterial 

smooth muscle cells (Amberg et al., 2010). To further investigate local oxidant signaling in arterial 

smooth muscle we again used TIRF microscopy to image subplasmalemmal ROS production in myocytes 

loaded with the ROS indicator DCF. Similar to our previous findings (Amberg et al., 2010), Ang II (100 

nM) increased the observed incidence of ROS puncta as illustrated in the DCF fluorescence images 

shown in Figure 2.5A&B (P<0.05, n=5 cells). Indicative of a localized ROS signaling mechanism, Ang II 

failed to induce a significant change in the average ∆ DCF fluorescence in submembranous slices visible 

in the TIRF images of these cells (Figure 2.5C; P>0.05, n=5 cells). However, in contrast to the average ∆ 

DCF, the increase in DCF fluorescence of nascent ROS puncta was ≈ 4 times greater than the average ∆ 

DCF (P<0.05, n=5 cells) after Ang II application. Interestingly, the ∆ DCF fluorescence of ROS puncta 

(Figure 2.5C) was not statistically different from the average ∆ DCF produced by exogenous (100 uM) 
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H2O2 as shown in 

Figure 2.3 above 

(P>0.05, n=5 cells). 

These data indicate 

that acute Ang II 

exposure induces 

localized changes in 

intracellular 

oxidation in isolated 

arterial myocytes 

and that application 

of exogenous H2O2 

(100 uM) replicates 

this effect by creating an experimentally equivalent degree (albeit homogenously) of subplasmalemmal 

oxidation.  

To examine if increased ROS puncta density involves NADPH oxidase we tested the effect of the 

putative NADPH oxidase inhibitor apocynin on Ang II-dependent ROS generation. Suggesting NADPH 

oxidase involvement, apocynin (10 µM) abolished the effect of Ang II on localized ROS generation 

(Figure 2.5D&E; P>0.05, n=5 cells). This finding is consistent with our previous observation (Amberg et 

al, 2010) that apocynin prevented Ang II stimulation of localized L-type Ca2+ channel activity and further 

supports the general concept of oxidative regulation of Ca2+ influx in arterial smooth muscle via L-type 

Ca2+ channels. Ang II in combination with apocynin had no effect on either the average ∆ DCF 

fluorescence or nascent puncta ∆ DCF fluorescence (Figure 2.5F; P>0.05, n=5 cells). Note that in the TIRF 

images presented in Figure 2.5  (and Figure 2.8 below), only sites of DCF fluorescence circled in yellow 

 
Figure 2.5.  Apocynin prevents angiotensin II-dependent stimulation of localized 
subplasmalemmal ROS generation. A, Representative TIRF images showing punctate DCF 

fluorescence (indicating ROS generation) in an arterial myocyte before and after Ang II (100 

nM). B, Plot of the mean±SEM ROS puncta density before and after Ang II (n=5 cells). C, Plot of 

the mean±SEM change in the spatially averaged DCF fluorescence (Avg Δ DCF) and that of 
nascent ROS puncta in cells exposed to Ang II (n=5 cells). D, Representative TIRF images 

showing punctate DCF fluorescence before and after Ang II in the presence of apocynin (25 

µM). E, Plot of the mean±SEM ROS puncta density before and after Ang II plus apocynin (n=5 

cells). F, Plot of the mean±SEM change in the spatially averaged DCF fluorescence (Avg Δ DCF) 
and that of nascent ROS puncta in cells exposed to Ang II plus apocynin (n=5 cells). Note that 

only sites of DCF fluorescence circled in yellow satisfied the criteria to be considered as a site 

of increased local ROS generation (see Materials and Methods). * P<0.05; ns† = not significant 

relative to control cells presented in Figure 2.3.   
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satisfied the criteria to be defined as a site of increased local ROS generation (see Materials and 

Methods).    

To examine the necessity of H2O2 for oxidant-dependent regulation of L-type Ca2+ channels we 

used catalase to convert endogenous H2O2 to oxygen and water. The TIRF images in Figure 2.6A show 

the effect of Ang II on arterial L-type Ca2+ channel function. As reported previously (Amberg et al., 2010; 

Navedo et al., 2008; Nieves-Cintrón, 2008), Ang II (100 nM) increased L-type Ca2+ channel activity by 

increasing the number of active channel sites and by increasing the activity of the channels at those sites 

(Figure 2.6B; P<0.05, n=5 cells). Dialyzing cells with catalase by including 500 U/mL of the enzyme in the 

pipette solution abolished stimulation of L-type Ca2+ channels by Ang II (Figure 2.6C&D; P<0.05, n=5 

cells). Catalase had no effect on basal L-type Ca2+ channel activity (P>0.05). From these data we conclude 

that H2O2 is necessary for Ang II-dependent stimulation of arterial smooth muscle L-type Ca2+ channels.  

  

Figure 2.6. Catalase prevents angiotensin II-dependent stimulation of L-type Ca2+ channel sparklet 

activity. A, Representative TIRF images showing Ca2+ influx in an arterial myocyte before and after 

application of Ang II (100 nM). Traces show the time course of Ca2+ influx at the three circled sites. B, Plot of 

Ca2+ sparklet site activities (nPs) and plot of mean±SEM Ca2+ sparklet density (Ca2+ sparklet sites/µm2) 

before and after Ang II (n=5 cells). C, Representative TIRF images showing Ca2+ influx in an arterial myocyte 

before and after application of Ang II (100 nM) in the presence of intracellular catalase (500 U/mL). Traces 

show the time course of Ca2+ influx at the three circled sites. D, Plot of Ca2+ sparklet site activities (nPs) and 

plot of mean±SEM Ca2+ sparklet density (Ca2+ sparklet sites/µm2) before after Ang II in the presence of 

intracellular catalase (n=5 cells). * P<0.05 
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Ang II-dependent stimulation of L-type Ca2+ channels is unaffected by enhanced 

superoxide dismutation 

Thus far we have demonstrated that H2O2 stimulates L-type Ca2+ channels and is necessary for 

increased channel activity in response to Ang II. As noted above, H2O2 produced by NADPH oxidase 

results from dismutation of catalytically produced superoxide (Forman et al., 2010). However, our data 

does not necessarily preclude a direct contributory role for superoxide. To address this possibility we 

examined the effect of enhanced superoxide dismutation on stimulation of L-type Ca2+ channels by Ang. 

First, we included superoxide dismutase (50 U/mL) in the pipette solution and recorded L-type 

Ca2+ channel activity before and after exposure to Ang II. Unlike catalase, dialysis of arterial smooth 

muscle cells with superoxide dismutase did not prevent Ang II-dependent stimulation of L-type Ca2+ 

channels (Figure 

2.7A). Indeed, the 

density of L-type 

Ca2+ channel 

sparklet sites and 

the activity at 

those sites 

following 

application of Ang 

II was unaffected 

by the presence of 

exogenous 

superoxide 

dismutase (Figure 

 
Figure 2.7. Superoxide dismutase does not prevent angiotensin II-dependent stimulation of L-

type Ca2+ channel sparklet activity. A, C, & E, Representative traces showing time courses of 

Ca2+ influx in arterial myocytes before and after application of Ang II (100 nM) in the presence of 

50 U/mL intracellular superoxide dismutase (SOD; A), 10 µM MnTMPyP (C), and 5 mM tempol (E). 

B,D, & F, Plots showing Ca2+ sparklet site activities (nPs) and mean±SEM Ca2+  sparklet densities 

(Ca2+ sparklet sites/µm2) before after Ang II in the presence of superoxide dismutase (B), 

MnTMPyP (D), and tempol (F); (n=5 cells each). * P<0.05 
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2.7B; P<0.05, n=5 cells). Similar to catalase, superoxide dismutase had no effect on basal L-type Ca2+ 

channel activity (P>0.05).  

We also tested the effect two structurally unrelated cell-permeable small molecule superoxide 

dismutase mimetics on Ang II-dependent stimulation of L-type Ca2+ channels: The metalloporphyrin 

MnTMPyP and the nitroxide tempol. Similar to superoxide dismutase itself, MnTMPyP (10 µM) and 

tempol (5 mM) had no effect on Ang II-dependent stimulation of L-type Ca2+ channels (Figure 2.7C-F; 

P<0.05, n=5 cells each); basal L-type Ca2+ channel activity was also unaffected by these two compounds    

(P>0.05). These data are consistent with the hypothesis that, in contrast to H2O2, superoxide in and of 

itself does not directly contribute to oxidative stimulation of arterial smooth muscle L-type Ca2+ 

channels. 

As noted above, we previously found that localized sites of ROS generation precede and 

colocalize with subsequence L-type Ca2+ channel activity (Amberg et al., 2010).  To relate the 

effectiveness of catalase and ineffectiveness of superoxide dismutase on preventing Ang II from 

stimulating L-type Ca2+ channels to ROS, we examined the effect of these two enzymes on 

subplasmalemmal ROS generation with TIRF microscopy. Figure 2.8A shows near-membrane DCF 

fluorescence in a myocyte exposed to cell-permeant PEG-catalase (500 U/mL) before and after Ang II 

and Figure 2.8D shows a cell exposed to PEG-superoxide dismutase (PEG-SOD; 100 U/mL) before and 

after Ang II. While neither enzyme had an effect (P>0.05) on baseline ROS production, which was 

minimal to begin with, PEG-catalase, but not PEG-SOD, abolished the increase in ROS puncta density in 

response to Ang II (Figure 2.8B&E; P<0.05, n=5 cells each).  

 Similar to Ang II alone or with apocynin (see Figure 5), the average ∆ DCF fluorescence was not 

increased by Ang II in the presence of PEG-catalase (Figure 2.8C; P>0.05, n=5 cells). In contrast, in the 

presence of PEG-SOD, Ang II increased the average ∆ DCF fluorescence (Figure 2.8F; P<0.05, n=5 cells). 

This increase was not significantly different (P>0.05) than that induced by exogenous H2O2 (see Figure 
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2.2). Note 

however, that 

non-punctal 

increases in 

oxidation 

observed with 

H2O2 and PEG-SOD 

plus Ang II were 

not associated 

with uniform 

increases in L-type 

Ca2+ channel 

function (see 

Figures 2.4& 2.7). Indeed, L-type Ca2+ channel activity was independent of the average ∆ DCF as Ca2+ 

sparklet site densities in cells exposed to either H2O2 or Ang II plus SOD (where average ∆ DCF 

fluorescence increased) were not different from cells exposed to Ang II alone (where average ∆ DCF 

fluorescence was unchanged; P>0.05; n=5 cells each). Ang II in combination with PEG-catalase and PEG-

SOD had no effect on puncta ∆ DCF fluorescence (Figure 2.8C&F; P>0.05, n=5 cells each). In context with 

our other experiments, these data support our hypothesis that localized generation of H2O2 stimulates L-

type Ca2+ channels in arterial smooth muscle cells.   

 

2.5 Discussion 

In this study experiments were performed to test the hypothesis that H2O2 mediates oxidant-

dependent stimulation of rat cerebral arterial smooth muscle L-type Ca2+ channels. Using a combination 

 
Figure 2.8.  Catalase, but not superoxide dismutase, prevents angiotensin II-dependent 

stimulation of localized subplasmalemmal ROS generation. A, Representative TIRF images 

showing punctate DCF fluorescence (indicating ROS generation) in an arterial myocyte before and 

after Ang II (100 nM) in the presence of PEG-catalase (500 U/mL). B, Plot of the mean±SEM ROS 

puncta density before and after Ang II plus PEG-catalase (n=5 cells). C, Plot of the mean±SEM 

change in the spatially averaged DCF fluorescence (Avg Δ DCF) and that of nascent ROS puncta in 
cells exposed to Ang II plus PEG-catalase (n=5 cells). D, Representative TIRF images showing 

punctate DCF fluorescence before and after Ang II in the presence of PEG-superoxide dismutase 

(PEG-SOD; 100 U/mL). E, Plot of the mean±SEM ROS puncta density before and after Ang II plus 

PEG-SOD (n=5 cells). F, Plot of the mean±SEM change in the spatially averaged DCF fluorescence 

(Avg Δ DCF) and that of nascent ROS puncta in cells exposed to Ang II plus PEG-SOD (n=5 cells). 

Note that only sites of DCF fluorescence circled in yellow satisfied the criteria to be considered as 

a site of increased local ROS generation (see Materials and Methods). * P<0.05; ns† and *† = not 

significant and significant, respectively, relative to control cells presented in Figure 2.3. 
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of arterial diameter measurements, conventional electrophysiology, and TIRF microscopy, in agreement 

with this hypothesis, we found that: 1) depletion of H2O2 with catalase all but abolished oxidative-

dependent contraction of cerebral arterial segments by Ang II; 2) application of exogenous H2O2 

increased L-type Ca2+ channel activity in isolated arterial smooth muscle cells; 3) catalase reduced 

oxidant-dependent stimulation of L-type Ca2+ channels; 4) catalase also attenuated sites of localized ROS 

production associated with L-type Ca2+ channel activity; and 5) enhanced superoxide dismutation with 

superoxide dismutase or small molecule superoxide dismutase mimetic compounds were without effect. 

From these data we conclude that H2O2 is an important local mediator of oxidant signaling in arterial 

smooth muscle by stimulating L-type Ca2+ channels. 

We reported previously (Amberg et al., 2010) that exogenous ROS generated by xanthine 

oxidase stimulated L-type Ca2+ channels in arterial smooth muscle cells. Similar to NADPH oxidase, 

xanthine oxidase produces superoxide and H2O2 (Knapp and Klann, 2000) with H2O2 representing the 

majority of the detectable ROS (Kelley et al., 2010). From a biochemical perspective, H2O2 is well-suited 

to function as a classical second messenger while superoxide is not (Forman et al., 2010). Here we 

observed that the effect of exogenous H2O2 on L-type Ca2+ channels recapitulated our previous results 

with xanthine oxidase where superoxide and H2O2 were produced (Amberg et al., 2010). Consistent with 

this, removal of endogenous H2O2 with catalase abolished L-type channel stimulation by Ang II while 

enhanced superoxide dismutation was without effect.  These data suggest that H2O2 is sufficient in 

mediating oxidant-dependent stimulation of arterial smooth muscle L-type Ca2+ channels and that any 

role of superoxide is likely to be indirect (i.e., as a biochemical precursor to H2O2 via dismutation). 

H2O2 has been shown to stimulate native macroscopic L-type Ca2+ channel currents in cultured 

neurons (Akaishi et al.,2004) and L-type Ca2+ currents produced by recombinant channel subunits 

expressed in HEK 293 cells (Hudasek et al., 2004). Similarly, we found that exogenous ROS generated by 

xanthine oxidase (where H2O2 and superoxide are produced) increased whole-cell L-type Ca2+ channel 
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currents in rat cerebral arterial myocytes (Amberg et al., 2010).  Consistent with these published 

reports, here we found that exogenous H2O2 stimulated arterial smooth muscle L-type Ca2+ channel 

currents. In these experiments, H2O2 increased diltiazem-sensitive L-type Ca2+ channels (with Ba2+ as the 

charge carrier) using the amphotericin-perforated patch technique to preserve intracellular constituents 

such as endogenous antioxidants. H2O2 increased L-type Ca2+ channel currents in step and continuous 

ramp depolarizations. These currents displayed kinetic and voltage-dependent properties consistent 

with L-type Ca2+ channels (Catterall, 2000). From these observations we conclude that exogenous H2O2 

stimulates L-type Ca2+ channels in cerebral arterial smooth muscle cells. Although of significant interest 

in and of themselves, these data provide no information regarding the spatial regulation of arterial 

smooth muscle L-type Ca2+ channels by H2O2. 

We previously reported (Amberg et al., 2010) that oxidative stimulation of L-type Ca2+ channels 

in arterial smooth muscle cells is highly localized, not homogenously distributed throughout the plasma 

membrane. As with ROS generated by xanthine oxidase, here we found that application of exogenous 

H2O2 increased L-type Ca2+ channel activity that was limited to approximately 6 sites of Ca2+ influx per 

100 µm2 of membrane imaged. Importantly, the majority of oxidant-induced Ca2+ influx events at these 

sites were produced by the opening of single L-type Ca2+ channels (see Figure 2.4B and Amberg et al., 

2010). This observation provides empirical evidence in direct opposition to the alternative hypothesis 

that intracellular oxidation with H2O2 produces non-uniform Ca2+ influx by stimulating spatially 

heterogeneous clusters of L-type Ca2+ channels. To highlight the spatial sequestration of this Ca2+ influx, 

rat cerebral arterial smooth muscle cells are reported to have approximately 5 L-type Ca2+ channels per 

µm2 (Rubart et al., 1996). Thus, the number of channels activated by exogenous H2O2 is much less than 

expected based on conventional electrophysiological recordings. This does not preclude a contribution 

from direct channel stimulation by H2O2. However, prior evidence (Amberg et al., 2010; Navedo et al., 

2006; Navedo et al., 2008) indicates that additional proteins with limited plasmalemmal distributions 
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such as AKAP150 and protein kinase C α (PKCα) are necessary for oxidant-dependent stimulation of L-

type Ca2+ channels in arterial smooth muscle cells. Indeed, in our previous report we found that 

exogenous ROS generated by xanthine oxidase (which includes H2O2) induced irregular punctate 

translocation of PKCα to the plasma membrane and that PKCα activity was necessary for ROS-

dependent stimulation of L-type Ca2+ channels (Amberg et al., 2010).   

In arterial smooth muscle cells NADPH oxidase signaling complexes and the mitochondrial 

electron transport chain are two potential sources of H2O2 generation (Lee and Griendling, 2008; Manea, 

2010). In each case, H2O2 is generally produced indirectly by the dismutation of superoxide. NADPH 

oxidase-derived H2O2 is postulated to remain within a submembranous compartment a few µm from its 

site of generation (Mishina et al., 2011; Woo et al., 2010). Our visualization of discrete 

subplasmalemmal catalase-sensitive punctate ROS generation following Ang II exposure with TIRF 

microscopy is in agreement with these findings (this chapter and Amberg et al., 2010). Furthermore, 

while Ang II increased the density of ROS puncta approximately 4-fold, we found no change in the 

average ∆ DCF fluorescence in these cells. We did, however, find that exogenous H2O2 and Ang II plus 

PEG-SOD resulted in an increase in average ∆ DCF fluorescence. Importantly, these diffuse increases in 

intracellular oxidation were not associated with concomitant spatially-dispersed increases in L-type Ca2+ 

channel activity. Thus, in agreement with prior work (Amberg et al., 2010; Navedo et al., 2005; Navedo 

et al., 2006; Navedo et al., 2008; Navedo et al., 2010), these data strongly suggest that oxidative 

stimulation of L-type Ca2+ channels in arterial smooth muscle requires additional molecular participants 

(e.g., AKAP150 and/or PKCα as noted above) thus giving rise to its local nature.    

Our TIRF imaging also suggests that NADPH oxidase is involved in ROS-dependent stimulation of 

L-type Ca2+ channels in arterial smooth muscle: Inhibition of NADPH oxidase with apocynin prevented 

Ang II-dependent stimulation of punctate ROS generation (Figure 2.5) as well as localized L-type Ca2+ 

channel function (Amberg et al., 2010). However, apocynin is reported to have intrinsic antioxidant 
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properties that are independent of NADPH oxidase inhibition (Heumuller et al., 2008). Although these 

effects were shown at concentrations greater than that used in this study (25 µM), it is possible that a 

portion of the observed inhibitory effect of apocynin on ROS puncta generation and L-type Ca2+ channel 

function could result from antioxidant activity rather than NADPH oxidase inhibition. This implies that 

other sources of H2O2 (e.g., mitochondria) could participate in oxidant-dependent regulation of arterial 

smooth muscle L-type Ca2+ channels. Future studies should address this hypothesis. 

Catalase was effective in preventing increased localized ROS production and stimulation of L-

type Ca2+ channels by Ang II. In contrast to H2O2 removal with catalase, superoxide dismutase did not 

prevent Ang II from increasing localized ROS generation and stimulating L-type Ca2+ channels. The small 

molecule superoxide dismutase mimetics MnTMPyP and tempol were also ineffective in preventing L-

type Ca2+ channel stimulation. The outcome of the superoxide dismutase experiments are consistent 

with our hypothesis that H2O2 is the ROS involved in oxidant-dependent stimulation of L-type Ca2+ 

channels. However, the ineffectiveness of MnTMPyP and tempol is somewhat unexpected as these two 

compounds are reported to have catalase-like activity in addition to their effects on superoxide (Day et 

al., 2008; Wilcox and Pearlman, 2008). The reason for this apparent discrepancy is not entirely clear. 

However, evidence suggests that nitroxides including tempol can cause transient increases in vascular 

H2O2 and that catalase-like activity of these compounds require other intracellular molecular 

constituents (e.g., heme proteins or peroxidases) (Krishna et al., 1996; Mehlhorn and Swanson, 1992) 

that could be sufficiently diluted by cell dialysis with the pipette solution. Alternatively, it is possible that 

the catalase-like activity of these agents is temporally insufficient to remove H2O2 before stimulation L-

type Ca2+ channels. 

As superoxide dismutase increases the formation of H2O2 it is reasonable to predict that 

pharmacologically enhanced dismutation of superoxide to H2O2 would result in increased oxidant-

dependent L-type Ca2+ channel activity and ROS puncta formation. Although there was a trend for 
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increased channel activity and ROS puncta formation with enhanced superoxide dismutation these 

differences did not reach statistical significance. This was the case for basal and Ang II-induced L-type 

Ca2+ channel activity and ROS puncta formation.  These observations suggest, at least under our 

experimental conditions, that superoxide production in response to Ang II is sufficiently dismutated to 

H2O2 to an extent that additional dismutation has little or no effect on L-type Ca2+ channel function. 

Importantly, this appears to be the case in intact cells (i.e., ROS puncta experiments) and in cells 

following intracellular dialysis with an exogenous solution (i.e., L-type Ca2+ channel sparklet 

experiments). Note, however, that SOD did increase the average ∆ DCF although this was not associated 

with an increase in L-type Ca2+ channel activity.  

Our data obtained from isolated arterial smooth muscle cells showing H2O2-dependent Ca2+ 

influx through L-type Ca2+ channels is in agreement with prior work examining the effect of H2O2 on 

intact arterial preparations. In our previous publication (Amberg et al., 2010) we found that ROS 

generated by xanthine oxidase (which includes H2O2) induced arterial contraction. Others have shown 

that application of H2O2 also resulted in arterial contraction (Tabet et al., 2004), an effect which was 

enhanced in tissues collected from hypertensive animals and dependent on Ca2+ influx through L-type 

Ca2+ channels. H2O2 may also participate in the generation of the arterial myogenic contractile response 

(Nowicki et al., 2001). Consistent with these reports, here we found that cell permeable PEG-catalase 

largely attenuated the contractile response of pressurized middle cerebral arterial segments to Ang II. 

In contrast to the reports referenced above and data presented in this paper, H2O2 has also been 

shown to be an endothelium-derived relaxation factor that acts at least in part by hyperpolarization of 

arterial smooth muscle via activation of large-conductance Ca2+-activated potassium (BK) channels 

(Hayabuchi et al., 1998; Iida and Katusic, 2000; Liu et al., 2011; Matoba et al., 2000). At a minimum this 

discrepancy could arise from different experimental conditions and the arterial bed under investigation. 

However, the highly localized nature of subplasmalemmal H2O2 generation and subsequent coupling to 
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L-type Ca2+ channels demonstrated in our work (Amberg et al., 2010  and this chapter) provides a 

possible mechanistic explanation for these apparently contradictory observations: Local sites of H2O2 

generation functionally coupled to proteins associated with contraction (e.g., L-type Ca2+ channels) lead 

to vasoconstriction while those coupled to proteins associated with relaxation (e.g., BK channels) lead to 

vasodilation. Thus, H2O2 may function in vivo as either a vasoconstrictor or vasodilator depending on the 

cellular processes to which it is functionally coupled. Similarly, during in vitro experimentation, H2O2 

could cause either vasodilation or vasoconstriction depending on the relative balance of vasodilatory 

and vasoconstrictive processes stimulated under the prevailing experimental circumstances including 

but not limited to the presence of a functional endothelium, concentration of H2O2 used, and method of 

delivery.  

To conclude, in this manuscript we provide strong evidence supporting our hypothesis that H2O2 

is the ROS responsible for oxidant-dependent stimulation of arterial smooth muscle L-type Ca2+ 

channels. In addition, our data further support the concept of local crosstalk between ROS and Ca2+ 

signaling in arterial smooth muscle. These observations also add to a growing body of evidence 

indicating that H2O2 acts as a local second messenger regulated in time and space with defined functions 

in multiple biological systems.    
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Chapter 3. Stimulation of arterial smooth muscle L-type calcium channels by hydrogen peroxide 

requires protein kinase C2 

 

 

3.1 Summary 

Changes in intracellular calcium regulate countless biological processes. In arterial smooth 

muscle, voltage-dependent L-type calcium channels are major conduits for calcium entry with the 

primary function being determination of arterial diameter. Similarly, changes in intracellular redox 

status, either discrete controlled changes or global pathological perturbations, are also critical 

determinants of cell function. We recently reported that in arterial smooth muscle cells, local generation 

of hydrogen peroxide leads to colocalized calcium entry through L-type calcium channels. Here we 

extend our investigation into mechanisms linking hydrogen peroxide to calcium influx through L-type 

calcium channels by focusing on the role of PKC. Our data indicate that stimulation of L-type calcium 

channels by hydrogen peroxide requires oxidant-dependent increases in PKC catalytic activity. This 

effect is independent of classical cofactor-dependent activation of PKC by diacylglycerol. These data 

provide additional experimental evidence supporting the concept of oxidative stimulation of L-type 

calcium channels.    

       

3.2 Introduction 

Voltage-dependent Cav1.2 L-type Ca2+ channels are the primary point of Ca2+ entry in 

mammalian arterial smooth muscle. Therefore, changes in the open probably of L-type Ca2+ channels in 

arterial smooth muscle cells in response to vasoconstrictors or vasodilators correlates with changes 

arterial diameter. Our group and others have used TIRF microscopy to investigate mechanisms 

2 Chaplin NL, Amberg GC (2012) Stimulation of arterial smooth muscle L-type calcium channels by hydrogen 

peroxide requires protein kinase C. Channels (Austin). 6(5):385-389. doi: 10.4161/chan.21708 

62 

 

                                                           



governing L-type Ca2+ channel function with high temporal and spatial resolution (Amberg et al., 2007; 

Amberg et al., 2010; Navedo et al., 2005; Navedo et al., 2006; Navedo et al., 2007; Section 2). These 

studies revealed that L-type Ca2+ channel functionality is heterogeneously dispersed throughout the 

smooth muscle cell sarcolemma as a consequence of spatially limited distributions of key regulatory 

molecules and subcellular processes.  

Recently, our group reported that the vasoconstrictor Ang II leads to punctate generation of ROS 

by NADPH oxidase (Amberg et al., 2010; Chapter 2). This increase in local ROS production, H2O2 to be 

more precise, in turn promotes discrete colocalized Ca2+ influx events via PKC-dependent activation of L-

type Ca2+ channels. Our observations suggest that oxidative activation of PKC is involved with ROS-

dependent stimulation of L-type Ca2+ channels in arterial smooth muscle cells (Amberg et al., 2010; 

Chapter 2). Indeed, the PKC inhibitor Gö6976 prevented oxidant-dependent stimulation of L-type Ca2+ 

channels by exogenous ROS produced by xanthine oxidase (Amberg et al., 2010).  

Here we expand on this topic by furthering our investigation into the mechanisms underlying 

oxidative activation of L-type Ca2+ channels by PKC. Our data indicate that H2O2, as with ROS generated 

enzymatically by xanthine oxidase (which includes superoxide and H2O2) stimulates L-type Ca2+ channels 

in a PKC-sensitive manner. Consistent with the importance of oxidative activation of PKC, as opposed to 

classical activation mechanisms such as DAG, we found that inhibition of PKC activation by DAG had no 

effect on Ang II stimulation of L-type Ca2+ channels. In the context of our prior work, (Amberg et al., 

2010; Section 2) these data indicate that oxidant-dependent activation of arterial smooth muscle L-type 

Ca2+ channels by H2O2 following Ang II exposure involves oxidative activation of PKC. 
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3.3 Materials and Methods 

Isolation of rat cerebral arterial myocytes 

  Adult male Sprague-Dawley rats (Harlan) were euthanized with sodium pentobarbital (200 

mg/kg intraperitoneally; Fort Dodge Animal Health) in accordance with institutional guidelines and 

approved by the Institutional Animal Care and Use Committee of Colorado State University. Isolated 

smooth muscle cells were prepared from basilar and cerebral arteries. Arteries were removed, cleaned, 

and placed in ice-cold Ca2+-free buffer containing (in mM): 140 NaCl, 5 KCl, 2 MgCl2, 10 glucose, and 10 

HEPES (adjusted to pH 7.4 with NaOH). Arteries were incubated for 15 min at 37°C in Ca2+-free buffer 

supplemented with papain (10 U/mL; Worthington Biochemical) and dithiothreitol (1 mg/mL) followed 

by a second incubation (15 min at 37°C) in Ca2+-free buffer supplemented with collagenase (300 U/mL, 

Type II, Worthington Biochemical). Arteries were then washed with and placed in Ca2+-free buffer and 

kept on ice for 30 min after which trituration with a fire-polished Pasteur pipette was used to create a 

cell suspension; cells were used within 6 h of dispersion.  

Electrophysiology and total internal reflection fluorescence (TIRF) microscopy 

 Freshly prepared smooth muscle cell suspensions were pipetted into a glass bottomed 

recording chamber and the cells were allowed to adhere for 20 min. Membrane potential was controlled 

with an Axopatch 200B amplifier (Molecular Devices). For our Ca2+ imaging experiments, we used the 

conventional dialyzed whole-cell patch-clamp technique. During these experiments cells were 

superfused with a solution containing (in mM): 120 NMDG+, 5 CsCl, 1 MgCl2, 10, glucose, 10 HEPES, and 

20 CaCl2 (adjusted to pH 7.4 with HCl). Pipettes were filled with a solution composed of (in mM): 87 Cs-

aspartate, 20 CsCl, 1 MgCl2, 5 MgATP, 0.1 Na2GTP, 1 NADPH, 10 HEPES, 10 EGTA, and 0.2 fluo-5F 

(adjusted to pH 7.2 with CsOH). All experiments were performed at room temperature (22-25°C). 

Ca2+ influx through L-type channels was visualized with a TILL Photonics through-the-lens TIRF 

system built around an inverted Olympus IX-71 microscope using a 100X (numerical aperture = 1.45) 
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TIRF oil-immersion objective and an Andor iXON EMCCD camera (Andor Technology). To monitor Ca2+ 

influx, myocytes were loaded with the Ca2+ indicator fluo-5F (200 µM; pentapotassium salt; Invitrogen) 

and an excess of EGTA (10 mM) via the patch pipette. Excitation of fluo-5F was achieved with a 491 nm 

laser and excitation and emission light was separated with appropriate filters. Ca2+ influx was recorded 

at 50 Hz at a holding potential of -70 mV and elevated external [Ca2+] (20 mM) to facilitate the detection 

of events and provide fluorescent signals of sufficient amplitude 4 to permit quantal analysis. All 

experiments were allowed to progress between 5 and 10 minutes and only recordings with stable GΩ 

seals were analyzed. All experiments were performed at room temperature (22-25°C). 

L-type Ca2+ channel sparklet analysis 

 Background-subtracted fluo-5F fluorescence signals were converted to [Ca2+] (Amberg et al., 

2010; Maravall et al., 2000; Navedo et al., 2006) using the equation  
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where F is fluorescence, Fmax is the fluorescence intensity of fluo-5F in the presence of saturating free 

Ca2+, Fmin is the fluorescence intensity of fluo-5F in a solution where [Ca2+] is 0, Kd is the dissociation 

constant of fluo-5F, and Rf is the Fmax/Fmin of fluo-5F. Kd and Rf values for fluo-5F were determined in 

vitro and Fmax was determined at the conclusion of each experiment with ionomycin (10 µM). Fluo-5F 

fluorescence images were analyzed with custom software (Navedo et al., 2006). For an elevation in 

[Ca2+]i to be considered an L-type Ca2+ channel sparklet event, a grid of 3 x 3 contiguous pixels had to 

have a [Ca2+]i amplitude equal to or larger than the mean basal [Ca2+]i plus three times its standard 

deviation. 
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L-type Ca2+ channel sparklet activity was determined Amberg et al., 2010, Navedo et al., 2005; 

Navedo et al., 2006) by calculating the nPs of each site, where n is the number of quantal levels 

detected, and Ps is the probability that the site is active. nPs values were obtained using pCLAMP 10.0 

(Molecular Devices) on imported [Ca2+]i time course records. L-type Ca2+ channel sparklet activity was 

quantified using an initial unitary [Ca2+]i elevation of 38 nM as determined experimentally (Navedo et al., 

2005). Consistent with previous reports (Amberg et al,.,2007; Amberg et al., 2010, Navedo et al., 2005; 

Navedo et al., 2006), L-type Ca2+ channel sparklet activity was bimodally distributed with sites of low 

activity (nPs between 0 and 0.2) and high activity (nPs greater than 0.2). Active L-type Ca2+ channel 

densities (Ca2+ sparklet sites per µm2) were calculated by dividing the number of active sites by the area 

of cell membrane visible in the TIRF images. 

Chemicals and statistics 

 All chemicals were from Sigma unless stated otherwise. Normally distributed data are 

presented as the mean±standard error of the mean (SEM).  Two-sample comparisons of these data were 

performed using either a paired or unpaired (as appropriate) two-tailed Student’s t test and 

comparisons between more than two groups were performed using a one way ANOVA with Tukey’s 

multiple comparison post-test. L-type Ca2+ channel sparklet activity (i.e. nPs) datasets were bimodally 

distributed, thus two-sample comparisons of nPs data were examined with the non-parametric Wilcoxon 

matched pairs test (two-tailed) and comparisons between more than two groups were performed using 

the non-parametric Friedman test with Dunn’s multiple comparison post-test. Arithmetic means of nPs 

datasets are indicated in the figures (solid grey horizontal lines) for non-statistical visual purposes and 

dashed grey lines mark the threshold for high-activity Ca2+ sparklet sites (nPs ≥ 0.2) (Amberg et al., 2010, 

Navedo et al., 2005; Navedo et al., 2006). P values less than 0.05 were considered significant and 

asterisks (*) used in the figures indicate a significant difference between groups. 
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3.4 Results 

For our hypothesis that oxidative activation of PKC is necessary for H2O2-dependent stimulation 

of L-type Ca2+ channels to be valid, following oxidant exposure, inhibition of cofactor-dependent 

activation of PKC (i.e., via DAG) should be without effect while inhibition of PKC catalytic activity should 

prevent channel stimulation.  

To begin, we tested the hypothesis that inhibiting the interaction between DAG and PKC (i.e., 

cofactor-dependent activation of PKC) would not impede oxidant-dependent stimulation of arterial 

smooth muscle L-type Ca2+ channels. We recorded L-type Ca2+ channel activity optically using a 

combination of voltage-clamp electrophysiology and TIRF microscopy as previously described (Amberg 

et al., 2010; Chapter 2). L-type Ca2+ channel activity was quantified in two ways: 1) the number of active 

L-type channel Ca2+ influx sites per µm2 (Ca2+ sparklet site density) and 2) the activity of the L-type Ca2+ 

channels at these sites as determined by their calculated nPs values (n is the number of quantal levels 

observed and Ps is the probability that the site is active)(Navedo et al., 2005).  

For these experiments we generated endogenous ROS by activating NADPH oxidase with Ang II 

(Griendling et al., 1994). We demonstrated previously that ROS, specifically H2O2, is necessary for 

oxidant-dependent stimulation of L-type Ca2+ channels in arterial smooth muscle cells (Chapter 2). In 

agreement with earlier findings, (Amberg et al., 2010; Navedo et al., 2008; Nieves-Cintrón et al., 2008; 

Chapter 2), Ang II (100 nM) increased L-type Ca2+ channel activity in isolated arterial smooth muscle cells 

(see Fig. 3.1) Ang II increased the density of L-type channel Ca2+ sparklet sites as well as the activity (nPs) 

of those sites (P<0.05, n=5 cells). To test if oxidative stimulation of L-type Ca2+ channels requires DAG-

dependent activation of PKC we repeated our Ang II experiments in the presence of the PKC inhibitor 

safingol, which inhibits PKC activation by competitively interacting with the regulatory DAG/phorbol 

binding domain of the kinase (Hannun et al., 1986). Interestingly, we found that safingol (50 µM) had no 

effect on Ang II-dependent stimulation of L-type Ca2+ channels. As noted above, the PKC catalytic site 
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inhibitor Gö6976 abolished 

stimulation of L-type Ca2+ channels by 

exogenous ROS generated by xanthine 

oxidase (Amberg et al., 2010). From 

these accumulated data we conclude 

that oxidative stimulation of L-type 

Ca2+ channels does not require DAG-

dependent activation of PKC. Rather, 

we suggest that during increased 

oxidative stress, activation of PKC, 

which is necessary for stimulation of 

L-type Ca2+ channels, could occur via 

an oxidant-dependent mechanism 

(Gopalakrishna and Anderson, 1989).    

Next, we examined if H2O2-dependent stimulation of arterial smooth muscle L-type Ca2+ 

channels requires PKC catalytic activity by testing the effect of the PKC catalytic site inhibitor Gö6976 

(100 nM) on H2O2-dependent activation of L-type Ca2+ channels. Consistent with our previous 

observations (Section 2), in the absence of Gö6976, H2O2 (100 µM) produced robust L-type Ca2+ channel 

activity (see Fig. 3.2). In contrast, in the presence of Gö6976, H2O2 had minimal effect on L-type Ca2+ 

channel function. Specifically, Gö6976 abolished the increase in the number of active L-type Ca2+ 

channel sites observed following H2O2 exposure under control conditions (P<0.05, n=5 cells). 

Surprisingly, the activity of L-type Ca2+ channel that were observed (i.e., nPs) following H2O2 were not 

statistically different in the absence or presence of Gö6976 (P>0.05, n=5 cells). Note, however, that the 

number of L-type channel Ca2+ influx events observed was reduced ≈ 4-fold from 17 events under 

Fig. 3.1:  Inhibition of diacylglycerol-protein kinase C interactions with 

safingol does not prevent angiotensin II-dependent stimulation of 

arterial smooth muscle L-type Ca2+ channels. A, Representative traces 

showing the time course of Ca2+ influx under control conditions (left), in 

the presence of Ang II (100 nM; middle), and in the presence of Ang II 

plus safingol (10 µM; right). B, Plot of L-type Ca2+ channel sparklet site 

activities (nPs) under control conditions, in the presence of Ang II, and in 

the presence of Ang II plus safingol (n=5 cells each). The solid grey lines 

are the arithmetic means of each group and the dashed line marks the 

threshold for high-activity Ca2+ sparklet sites (nPs≥0.2). C, Plot of the 
mean±SEM L-type Ca2+ channel sparklet site densities (Ca2+ sparklet 

sites/µm2) under control conditions, in the presence of Ang II, and in the 

presence of Ang II plus safingol (n=5 cells each). * P<0.05 
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control conditions to only 4 events in the presence 

Gö6976 (n=5 cells). Thus, we conclude that stimulation 

of L-type Ca2+ channels by H2O2 requires catalytic PKC 

activity.     

  

3.5 Discussion 

Here we continued our characterization of the 

role of PKC in the oxidative stimulation of arterial 

smooth muscle L-type Ca2+ channels. We observed that: 

1) Inhibition of the interaction between DAG and PKC 

did not prevent Ang II from stimulating L-type Ca2+ 

channels, which we had previously shown to be oxidant-

dependent (Amberg et al., 2010; Section 2); and 2) 

stimulation of L-type Ca2+ channels by H2O2 was 

abolished by inhibition of PKC catalytic activity. From 

these data and our published work (Amberg et al., 2010; Section 2) we conclude that stimulation of 

arterial smooth muscle L-type Ca2+ channels by H2O2 involves oxidative activation of PKC. 

Previous studies have shown that ROS increase the activity of PKC isoforms (such as PKCα) by 

oxidizing reactive of cysteine residues in the kinase regulatory domain leading to constitutive cofactor-

independent activity (Gopalakrishna and Anderson, 1989; Knapp and Klann, 2002; Palumbo et al., 1992). 

Conversely, oxidation of cysteine residues in the catalytic domain leads to enzyme inactivation. 

Importantly, oxidative modification of the PKC regulatory and enzymatic domains is concentration 

dependent: Cysteine residues in the regulatory domain are more sensitive to oxidative modification 

than those in the catalytic domain (Gopalakrishna and Anderson, 1989). As a result, limited exposure to 

Fig. 3.2. Inhibition of protein kinase C catalytic 

activity with Gö6976 prevents H2O2-dependent 

stimulation of arterial smooth muscle L-type Ca2+ 

channels. A, Representative traces showing the 

time course of Ca2+ influx in the presence of H2O2 

(100 µM; left) and in the presence of H2O2 plus 

Gö6976 (100 nM; right). B, Plot of L-type Ca2+ 

channel sparklet site activities (nPs) in the 

presence of H2O2 and in the presence of H2O2 

plus Gö6976. (n=5 cells each). The solid grey lines 

are the arithmetic means of each group and the 

dashed line marks the threshold for high-activity 

Ca2+ sparklet sites (nPs≥0.2). C, Plot of the 
mean±SEM L-type Ca2+ channel sparklet site 

densities (Ca2+ sparklet sites/µm2) in the presence 

of H2O2 and in the presence of H2O2 plus Gö6976. 

(n=5 cells each). * P<0.05 
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mild oxidative conditions increases kinase activity while prolonged pathological oxidative insults 

promote inhibition.  

We have shown that Ang II produces punctate elevations in ROS production in isolated arterial 

myocytes (Amberg et al., 2010; Section 2). Our results presented here therefore suggest a potential 

mechanistic basis for differential activation of discrete functional pools of PKC in arterial smooth muscle 

ells: PKC molecules in close proximity to sites of localized ROS generation would be subject to oxidative 

activation while those distal to these sites would not. Thus, targeting of PKC to specific subcellular sites 

(e.g., through interacting with the scaffolding protein AKAP150) (Navedo et al., 2008) could result in 

initiation of oxidant-dependent and independent PKC signaling cascades with different physiological 

outcomes. 

To conclude, our data indicate that local oxidative activation of PKC and subsequent stimulation of 

adjacent L-type Ca2+ channels gives rise to coordinated sites of ROS generation and Ca2+ entry. We 

suggest that oxidative regulation of arterial smooth muscle PKC represents a critical intracellular 

signaling nexus where perturbations in oxidative status translate into changes in arterial smooth muscle 

function via regulation of L-type Ca2+ channel activity. Our data clearly indicate that local ROS production 

stimulates colocalized Ca2+ influx through L-type channels (Amberg et al., 2010; Section 2). Interestingly, 

Ca2+ is known to stimulate NADPH oxidase activity via PKC (Brown and Griendling , 2009).Thus, it is 

reasonable to propose that colocalized ROS and Ca2+ microdomains may form a reciprocal coupling 

mechanism leading to sustained ROS generation and Ca2+ influx via NADPH oxidase and L-type Ca2+ 

channels, respectively. Future studies should address this intriguing hypothesis. 
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Chapter 4. Arterial smooth muscle mitochondria amplify hydrogen peroxide microdomains 

functionally coupled to L-type calcium channels3 

 

 

4.1 Summary 

Mitochondria are key integrators of convergent intracellular signaling pathways. Two important 

second messengers modulated by mitochondria are calcium and reactive oxygen species. To date, 

coherent mechanisms describing mitochondrial integration of calcium and oxidative signaling in arterial 

smooth muscle are incomplete. To address and add clarity to this issue we tested the hypothesis that 

mitochondria regulate subplasmalemmal calcium and hydrogen peroxide microdomain signaling in 

cerebral arterial smooth muscle.  

Using an image-based approach we investigated the impact of mitochondrial regulation of L-

type calcium channels on subcellular calcium and ROS signaling microdomains in isolated arterial 

smooth muscle cells. Our single cell observations were then related experimentally to intact arterial 

segments and to living animals. We found that subplasmalemmal mitochondrial amplification of 

hydrogen peroxide microdomain signaling stimulates L-type calcium channels and that this mechanism 

strongly impacts the functional capacity of the vasoconstrictor angiotensin II. Importantly, we also found 

that disrupting this mitochondrial amplification mechanism in vivo normalized arterial function and 

markedly attenuated the hypertensive response to systemic endothelial dysfunction. 

From these observations we conclude that mitochondrial amplification of subplasmalemmal 

calcium and hydrogen peroxide microdomain signaling is a fundamental mechanism regulating arterial 

smooth muscle function. As the principle components involved are fairly ubiquitous and positioning of 

3 Chaplin NL, Nieves-Cintrón M, Fresquez AM, Navedo MF, Amberg GC (2015) Arterial Smooth Muscle 

Mitochondria Amplify Hydrogen Peroxide Microdomains Functionally Coupled to L-Type Calcium Channels.Circ Res. 

pii: CIRCRESAHA.115.306996. [Epub ahead of print] 
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mitochondria near the plasma membrane is not restricted to arterial smooth muscle, this mechanism 

could occur in many cell types and contribute to pathological elevations of intracellular calcium and 

increased oxidative stress associated with many diseases 

 

4.2 Introduction 

Mitochondria are central to eukaryotic aerobic metabolism. One consequence arising from the 

shuttling of electrons onto molecular oxygen during mitochondrial respiration is the formation of 

reactive oxygen species (ROS). Given the resultant necessity and subsequent ubiquity of ROS formation 

it is not surprising then that these generally toxic products of metabolism also function as purposeful 

second messenger molecules (Clempus and Griendling, 2006; Hool, 2006). 

Advances in cellular pathophysiology implicate mitochondrial dysfunction in the development 

and progression of illnesses including cancer (Lynam-Lennon et al., 2014), neurodegeneration (Gonzalez-

Lima et al., 2014), diabetes (Peinado et al., 2013), and cardiovascular disease Dikalov and Nazarewicz, 

2012; Serpillon et al., 2009). As such, mitochondria are being evaluated as potential therapeutic targets 

for novel disease prevention and management strategies (Dikalova et al., 2010). If mitochondria are to 

be viable therapeutic targets then a mechanistic understanding of mitochondrial function in multiple cell 

types is necessary to rationally predict and account for pharmacological responses to mitochondrial 

perturbations.         

Here we investigated mitochondrial ROS signaling-dependent regulation of Ca2+ influx in arterial 

smooth muscle. These cells are an ideal experimental model for this work due to their large surface area 

and because their geometry and morphological simplicity minimizes confounding variables possible in 

cells with more complex structural features. Furthermore, mitochondria, ROS, and Ca2+ are each integral 

to arterial smooth muscle function and are thought to be involved in the development of cardiovascular 

disease. 
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Ca2+, as with ROS, is a ubiquitous signaling molecule that influences many processes ranging 

from contraction to gene expression. Ca2+ and ROS as second messenger signaling molecules share at 

least four key attributes relevant to this study: First, Ca2+ and ROS signaling events are known to be 

functionally coupled (Feissner et al., 2009; Hidalgo and Denoso, 2008); second, Ca2+ and ROS signaling 

cascades attain specificity in part by subcellular compartmentalization Berridge et al., 2000; Terada, 

2006), third, Ca2+ and ROS signaling events are influenced by mitochondria(Feissner et al., 2009) ; and 

fourth, Ca2+ and ROS signaling cascades are implicated in the development of disease (Hidalgo and 

Denoso, 2008; Hool, 2008).  

In accordance with the first two attributes, our prior work showed that formation of punctate 

sites of ROS generation involving NADPH oxidase leads to colocalized Ca2+ influx through L-type Ca2+ 

channels (Amberg et al., 2010; Chapters 2 and 3). We found that oxidative activation of protein kinase C 

(PKC), which promotes localized Ca2+ influx through L-type Ca2+ channels (Amberg et al., 2007; Navedo 

and Amberg, 2013; Navedo et al., 2005), functionally links Ca2+ and ROS microdomain signaling in this 

context. Here we addressed the second pair of Ca2+ and ROS signaling attributes listed above by 

investigating mitochondrial ROS-dependent regulation of arterial smooth muscle L-type Ca2+ channels in 

relation to the development of hypertension-associated arterial dysfunction. 

Experiments were performed on single cells, on excised arterial segments, and in living animals. 

Using this progressive subcellular in vitro-to-organismal in vivo approach we conclude that amplification 

of hydrogen peroxide (H2O2) microdomain signaling by subplasmalemmal mitochondria promotes the 

opening of adjacent L-type Ca2+ channels and subsequently the development of hypertension-associated 

arterial dysfunction. 
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4.3 Methods 

Chemicals 

All chemicals were from Sigma unless stated otherwise. 

Isolation of rat cerebral arterial myocytes 

Adult male Sprague-Dawley rats (Harlan) were euthanized with sodium pentobarbital (200 

mg/kg intraperitoneally; MWI Veterinary Supply) in accordance with institutional guidelines and 

approved by the Institutional Animal Care and Use Committee of Colorado State University and the 

University of California, Davis. Isolated smooth muscle cells were prepared from basilar and cerebral 

arteries. Arteries were removed, cleaned, and placed in ice-cold Ca2+-free buffer containing (mmol/L): 

140 NaCl, 5 KCl, 2 MgCl2, 10 glucose, and 10 HEPES (adjusted to pH 7.4 with NaOH). Arteries were 

incubated for 15 min at 37°C in Ca2+-free buffer supplemented with papain (10 U/mL; Worthington 

Biochemical) and dithiothreitol (1 mg/mL) followed by a second incubation (15 min at 37°C) in Ca2+-free 

buffer supplemented with collagenase (300 U/mL, Type II, Worthington Biochemical). Arteries were 

then washed with and placed in Ca2+-free buffer and kept on ice for 30 min after which trituration with a 

fire-polished Pasteur pipette was used to create a cell suspension; cells were used within 6 h of 

dispersion. 

Confocal microscopy 

Laser scanning confocal microscopy was used to image the plasma membrane and 

mitochondria. Freshly prepared smooth muscle cell suspensions were pipetted into a glass bottomed 

recording chamber. The extracellular face of the plasma membrane was marked with a wheat germ 

agglutinin Alexa 555 conjugate (Life Technologies; 5 µg/mL for 15 min) and mitochondria were labelled 

with MitoTracker Green (Life Technologies; 1 µmol/L for 15 min). Alexa 555 was excited with a 543 nm 

laser and MitoTracker Green was excited with a 488 nm laser; excitation and emission light was 

separated with appropriate filters. Data were analyzed with Volocity 3D Image Analysis Software 
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(PerkinElmer). Mitochondrial-associated fluorescence located ≤0.5µm from the center of the Alex 555-

WGA signal was designated as peripheral as this value falls within the predicted functional distance of 

intracellular signaling H2O2 (Winterbourne, 2008; Winterbourne, 2013).  

Electrophysiology 

Smooth muscle cell suspensions were pipetted into a glass bottomed recording chamber and 

the cells were allowed to adhere for 20 min. Membrane potential was controlled with an Axopatch 200B 

amplifier (Molecular Devices). The perforated whole-cell patch-clamp technique was used to record 

macroscopic L-type Ca2+ channel currents with barium (Ba2+) as the charge carrier. For these 

experiments the amphotericin B (250 μg/ml) supplemented pipette solution contained (mmol/L): 120 

CsCl, 20 TEA-Cl, 1 EGTA, and 20 HEPES (adjusted to pH 7.2 with CsOH) and cells were superfused with an 

external solution composed of (mmol/L): 115 NaCl, 10 TEA-Cl, 0.5 MgCl2, 5.5 glucose, 5 CsCl, 20 BaCl2, 

and 20 HEPES (adjusted to pH 7.4 with CsOH). 

For our Ca2+ imaging experiments, we used the conventional dialyzed whole-cell patch-clamp 

technique. During these experiments cells were superfused with a solution containing (mmol/L): 120 

NMDG+, 5 CsCl, 1 MgCl2, 10, glucose, 10 HEPES, and 20 CaCl2 (adjusted to pH 7.4 with HCl). Pipettes were 

filled with a solution composed of (mM): 87 Cs-aspartate, 20 CsCl, 1 MgCl2, 5 MgATP, 0.1 Na2GTP, 1 

NADPH, 10 glutathione, 10 HEPES, 10 EGTA, and 0.2 fluo-5F (adjusted to pH 7.2 with CsOH). All 

electrophysiological experiments were performed at room temperature (22-25°C) and were allowed to 

progress between 5 and 10 minutes. Only recordings with stable GΩ seals were analyzed. 

TIRF microscopy 

Ca2+ influx through L-type channels was visualized with a TILL Photonics through-the-lens TIRF 

system built around an inverted Olympus IX-71 microscope using a 100X (numerical aperture = 1.45) 

TIRF oil-immersion objective and an Andor iXON EMCCD camera. To monitor Ca2+ influx, myocytes were 

loaded with the Ca2+ indicator fluo-5F (200 µmol/L; pentapotassium salt; Invitrogen) and an excess of 
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EGTA (10 mmol/L) via the patch pipette. To preclude potential contaminating Ca2+ release events from 

the sacroplasmic reticulum, the Ca2+-ATPase inhibitor thapsigargin (1 µmol/L) was present during all 

experiments. Excitation of fluo-5F was achieved with a 491 nm laser and excitation and emission light 

was separated with appropriate filters. Ca2+ influx was recorded at 50 Hz at a holding potential of -70 mV 

and elevated external [Ca2+] (20 mmol/L) to facilitate the detection of events and provide fluorescent 

signals of sufficient amplitude3 to permit quantal analysis.  

L-type Ca2+ channel sparklet analysis. 

Background-subtracted fluo-5F fluorescence signals were converted to [Ca2+] (Amberg et al., 

2010; Navedo et al., 2006; Maravall et al., 2000) using the equation  
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where a and b are constants, [Ca2+]i is intracellular Ca2+, and q is the quantal unit of Ca2+ influx. The 

quantal amplitude of the Ca2+ sparklets observed in this study was 36.2±3.2 nmol/L [Ca2+]. 

L-type Ca2+ channel sparklet activity was determined (Amberg et al., 2010; Navedo et al., 2005; 

Navedo et al., 2006) by calculating the nPs of each site, where n is the number of quantal levels 

detected, and Ps is the probability that the site is active. nPs values were obtained using pCLAMP 10.0 

(Molecular Devices) on imported [Ca2+]i time course records. L-type Ca2+ channel sparklet activity was 

quantified using an initial unitary [Ca2+]i elevation of 38 nmol/L as determined experimentally (Navedo 

et al., 2005). Consistent with previous reports (Amberg et al., 2007; Amberg et al., 2010; Navedo et al., 

2005; Navedo et al., 2006), L-type Ca2+ channel sparklet activity was bimodally distributed with sites of 

low activity (nPs between 0 and 0.2) and high activity (nPs greater than 0.2). Active L-type Ca2+ channel 

densities (Ca2+ sparklet sites per µm2) were calculated by dividing the number of active sites by the area 

of cell membrane visible in the TIRF images. 

Imaging of subplasmalemmal mitochondria 

TIRF microscopy was also used to image subplasmalemmal mitochondria in isolated cells. 

Briefly, dispersed arterial smooth muscle cells were incubated with MitoTracker Green or MitoTracker 

Red CM-XRos (1 µmol/L) for 15 min. Subplasmalemmal MitoTracker Green was excited with a 491 nm 

laser and MitoTracker Red was excited with a 561 nm laser and excitation and emission light was 

separated with appropriate filters. For an area of elevated MitoTracker fluorescence to be considered 

indicative of subplasmalemmal mitochondria the fluorescence amplitude had to be equal to or larger 

than the mean basal fluorescence plus three times its standard deviation. Using this criterion we 

generated thresholded MitoTracker TIRF images to establish clear mitochondrial boundaries. The % of 

plasma membrane associated with subplasmalemmal mitochondria was calculated by dividing the area 

of membrane associated with mitochondria by the area of plasma membrane visible. We defined 
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mitochondrial-associated L-type Ca2+ channel sparklet sites as those sites with peaks (pixels of highest 

intensity) ≤0.5 µm from the edge of the nearest thresholded MitoTracker signal.  

Note that the subplasmalemmal MitoTracker fluorescence image shown in Figure 4.2A was 

obtained from a cell where we also recorded Ca2+ influx. This required placing a glass pipette onto the 

top of the cell. With this experimental configuration, MitoTracker fluorescence was associated with 

8.52±2.22% of the visible plasma membrane (n=5 cells). We attribute this modest increase in plasma 

membrane associated with mitochondria (versus 3.29±0.26% in non-patched cells; P<0.05) to the 

downward pressure exerted on the cell from the dorsally placed pipette. Regardless, our TIRF images 

indicate that subplasmalemmal mitochondria are associated with a relatively small fraction of the 

plasma membrane (≈5%).    

Euclidean distance mapping analysis was used to quantitate the distance of observed Ca2+ 

sparklet site peaks from the nearest thresholded MitoTracker signal and from 100 randomly distributed 

points located within visible TIRF footprint of the cells analyzed. Each cumulative distribution was fit 

with a single exponential function Y=Y0+(plateau- Y0)*[1-exp (-(ln2/X0.5)*X)] where Y is the cumulative 

frequency, Y0 is the Y value when X (distance) is zero, plateau is the Y value at infinite times, and X0.5 

(half-distance) is X where 50 % of the Y values are distal to X=zero. 

Detection of reactive oxygen species generation 

TIRF microscopy was also used to visualize subplasmalemmal ROS generation as described 

previously by us (Amberg et al., 2010). Cells were loaded in Ca2+-free buffer supplemented with the cell-

permeant ROS indicator 5-(and-6)-chloromethyl-2'7'-dichlorodihydrofluorescein diacetate acetyl ester 

(DCF; 10 µmol/L; Invitrogen) for 20 min at room temperature. Following removal of excess DCF with 

unsupplemented Ca2+-free buffer, excitation of subplasmalemmal DCF was achieved with a 491 nm laser 

and excitation and emission light was separated with appropriate filters. Analogous to L-type Ca2+ 

channel influx, for an area of elevated DCF fluorescence to be considered a localized site of increased 
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ROS generation (a ROS “puncta”), a grid of 3 x 3 contiguous pixels had to have a fluorescence amplitude 

equal to or larger than the mean basal DCF fluorescence plus three times its standard deviation (Amberg 

et al., 2010; Navedo et al., 2005). ROS puncta densities (ROS puncta per µm2) were calculated by dividing 

the number of sites detected by the area of cell membrane visible in the TIRF images. Changes in DCF 

fluorescence (∆ DCF) were calculated from the mean pixel intensities of the total intracellular 

submembranous slice visible in the TIRF images (average ∆ DCF) and the areas confined to nascent ROS 

puncta (puncta ∆ DCF).  

Intact arterial diameter measurements 

Intact arterial diameters were recorded from middle cerebral arterial segments as previously 

described(Amberg et al., 2010; Chapter 2). Briefly, isolated arteries were stored in ice-cold MOPS buffer 

containing (mmol/L): 145 NaCl, 5 KCl, 1 MgSO4, 2.5 CaCl2, 1 KH2PO4, 0.02 EDTA, 2 pyruvate, 5 glucose, 1% 

bovine serum albumin, and 3 MOPS (adjusted to pH 7.4 with NaOH). Arteries were transferred to a 

vessel chamber (Living Systems), one end of the artery was cannulated onto a glass micropipette and 

secured with monofilament suture and the other end was cannulated onto an opposing micropipette. 

Arteries were pressurized to 20 mmHg with a bicarbonate-based physiological saline solution containing 

(mmol/L): 119 NaCl, 4.7 KCl, 1.8 CaCl2, 1.2 MgSO4, 24 NaHCO3, 0.2 KH2PO4, 10.6 glucose, and superfused 

(3 mL/min) with warmed physiological saline solution (37°C) aerated with a normoxic gas mixture (21% 

O2, 6% CO2, balance N2). To block the effects of endothelial-derived nitric oxide, the nitric oxide synthase 

inhibitor Nω-nitro-L-arginine (L-NNA; 300 µmol/L) was included in the superfusate.  

Following a 15-minute equilibration period, intraluminal pressure was increased to 60 mmHg, 

arteries were stretched to remove bends, and the pressure was lowered back to 20 mmHg for a second 

15-minute equilibration period. Intraluminal pressure was then increased back to 60 mmHg and the 

inner diameter continuously monitored using video microscopy and edge-detection software (Ionoptix). 

To assess viability, all arteries were exposed to isotonic physiological saline solution containing 60 
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mmol/L KCl. For experiments with mitoTEMPO (Enzo Life Sciences) and TEMPOL (EMD Millipore), these 

antioxidants were added after a stable level of tone was obtained at 60 mmHg. Following stabilization 

with mitoTEMPO and TEMPOL, Ang II was added and experiments were terminated by superfusing with 

a nominally Ca2+-free physiological saline solution to obtain the passive diameter of the artery. Arterial 

contraction was calculated as the percentage difference in active luminal diameter versus passive 

luminal diameter. Passive luminal diameters were not different for our all experimental groups (P>0.05) 

and myogenic tone at 60 mmHg under control conditions (i.e., with only L-NNA present) in arteries from 

normotensive rats was also not different between all groups (P>0.05).  

L-NAME-induced hypertension, mitoTEMPO infusion, and blood pressure monitoring 

Hypertension was induced in adult male Sprague Dawley rats by including Nω-nitro-L-arginine 

methyl ester (L-NAME; 0.75 mg/mL) in their drinking water for ten days (Takemoto et al., 1997; 

Bartunek et al., 2000; Lu et al., 2008; Marañon et al., 2014). Daily water consumption in these rats was 

≈70 mL/kg/day resulting in a dose of ≈50 mg/kg per day. Rats were also implanted with subcutaneous 

osmotic minipumps (Alzet) eluting mitoTEMPO (150 µg/kg per day) or saline (for control) as previously 

described (Dikalova et al., 2013). 

Arterial blood pressure was monitored continuously in conscious freely moving rats by 

telemetry (Data Science International). Briefly, rats were anesthetized with isoflurane and a ventral 

midline incision through the abdominal wall was made. The intestines were manipulated with sterile 

cotton tip applicators to locate the abdominal aorta. Once located, the intestines were retracted using a 

sterile 4 x 4 gauze sponge. The overlying tissue was separated from the aorta surface, just caudal to the 

crossover of the left renal vein and cranial to the iliac bifurcation with sterile cotton tips and the aorta 

was temporary occluded with suture. A 22-gauge needle with the tip bent to a 90° angle was used to 

pierce the artery cranial to the iliac bifurcation and the catheter was inserted. The entry site was dried 

of blood and a small amount of tissue adhesive was applied to prevent leakage and maintain the 
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catheter in place. Tension was carefully released from the occlusion suture and the catheter entry area 

monitored for leakage. The catheter was anchored in place using a small sterile fiber patch and secured 

with tissue adhesive. The transmitter was placed on top of the intestines parallel to the long axis of the 

body. The abdominal wall was close using non-absorbable sutures of appropriate size. An absorbable 

suture was used to close the skin. Osmotic minipumps were implanted concurrently to avoid additional 

pain and distress associated with a second survival surgery; L-NAME administration (when appropriate) 

was initiated ≈5 days later. 

Statistics 

Statistical analyses were performed with GraphPad Prism 6 and OriginPro 8.1 software. 

Normally distributed data are presented as the mean±standard error of the mean (SEM).  Two-sample 

comparisons of these data were performed using either a paired or unpaired (as appropriate) two-tailed 

Student’s t test and comparisons between more than two groups were performed using a one way 

ANOVA with Tukey’s multiple comparison post-test. L-type Ca2+ channel sparklet activity (i.e. nPs) 

datasets were bimodally distributed (Amberg et al., 2010; Navedo et al, 2006; Chapter 2), thus two-

sample comparisons of nPs data were examined with the non-parametric Wilcoxon-Mann-Whitney test 

(two-tailed) and comparisons between more than two groups were performed using the non-parametric 

Friedman test with Dunn’s multiple comparison post-test. Arithmetic means of nPs datasets are 

indicated in the figures (solid grey horizontal lines) for non-statistical visual purposes and dashed grey 

lines mark the threshold for high-activity Ca2+ sparklet sites (nPs≥0.2) (Amberg et al., 2010; Navedo et al., 

2005; Navedo et al., 2006). 

To account for potential variability associated with cell isolation, all single myocyte experimental 

groups were comprised of cells obtained from a minimum of 4 rats. Effect sizes, represented in the 

figures as bracketed values, are reported as Pearson’s r (range -1.0 to 1.0; 0 indicates no effect) (Cohen, 

1988; Rosenthal et al., 1994; Rosenthal and Rubin, 2003; Rosnow et al., 2003). P<0.05 were considered 
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significant and asterisks (*) used in the figures are included to indicate significance; ns = not significantly 

different (Rosenthal and Rubin, 2003; Rosnow et al., 2003). 

 

4.4 Results 

A subpopulation of mitochondria associates with the arterial smooth muscle cell 

plasma membrane at sites of elevated L-type Ca2+ channel activity 

To assess the subcellular distribution of mitochondria in arterial smooth muscle we marked the 

plasma membrane of cells with a wheat germ agglutinin conjugate (Alexa 555-WGA, red), labelled 

mitochondria with MitoTracker Green, and visualized the fluorescence with confocal microscopy (Figure 

4.1A). We found that 8.64±0.42% of the total cell volume was occupied by mitochondria; this volume is 

consistent with prior reports (Somlyo, 1985). While the majority of the MitoTracker signal was located 

centrally (>0.5 µm 

from the center of the 

Alexa 555-WGA signal), 

7.50±0.77% of the 

mitochondrial volume 

was peripheral (≤0.5 

µm; yellow signal in 

Figure 4.1A, panel 3). 

Next we 

examined MitoTracker-

loaded cells with TIRF 

microscopy. Our 

images showed regions 

 
Figure 4.1. Subplasmalemmal mitochondria are present but sparse in rat cerebral arterial 

smooth muscle cells. A, Representative confocal images showing the plasma membrane 

(Alexa 555-WGA fluorescence, red) and mitochondria (MitoTracker fluorescence, green) in 

an isolated rat cerebral arterial smooth muscle cell. In panel 3, subplasmalemmal 

mitochondria (≤0.5µm from the plasma membrane) are highlighted yellow. The inset in 
panel 3 shows z projections at the x and y positions indicated by the dashed yellow lines. B, 

Plot of the mean±SEM mitochondrial and non-mitochondrial volumes (% of total cell 

volume; n=5 cells). C, Plot of the mean±SEM non-peripheral (>0.5 µm from the plasma 

membrane) and subplasmalemmal (≤0.5 µm) mitochondrial volumes (% total mitochondrial 

volume; n=5 cells).  
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of MitoTracker fluorescence indicating the presence of subplasmalemmal mitochondria (Figure 4.2A, 

panel 1). Analysis of thresholded MitoTracker images revealed that only 3.29±0.26% (n=7 cells) of the 

visible plasma membrane was associated with mitochondria (Figure 4.2A, panel 2). We imaged Ca2+ 

influx with a combination of TIRF microscopy and voltage-clamp electrophysiology (Amberg et al., 2007; 

Amberg et al., 2010; Navedo et al., 2005). This approach permits visualization of Ca2+ influx through L-

type Ca2+ channels (“Ca2+ sparklets”). To evoke Ca2+ sparklets we exposed cells to angiotensin II (Ang II; 

100 nM), which is known to promote mitochondrial ROS production (Dikalov and Nazarewicz, 2012). 

Similar to our previous reports (Amberg et al, 2010; Nieves-Cintrón, 2008; Chapters 2 and 3), Ang II 

induced L-type Ca2+ channel sparklet 

sites as revealed by localized 

changes in fluorescence of the Ca2+ 

indicator fluo-5F (Figure 4.2A, panel 

3). The L-type Ca2+ channel sparklets 

induced by Ang II in this study were 

not different from the L-type Ca2+ 

channel sparklets observed 

previously in terms of quantal 

amplitude (36.2±3.2 nmol/L [Ca2+]) 

and site densities and activities (see 

below) (Amberg et al, 2010; 

Chapters 2 and 3).  

To visualize the spatial 

relationship between L-type Ca2+ 

channel activity and 

 
Figure 4.2. Active L-type Ca2+ channels associate with subplasmalemmal 

mitochondria. A, Representative TIRF images showing subplasmalemmal 

mitochondria (MitoTracker fluorescence, panel 1; thresholded MitoTracker 

fluorescence, panel 2), L-type Ca2+ channel-mediated Ca2+ influx (fluo-5F 

fluorescence; panel 3), and an overlay of panels 2 & 3 (panel 4). Yellow 

circles in panels 3 and 4 indicate sites of bone fide L-type Ca2+ channel 

sparklet activity. B, Euclidean distance mapping analysis showing 

cumulative distribution functions representing the distance of observed 

Ca2+ sparklet site peaks from mitochondria (solid black line; n=7 cells) and 

from 100 randomly distributed points within visible TIRF footprint of the 

cells analyzed (dashed black line). Solid red lines are best fits of the 

cumulative distributions with a single exponential function. The vertical 

dashed grey line marks the distance separating mitochondrial associated 

(≤0.5 µm) and non-associated (>0.5 µm) Ca2+ sparklet sites. C, Plot of Ca2+ 

sparklet site activities (nPs, where n is the number of quantal levels 

detected and Ps is the probability that the site is active) at sites >0.5 µm 

and ≤0.5 µm from the nearest thresholded MitoTracker signal (n=5 cells). 
The horizontal dashed grey line marks the threshold for high-activity Ca2+ 

sparklet sites (nPs≥0.2;). Bracketed values indicate effect size (r).  * P<0.05 
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subplasmalemmal mitochondria we overlaid our fluo-5F and thresholded MitoTracker images (Figure 

4.2A, panel 4). We then measured the distance from L-type Ca2+ channel sparklet site peaks (pixels of 

highest intensity) to the edge of the nearest MitoTracker signal and plotted the cumulative values 

(Figure 4.2B). Mitochondrial-associated L-type Ca2+ channel sparklet sites were defined a priori as those 

sites with peaks ≤0.5 µm from the edge of the nearest thresholded MitoTracker signal; this is 

represented by the vertical dashed grey line in Figure 4.2B. We found that L-type Ca2+ channel function 

was associated with subplasmalemmal mitochondria (Figure 4.2B; n=5 cells). The half-distance of the 

observed L-type Ca2+ channel sparklet sites (n=41 sites) to the nearest mitochondria was 0.43 µm (95% 

CI [0.39 to 0.47]) whereas the half-distance of 100 random points within the visible plasma membrane 

to the nearest mitochondria was 2.10 µm (95% CI [1.99 to 2.19]).  

Next we compared the activity of mitochondrial-associated (distance ≤0.5 µm) and non-associated L-

type Ca2+ channel sparklet sites. L-type Ca2+ channel sparklet site activity can be expressed by the 

descriptor nPs, where n is the number of quanta detected (i.e., number of functional channels) and Ps is 

the probability that the site is active (Navedo et al., 2005). Ang II-induced L-type Ca2+ channel sparklet 

sites associated with mitochondria were more active than those not associated with mitochondria 

(Figure 4.2C; P<0.05, r=0.59, n=5 cells). Indeed, mitochondrial-associated L-type Ca2+ channel sparklet 

sites accounted for ≈73% of the total Ca2+ sparklet activity observed. From these data we conclude that 

the spatial distribution of L-type Ca2+ channel activity is highly correlated with subplasmalemmal 

mitochondria. 

Mitochondrial-derived H2O2 stimulates L-type Ca2+ channels 

We reported previously that localized H2O2 microdomains stimulate L-type Ca2+ channels in 

arterial smooth muscle via a PKC-dependent mechanism (Amberg et al, 2010; Navedo and Amberg, 

2013; Chapters 2 and 3).  As mitochondria are a major source of ROS, we tested the hypothesis that 

localized H2O2 generated by subplasmalemmal mitochondria stimulate nearby L-type Ca2+ channels.  
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To promote mitochondrial ROS generation we exposed cells to the electron transport chain 

complex III inhibitor antimycin (500 nmol/L) (Murphy, 2009; Zorov et al., 2014). First we investigated the 

effect of antimycin on subplasmalemmal ROS production by loading cells with the fluorescent ROS 

indicator 5-(and-6)-chloromethyl-2'7'-dichlorodihydrofluorescein diacetate acetyl ester (DCF; 10 µmol/L) 

and monitored for changes in subplasmalemmal fluorescence (Figure 4.3A). Similar to Ang II (Amberg et 

al., 2010; Chapter 2), antimycin induced localized sites of elevated DCF fluorescence (“ROS 

puncta”;(Amberg et al., 2010) Figure 4.3A and B; P<0.05, r = 0.65, n=5 cells); comparable ROS puncta 

formation was not apparent in time-matched controls. In contrast to the ≈ 6-fold increase in DCF 

fluorescence associated with ROS puncta, the spatially averaged DCF fluorescence in cells treated with 

antimycin did not increase (data not shown; P>0.05; n=5 cells). This observation is consistent with the 

concept of localized ROS generation by subplasmalemmal mitochondria.     

Antimycin also induced localized L-type Ca2+ channel sparklets (Figure 4.3C and D). Ca2+ sparklet 

activity was not observed following antimycin treatment in cells pre-treated with nicardipine (10 

µmol/L; P>0.05; n=5 cells, data not shown) or the PKC inhibitor Gӧ6976 (100 nmol/L; Figure 4.3D). 

Similarly, dialyzing cells with catalase (500 U/mL) prevented the stimulatory effect of antimycin on L-

type Ca2+ channels (Figure 4.3D). These data are consistent with the hypothesis that antimycin-

dependent promotion of localized mitochondrial H2O2 generation stimulates neighboring L-type Ca2+ 

channels via a PKC-dependent mechanism. 

Our previous work indicates that NADPH oxidase activity is necessary for local regulation of L-

type Ca2+ channels by Ang II-induced H2O2 microdomain signaling (Amberg et al., 2010; Chapter 2). Ang II 

also induces mitochondrial ROS generation (Dikalov, 2011; Dikalov and Nazarewicz, 2012). Therefore, 

we tested the effect of inhibiting mitochondrial ROS generation on Ang II-dependent stimulation of L-

type Ca2+ channels. 
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The mitochondrial-targeted antioxidant mitoTEMPO attenuates the production of H2O2 by 

mitochondria in response to Ang II (Dikalov and Nazarewicz, 2012; Dikalova et al., 2010; Dikalov, 2011; 

Dikalov and Ungvari, 2013). We found that Ang II did not promote ROS puncta formation in cells pre-

treated with mitoTEMPO (25 nmol/L for 15 min; Figure 4.4A and B; P>0.05, r=-0.80, n=5 cells). 

MitoTEMPO also attenuated the stimulatory effect of Ang II on L-type Ca2+ channel sparklet site activity 

(Figure 4.4C and D; P>0.05, r=-0.39, n=5 cells). The L-type Ca2+ channel sparklet site activity (nPs; r=0.59) 

and density (sites/µm2; r=0.93) induced by Ang II was not different from that observed with antimycin 

(Figure 4.3D; P>0.05, n=5 cells). Interestingly, and in contrast to NADPH oxidase inhibition or catalase 

(Amberg et al., 2010; Chapter 2), mitoTEMPO did not prevent the increase in L-type Ca2+ channel 

sparklet site density (sites/um2) induced by Ang II (Figure 4.4D; P<0.05, r=-0.09, n=5 cells). . Similar 

 
Figure 4.3. ROS generation by subplasmalemmal mitochondria is punctate and stimulates L-type Ca2+ channels. A, 

Representative TIRF images showing subplasmalemmal DCF fluorescence (indicating intracellular oxidation) in a control 

cell (left) and in a cell incubated with the mitochondrial electron transport chain complex III inhibitor antimycin (500 

nmol/L; right) at the times indicated. Yellow circles indicate sites of bone fide ROS puncta formation. B, Plot of individual 

ROS puncta densities in control cells (open circles; n=5 cells) and cells treated with antimycin (filled red circles; n=5 cells) at 

0 min and at 10 min (left) and plot of mean±SEM ROS puncta densities at 0 min (all values) and at 10 min in control and 

antimycin-treated cells (right). C, Representative TIRF images showing Ca2+ influx in a cell before and after application of 

antimycin (500 nmol/L). Traces show the time course of Ca2+ influx at the 3 circled sites. D, Plot of Ca2+ sparklet site 

activities (nPs) and plot of mean±SEM Ca2+ sparklet densities (Ca2+ sparklet sites/µm2) before and after antimycin in 

untreated cells (n=5 cells) and in cells pretreated with catalase (n=7 cells) or Gö6976 (n=5 cells). The horizontal dashed 

grey line marks the threshold for high-activity Ca2+ sparklet sites (nPs≥0.2). Bracketed values indicate effect size (r). * 
P<0.05 
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results were observed when mitochondrial ROS production was limited with rotenone (Figure 4.4D; for 

sparklet activity: P<0.05 vs. Ang II, P>0.05 vs. mitoTEMPO, for density P>0.05). MitoTEMPO did not have 

apparent nonspecific effects on macroscopic L-type Ca2+ channel currents (Figure 4.4E-F; P>0.05, n=5 

  

Figure 4.4. Mitochondria contribute to angiotensin II-dependent ROS and Ca2+ microdomain signaling. A, Representative 

TIRF images showing subplasmalemmal DCF fluorescence in a cell before and after application of Ang II (100 nmol/L; left) 

and in a cell before and after Ang II in the presence of the mitochondrial targeted antioxidant mitoTEMPO (25 nmol/L; 

right). Yellow circles indicate sites of ROS puncta formation. B, Plot of individual ROS puncta densities in cells exposed to 

Ang II (open circles; n=5 cells) and cells exposed to Ang II in the presence of mitoTEMPO (filled red circles; n=5 cells) at 0 

min and at 10 min (left) and the plot of mean±SEM ROS puncta densities at 0 min (all values) and at 10 min in Ang II and 

Ang II in the presence of mitoTEMPO (right). C, Representative traces showing time courses of Ca2+ influx in cells before 

and after application of Ang II (100 nmol/L) in control cells and in the presence of the mitochondrial targeted antioxidant 

mitoTEMPO (25 nmol/L). D, Plots showing Ca2+ sparklet site activities (nPs) and mean±SEM Ca2+ sparklet densities (Ca2+ 

sparklet sites/µm2) before after Ang II in control cells and in the presence of mitoTEMPO or rotenone (n=5 cells each). E, 

Representative macroscopic L-type Ca2+ channel currents traces using barium (Ba2+) as the charge carrier during step 

depolarizations to 10 mV from a holding potential of -70 mV before (top) and after mitoTEMPO (25 nmol/L; bottom). F, 

Plot of the mean±SEM peak barium current densities (pA/pF) before and after mitoTEMPO (n=5 cells). The horizontal 

dashed grey line marks the threshold for high-activity Ca2+ sparklet sites (nPs ≥0.2). Bracketed values indicate effect size 
(r). * P<0.05 
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cells). These data suggest that in the presence of mitoTEMPO, Ang II-induced Ca2+ influx is minimal 

despite increasing the number of observed L-type Ca2+ channel sparklet sites 

Mitochondrial ROS production contributes to angiotensin II-mediated arterial contraction 

 L-type Ca2+ channels are the primary conduit for contractile Ca2+ in arterial smooth muscle (Knot 

and Nelson, 1998). As mitoTEMPO reduced Ang II-dependent stimulation of L-type Ca2+ channels we 

reasoned that inhibiting mitochondrial H2O2 production with mitoTEMPO should decrease contractile 

responses to Ang II. To test this we applied Ang II to excised arterial segments pressurized to 60 mmHg. 

These experiments were performed in the presence of the nitric oxide synthase inhibitor Nω-nitro-L-

arginine (L-NNA, 300 µmol/L) to prevent vasodilatory influences of endothelial-derived nitric oxide. 

In control experiments Ang II constricted arteries to 14.86±0.99% below their baseline diameter 

(Figure 4.5A). In arteries incubated with mitoTEMPO (1 µmol/L for 15 min) Ang II induced a smaller 

contraction to only 3.98±0.99% below 

baseline (Figure 4.5B; P<0.05, r=-0.93, n=5 

arteries). MitoTEMPO by itself had no 

apparent effect on baseline arterial 

constriction or the contractile response to 

140 mmol/L KCl (P>0.05, n=3 arteries, data 

not shown). We reported previously that the 

non-targeted antioxidant TEMPOL does not 

suppress Ang II-dependent stimulation of L-

type Ca2+ channels (Chapter 2). Therefore, 

we replicated our contractile experiments 

with Ang II on arteries incubated with 

TEMPOL (10 µmol/L for 15 min). In contrast 

 
Figure 4.5. Smooth muscle mitochondrial ROS contribute to 

angiotensin II-dependent arterial contractions. A-C, 

Representative time courses showing luminal diameters (as % 

passive diameter) of pressurized (60 mmHg) middle cerebral 

arterial segments exposed to Ang II (10 nmol/L) in the absence 

(A) or presence of the mitochondrial-targeted antioxidant 

mitoTEMPO (1 µmol/L) (B) or the non-targeted antioxidant 

TEMPOL (10 µmol/L) (C). The horizontal dashed grey lines 

represent approximate points of measurement for analysis. D, 

Plot of the mean±SEM induced contraction (% passive diameter) 

by Ang II in the absence or presence of mitoTEMPO or TEMPOL 

(n=5 arteries each). Bracketed values indicate effect size (r). * 

P<0.05 
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to mitoTEMPO, even at 10-fold higher concentration, TEMPOL did not reduce Ang II-dependent arterial 

constriction (Figure 4.5C and D; P>0.05; r=-0.29, n=5 arteries). From these data we conclude that 

mitochondrial-derived ROS contribute to Ang II-dependent constriction of pressurized intact arterial 

segments.    

Reducing mitochondrial ROS production in vivo attenuates hypertensive arterial 

responses to endothelial dysfunction  

To establish the importance of smooth muscle mitochondrial ROS production on arterial 

function in vivo we induced hypertension in rats by including the nitric oxide synthase inhibitor Nω-nitro-

L-arginine methyl ester (L-NAME; 0.75 mg/mL) in their drinking water (dose ≈50 mg/kg per day)  

(Bartunek et al., 2000; Lu et al., 2008; Takemoto et al., 1997). A key feature of L-NAME-induced 

hypertension is frank endothelial dysfunction and increased arterial constriction (Paulis et al., 2008). To 

examine the involvement of mitochondrial-derived ROS we infused L-NAME treated animals with 

mitoTEMPO at a rate of 150 µg/kg per day (Dikalova et al., 2010) via subcutaneous osmotic minipumps; 

rats implanted with saline minipumps served as control. Arterial blood pressure was monitored by 

telemetry. 

L-NAME induced a time-dependent increase in mean arterial pressure (Figure 4.6A; P<0.05, 

r=0.97, n=3 rats). Similar to Ang II-induced hypertension (Dikalova et al., 2010), co-administration of 

mitoTEMPO blunted (r=-0.76) the hypertensive response to L-NAME (Figure 4.6B; P<0.05, r=0.86, n=3 

rats). Thus, despite continued disruption of endothelial function, the blood pressure lowering capacity of 

mitoTEMPO remained intact. This observation suggests that mitoTEMPO could be working in vivo, at 

least in part, by reducing mitochondrial ROS generation and subsequent stimulation of arterial smooth 

muscle L-type Ca2+ channels.  
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To 

investigate this 

we excised 

intact arterial 

segments from 

L-NAME and L-

NAME plus 

mitoTEMPO 

treated animals 

and compared 

their myogenic 

set points (i.e., 

observed levels 

of myogenic 

tone). First we 

pressurized arteries to 20 mmHg and allowed them to equilibrate. Once a stable diameter was reached 

we increased the pressure to 60 mmHg and waited for an active myogenic contractile response to occur 

following passive dilation (Figure 4.6C). Experiments were terminated by superfusing the arteries with a 

nominally Ca2+-free solution.  

Arteries isolated from L-NAME treated animals infused with saline constricted robustly when the 

intraluminal pressure was increased from 20 to 60 mmHg (48.80±2.06% below passive diameter, n=5 

arteries). Arteries from L-NAME treated animals infused with mitoTEMPO constricted substantially less 

following the same increase in pressure (30.43±1.46% below passive diameter, P<0.05, r=-0.92, n=5 

arteries). Note that arteries isolated from normotensive rats pressurized to 60 mmHg constricted to 

 
Figure 4.6. Arterial smooth muscle mitochondrial ROS contribute to hypertension-associated 

arterial dysfunction. A, Time courses of mean arterial pressures in rats treated with the nitric oxide 

synthase inhibitor L-NAME and infused with saline (open circles) or infused with the mitochondrial 

targeted antioxidant mitoTEMPO (closed circles). B, Bar plot of the change in mean arterial pressure 

for rats treated with L-NAME and infused with saline or infused with mitoTEMPO (n=3 rats each). C, 

Representative time courses showing luminal diameters (as % passive diameter) of pressurized 

middle cerebral arterial segments (as indicated) isolated from rats treated with L-NAME and infused 

with saline (left) or infused with mitoTEMPO (right). The horizontal dashed grey lines represent 

approximate points of measurement for analysis. D, Plot of the mean±SEM contraction induced by 

increasing the intraluminal pressure (20 to 60 mmHg) of middle cerebral arterial segments isolated 

from rats treated with L-NAME and infused with saline or infused with mitoTEMPO (n=5 arteries 

each). Bracketed values indicate effect size (r). * P<0.05 
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38.29±3.20% below their passive diameter (n=5 arteries) which was smaller than the constriction seen in 

arteries from L-NAME treated animals infused with saline (P<0.05) but not significantly different from 

the constriction seen in arteries from L-NAME treated animals infused with mitoTEMPO (P>0.05). From 

these data we conclude that systemic inhibition of mitochondrial ROS generation with mitoTEMPO 

reduces L-NAME-induced arterial dysfunction in vivo (lowers systemic arterial pressure) and ex vivo 

(lowers arterial myogenic tone). 

To investigate the mechanisms underlying mitoTEMPO-dependent preservation of arterial 

function we examined baseline ROS and Ca2+ microdomain signaling activity in cells isolated from these 

animals. Using DCF fluorescence as an indicator of ROS generation with TIRF microscopy, we found that 

ROS puncta density (in the absence of acute stimulation) was elevated in smooth muscle cells from 

hypertensive L-NAME treated rats compared to non-L-NAME-treated controls (Figure 4.7A and B; 

P<0.05, r=0.70, n=5 cells). Importantly, ROS puncta densities in cells isolated from rats receiving L-NAME 

and mitoTEMPO were lower than those receiving L-NAME alone (P<0.05, r=-0.74, n=5 cells). The ROS 

puncta density in these cells was negligible and not different from unstimulated control cells (P>0.05, 

n=5 cells).  

  Paralleling our ROS puncta data and consistent with previous observations in Ang II-induced 

and genetic hypertension (Nieves-Cintrón et al., 2008), basal L-type Ca2+ channel function was enhanced 

in cells isolated from hypertensive L-NAME treated rats as evidenced by elevated Ca2+ sparklet site 

activities and densities (Figure 4.7C and D; P<0.05, nPs r=0.75, density r=0.64, n=5 cells). Notably, as with 

ROS puncta, mitoTEMPO infusion abolished L-NAME enhancement of L-type Ca2+ channel activity 

(P<0.05, r=-0.51, n=5 cells) with levels not different from unstimulated cells from normotensive animals 

(P>0.05, n=5 cells). Taken altogether, we conclude that arterial smooth muscle mitochondrial-amplified 
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H2O2 microdomain signaling promotes Ca2+ influx through neighboring L-type Ca2+ channels and that this 

process contributes mechanistically to the contractile action of Ang II and the development of 

hypertension-associated arterial dysfunction.         

 

4.5 Discussion 

In this study we tested the hypothesis that mitochondrial amplification of H2O2 microdomain 

signaling stimulates L-type Ca2+ channels in arterial smooth muscle. The major findings supporting this 

hypothesis are: 1) Subplasmalemmal mitochondria associate with sites of elevated L-type Ca2+ channel 

activity; 2) mitochondrial-derived H2O2 stimulates Ca2+ influx through L-type channels; 3) inhibiting 

mitochondrial H2O2 production reduces Ang II-mediated arterial contraction; and 4) inhibiting 

 
Figure 4.7. Endothelial dysfunction increases arterial smooth muscle mitochondrial ROS and Ca2+ 

microdomain signaling. A, Representative TIRF images showing subplasmalemmal DCF fluorescence in a 

cell isolated from rats treated with the nitric oxide synthase inhibitor L-NAME and infused with saline (top) 

or infused with the mitochondrial targeted antioxidant mitoTEMPO (bottom). Yellow circles indicate sites 

of ROS puncta formation. B, Plot of mean±SEM ROS puncta densities in cells isolated from rats treated 

with L- NAME and infused with saline or infused with mitoTEMPO (n=5 cells). C, Representative TIRF 

images showing Ca2+ influx in cells isolated from rats treated with L-NAME and infused with saline (left) or 

infused with mitoTEMPO (right). Traces show the time course of Ca2+ influx at the 3 circled sites. D, Plot of 

Ca2+ sparklet site activities (nPs) and plot of mean±SEM Ca2+ sparklet site densities (Ca2+ sparklet 

sites/µm2) in cells isolated from rats treated with L-NAME and infused with saline or infused with 

mitoTEMPO (n=5 cells). Black asterisks and effect sizes in panels B and D are in reference to non-L-NAME-
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mitochondrial H2O2 production attenuates the development of hypertension-associated arterial smooth 

muscle dysfunction ex vivo and in vivo. From these data we conclude that mitochondrial amplification of 

H2O2 microdomain signaling is an important regulator of L-type Ca2+ channels in arterial smooth muscle 

and contributes to the development of hypertension-associated arterial dysfunction.  

Our imaging of subplasmalemmal fluo-5F and MitoTracker fluorescence with TIRF microscopy provides 

compelling evidence that L-type Ca2+ channel activity is enriched at areas of the plasma membrane 

associated with mitochondria (Figure 4.2). Consistent with this observation, the small amount of plasma 

membrane associated with mitochondria (≈5%) is sufficient to influence the surface area necessary 

(≈4%) to accommodate the L-type Ca2+ channel sparklet activity observed. Our confocal imaging showed 

that mitochondria accounted for only ≈10% of the total arterial smooth muscle cell volume and only ≈10 

% of this small volume was peripheral (≤0.5 µm from the plasma membrane). Therefore, the 

mitochondria ideally positioned to regulate L-type Ca2+ channels represented only ≈1% of the total cell 

volume. With TIRF microscopy we found that ≈5% of the plasma membrane was associated with 

mitochondria. Although direct comparison of these values is pointless, the small amount of plasma 

membrane associated with mitochondria (≈5%) and the small volume occupied by peripheral 

mitochondria (≈1%) are in relative accord with each other.  

Arterial smooth muscle cells have an average surface area of ≈1000 µm (Navedo et al., 2005). 

Our observed L-type Ca2+ channel sparklet densities were ≈0.04/µm2. As such we expect ≈40 active L-

type Ca2+ channel sparklet sites per cell. Since the spatial spread of single L-type Ca2+ channel sparklets is 

≈1 µm2 (Amberg et al., 2007; Amberg and Navedo 2013; Navedo et al., 2005; Navedo and Amberg 2013), 

we estimate that ≈40 µm2 (only ≈4%) of the plasma membrane is associated with active L-type Ca2+ 

channels. From this we conclude that the peripheral mitochondria visualized in our experiments, 

representing only ≈1% of the total cell volume and associated with only ≈5% of the plasma membrane, 

are sufficient to influence the surface area necessary (≈4%) to accommodate the L-type Ca2+ channel 
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sparklet activity observed. This logic supports the conclusion that subcellular localization is a key factor 

in determining the stimulatory influence of mitochondria on L-type Ca2+ channels. 

Evidence suggests that mitochondrial buffering of proximate Ca2+ flux events is an important 

mechanism by which these organelles influence Ca2+ signaling (McCarron et al., 2012). With respect to L-

type Ca2+ channels, localized Ca2+ buffering by mitochondria could reduce the amplitude of the Ca2+ 

microdomain formed near the pore when the channel is open (Demaurex et al., 2009). Lowering the 

effective Ca2+ concentration around the channel could alter Ca2+ signaling by reducing the Ca2+-

dependent inactivation characteristic of L-type Ca2+ channels (Ben-Johny and Yue, 2014). Prior work in 

smooth muscle suggests that mitochondrial Ca2+ buffering does not influence Ca2+ influx through L-type 

Ca2+ channels (McCarron and Miur, 1999; McCarron et al., 2012). However, our TIRF images 

demonstrate that L-type Ca2+ channel activity is associated with subplasmalemmal mitochondria (Figure 

4.2). To reconcile these apparently contradictory observations we propose a mechanism of 

mitochondrial promotion of Ca2+ influx that does not rely on Ca2+ buffering per se. Rather, we propose 

that mitochondria promote Ca2+ influx by amplifying H2O2 microdomain signaling in the vicinity of L-type 

Ca2+ channels which leads to oxidant-dependent stimulation of Ca2+ influx (Amberg et al., 2010; Chapters 

2 and 3).  

Functionally compartmentalized submembranous accumulation of H2O2 is thought to bring 

about competent H2O2 signaling microdomains (Woo et al., 2010). We reported previously that H2O2 

microdomains involving NADPH oxidase promote colocalized Ca2+ influx through L-type Ca2+ channels via 

oxidative activation of PKC (Amberg et al., 2010; Chapters 2 and 3). Experiments in this study provide 

evidence indicating that peripheral mitochondria also participate in H2O2 microdomain-dependent 

stimulation of L-type Ca2+ channels. Antimycin induced the formation of subplasmalemmal ROS puncta 

and induced L-type Ca2+ channel sparklet activity. Lastly, antimycin-dependent stimulation of L-type Ca2+ 

channels was abolished by enhanced decomposition of H2O2 with intracellular catalase.      
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To specifically reduce the influence of mitochondrial ROS on L-type Ca2+ channels we used the 

mitochondrial-targeted antioxidant mitoTEMPO at a concentration where cytosolic antioxidant effects 

are not apparent (Dikalov, 2011; Dikalov and Nazarewicz, 2012; Dikalova et al., 2010). MitoTEMPO 

prevented the induction of ROS puncta formation by Ang II and reduced the stimulatory effect on L-type 

Ca2+ channel sparklets. This suggests that mitochondrial ROS (visualized as ROS puncta) stimulate L-type 

Ca2+ channels. Intriguingly, unlike the effect on Ca2+ sparklet activity, mitoTEMPO did not reduce the 

effect of Ang II on L-type Ca2+ channel sparklet density (sites/µm2). This is in contrast to the effects of 

NADPH oxidase inhibition and catalase on Ang II-dependent L-type Ca2+ channel sparklets where activity 

and density are reduced (Amberg et al., 2010; Chapter 2). While initially perplexing, we believe this 

subtle observation provides valuable mechanistic insight into the signaling events underlying oxidant-

dependent regulation of L-type Ca2+ channels. Activation of Ang II type 1 receptors stimulates NADPH 

oxidase resulting in ROS formation (Griendling et al., 1994; Touyz and Schiffrin, 2000). Evidence suggests 

that ROS produced by NADPH oxidase can induce subsequent ROS generation from mitochondria 

through the process of ROS-induced ROS release (RIRR) (Dikalov. 2011; Diaklov and Ungvari, 2013; 

Dikalova et al., 2010). We suggest that a ROS-induced ROS release mechanism, initiated by NADPH 

oxidase and carried out by proximate mitochondria, is essential for Ang II-dependent stimulation of L-

type Ca2+ channels in arterial smooth muscle.  

This hypothesis is compatible with our data. Disrupting Ang II signaling by NADPH oxidase 

inhibition or enhancing H2O2 decomposition with catalase reduces the initial availability of signaling H2O2 

and abolishes the stimulatory effect of Ang II on L-type Ca2+ channel sparklets (i.e., activity and density) 

(Amberg et al., 2010; Chapter 2). However, mitoTEMPO impairment of H2O2 generation occurs further 

along the signaling cascade by limiting ROS-induced ROS release by mitochondria. Thus, the initial 

production of signaling H2O2 by NADPH oxidase remains intact which could trigger limited stimulation of 

L-type Ca2+ channels leading to an increase in low-activity L-type Ca2+ channel sparklet sites. From this 
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we suggest that mitochondria, as a consequence of providing a means of ROS-induced ROS release, 

function as amplifiers of NADPH oxidase-initiated H2O2 microdomain signaling and that this mechanism 

is necessary for physiological stimulation of arterial smooth muscle cell L-type Ca2+ channels by Ang II 

(Figure 4.7E). 

If mitochondrial ROS-induced ROS release is necessary for physiological stimulation of L-type 

Ca2+ channels by Ang II then disrupting this process with mitoTEMPO should reduce arterial contractile 

responses to Ang II. Consistent with this, mitoTEMPO reduced Ang II-dependent contraction of 

pressurized cerebral arteries by ≈70 %. In contrast, MitoTEMPO had no effect on the baseline myogenic 

tone of these arteries. Similarly, we noted previously that inhibition of NADPH oxidase (Amberg et al., 

2010) and application of cell-permeable catalase (Chapter 2) reduced contractile responses to Ang II 

without altering arterial tone. These observations suggest that, at least in cerebral arteries from healthy 

rats, H2O2 microdomain stimulation of smooth muscle L-type Ca2+ channels contributes to the 

vasoconstrictor capacity of Ang II but does not influence baseline myogenic function. 

In contrast to our observations, work by others has shown that mitochondrial and NADPH 

oxidase-derived ROS reduce arterial contractility by enhancing activation of hyperpolarizing large-

conductance, Ca2+-activated potassium (BK) channels (Cheranov and Jaggar, 2006; Xi et al., 2005). We 

contend that our H2O2 microdomain signaling hypothesis reconciles these seemingly diametrically 

opposed observations. In the case of our data, H2O2 microdomain signaling is coupled to the activation 

of L-type Ca2+ channels leading to contraction. For vasodilatory-associated ROS, we hypothesize that 

discrete ROS signaling events are selectively coupled to vasodilatory processes. In addition, we 

hypothesize that ROS microdomain signaling attains differential coupling specificity as a consequence of 

distinct subcellular distribution patterns inherent to the underlying ROS generating mechanisms. 

Anomalous Ang II signaling is implicated in the development of arterial dysfunction and 

hypertension (Dikalov and Ungvari, 2013; Dikalova et al., 2010; Rajagopalan et al., 1996). We found that 
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mitoTEMPO attenuated the vasoconstrictive capacity of Ang II and, conversely, that stimulating 

mitochondrial ROS production with antimycin increased L-type Ca2+ channel activity. We therefore 

examined the efficacy of mitoTEMPO in mitigating arterial smooth muscle dysfunction in hypertension. 

Systemic administration of mitoTEMPO blunts the hypertensive response to Ang II infusion in mice, at 

least in part, by increasing the bioavailability of nitric oxide and preserving endothelial function 

(Dikalova et al., 2010). To investigate the effect of mitoTEMPO on arterial smooth muscle function we 

used a nitric oxide-deficient model of hypertension where endothelial dysfunction is an etiological 

hallmark (Paulis et al., 2008; Török, 2008). Similar to Ang II infusion (Dikalova et al., 2010), co-

administration of mitoTEMPO reduced the hypertensive response to L-NAME. This observation suggests 

that the antihypertensive effect of mitoTEMPO reside, at least in part, at the level of arterial smooth 

muscle.       

To examine the effect of systemically administered mitoTEMPO on arterial smooth muscle 

function we isolated and pressurized cerebral arteries obtained from L-NAME-treated rats. Arteries from 

these rats contracted to ≈50% below their passive diameter when pressurized to 60 mmHg. In contrast, 

arteries from L-NAME-treated rats infused with mitoTEMPO contracted to only ≈30% below their 

passive diameter. For perspective, the control arteries used in our Ang II/mitoTEMPO experiments 

contracted to ≈38% below their passive diameter, which was not significantly different from that seen 

with mitoTEMPO. Thus, systemically administered mitoTEMPO normalized the intrinsic myogenic set 

point of arteries isolated from L-NAME-treated rats.   

To investigate the mechanisms by which mitoTEMPO normalized arterial function in L-NAME-

treated rats we examined L-type Ca2+ channel and H2O2 microdomain signaling in isolated cells. Similar 

to Ang II-dependent and genetic hypertension (Nieves-Cintrón et al., 2008), basal L-type Ca2+ channel 

sparklet activity and ROS puncta density were elevated in cells from hypertensive L-NAME-treated rats. 

Strikingly, arterial smooth muscle cells isolated from rats infused with mitoTEMPO showed no increase 
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in either ROS puncta density or L-type Ca2+ channel sparklet activity. From these data we conclude that 

mitoTEMPO preserves arterial function and reduces arterial blood pressure, at least in part, by inhibiting 

mitochondrial amplified H2O2 microdomain dependent stimulation of arterial smooth muscle L-type Ca2+ 

channels. 

The implications of our observations are broad. First, we suggest that mitochondrial 

amplification of H2O2 microdomain signaling in arterial smooth muscle is a potentially viable therapeutic 

target for reducing hypertension-associated arterial dysfunction. Second, as mitochondria and L-type 

Ca2+ channels are widely distributed we suggest that localized mitochondrial amplification of H2O2 

microdomain signaling could be a general mechanism for promoting Ca2+ influx through L-type Ca2+ 

channels in many cell types including cardiac myocytes as demonstrated by others (Nickel et al., 2014; 

Viola et al., 2007; Zorov et al., 2000). Indeed, we recently described a mechanism responsible for 

localized L-type Ca2+ channel function in neuroendocrine pituitary gonadotrope cells which bears a 

striking resemblance to our observations in smooth muscle (Dang et al., 2014). Lastly, this mechanism 

could be an important factor contributing to the exaggerated ROS production and Ca2+ influx associated 

with the pathogenesis of numerous cardiovascular and non-cardiovascular diseases.       
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Chapter 5. Conclusion  

 

 

 

This study provides strong evidence for a local signaling domain in which AT1R activation 

induces feed-forward ROS generation by NAD(P)H oxidase and mitochondria, resulting in persistent 

activation of LTCC’s through PKC-mediated phosphorylation. AT1R activation by both paracrine/ 

autocrine Ang II signaling and mechaotransduction potentially provides a point of signal integration 

between these two pathways where activation of either mechanism potentiates the downstream effects 

of activation of the other.  The downstream signaling molecules calcium and ROS also form distinct 

points of signal integration between these and other cellular signaling pathways such as endothelin and 

receptor tyrosine kinases.  In this section, we will further discuss the major findings contained within this 

manuscript and possible future directions to build upon these observations. 

Interplay between ROS and calcium signaling has been observed in various cell types. The 

voltage-dependent anion channel on the mitochondrial outer membrane, and the mitochondrial 

uniporter on the inner membrane provide a pathway through which cytosolic calcium can be rapdly 

sequestered within the mitochondrial matrix. Mitochondria have been demonstrated to modulate 

calcium release from external and intracellular sources and influence temporal aspects of global calcium 

transients.  Mitochondrial calcium sequestration was shown to limit activation of calcium activated 

chloride channels in portal vein smooth muscle in response to membrane depolarization, therefore 

prolonging calcium influx through voltage-gated channels (Greenwood et al., 1997).  Mitochondria 

influence global calcium transients in chromaffin cells (Babcock et al., 1997) by limiting the peak 

increase in global calcium, and contributing to rapid cytosolic calcium clearance. Mitochondrial calcium 

uptake has also been shown to prolong calcium influx through LTCC’s in cardiomyocytes (Sánchez et al., 

2001). ROS has been shown to additionally influence extracellular calcium influx indirectly through 

differential modification of potassium currents.  In coronary circulation, vasodilation occurs through 
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H2O2- mediated activation of Kv1 family potassium channels (Rogers et al., 2007). Mitochondria are 

intimately coupled to mitochondria-associated-membrane complexes on the endoplasmic reticulum 

which are enriched with IP3R’s and in some cases RyR’s.  Uptake of calcium by mitochondria was shown 

to promote sustained calcium release by IP3 receptors in colonic smooth presumably by preventing 

calcium-dependent inactivation of the channel, which occurs with high local [Ca2+] (McCarron et al., 

1999). Alternately, mitochondrial calcium uptake has been shown to limit IP3R- mediated local calcium 

transients in astrocytes (Boitier et al., 1999).  Mitochondrial ROS has been shown to increase RyR 

openings in vascular smooth muscle, leading to activation of BKca channels (XI et al., 2005).  In contrast 

with this, we provide evidence that endogenous ROS is involved in vascular smooth muscle contraction 

in response to Ang II stimulation.  To reconcile this discrepancy, emphasis should be placed on the 

spatial coordination of signaling machinery necessary for divergent signaling pathways observed even 

within a single cell type. 

 

5.1 Localization and concerted activation of NAD(P)H oxidase and mitochondria are required for 

Ang II-derived high activity sparklets  

  Amberg et al., (2010) demonstrated the dependence of enhanced L-type calcium channel gating 

in this pathway on ROS derived locally from plasmalemmal NAD(P)H oxidase. The mean distance 

between NAD(P)H oxidase-associated plasmalemmal ROS puncta and high activity sparklets reported in 

this investigation was less than 1 µm. In Chapter 4, we demonstrated a similar close spatial relationship 

between high activity sparklets evoked by Ang II and subplasmalemmal mitochondria (mean<0.5 µm). 

Taken together with previous findings (Amberg et al., 2010; Navedo et al., 2008; Nieves-Cintrón et al., 

2008), this suggests a closely coordinated signaling complex containing clusters of LTCC’s, AKAP150, 

NAD(P)H oxidase, and mitochondria. Localization of ROS and calcium sources within a subcellular 

signaling domain allows compartmentalization of elevated [Ca2+]i and ROS.  This may be advantageous in 
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helping cells avoid the nontargeted and potentially toxic effects of global elevation of these species.  An 

interesting line of inquiry to further develop this investigation centers on factors controlling the 

assembly of this ROS and calcium microdomain.  

Caveolae serve as an attractive candidate for organizing this complex. These are cholesterol, 

sphingolipid, and phosphatidylinositide-enriched plasma membrane invaginations created by 

cholesterol binding and oligomerization of caveolin proteins. NAD(P)H oxidase has been isolated from 

caveolin-enriched membrane rafts in vascular smooth muscle (Hilenski et al., 2004). Additionally, PKCα, 

cSrc, EGFR, and other identified downstream targets of AT1R activation have been isolated from 

caveolar membrane fractions (reviewed in Ushio-Fukai and Alexander, 2006). In support of this theory, 

AT1R translocation to caveolae occurs rapidly following activation (Ishizaka et al., 1998), and AT1R 

activation likewise recruits Rac1 to caveolae (Zuo et al., 2004), although other data in the referenced 

study were found to be fraudulent, resulting in its retraction. Disorganization of caveolae by cholesterol 

depletion disrupts EGFR transactivation by Ang II, and Ang II-dependent vasoconstriction is blunted in 

arteries from caveolin-1 deficient mice (Drab et al., 2001). This signaling architecture may be 

upregulated in hypercholesteremia and hypertension, as caveolin-1 transcription is regulated by 

cholesterol (Bist et al., 1997), and Ang II treatment increases both caveolin-1 mRNA and protein 

synthesis (Ishizaka et al., 1998) 

In addition to broadening our understanding of the sources of ROS involved in vascular smooth 

muscle Ang II signaling, Chapter 4 of this study additionally demonstrates the necessity of both NAD(P)H 

oxidase-derived and mitochondrial ROS for persistent sparklet activity.  In Figure 4.4, we demonstrate a 

reduction in Ang II- induced plasmalemmal ROS puncta in cells treated with the mitochondrial- specific 

superoxide dismutase mimetic mitoTEMPO.  This result is similar to the reduction in puncta seen with 

treatment by apocynin (Figure 2.5) or the Nox1 specific inhibitor ML171 (1µM, Figure 5.1A and B), 

indicating both mitochondrial and NAD(P)H oxidase derived ROS are required for formation of 
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(detectable) ROS microdomains. Cells treated 

with mitoTEMPO (or rotenone) show 

increased sparklet density following exposure 

to Ang II, however the lack of persistent high 

activity sparklets suggest an attenuated 

increase in local and global calcium under 

these conditions.  When compared with the 

absence of increased sparklet nPs and density 

with inhibition of NAD(P)H oxidase by 

treatment with apocynin (Amberg et al., 

2010) or ML171 (Figure 5.1C and D), this 

suggests NAD(P)H oxidase derived ROS 

precedes mitochondrial ROS, but is alone 

insufficient for sustained sparklet activity. 

Supplementary ROS provided by 

mitochondria in this situation may act to saturate local ROS buffering or inactivate relevant 

serine/threonine phosphatases within the signaling microdomain to provide sustained cofactor-

independent PKC activity.  

Oxidative inactivation of peroxyredoxin by H2O2 may be a relevant contributor to sparklet 

production in our studies. With regard to our experiments using exogenous H2O2 to stimulate sparklet 

activity, the concentration used (100µM) has been shown by others to induce hyperoxidative 

inactivation of peroxyredoxin (Charles et al., 2007). While DCF intensity is not a quantifiable indicator of 

ROS concentration, the increase in fluorescence intensity of ROS puncta upon Ang II exposure in Figure 

2.5 compared with the global fluorescence increase caused by external application of 100µM H2O2 

 
Figure 5.1. NADPH oxidase inhibition with ML 171 attenuates 

angiotensin II-dependent ROS and L-type Ca2+ channel 

microdomain signaling. A, Plot of individual ROS puncta 

densities in cells exposed to Ang II in the presence of ML171 at 0 

min and at 10 min (n=5 cells) B, Plot of mean±SEM ROS puncta 

densities at 0 min (all values), at 10 min in Ang II, and 10 min in 

Ang II in the presence of ML171 (n=5 cells). C, Plot showing Ca2+ 

sparklet site activities (nPs) before after Ang II in control cells 

and in the presence of ML171 (n=5 cells). D, Plot of mean±SEM 

Ca2+ sparklet densities (Ca2+ sparklet sites/µm2) before after 

Ang II in control cells and in the presence of ML171 (n=5 cells). 

Bracketed values indicate effect size (r). * P<0.05 
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(Figure 2.3) suggests the local concentration may be similar under these conditions.  Further 

investigation into this mechanism is required to draw an adequate conclusion concerning whether this 

occurs physiologically. 

 

5.2 H2O2 serves as an oxidant second messenger in Ang II-mediated LTCC sparklet signaling  

 While O2
- is the primary oxidant produced by both NAD(P)H oxidase and mitochondria,  

enhanced cytosolic superoxide dismutation fails to diminish Ang II- mediated  plasmalemmal ROS puncta 

formation  (Figure 2.8) or sparklet activity (Figure 2.7) in isolated smooth muscle, and fails to attenuate 

Ang II-induced vasoconstriction in intact arteries (Figure 4.5). In contrast, enzymatic neutralization of 

H2O2 with catalase accomplishes each of these tasks (Figures 2.8, 2.6, and 2.1, respectively). 

Additionally, catalase prevents LTCC sparklet activity by mitochondrial ROS release induced by 

antimycin-a treatment (Figure 4.3). Torrecillas et al. (2001) similarly demonstrated that catalase 

prevents Ang II- induced elevation in [Ca2+]i in cultured vascular smooth muscle.  The functional 

necessity of H2O2 rather than O2
- in this pathway is unsurprising, as an abundance of cytosolic and 

mitochondrial SOD outcompete other possible oxidative targets of O2
- such as thiol groups in redox-

sensitive proteins (Forman et al., 2010). Furthermore, NAD(P)H oxidase releases O2
- to the extracellular 

compartment where it cannot readily re-enter the cell due to its charge.  A similar condition occurs in 

the mitochondria, where the inner- and outer-mitochondrial membrane prevent O2
- release from the 

matrix and intermembrane space respectively.  H2O2 can more easily diffuse passively between 

compartments, however its polar nature slows its diffusion through membranes. Aquaporins have been 

suggested to play a role in facilitated diffusion of H2O2 across the plasma membrane (Winterbourne, 

2013) and mitochondrial inner- and outer-membrane (Drӧse et al., 2014).  

 We additionally demonstrated that exogenous H2O2 increases macroscopic L-type currents in 

isolated vascular smooth muscle cells (Figure 2.2). These data are fitting with other reports of H2O2- or 
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oxidant-mediated enhancement of L-type currents in various cell types (see Table 5.1). Interestingly, the 

type of oxidant used and level of exposure leads to differential regulation of channel activity. In general, 

low levels of oxidant exposure appear to favorably modify the activity of intracellular kinases (or their 

respective competing phosphatases), whereas stronger oxidative effects tend to have varying effects on 

channel activity by direct cysteine modification of exposed residues on the channel proper. 

  

5.3 Oxidative activation of PKC mediates LTCC sparklet stimulation by Ang II 

H2O2 was shown to increase macroscopic LTCC currents in this study (Figure 2.2). To provide 

greater detail regarding channel activity underlying this enhancement, TIRF microscopy revealed global 

exposure to H2O2 promotes heterogeneous activity of LTCC’s (Figure 2.4), fitting with previous 

observations using other oxidant sources (Amberg et al., 2010). This argues strongly against direct 

interaction between the channel and H2O2 under these conditions, implicating an intermediary signaling 

molecule. Navedo et al. (2005) first recognized the requirement of local serine/threonine kinase activity 

for high activity sparklets in vascular smooth muscle. Amberg et al. (2010) demonstrated PKC activity 

was necessary for oxidative stimulation of high activity sparklets using xanthine/xanthine oxidase to 

generate exogenous ROS.  All conventional PKC isoforms contain conserved, cysteine-rich regions (C1) 

within their autoinhibitory domains containing two functionally relevant zinc finger motifs.  The Zn2+ ions 

in these structures are coordinated by three cysteine residues. Activation of PKC by DAG involves 

binding of the lipid second messenger to the C1 domain of PKC, causing a rearrangement of surface 

residues in the autoregulatory domain and the release of Zn2+(Korichneva et al., 2002).  In vitro studies 

using H2O2 and xanthine/ xanthine oxidase, and additionally isolated tissue from ischemic heart have 

demonstrated cofactor-independent activation of PKC and release of zinc (Gopalakrishna and Anderson, 

1989; Knapp and Klann, 2000; Korichneva et al., 2002; Korichneva, 2005; Paulumbo et al., 1992). While 

excessive oxidation inactivates catalytic activity of the protein, the residues found in the C1 domain are 
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preferentially oxidized under lower levels of oxidant exposure (Knapp and Klann, 2000). By pretreating 

cells with safingol, which binds to the phorbol-binding site of PKC and prevents interaction with DAG, we 

demonstrated Ang II- and PKC-dependent LTCC sparklet activity occurs independent of DAG (Figure 3.1). 

This not only implicates oxidative mediation of LTCC phosphorylation status under AT1R stimulation, but 

also suggests initial activation of PKC by DAG is not necessary for NAD(P)H oxidase activation in this 

pathway. Investigating the role of tyrosine kinases and PI3K in NAD(P)H oxidase activation may provide 

clarity to this issue. 

Another factor in determining the phosphorylation state of target proteins is the activity of 

protein phosphatases which directly oppose the activity of specific protein kinases.  Navedo et al. (2006) 

demonstrated that inhibition of the calcium/ calmodulin dependent serine/threonine phosphatase 

calcineurin with cyclosporine- A, and additionally, inhibition of the calcium-independent protein 

phosphatase 2A (PP2A) with calyculin-A or okadaic acid increases sparklet activity similar to agonist-

induced stimulation of PKC.  Protein tyrosine phosphatases utilize a critical cysteine residue to form a 

phosphocysteine intermediate in dephosphorylation reactions.  This low pKa cysteine is a well 

characterized target for oxidative modification (reviewed in Klomsiri et al., 2011).  Serine/threonine 

phosphatases utilize metal catalysts to dephosphorylate targets, however evidence of oxidative 

inactivation of PP2A during glutamate toxicity has been reported in cultured hippocampal neurons 

(Levinthal and DeFranco, 2005) and with exposure to low concentrations of exogenous H2O2 in Caco-2 

cells (Rao and Clayton, 2002).  Thus the precise effect on the endogenous balance of PKC/ PP2A activity 

in our system remains unclear. 
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5.4 Final Remarks 

In this study, we demonstrate a localized signaling pathway by which spatially confined cellular 

ROS generation promotes calcium influx through LTCC’s. Combining TIRF microscopy and patch-clamp 

electrophysiology allowed us to determine the spatial relationship between ROS and calcium signaling 

microdomains in vascular smooth muscle Ang II signaling as diagrammed in Figure 5.2. Relating these 

findings to isolated artery and in-vivo studies illustrates the importance of this model in physiological 

resistance artery regulation and the pathogenesis of hypertension.  This study may aid not only in 

further understanding of 

the specific signaling 

pathway described here, 

but in various other 

systems including cardiac 

muscle and neurons, 

where calcium and ROS 

signaling are also 

interrelated.  

 

 

 

  
 
Figure 5.2. Revised model for Ang II-induced activation of LTCC sparklets. Activation of 

AT1R stimulates ROS release by plasmalemmal Nox1. Subsequent ROS production by 

mitochondria contributes sufficient H2O2 to allow ligand-independent activation of PKCα 
which in turn increases gating of LTCC’s.  The calcium and H2O2 signaling microdomain 

composed of Nox1, mitochondria, AKAP150-targeted PKC, and LTCC’s is spatially 

localized to a distance of 1µm or less from the target channel. 
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Table 1. Oxidant-dependent regulation of L-type calcium channels in the literature. 
 

Cell (species) 
 

Observation 
 

Oxidant (source) 
 

Proposed 

mechanism 

 

Comment 
 

Ref. 

 

ventricular 

myocytes 

(rat) 
 

 

↑ 
macroscopic 

current 

 

H2O2 

(exogenous); 

•O2ˉ/H2O2 

(mitochondria*) 

 

indirect, ↑ CaMKII 
signaling  

 

[H2O2] = 1 mM 

 

Song et al., 

2011 

ventricular 

myocytes 

(guinea pig) 

& HEK  

expression 

(human 

Cav1.2) 
 

↑ single 
channel open 

probability 

H2O2 

(exogenous) 

direct, 

glutathionylation 

↑ 
glutathionylation 

in channels from 

ischemic human 

hearts 

Tang et al., 

2011 

ventricular 

myocytes 

(guinea pig) 
 

↑ 
macroscopic 

current 

H2O2 

(exogenous);         

•O2ˉ/H2O2 

(mitochondria*) 

direct, mitochondrial 

complex III 

generated •O2ˉ   

[H2O2] = 30 µM, 

persists following 

H2O2 removal 

Viola et al., 

2007; Viola 

and Hool, 2010 

ventricular 

myocytes 

(guinea pig) 

↑ single 
channel open 

probability 

H2O2 

(exogenous) 

direct, cysteine 

oxidation; indirect, 

↑ CaMKII signaling 
 

[H2O2] = 1 mM Yang et al., 

2013 

ventricular 

myocytes 

(guinea pig) 
 

↔ 
macroscopic 

current 

H2O2 

(exogenous, 

mitochondria*) 

direct and/or 

indirect (via PKC 

and/or PKA) 

↓ hypoxic 
inhibition, ↑ β 
adrenergic 

stimulation 

Hool and 

Arthur, 2002 

ventricular 

myocytes 

(guinea pig) 
 

↓ 
macroscopic 

current 

H2O2 

(exogenous) 

- [H2O2] = 1 mM Goldhaber and 

Liu, 1994 

cerebral 

arterial 

myocytes 

(rat) 
 

↑ Ca2+ 

sparklets and 

macroscopic 

current 

H2O2 

(exogenous, 

NADPH oxidase*, 

mitochondria*) 

indirect, ↑ PKC 
signaling 

catalase but not 

SOD sensitive 

Amberg et al., 

2010, present 

study 

aortic rings 

(rat) 
 

↑ 
contraction 

(nifedipine 

sensitive) 

H2O2 

(exogenous) 

- - Sotníková,1998 

coronary 

arterial 

myocytes 

(rat) 
 

↑ [Ca2+]i 

(nifedipine 

sensitive ) 

H2O2 

(exogenous) 

- - Santiago et al., 

2013 

clonal A7r5 

aortic 

myocytes 

(rat)  
 

↑ [Ca2+]i 

(lacidipine 

sensitive ) 

H2O2 

(exogenous) 

direct, oxidative 

modification  

[H2O2] = 300 µM Roveri et al., 

1992 

tracheal 

smooth 

muscle strips 

↑ [Ca2+]i 

(verapamil 

sensitive) 

H2O2 

(exogenous) 

- [H2O2] = 0.01 – 1 

mM 

Kojima et al., 

2007 
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(guinea pig) 
 

clonal PC12 

cells 

(rat) 
 

↑ [Ca2+]i 

(verapamil 

sensitive ) 

H2O2 

(exogenous) 

indirect, 

depolarization; 

direct, thiol 

oxidation 

[H2O2] = 300 µM Wang and 

Joseph, 2000 

cultured 

dentate 

granule cells 

(rat) 

↑ 
macroscopic 

current 

H2O2 

(exogenous) 

- [H2O2] = 1 and 10 

mM, prevented 

by glutathione 

Akaishi et al., 

2004 

HEK 

expression 

(human 

Cav1.2) 
 

↑ 
macroscopic 

current 

H2O2 

(exogenous) 

- [H2O2] = 100 µM Hudasek et al., 

2004 

cardiac 

myocytes 

(rat) & HEK 

expression 

(human 

Cav1.2) 
 

↓ 
macroscopic 

current 

•O2ˉ/H2O2 

(mitochondria*) 

direct, C-terminal 

cysteine oxidation   

CO-dependent ↑ 
in mitochondrial 

complex III ROS 

generation 

Scragg et al., 

2008 

cultured 

mesenteric 

arterial 

myocytes 

(rat) 
 

↑ [Ca2+]i 

(verapamil 

sensitive ) 

H2O2 

(exogenous),         

•O2ˉ  (via 

LY83583) 

- H2O2 effects ↑ 
and •O2ˉ effects 

↓ in 
hypertension 

Tabet et al., 

2004 

cultured 

uterine 

myocytes 

(human) 
 

↑ [Ca2+]i 

(nifedipine 

sensitive) 

•O2ˉ/H2O2 

(exogenous 

xanthine 

oxidase**) 

- - Masumoto et 

al., 1990 

HEK 

expression 

(human 

Cav1.2) 

↑ 
macroscopic 

current 

•O2ˉ/H2O2 

(exogenous 

xanthine 

oxidase**, 

mitochondria*)  

indirect, ↑ channel 

trafficking/retention 

•O2ˉ effects 

retained in 

mitochondria-

depleted cells 
 

Brown et al., 

2005 

 

 

*   mitochondria and NADPH oxidase produce •O2ˉ proximally; H2O2 is formed subsequently via spontaneous 

and/or SOD catalyzed dismutation  

** xanthine oxidase activity results in •O2ˉ and H2O2 formation  
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