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ABSTRACT 
 

 
 Subarachnoid hemorrhage (SAH) following cerebral aneurysm rupture is 
associated with substantial morbidity and mortality.  The ability of SAH to induce 
vasospasm in large diameter pial arteries has been extensively studied, although the 
contribution of this phenomenon to patient outcome is unclear.  Conversely, little is 
known regarding the impact of SAH on intracerebral (parenchymal) arterioles, which are 
critical for regulation of cerebral blood flow.  To assess the function of parenchymal 
arterioles following SAH, measurements of diameter, intracellular Ca2+ ([Ca2+]i) and 
membrane potential were performed in intact arterioles from unoperated (control), sham-
operated and SAH model rats.  At physiological intravascular pressure, parenchymal 
arterioles from SAH animals exhibited significantly elevated [Ca2+]i and enhanced 
constriction compared with arterioles from control and sham-operated animals.  Elevated 
[Ca2+]i and enhanced tone following SAH were observed in the absence of vascular 
endothelium and were abolished by the L-type voltage-dependent Ca2+ channel (VDCC) 
inhibitor nimodipine.  Molecular assessment of the L-type VDCC CaV1.2 indicated 
unchanged mRNA and protein expression in arterioles from SAH animals.  Increased 
CaV1.2 activity following SAH may also reflect enhanced pressure-induced membrane 
potential depolarization of arteriolar smooth muscle.  Membrane potential measurements 
in arteriolar myocytes using intracellular microelectrodes revealed approximately 7 mV 
depolarization at 40 mmHg in myocytes from SAH animals.  Further, when membrane 
potential was adjusted to similar values, arteriolar [Ca2+]i and tone were similar between 
groups.  These results demonstrate that greater pressure-dependent membrane potential 
depolarization results in increased activity of CaV1.2 channels, elevated [Ca2+]i and 
enhanced constriction of parenchymal arterioles from SAH animals.  Thus, impaired 
regulation of parenchymal arteriolar [Ca2+]i and diameter may restrict cerebral blood flow 
in SAH patients. 
 
 Although nimodipine is used clinically to prevent delayed neurological deficits 
in SAH patients, the use of this drug has been limited by hypotension and treatment 
options remain inadequate.  Therefore, our next objective was to explore strategies to 
selectively suppress CaV1.2 channels in the cerebral vasculature.  To do so, we examined 
the physiological role of smooth muscle CaV1.2 splice variants containing the 
alternatively-spliced exon 9* in cerebral artery constriction.  Using antisense 
oligonucleotides, we demonstrate that suppression of exon 9*-containing CaV1.2 splice 
variants results in substantially reduced cerebral artery constriction to elevated 
extracellular [K+].  In addition, no further reduction in constriction was observed 
following suppression of all Cav1.2 splice variants, suggesting that exon 9* splice 
variants are functionally dominant in cerebral artery constriction.  In summary, results 
shown in this dissertation demonstrate that increased CaV1.2 activity following SAH 
results in enhanced constriction of parenchymal arterioles.  Furthermore, evidence is 
provided supporting the concept that CaV1.2 splice variants with exon 9* are critical for 
cerebral artery constriction and may provide a novel target for the prevention of delayed 
ischemic deficits in SAH patients.  
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CHAPTER 1: LITERATURE REVIEW
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cerebrovascular physiology, understanding the function of L-type VDCCs in cerebral 

artery myocytes is critical for improvement of therapeutic strategies preventing reduced 

cerebral blood flow following SAH.  

This literature review will provide an overview of the regulation of 

cerebrovascular tone in both normal conditions and in pathological conditions following 

SAH.  Part one will discuss mechanisms involved in vascular smooth muscle contraction, 

with a focus on the role of intracellular Ca2+ and L-type VDCCs.  Part two will discuss 

prominent pathways involved in enhanced arterial constriction following SAH.  In 

addition, this section will also review emerging evidence in support of SAH-induced 

dysfunction of the cerebral microcirculation.   

 

Part 1: Cerebrovascular physiology 

 

General anatomy of the cerebral arterial blood supply 

Blood is supplied to the human brain by two vertebral arteries and two internal carotid 

arteries.  The vertebral arteries enter the skull through the foramen magnum and converge 

to form the basilar artery on the ventral brain stem.  The internal carotid arteries enter 

through the base of the skull and join the basilar artery to form an arterial circle on the 

base of the brain called the Circle of Willis (Figure 1).  The unique anatomic structure of 

the Circle of Willis functions to provide collateral blood supply to the entire brain in the 

event of occlusion of any of the arteries contributing to the circle. 
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cerebral circulation, the degree of pressure-dependent constriction varies with diameter 

and is more prominent in small diameter arteries and arterioles (Thorin-Trescases et al., 

1997).   In addition, this physiological response to pressure is thought to maintain vessels 

in a partially constricted state in vivo (Meininger and Davis, 1992), allowing various 

vasoactive factors to increase or decrease arterial diameter and blood flow depending on 

the metabolic demands of the brain.   

 

Initiation of Smooth muscle contraction: Vascular smooth muscle contraction is a Ca2+-

dependent process.  The first step in excitation-contraction coupling in arterial myocytes 

is a rise in [Ca2+]i and activation of the ubiquitous Ca2+-binding protein calmodulin 

(CaM) (Figure 3).  Upon binding Ca2+ at two EF hand motifs on the N- and C-termini 

(Gifford et al., 2007), CaM undergoes a conformational change that allows it to interact 

with numerous proteins, including myosin light chain kinase (Walsh, 1981).  CaM-

dependent activation of myosin light chain kinase leads to a subsequent increase in 

phosphorylation at serine-19 on the 20 kDa regulatory myosin light chain protein 

(Kamisoyama et al., 1994).  This phosphorylation event induces a conformational change 

in the myosin molecule which enhances myosin ATPase activity, actin binding and cross-

bridge cycling (Chacko et al., 1977).  Shortening of the contractile filaments results in 

force generation or increased muscle tension (Hai and Murphy, 1989).  An increase in 

crossbridge cycling and contraction may also result from an increase in the sensitivity of 

the contractile machinery to intracellular Ca2+.  For example, the regulatory proteins 

caldesmon and calponin tonically inhibit myosin ATPase activity in smooth muscle 
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(Horowitz et al., 1996).  This inhibition is relieved by phosphorylation and leads to 

increased smooth muscle contraction and vascular tone independent of increases in 

[Ca2+]i (Horowitz et al., 1996; Mino et al., 1995).   

Relaxation of smooth muscle is triggered by a decrease in [Ca2+]i and 

dephosphorylation of myosin light chain at serine-19 by myosin light chain phosphatase 

(Murphy, 1982).  Ca2+ ions are extruded from the cytoplasm by the plasmalemmal Ca2+ 

ATPase (PMCA) and Na+/Ca2+ exchanger, and sequestered into the SR by the sarco-

/endoplasmic reticulum Ca2+-ATPase (SERCA) (Floyd and Wray, 2007).  PMCA and 

SERCA both use energy from the hydrolysis of ATP to transport Ca2+ ions against a 

chemical gradient.  On the other hand, the Na+/Ca2+ exchanger uses the electrochemical 

gradient for Na+, which is established by the Na+/K+ ATPase, to transport a single Ca2+ 

ion out of the cell in exchange for three Na+ ions into the cell (Blaustein and Lederer, 

1999).  Therefore, arterial myocytes expend energy in the form of ATP hydrolysis in 

order to maintain cytosolic Ca2+ at low concentrations relative to extracellular levels.  

Previous work using the ratiometric Ca2+-sensitive fluorescent dye fura-2 estimates that 

smooth muscle [Ca2+]i of fully dilated middle cerebral arteries is ~50-100 nM (Knot and 

Nelson, 1998).  Further, the Ca2+ sensitivity of arterial diameter was found to be 1 µm/ 

nM [Ca2+]i with the entire range of arterial diameters associated with a change in arterial 

wall Ca2+ of approximately 250 nM (Knot and Nelson, 1998).  Thus, [Ca2+]i in vascular 

smooth muscle is tightly regulated and small changes in the cytosolic concentration of 

this ionic species can have a major impact on arterial diameter and blood flow.        
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Regulation of vascular smooth muscle [Ca2+]i: L-type voltage-dependent 

Ca2+ channels 

Calcium ions enter the cytosol of vascular smooth muscle predominantly via voltage-

dependent calcium channels (VDCCs) in the plasma membrane and Ca2+ release channels 

in the sarcoplasmic reticulum.  Thus, [Ca2+]i in cerebral artery myocytes is determined by 

the steady-state balance between Ca2+ influx from the extracellular fluid or intracellular 

stores and Ca2+ extrusion from the cytoplasm or SR sequestration.  In cerebrovascular 

smooth muscle, Ca2+ influx via VDCCs is the major pathway by which [Ca2+]i increases 

for initiation of contraction (Brayden and Wellman, 1989; Knot and Nelson, 1998; 

Nelson et al., 1990; Nelson et al., 1988).  Blocking VDCCs with the selective L-type 

VDCC antagonist nisoldipine reduces [Ca2+]i to resting levels and abolishes pressure-

induced constrictions (Figure 3), essentially uncoupling the relationship between 

membrane potential and arterial diameter (Knot and Nelson, 1998).  Thus, in cerebral 

artery myocytes, [Ca2+]i is largely determined by the activity of dihydropyridine-sensitive 

L-type VDCCs.  Further, many vasoactive factors exert their effects on arterial diameter 

and cerebral blood flow by directly altering VDCC gating or by changing membrane 

potential (Nelson et al., 1988; Worley et al., 1991).  This section will review the basic 

structural, electrophysiological and pharmacological properties of VDCCs with a focus 

on L-type VDCCs encoded by Cav1.2.   

 

Structure: In 1984, Curtis and Catterall first purified voltage-dependent Ca2+ channels 

from skeletal muscle transverse tubule membranes (Curtis and Catterall, 1984).  It was 
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mV, VDCC activation is an exponential function of membrane potential with an 

approximately e-fold increase in Popen per 8.5 mV depolarization (Figure 5) (Nelson et al., 

1990).  At membrane potentials positive to -40 mV, increases in Popen are opposed by 

long-term channel inactivation, which is both voltage- and Ca2+-dependent.  Thus, Popen 

can be expressed by (Nelson et al., 1990): 

Popen=(Pact)(1-Pinact)(Pfunct) 

where Pact is Popen in the absence of inactivation, 1-Pinact is the probability of the channel 

not being in the inactivated state and Pfunct is the probability that the channel is functional.  

It has been estimated that each cerebral artery myocyte has approximately 5000 

functional channels (Rubart et al., 1996).  Each channel has a measured conductance of 3 

to 5 pS and can produce currents of 0.1 to 0.3 pA at 2 mM Ca2+ and physiological 

membrane potentials (Gollasch et al., 1992; Rubart et al., 1996).  It has been shown that a 

depolarization from -40 mV to -20 mV causes approximately four-fold increase in 

steady-state Ca2+ current, which is capable of raising [Ca2+]i 1.3 µM/second in the 

absence of Ca2+ buffering and sequestration (Rubart et al., 1996).  Thus, altering 

membrane potential can lead to substantial changes in the rate of Ca2+ influx in arterial 

smooth muscle.   

Since Ca2+ currents were first recorded in cardiac myocytes (Reuter, 1979), multiple 

types of Ca2+ channels have been categorized by physiological as well as 

pharmacological characteristics (Catterall, 2000).  In addition to their high voltage-

dependent activation and slow voltage-dependent inactivation, L-type VDCCs can be 

defined pharmacologically by sensitivity to selective Ca2+ channel antagonists including 
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structural diversity among tissue-selective splice variants may account for functional 

distinctions between cell types (Tang et al., 2004).  The 40 identified splice variations at 

12 splice loci of CaV1.2 are shown in Figure 6 (Liao et al., 2005).   

The essential role of L-type VDCCs in cardiovascular function has been 

demonstrated by embryonic fatality in homozygous knockout mice lacking CaV1.2 

(Seisenberger et al., 2000) and severe hypotension and death in mice following 

conditional smooth muscle-specific ablation of CaV1.2 (Moosmang et al., 2003).  The 

cardiac muscle form of CaV1.2 was proposed to consist of exons 1a/8a/31 while the 

predominant smooth muscle form consists of exons 1c/8/32 with the addition of a 75 

nucleotide cassette exon between exons 9 and 10 (termed exon 9*).  These tissue-specific 

combinatorial splicing patterns may underlie electrophysiological and pharmacological 

distinctions between cardiac and smooth muscle channels.  For example, dihydropyridine 

calcium channel antagonists are potent vasodilators and are routinely used to treat 

hypertension and angina pectoris.  Although these agents bind with high affinity to 

constitutively expressed residues at IIIS5, IIIS6, and IVS6, selective expression of exon 8 

within IS6 of smooth muscle channels determines dihydropyridine sensitivity (Welling et 

al., 1997).  In addition, smooth muscle channels may be functionally specialized in order 

to allow activation at physiological membrane potentials.  An early study aiming to 

determine the role of exon 9* in smooth muscle CaV1.2 found that 9* inclusion resulted 

in a hyperpolarized shift in voltage-dependent activation when expressed in HEK293 

cells (Liao et al., 2004).  The authors of this study proposed that functional specialization 

of VDCCs allowing activation at more hyperpolarized membrane potentials may be 
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for Cl- conductance and instead indicated a direct role for non-selective cation channels 

in pressure-induced depolarization of cerebral artery myocytes.     

 

Non-selective cation channels: The mammalian TRP superfamily of cation channels are 

grouped into the following major subfamilies: TRPC (canonical), TRPM (melastatin), 

TRPV (vanilloid), TRPP (polycystin), TRPML (mucolipin) and TRPA (ankyrin) 

(Clapham, 2003).  With a few exceptions, TRP channels permeate both monovalent and 

divalent cations.  Vascular smooth muscle has been reported to express TRPC1, TRPC3, 

TRPC4, TRPC6, TRPM4, TRPV2 and TRPV4 (Facemire et al., 2004; Inoue et al., 2006).  

The finding that Gd3+ ions blocked swelling-induced currents in vascular smooth muscle 

led to the hypothesis that mechanosensitive TRP channels may play a major role in 

depolarization of cerebral artery myocytes to increasing intravascular pressure.  Welsh 

and colleagues were the first to demonstrate that downregulation of TRPC6 channels, 

which are mechanosensitive and highly expressed in vascular smooth muscle, greatly 

attenuates cation currents in response to swelling as well as pressure-induced 

depolarization and constriction in rat cerebral arteries (Welsh et al., 2002). 

Recent studies also indicate an important role for TRPM4 channels in pressure-

induced depolarization of cerebral artery myocytes.  TRPM4 channels permeate 

monovalent cations and are activated by intracellular Ca2+ and membrane stretch (Morita 

et al., 2007; Owsianik et al., 2006).  Cerebral artery myocyte depolarizations in response 

to increased intravascular pressure are attenuated when TRPM4 channels are suppressed 

in vitro (Earley et al., 2004).  Furthermore, infusion of antisense oligonucleotides into the 
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cerebral spinal fluid to suppress TRPM4 channels in vivo caused significantly increased 

cerebral blood flow over a range of mean arterial pressures (Reading and Brayden, 2007) 

suggesting disruption of autoregulatory function.  Considering that suppression of either 

TRPC6 or TRPM4 channels results in a similar reduction in pressure-induced 

depolarization suggests that these channels may function in series rather than in parallel.  

Hence, a current model of pressure-induced depolarization of cerebral artery myocytes 

proposes that mechanical forces in response to increased pressure leads to Ca2+ entry via 

TRPC6 channels (Brayden et al., 2008).  The resulting increase in local Ca2+ thereby 

activates TRPM4 channels leading to Na+ influx, depolarization, activation of VDCCs 

and smooth muscle contraction.   

  

Second messenger pathways involved in smooth muscle contraction 

Cerebrovascular tone can also be modulated by the activity of several second messengers.  

One particularly important signal transduction system in the control of vascular smooth 

muscle contraction involves the generation of inositol 1,4,5 trisphosphate (IP3) and 

diacylglycerol (DAG) following Gq-dependent activation of phopholipase C.  Activators 

of this pathway include intravascular pressure, vasoconstrictors circulating in the blood 

(i.e. angiotensin II) as well as neurotransmitters (i.e. serotonin) (Gokina et al., 1999; 

Mattiazzi, 1997; Parsons et al., 1996).  Pharmacological inhibitors of PLC and PKC 

reduce pressure-induced constrictions in cerebral artery segments (Osol et al., 1991).  

Following activation of PLC, an increase in IP3 signals a release of Ca2+ from 

intracellular stores via IP3 receptors on the SR (Johns et al., 1987).  On the other hand, 
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 Diffusion of NO to smooth muscle results in activation of soluble guanylate 

cyclase and increased production of cGMP (Murad, 2004).  PKG activation causes 

increased activity of K+ channels, smooth muscle hyperpolarization, and decreased 

VDCC activity (Faraci and Sobey, 1999).  For example, PKG can increase BKCa channel 

activity directly (Robertson et al., 1993), or indirectly by suppressing synthesis of the 

BKCa inhibitor 20-HETE and increasing Ca2+ spark frequency (Alonso-Galicia et al., 

1997).  A recent report also suggests that NO-mediated relaxation may occur via reducing 

the sensitivity of contractile apparatus to Ca2+ (Lehen'kyi et al., 2005).   

 Release of NO by the endothelium represents an important vasodilator pathway 

that contributes to modulation of vascular tone both in vitro and in vivo.  Inhibition of 

eNOS with L-NNA results in reduced cerebral blood flow in normal mice, but not in 

mice lacking the gene for eNOS (Ayata et al., 1996; Ma et al., 1996).  These findings 

suggest that tonic release of NO from the endothelium is a major contributor to 

cerebrovascular tone and cerebral blood flow.   

   

EDHF: Following the discovery of nitric oxide as an endothelium-derived relaxing 

factor, another endothelium-dependent vasodilatory mechanism was found which was 

independent of NOS or cyclooxygenase (COX) (Hoeffner et al., 1989; Vanhoutte, 2004).  

For example, substances such as UTP and ATP can maximally dilate cerebral arteries 

following inhibition of NOS and COX (You et al., 1997; You et al., 1999).  This 

vasodilatory process, which may or may not be a diffusible factor, is referred to as 

endothelium-derived hyperpolarizing factor (EDHF) and is characterized by 
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endothelium-dependence, hyperpolarization of vascular smooth muscle and activation of 

endothelial Ca2+-activated K+ channels (Golding et al., 2002).  EDHF-mediated dilation 

requires an increase in endothelial Ca2+ and endothelial hyperpolarization.  This 

hyperpolarization is blocked by application of TRAM-34, an inhibitor of intermediate 

conductance Ca2+-activated K+ channels (Marrelli, 2001; Marrelli et al., 2003).  In 

addition, studies also suggest that activity of apamin-sensitive endothelial small 

conductance Ca2+-activated K+ (SKCa) channels may also contribute to endothelial 

hyperpolarization involved in EDHF (Burnham et al., 2002; Eichler et al., 2003).  

Although it is not clear how hyperpolarization of endothelial cells leads to smooth muscle 

hyperpolarization, this may depend on myoendothelial gap junctions (Griffith et al., 

2004; Xu et al., 2002b) or SKCa/IKCa-mediated K+ release leading to activation of 

smooth muscle KIR channels (McNeish et al., 2005).  

 Whereas NO is important in large diameter vessels, EDHF may play a more 

prominent role as arterial diameter decreases (You et al., 1999).  Dilations in response to 

ATP in middle cerebral arteries are blocked by the NOS inhibitor nitro-L-arginine methyl 

ester.  However, these dilations in penetrating arterioles are resistant to NOS and COX 

inhibition, but are completely abolished by the endothelial IKCa inhibitor charybdotoxin 

(Xu et al., 2001).  Heterogeneity in EDHF-mediated control of vascular tone may be 

important for controlling blood flow to metabolically diverse brain regions.    

   

Prostacyclin and other eicosanoids: The term eicosanoid collectively refers to 

metabolites of arachidonic acid, which is liberated from the phopholipid membrane by 
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influx induces Ca2+ release events from the SR.  This increase in Ca2+ spark frequency 

enhances activity in nearby BKCa channels and relaxes vascular smooth muscle.    

 

Endothelin-1: The potent endothelium-derived vasoconstrictor endothelin-1 (ET-1) was 

first characterized in 1988 by Yanagisawa and colleagues (Yanagisawa et al., 1988).  

Under normal conditions, endothelin release does not significantly contribute to cerebral 

blood flow (Koedel et al., 1998).  However, ET-1 is increased and may contribute to 

vascular dysfunction in several pathophysiological states including ischemia and 

reperfusion (Matsuo et al., 2001; Petrov and Rafols, 2001), hyperoxia (Armstead, 1999), 

and diabetes (Dumont et al., 2003). 

 ETA and ETB receptors are expressed in vascular smooth muscle and endothelial 

cells, respectively (Arai et al., 1990; Sakurai et al., 1990).  Binding of ET-1 to smooth 

muscle ETA receptors causes vasoconstriction by several mechanisms (Faraci, 1989; Patel 

et al., 1996; Pierre and Davenport, 1999; Sagher et al., 1994; Zhou et al., 2004).  ETA 

activation initially elevates [Ca2+]i via a mechanisms involving IP3-mediated Ca2+ release 

from intracellular stores (Zubkov et al., 2004).  On the other hand, a sustained Ca2+ 

increase that follows the initial phase is dependent on extracellular Ca2+ influx (Miyauchi 

and Masaki, 1999; Zubkov et al., 2004).  In addition, it has been shown that ET-1 can 

activate the Rho/Rho-kinase pathway in rabbit basilar arteries, which may lead to 

decreased activity of myosin light chain phosphatase (Zubkov et al., 2004).  

Depolarization and increased VDCC-mediated Ca2+ may also result from ET-1 release 

via activation of Cl- channels (Dai and Zhang, 2004).  In contrast to activation of ETA 
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receptors on smooth muscle, exposure of cerebral arteries to low concentrations of ET-1 

causes vasodilation due to endothelial ETB receptor activation and NO release (Szok et 

al., 2001). 
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Part 2: Cerebrovascular pathophysiology associated with subarachnoid 

hemorrhage. 

 

Introduction 

Subarachnoid hemorrhage (SAH) is defined as the extravasation of blood in the 

subarachnoid space, or the area between the arachnoid membrane and pia mater (see 

figure 2).  Spontaneous SAH most commonly results from the rupture of an aneurysm, or 

congenital weakness in arterial tunica media, in a cerebral artery on the brain surface.  

Although the prevalence of unruptured intracranial aneurysms is controversial, reports 

estimate rates as high as 6 % of the general population are harboring these vascular 

abnormalities (McCormick and Nofzinger, 1965; Nakagawa and Hashi, 1994).  

Intracranial aneurysm rupture occurs in approximately 30,000 individuals in the United 

States each year (Kassell et al., 1985).  Major risk factors for SAH include smoking, 

hypertension, and alcohol consumption (Teunissen et al., 1996). 

 The consequences of aneurysm rupture and SAH are devastating, with 30 day 

mortality rates as high as 50% (Kassell et al., 1985; Teunissen et al., 1996; Weir, 1995).  

Immediately following rupture, the rapid discharge of blood into the subarachnoid space 

is followed by an acute rise in intracranial pressure.  Increased intracranial pressure above 

the level of intravascular pressure in the cerebral circulation may result in cessation of 

blood flow, global cerebral ischemia and death.  Of the patients surviving the initial 

hemorrhage, a significant portion develop delayed cognitive deficits that may lead to 

further morbidity and mortality (Kassell et al., 1985).  For decades, it has been widely 
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of SAH on the cerebral vasculature has not been completely resolved.  Primate and 

canine SAH models are generally thought to most closely resemble pathology observed 

in human SAH (Megyesi et al., 2000).  However, rodent SAH models are far less 

expensive and also display many of the pathophysiological properties observed in 

humans (Lee et al., 2008). 

 In 1965, Echlin demonstrated that application of clotted autologous blood into 

the subarachnoid space produces marked spasm of primate basilar and vertebral arteries 

(Echlin, 1965).  Weir et al. reported chronic vasospasm and neurological deficits in these 

animals over a similar time course to that seen in humans (Weir et al., 1970).  In contrast, 

Simeone and colleagues used small needles to puncture the intracranial internal carotid 

artery in primates to mimic the rupture of an aneurysm and SAH (Simeone et al., 1968).  

This method also caused prolonged angiographic vasospasm lasting up to four days.  

Today, experimental animal models routinely employed to mimic the rupture of an 

intracranial aneurysm and SAH are: 1) fresh non-clotted autologous blood injected into 

the subarachnoid space (injection model) or 2) the internal carotid artery or basilar artery 

is punctured using an endovascular filament (perforation model) (Kozniewska et al., 

2006).  The perforation model has been limited by much higher mortality rates than the 

injection model and results vary depending on the size of the blood clot and location of 

the perforated vessel (Kozniewska et al., 2006; Lee et al., 2009).  On the other hand, 

procedures using a single intracisternal blood injection are associated with low mortality, 

yet this model fails to reproducibly exhibit significant changes in the vasculature (Clower 

et al., 1986; Megyesi et al., 2000).  To overcome this, the injection model was first 
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pathogenesis of vasospasm (Sakaki et al., 1986).  In a primate SAH model, the inhibitor 

of iron-dependent lipid peroxidation U74006F was shown to greatly attenuate vasospasm 

(Steinke et al., 1989).  However, clinical trials using this agent as well as the antioxidants 

superoxide dismutase and catalase have failed to significantly benefit SAH patients 

(Wellum et al., 1982; Zhang et al., 2010).  As will be discussed, oxyhemoglobin may also 

lead to enhanced cerebral artery constriction by interfering with the NO-cGMP signaling 

pathway as well as inhibition of smooth muscle K+ channel activity. 

 In addition to erythrocyte lysis products, activated leukocytes and platelets have 

also been implicated in inflammatory processes contributing to vascular dysfunction 

following SAH.  Activation of leukocytes and platelets following SAH may occur due to 

the upregulated expression of specific adhesion molecules by endothelial cells or 

disruption of the endothelial monolayer, exposing leukocytes and platelets to collagen, 

elastin and basement membrane (Davies and Hagen, 1993; Vane et al., 1990).  Studies 

have shown the presence of platelet microthrombi surrounding vasospastic arteries as 

well as polymorphonuclear leukocytes in the intima of cerebral arteries following SAH 

(Minami et al., 1991; Suzuki et al., 1990).  Activated platelets and leukocytes are capable 

of releasing numerous vasoactive substances including thromboxane A2, endothelin-1, 5-

HT and ATP (Siminiak et al., 1995).  Thus, activation of these blood components 

following SAH is likely to contribute to enhanced cerebral artery constriction.  
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Role of [Ca2+]i 

Although vascular smooth muscle contractility is largely determined by the concentration 

of intracellular Ca2+, the role of elevated [Ca2+]i in cerebral artery myocytes leading to 

enhanced constriction following SAH is controversial.  In 1976, Peterson and Leblanc 

first proposed that vasospasm following subarachnoid hemorrhage was dependent on 

increased vascular smooth muscle [Ca2+]i caused by spasmogens in blood (Peterson and 

Leblanc, 1976).  The authors additionally proposed that increasing the intracellular 

concentration of cAMP may be effective for reversing vasospasm due to increased uptake 

of Ca2+ into the SR.  Later, the development of Ca2+ sensitive fluorescent dyes made it 

possible to directly measure intracellular Ca2+ in vascular smooth muscle in spastic 

arteries isolated from experimental SAH animals.  Bulter et al. used the photoprotein 

aequorin from the luminescent jellyfish Aequorea victoria to measure intracellular Ca2+ 

in vasospastic anterior spinal arteries isolated from a canine double-hemorrhage SAH 

model (Bulter et al., 1996).  It was found that [Ca2+]i in vasospastic cerebral arteries was 

significantly elevated (by ~140 nM) compared to normal arteries.  This elevation in 

[Ca2+]i was correlated with a marked increase in myosin light chain phosphorylation.  

Another study using the ratiometric Ca2+-sensitive fluorescent dye fura-2 also suggested 

that impaired regulation of smooth muscle [Ca2+]i may contribute to vasospasm following 

SAH (Kim et al., 1996b).  Conversely, reports have also suggested contribution of Ca2+-

independent contractile pathways (i.e. Rho-kinase mediated inhibition of myosin light 

chain phosphatase) to the development of vasospasm following SAH (Laher and Zhang, 
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in cerebral arteries was also demonstrated following incubation for 5 days with the blood 

component oxyhemoglobin (Link et al., 2008).  Thus, although oxyhemoglobin does not 

appear to directly increase VDCC activity (Kim et al., 1996a), this spasmogen may lead 

to enhanced membrane Ca2+ currents via upregulation of R-type channels following 

SAH.  Further, vasoactive blood components released into the CSF following SAH, such 

as norephinephrine, serotonin, and 20-hydroxyeicostetraenoic acid (20-HETE), are 

reported to increase the VDCC activity in vascular smooth muscle and have been 

implicated in the development of cerebral vasospasm (Gebremedhin et al., 1998; Nelson 

et al., 1988; Svendgaard et al., 1977; Takeuchi et al., 2006; Worley et al., 1991).  Thus, 

substantial evidence supports the hypothesis that elevated smooth muscle [Ca2+]i 

following SAH may result from increased VDCC activity.           

 

Role of K+ channels  

Smooth muscle membrane potential depolarization may lead to increased Ca2+ influx in 

cerebral artery myocytes via increased VDCC Popen.  Harder and colleagues were the first 

to propose that membrane potential depolarization of vascular smooth muscle following 

SAH may result from decreased K+ conductance (Harder et al., 1987).  In this study, it 

was shown that vasospasm could be reversed by hyperpolarization induced by application 

of the K+ channel opener nicorandil.  Since then, others have also reported that 

vasospastic cerebral artery myocytes from SAH model animals are more depolarized 

compared with controls (Harder et al., 1987; Waters and Harder, 1985; Zuccarello et al., 

1996a) and that dilations in response to synthetic K+ channel activators are enhanced in 
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single channel conductance (Jahromi et al., 2008b).  However, BK channel activity may 

be suppressed in vivo following SAH due to increased levels of the endogenous BK 

channel inhbitor 20-HETE in the CSF (Poloyac et al., 2005; Roman et al., 2006).  

Further, studies in our laboratory have discovered decreased spontaneous transient BKCa 

currents and Ca2+ spark frequency in cerebral artery myocytes from SAH model rabbits 

(Koide, 2009).  This decrease in Ca2+ spark frequency may be caused by reduced 

expression of ryanodine receptor type 2 (RyR2) and increased expression of the RyR2 

stabilizing protein FKBP12.6 in cerebral arteries from SAH animals (see Appendix C).  

In addition, incubation of cerebral arteries in purified oxyhemoglobin also reduces the 

frequency of Ca2+ sparks, leading to decreased outward BKCa currents, depolarization and 

enhanced constriction (Jewell et al., 2004).  Therefore, although BKCa channel density 

and functional properties may be unchanged following SAH, factors regulating the 

activation of these channels may be altered causing decreased activity of this vasodilator 

pathway.  

 

KIR channels:  Few studies have directly examined the expression and function of smooth 

muscle KIR channels in the cerebral vasculature following SAH.  However, Aihara et al. 

found a ~350% increase in KIR2.1 protein in vasospastic canine basilar arteries compared 

with normal arteries (Aihara et al., 2004).  Consistent with this, a subsequent study by 

Weyer et al. found that depolarization and constriction in response to Ba2+ in the presence 

of 4-aminopyridine (KV blocker) and paxilline (BKCa blocker) were greater in myocytes 

from vasospastic arteries from SAH animals compared with controls (Weyer et al., 2006).  
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Further, patch-clamp electrophysiology demonstrated significantly increased KIR currents 

in canine basilar artery myocytes following SAH (Weyer et al., 2006).  The authors of 

this report proposed that upregulation of KIR channels following SAH may represent a 

potential compensatory mechanism to counteract sustained arterial constriction.  

However, unpublished observations from our laboratory found no significant effect of 

SAH on the magnitude of KIR currents in myocytes from small diameter cerebral arteries 

arteries in rats and rabbits (Koide and Wellman, unpublished observations).  Thus, the 

impact of SAH on the function and expression of KIR channels in the cerebral vasculature 

may vary with vessel caliber or species.  

 

KATP channels:  Studies have shown that dilations induced by activators of KATP channels 

are enhanced following SAH (Sugai et al., 1999; Zuccarello et al., 1996b), suggesting 

that these channels remain functional in the cerebral vasculature.  However, other reports 

have demonstrated a decrease in the levels of the endogenous activator of KATP channels 

calcitonin gene-related peptide (CGRP) following SAH (Edvinsson et al., 1991; 

Edvinsson et al., 1994)  suggesting that decreased KATP activity may contribute to 

cerebral vasospasm in vivo.  Implantation of CGRP tablets in the subarachnoid space of 

SAH model animals was shown to reverse vasospasm (Inoue et al., 1996).  However, the 

use of CGRP in SAH patients did not improve patient outcome in a multi-center single-

blind trial (1992).  Hypotension was reported as a common limiting side effect in this 

study, most likely due to activation of KATP channels in the systemic circulation.   
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studies have demonstrated normal eNOS expression and activity in basilar arteries from 

SAH dogs (Kasuya et al., 1995; Kim et al., 1989; Naveri et al., 1994).  Some, but not all 

studies have also indicated diminished vasodilator response to exogenous NO after SAH 

(Afshar et al., 1995; Nakao et al., 1996; Pluta et al., 2000).  This may result from 

decreased expression or functionality of smooth muscle soluble guanylate cyclase or 

protein kinase G, or via increased phosphodiesterase activity in vascular smooth muscle, 

leading to reduced steady-state cGMP levels.  In addition, normal basal NO release prior 

to SAH may also function to inhibit PKC activation (Nishizawa et al., 1996).  Therefore, 

diminished release of NO or decreased cGMP levels may also lead to enhanced PKC-

dependent vascular smooth muscle contraction following SAH. 

 

Endothelin-1:  In addition to decreased NO release following SAH, other observations 

suggest that increased endothelial release of the potent vasoconstrictor ET-1 may be a 

major contributor to vasospasm.  Several studies have demonstrated increased ET-1 

levels in basilar arteries and CSF following SAH (Hirose et al., 1995; Kobayashi et al., 

1991; Kraus et al., 1991).  In a study by Itoh et al., mRNA encoding ETA receptors was 

not detected in basilar arteries from control animals but was markedly increased in 

vessels 3 days following SAH in dogs (Itoh et al., 1994).  Activity of endothelin 

converting enzyme (ECE), which converts preproendothelin-1 to active ET-1, is also 

increased 3-fold in basilar arteries from SAH model animals (Roux et al., 1995).  Further 

supporting a role for ET-1 in vasospasm, ETA receptor antagonists, ECE inhibitors, and 

antisense oligonucleotides against preproendothelin-1 mRNA substantially attenuate 
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vasospasm and constriction in response to hemolysate application (Itoh et al., 1994; 

Matsumura et al., 1991; Onoda et al., 1996).  In addition to increasing intracellular Ca2+, 

increased levels of ET-1 following SAH may also lead to enhanced vascular smooth 

muscle contraction via activation of PKC (Murray et al., 1992).  

 

Impact of SAH on the cerebral microcirculation 

Following angiographic demonstration of SAH-induced arterial narrowing in 1951, 

extensive clinical research has aimed at preventing enhanced constriction of large 

diameter conduit cerebral arteries in SAH patients.  Overall, clinical trials have been 

ineffective at reducing angiographic vasospasm.  However, one recent trial using a 

selective ETA receptor antagonist, clazosentan, demonstrated a significant dose-

dependent reduction in moderate to severe angiographic vasospasm at day 9 following 

aneurysm rupture (Macdonald et al., 2008).  Despite approximately 50% decrease in the 

occurrence of vasospasm, clazosentan did not significantly reduce the rate of poor 

clinical outcome based on the modified Rankin scale.  On the other hand, clinical use of 

the VDCC blocker nimodipine produces a modest improvement in clinical outcome in 

SAH patients (Petruk et al., 1988).  However, studies suggest that nimodipine does not 

significantly influence the incidence of moderate or severe angiographic vasospasm 

(Petruk et al., 1988).  Thus, large artery vasospasm does not always correlate with the 

occurrence of ischemia-related neurological deficits in SAH patients.      

Recently emerging evidence suggests that small diameter cerebral arteries and 

arterioles, which are critical for autoregulation of cerebral blood flow may be more 
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constricted following SAH.   Takeuchi and colleagues made the observation that cerebral 

blood flow was significantly reduced at mean arterial blood pressures from 40 to 100 

mmHg in SAH model primates (Takeuchi et al., 1991).  This finding suggests that SAH 

may impair cerebral autoregulation such that physiological increases in intravascular 

pressure lead to greater constriction of resistance arteries and arterioles in the cerebral 

circulation, thus reducing cortical blood flow.  Consistent with this hypothesis, Ishiguro 

et al. demonstrated enhanced pressure-dependent constriction of small diameter (100-200 

µm diameter) cerebral arteries from a rabbit SAH model at physiological intravascular 

pressures in vitro (Figure 7) (Ishiguro et al., 2002).  Decreased cerebral circulation time 

and regional cerebral blood flow measurements in humans 5 and 7 days after SAH 

(Ohkuma et al., 2000) also suggests decreased luminal caliber of intracerebral arterioles.  

Furthermore, Knuckey et al. observed decreased cerebral blood flow in SAH patients 

which was not secondary to increased intracranial pressure or angiographic vasospasm 

(Knuckey et al., 1985).  Although various histological studies of parenchymal arterioles 

from SAH model animals have suggested enhanced constriction of these vessels 

following SAH (Ohkuma et al., 1997; Ohkuma and Suzuki, 1999), the function of 

isolated parenchymal arterioles following SAH has not been investigated. 

 

Summary 

The cerebral circulation is exquisitely regulated by numerous mechanisms to ensure 

adequate delivery of oxygen and nutrients to the brain.  Under normal conditions, 

cerebral artery diameter is largely controlled by vascular smooth muscle membrane 
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potential and the activity of voltage-dependent Ca2+ channels, which represent a splice 

variant of the gene CaV1.2.  Following SAH, factors released into the cerebrospinal fluid 

exert a profound influence over vascular smooth muscle leading to enhanced contraction 

and decreased blood flow.  Although decades of research has focused on the impact of 

SAH on large diameter arteries on the brain surface, evidence suggests that small 

diameter arterioles within the brain parenchyma may be more constricted and reduce 

local cerebral blood flow.   

 

Part 3: Hypotheses 

 

1.  Increased L-type VDCC activity causes enhanced pressure-dependent 

constriction of parenchymal arterioles following experimental SAH. 

The overall objective in Chapter 2 of this dissertation was to examine the relationship 

between intravascular pressure, smooth muscle intracellular Ca2+ ([Ca2+]i), membrane 

potential and diameter of isolated parenchymal arterioles from unoperated, sham-

operated and SAH model rats.  A combination of techniques were used to test the 

hypothesis that increased activity of smooth muscle L-type VDCCs (CaV1.2) leads to 

elevated [Ca2+]i and enhanced pressure-induced constriction of parenchymal arterioles 

from SAH animals.  Therefore, it was also predicted that enhanced constriction of 

parenchymal arterioles following SAH was primarily the result of elevated [Ca2+]i, rather 

than Ca2+ sensitization of the smooth muscle contractile machinery (i.e. via increased 

PKC or Rho kinase activation).  Examination of the relationship between [Ca2+]i and 
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constriction revealed that enhanced arteriolar tone was due to increased Ca2+ influx via L-

type channels and elevated [Ca2+]i.  We also hypothesized that increased L-type VDCC 

activity following SAH may result from either increased VDCC expression or membrane 

potential depolarization.  We provide evidence suggesting that L-type VDCC mRNA and 

protein expression is not altered in parenchymal arterioles from SAH animals.  However, 

parenchymal arteriolar myocytes were significantly depolarized at physiological 

intravascular pressures.  Our data support the hypothesis that membrane potential 

depolarization causes increased L-type VDCC-mediated Ca2+ influx and enhanced 

constriction following SAH.  We propose enhanced constriction of parenchymal 

arterioles may contribute to reduced cerebral blood flow and neurological deficits in SAH 

patients.  

 

2.  The smooth muscle selective L-type VDCC splice variant containing exon 9* is 

dominant in cerebral artery constriction.   

Oral administration of voltage-dependent Ca2+ channel antagonists is standard treatment 

in SAH patients and provides a modest beneficial effect (Treggiari-Venzi et al., 2001).  

However, these agents can also act on VDCCs in the systemic circulation leading to 

drastic reductions in vascular resistance and blood pressure.  Thus, the use of VDCC 

antagonists in SAH patients has been greatly limited by hypotension.  Therefore, the 

overall objective in Chapter 3 of this dissertation was to develop a strategy to suppress 

VDCC activity specifically in the cerebral vasculature.  We hypothesized that targeting a 

population of CaV1.2 splice variants specifically expressed by smooth muscle with 
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antisense oligonucleotides may provide a means of cerebral artery dilation while avoiding 

suppression of neuronal channels.  In addition, future administration of antisense into the 

cerebrospinal fluid of SAH model animals should limit effects to the cerebral vasculature.  

 Previous studies demonstrate that inclusion of the smooth muscle-selective 

alternatively-spliced exon 9* in CaV1.2 channels causes a shift in voltage-dependent 

activation towards more negative potentials (Liao et al., 2004).  Therefore, inclusion of 

exon 9* may be important for development of tone at physiological membrane potentials 

in vascular smooth muscle.  This finding led us to hypothesize that exon 9* CaV1.2 splice 

variants play a critical role in the regulation of cerebral artery diameter.  Data presented 

in Chapter three of this dissertation suggest that suppression of CaV1.2 channels 

containing exon 9* results in markedly reduced cerebral artery constriction in response to 

K+-induced membrane depolarization in vitro.  Our results suggest that exon 9* 

containing Cav1.2 channels are functionally dominant in cerebral artery constriction and 

may provide a novel target for prevention of elevated [Ca2+]i and enhanced constriction 

following SAH. 
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Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Illustration of major arteries on the base of the brain.  The 
Circle of Willis receives blood from the basilar and internal 
carotid arteries.  These arteries are connected by the anterior 
communicating and posterior communicating arteries.  The 
major arteries supplying the cerebral hemispheres branch off 
of the Circle of Willis.  Modified from Gray, Anatomy of the 
Human Body: 20th Edition. 2000 with permission.  
 

Figure 1: Cerebral blood supply. 
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Schematic representation showing pial cerebral arteries on the brain surface and 
penetrating and parenchymal arterioles within the cortex.  Superficially, the 
Virchow-Robin space is continuous with the subarachnoid space.  Distally, this space 
transitions into perivascular space separating astrocytic endofeet and vascular 
smooth muscle of parenchymal arterioles.  Modified from Edvinsson and Krause, 
Cerebral Blood Flow and Metabolism: Second Edition. 2002 with permission from 
Wolters Kluwer. 

Figure 2: Organization of pial and parenchymal vasculature. 
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Major pathways for Ca2+ influx and extrusion are shown.  SERCA: 
sarcoplasmic/endoplasmic reticulum Ca2+ ATPase; PMCA: plasma membrane Ca2+ 
ATPase; NCX: Na+/Ca+ exchanger; CaM: calmodulin; MLC: myosin light chain; 
MLCK: myosin light chain kinase.  

Figure 3: Regulation of intracellular Ca2+. 



56 
 

 

Elevation of Intravascular pressure results in increased cytosolic Ca2+ 
and decreased diameter (constriction).  This response to increased 
pressure is abolished by the dihydropyridine L-type VDCC inhibitor 
nisoldipine or removal of Ca2+ from the bath solution.  Modified from 
Knot HJ and Nelson MT, Regulation of arterial diameter and wall 
[Ca2+]i in cerebral arteries of rat by membrane potential and 
intravascular pressure. J. Physiol., 1998 with permission. 

Figure 4: Role of VDCCs in pressure-induced constriction. 
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Top- On-cell patch recording from rabbit mesenteric artery myocytes.  Traces 
show single Ca2+ channel openings at -60 and -40 mV from holding potential 
of -95 mV, using Ba2+ as a charge carrier in the presence of  the 
dihydropyridine L-type VDCC agonist Bay R 5417.  Bottom- Steady state 
Popen  (from single channel openings during 1 second voltage pulses) over 
physiological range of membrane potentials.  Inset shows Popen over a wider 
range of voltages.  Modified from Nelson MT et al., Calcium channels, 
potassium channels and voltage dependence of arterial smooth muscle tone. 
Am J Physiol., 1990 with permission from American Physiological Society. 

Figure 5: Voltage-dependence of VDCC open-state probability. 
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Enhanced pressure-induced constriction of small diameter cerebral 
arteries from SAH model rabbits.  Representative diameter traces from 
arteries isolated from control unoperated (Control, A) and SAH model 
animals (B).  Solid lines represent active constrictions in response to 
elevated pressure.  Dashed lines represent passive diameter obtained in 
Ca2+-free physiological saline solution containing the L-type VDCC 
inhibitor diltiazem.  Modified from Ishiguro M. et al., Enhanced 
myogenic tone in cerebral arteries from a rabbit model of subarachnoid 
hemorrhage, Am J Physiol., 2002 with permission from American 
Physiological Society. 

Figure 7: Impact of SAH on cerebral artery tone. 
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Abstract 

Intracerebral (parenchymal) arterioles are morphologically and physiologically unique in 

comparison to pial arteries and arterioles.  The ability of subarachnoid hemorrhage 

(SAH) to induce vasospasm in large diameter pial arteries has been extensively studied, 

although the contribution of this phenomenon to patient outcome is controversial.  

Currently, little is known regarding the impact of SAH on parenchymal arterioles, which 

are critical for regulation of local and global cerebral blood flow.  Here, diameter, smooth 

muscle intracellular Ca2+ ([Ca2+]i) and membrane potential measurements were used to 

assess the function of intact brain parenchymal arterioles isolated from unoperated 

(control), sham-operated and SAH model rats.  At low intravascular pressure (5 mmHg), 

membrane potential and [Ca2+]i were not different in arterioles from control, sham and 

SAH animals.  However, raising intravascular pressure caused significantly greater 

membrane potential depolarization, elevation in [Ca2+]i and constriction in SAH 

arterioles.  This SAH-induced increase in [Ca2+]i and tone occurred in the absence of the 

vascular endothelium and was abolished by the L-type voltage-dependent calcium 

channel (VDCC) inhibitor nimodipine.  Arteriolar [Ca2+]i and tone were not different 

between groups when smooth muscle membrane potential was adjusted to the same 

value.  mRNA and protein levels of the L-type VDCC, CaV1.2, were similar in 

parenchymal arterioles isolated from control and SAH animals, suggesting SAH did not 

cause VDCC upregulation.  We conclude that enhanced parenchymal arteriolar tone 

following SAH is driven by smooth muscle membrane potential depolarization, leading 

to increased L-type VDCC-mediated Ca2+ influx.  We propose that inhibition of VDCCs 
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by calcium channel antagonists or hyperpolarizing vasodilators may be therapeutic 

strategies to enhance cortical blood flow in SAH patients.  

 

 

Keywords: voltage-dependent calcium channels, vascular smooth muscle, cerebral blood 

flow, endothelium, ion channels 
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Elevation of intravascular pressure leads to greater smooth muscle membrane 

potential depolarization following experimental subarachnoid hemorrhage. 

To directly assess the impact of SAH on smooth muscle membrane potential, myocytes 

of intact parenchymal arterioles were impaled from the adventitial surface using 

intracellular microelectrodes.  At low intravascular pressure (5 mmHg), membrane 

potential was similar in arterioles isolated from control (-58 ± 2 mV, n = 4) and SAH 

animals (-59 ± 2 mV, n = 4) (Fig. 4A).  Raising intravascular pressure from 5 to 40 

mmHg resulted in membrane potential depolarization in arterioles from both groups.  

However, parenchymal arteriolar myocytes from SAH animals were significantly more 

depolarized at 40 mmHg (-28 ± 1 mV; n = 4) compared with arterioles from control 

animals (-35 ± 1 mV; n = 5) (Fig. 4B,C).  These data suggest that greater pressure-

dependent membrane potential depolarization underlies enhanced parenchymal arteriolar 

tone following SAH. 

 

Endothelial function promotes vasodilation in parenchymal arterioles following SAH.  

Membrane potential of arteriolar myocytes can be modulated by the vascular 

endothelium (17).  Previous work has indicated that endothelial SKCa and IKCa
 channel 

activity promotes smooth muscle membrane potential hyperpolarization and plays an 

important role in the regulation of parenchymal arteriolar tone and cortical blood flow (5, 

14).  Thus, to assess endothelial function in parenchymal arterioles following SAH, we 

examined the effect of NS309, an opener of endothelial small- (SKCa) and intermediate-
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from a direct modulation of smooth muscle membrane potential, rather than decreased 

endothelial vasodilatory influence.   
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[Ca2+]i to these differences, we compared our data presently obtained for isolated 

parenchymal arterioles from unoperated rats with data previously reported by Knot and 

Nelson (33) for rat middle cerebral arteries.  At a given level of intravascular pressure, 

parenchymal arterioles display greater [Ca2+]i compared with middle cerebral arteries 

(Fig. 6A) (i.e. 267 nM versus ~190 nM, respectively, at 60 mmHg intravascular 

pressure).  However, the relationships between [Ca2+]i and constriction are remarkably 

similar in these vascular beds (Fig. 6B), suggesting that in healthy animals, enhanced 

pressure-dependent constriction observed in parenchymal arterioles results from a greater 

elevation in [Ca2+]i.  A comparison of the relationship between intravascular pressure and 

membrane potential indicates that at a given intravascular pressure, smooth muscle 

membrane potential is more depolarized in parenchymal arterioles.  For example, 

membrane potential measured in parenchymal myocytes was approximately -35 mV at 40 

mmHg; however, this level of membrane potential depolarization was not reached in 

middle cerebral arteries until intravascular pressure was increased to 80-100 mmHg (33).  

Thus, the relationship between intravascular pressure and membrane potential appears to 

be shifted towards lower pressures in parenchymal arterioles, thereby accounting for the 

similar leftward shift in the pressure versus [Ca2+]i relationship (Fig. 6A).  This functional 

distinction may be critical for development of parenchymal arteriolar tone at the lower 

physiological pressures they experience in vivo.    

 We also demonstrate that the relationship between intravascular pressure and 

[Ca2+]i is further shifted to the left in parenchymal arterioles following SAH.  This effect 

is correlated with enhanced pressure-induced depolarization at physiological 
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intravascular pressure in arterioles from SAH animals.  Hence, increasing intravascular 

pressure within the physiological range leads to greater membrane potential 

depolarization, increased Ca2+ influx via L-type VDCCS, elevated [Ca2+]i and enhanced 

constriction of parenchymal arterioles following experimental SAH.  However, when 

membrane potential is equalized between SAH and control arterioles using 60 mM [K+]o 

or NS309, L-type VDCC-mediated Ca2+ influx and arteriolar [Ca2+]i is similar between 

groups.  Thus, our data imply that increased Ca2+ influx following SAH reflects 

membrane potential depolarization, rather than increased VDCC density at the plasma 

membrane.  The membrane potentials reported here for parenchymal arteriolar myocytes 

(± SAH) are within the range in which L-type VDCC current is steeply voltage-

dependent (41).  At voltages between -60 and -30 mV, VDCC open-state probability is an 

exponential function of membrane potential and it is estimated that depolarization of 7 

mV (-35 mV to -28 mV, Fig. 4C) could more than double VDCC Popen from 0.016 to 

0.035 (41).  Therefore, the depolarization observed following SAH in this study is 

consistent with a substantial increase in VDCC activity, leading to a marked increase in 

Ca2+ entry in parenchymal arteriolar myocytes. 

Vascular smooth muscle membrane potential can be modulated by vasoactive 

factors released by the endothelium.  A number of studies suggest that nitric oxide-

mediated vasodilation is impaired in large diameter cerebral arteries in experimental 

models of SAH (6, 17).  Similar findings have been reported in basilar arteries of SAH 

patients (24).  However, the contribution of endothelial dysfunction to cerebral artery 

constriction is controversial and others have reported that endothelium-dependent 
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relaxation is unchanged following SAH (10, 39).  The relative contribution of 

endothelium-dependent vasodilators to vascular tone may depend on vessel size and the 

effects of SAH on endothelial function may differ between large and small diameter 

vessels.  Whereas basal NO production seems to control tone in both cerebral arteries and 

arterioles, the contribution of endothelium-derived hyperpolarizing factor (EDHF) to 

blood flow regulation may be greater at the level of the microcirculation (57).  Previous 

studies suggest that EDHF-mediated relaxation requires the activity of endothelial SKCa 

and IKCa (13, 60) and these channels are involved in modulating basal tone in 

parenchymal arterioles, but not in middle cerebral arteries (5).  Here, we show that 

activation of endothelial SKCa and IKCa channels with NS309 caused a similar reduction 

of [Ca2+]i to basal levels and profound dilation of parenchymal arterioles from both 

control and SAH animals.  Further, endothelial removal did not ablate SAH-induced 

pressure-induced increases in [Ca2+]i and myogenic tone.  Therefore, reduced endothelial 

vasodilator influence cannot account for enhanced vasoconstriction of parenchymal 

arterioles following SAH.  These findings are in agreement with previous data for small 

diameter brainstem arteries (32) and penetrating arterioles (53) and suggest that a direct 

alteration of smooth muscle membrane potential regulation contributes to dysfunction of 

cerebral microvessels from SAH animals.   

 Our results indicate that elevated parenchymal arteriolar [Ca2+]i and tone 

following SAH depends on intravascular pressure.  At this time, it is unclear how SAH 

causes enhanced pressure-dependent depolarization in parenchymal arterioles.  

Activation of mechanosensitive non-selective cation channels belonging to the transient 
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receptor potential family (i.e. TRPC6,TRPM4) is reported to contribute to membrane 

potential depolarization of cerebral artery myocytes to increased pressure (15, 56).  Thus, 

increased expression or activity of these channels following SAH may lead to membrane 

depolarization and enhanced VDCC activity.  On the other hand, SAH-induced 

depolarization may also result from suppressed hyperpolarizing influence.  For example, 

significant voltage-dependent K+ channel (KV)-mediated current is observed at 

physiological membrane potentials (47) and activation of these channels represents an 

important feedback mechanism in response to pressure-induced depolarization.  

Consistent with this hypothesis, inhibition of KV channels with 4-aminopyridine causes 

membrane potential depolarization and vasoconstriction (34, 49).  Numerous studies have 

suggested that substances within blood may lead to membrane potential depolarization of 

cerebral artery myocytes via suppression of K+ channel activity (17, 22, 48).  For 

example, using pial arteries from a rabbit SAH model, our laboratory has shown that 

acute exposure of vascular smooth muscle to the blood component oxyhemoglobin can 

cause internalization of (KV1.5) via a mechanism involving protein tyrosine kinase 

activation (29, 36).  Others have additionally demonstrated that mRNA and protein levels 

of KV2.2 channels were decreased in basilar arteries from a canine SAH model (31).    

Hence, further studies are required to determine whether KV channel suppression 

contributes to enhanced pressure dependent depolarization of parenchymal arteriolar 

myocytes in SAH animals.     

 Enhanced constriction of cerebral arteries and arterioles associated with SAH 

requires Ca2+ influx via VDCCs in vascular smooth muscle (54).  Currently, oral 
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Figure Legends 

 

Figure 1: Elevated cytosolic Ca2+ and enhanced myogenic tone in parenchymal 

arterioles from SAH animals.  A-C: Representative simultaneous [Ca2+]i and diameter 

measurements obtained from intact arterioles isolated from unoperated (control; A), 

sham-operated (sham; B) and SAH (C) animals.  Recordings were obtained during step-

wise increases in intravascular pressure and subsequent nimodipine application (300 nM) 

at 60 mmHg.  D,E.  Summary of [Ca2+]i (D) and constriction (E) obtained from 

unoperated (control; n = 6), sham-operated (sham; n = 6) and SAH (n = 5) animals in the 

absence and presence of 300 nM nimodipine.  Myogenic tone is expressed as a percent 

decrease from the passive diameter (obtained in Ca2+-free aCSF with 300 nM 

nimodipine) of arterioles at a given intravascular pressure.  Passive diameters were not 

statistically different between groups at any intravascular pressure tested.  *P<0.05, 

**P<0.01 vs. control healthy and sham-operated.  F.  Relationship between [Ca2+]i and 

constriction for arterioles isolated from control and SAH animals derived from summary 

data depicted in panel D and E.  Numbers represent intravascular pressure (mmHg).  The 

concentration of Ca2+ causing half-maximal arteriolar constriction, obtained from 

Boltzmann fit of data (using 60 mM [K+]o as maximum; see figure 3), were similar 

between groups (Control: 226 ± 26 nM, n = 5-7; SAH: 240 ± 10 nM, n = 5).  

 

Figure 2:  CaV1.2 mRNA and protein expression is unchanged following SAH.  RT-

PCR and Western blotting were used to measure CaV1.2 mRNA and protein, 
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respectively.  A.  Representative PCR gel showing bands corresponding to CaV1.2 and 

18S ribosomal RNA (rRNA).  B.  Summary of RT-PCR data obtained from quantitative 

analysis of band intensities for arterioles isolated from control (n = 6) and SAH (n = 6) 

animals.  CaV1.2 mRNA is expressed as relative to 18S rRNA.  NS: P>0.05 vs. control.  

C.  Representative Western blot images for CaV1.2 and GAPDH using whole cell lysates 

of parenchymal arterioles (each lane represents pooled arterioles from two animals).  

CaV1.2 immunoreactivity (~200-240 kDa) was observed as a doublet representing the full 

length and truncated forms of CaV1.2 (9).  GAPDH (~36 kDa) was used as an internal 

standard.  D.  Summary of Western blot data obtained by densitometry using ImageJ 

software (NIH).  CaV1.2 protein levels were normalized to GAPDH and expressed as 

fold-change compared to corresponding control in each experiment (n = 4).  NS: P>0.05 

vs. control. 

 

Figure 3:  Elevated arteriolar Ca2+ and enhanced constriction following SAH 

depend on membrane potential depolarization.  A.  Summary membrane potential data 

obtained from isolated pressurized (5 mmHg) parenchymal arterioles bathed in 60 mM 

extracellular K+ ([K+]o).  Membrane potential closely matched the theoretical EK of -22 

mV in arterioles from both control (n = 4) and SAH animals (n = 4). B,C.  Summary data 

showing [Ca2+]i (B) and constriction (C; percent decrease in diameter) in control (n = 7) 

and SAH arterioles (n = 5) exposed to aCSF containing either 3 mM or 60 mM [K+]o.  

Nimodipine (300 nM) reduced [Ca2+]i to basal levels and dilated arterioles.  NS: P>0.05  
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Figure 4:  Myocytes of pressurized parenchymal arterioles are depolarized following 

SAH.  A-B.  Representative smooth muscle membrane potential measurements in 

arterioles isolated from control and SAH animals at 5 mmHg (A) and 40 mmHg (B) 

intravascular pressure.  Scale bars represent 10 seconds.  C. Summary of membrane 

potential measurements obtained at 5 and 40 mmHg.  At 40 mmHg, myocytes of 

arterioles isolated from SAH animals were significantly more depolarized (-28 ± 1 mV, n 

= 4) compared with myocytes of arterioles isolated from control animals (-35 ± 1 mV, n 

= 5) **P<0.01 vs. control. 

 

Figure 5: Elevated [Ca2+]i and enhanced myogenic tone following SAH is 

independent of endothelial function.  A.  Summary of membrane potential 

measurements obtained from pressurized (40 mmHg) endothelium-intact parenchymal 

arterioles in the presence of NS309 (1 µM).  B.  Summary of [Ca2+]i and dilation resulting 

from NS309 (1 µM) application for endothelium-intact parenchymal arterioles from 

control (n = 4) and SAH animals (n = 4).  C.  Summary of [Ca2+]i and myogenic tone 

(percent decrease in diameter) obtained from endothelium-denuded arterioles from 

control (n = 5) and SAH animals (n = 5).  Endothelium was removed by passing an air 

bubble through the vessel lumen for ~30 seconds.  **P<0.01 vs. control  D.  Summary of 

[Ca2+]i and dilation resulting from NS309 (1 µM) application for endothelium-denuded 

parenchymal arterioles from control (n = 5) and SAH animals (n = 5).  **P<0.01 vs. 

control. 
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Figures  

Chapter 3 Figure 1: Elevated Ca2+ and enhanced tone in parenchymal arterioles from SAH 
animals. 
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Figure 2: CaV1.2 mRNA and protein expression is unchanged following SAH. 
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Figure 3: Elevated arteriolar Ca2+ and enhanced constriction following SAH depend 
on membrane potential depolarization. 
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Figure 4: Myocytes of pressurized parenchymal arterioles are depolarized following 
SAH. 
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Figure 5: Elevated [Ca2+]i and enhanced myogenic tone following SAH is independent 
of endothelial function. 
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Figure 6: The relationship between intravascular pressure, cytosolic Ca2+ and diameter 
of parenchymal arterioles vs. pial arteries from control animals. 
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Methods 

 

Animals.  New Zealand White rabbits (males, 3.0-3.5 kg) were used in this study.  All 

experiments were conducted in accordance with the Guidelines for the Care and Use of 

Laboratory Animals (NIH Publication 85-23, 1985) and followed protocols approved by 

the Institutional Animal Use and Care Committee of the University of Vermont.  Animals 

were euthanized under deep pentobarbital anesthesia (150 mg/kg iv) by exsanguination 

and decapitation.  Posterior cerebral and cerebellar arteries were dissected in ice cold 

physiological saline solution (PSS) of the following composition (in mM): 118.5 NaCl, 

4.7 KCl, 24 NaHCO3, 1.18 KH2PO4, 2.25 CaCl2, 1.2 MgCl2, 0.023 EDTA, and 11 

glucose, aerated with 5% CO2, 20% O2, 75% N2 (bath pH: 7.4).  Cerebral artery 

myocytes (40-60 cells/sample) were collected from enzymatically dissociated freshly 

isolated posterior cerebral arteries (23, 37) using a P.A.L.M. Laser Capture 

Microdissection system (Zeiss, Bernried, Germany).  Human cerebral arteries, removed 

as a necessary part of a required procedure, were obtained from two consenting surgical 

patients.  Patients were not receiving calcium channel blockers or other antihypertensive 

agents at the time of surgery.  The University of Vermont has an approved assurance of 

compliance on file with the Department of Health and Human Services covering this 

activity (Assurance identification number: FWA723; IRB identification number 0485). 

 

RT-PCR.  Total RNA was extracted using RNA STAT-60 total RNA/mRNA isolation 

reagent (Tel-test, Friendswood, TX) (4).  Total RNA was reverse transcribed to cDNA 
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modulating vascular tone while avoiding widespread effects on VDCC isoforms in 

cardiac or nervous systems.   
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Figure 1: Cerebral arteries express exon 9*. 
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Figure 2: Selective expression of exon 9* in cerebral arteries. 
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Figure 3: Cerebral artery myocytes express mixed population of CaV1.2 splice variants. 
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Figure 4: Selective suppression of CaV1.2 splice variants. 
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Figure 5: Representative constriction in response to increasing extracellular K+. 
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Figure 6: Time course for exon 9*-antisense effect. 
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Figure 7: Exon 9* plays a dominant role in cerebral artery constriction. 





140 
 

 

 
CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS
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In Chapter one of this dissertation, it is demonstrated that constriction of parenchymal 

arterioles are markedly enhanced following SAH at physiological intravascular pressures.  

Evidence is provided suggesting that enhanced constriction results from greater pressure-

dependent depolarization of parenchymal arteriolar myocytes, increased activity of L-

type VDCCs and elevated [Ca2+]i.  One major aim of future work will address the 

mechanisms by which SAH causes membrane potential depolarization of parenchymal 

arteriolar myocytes.  As discussed in Chapter 2, this may result from increased activity of 

ion channels involved in pressure-dependent depolarization (i.e. transient receptor 

potential channels) or decreased activity of negative feedback pathways controlling 

vascular tone (i.e. K+ efflux).  Importantly, whether altered parenchymal arteriolar 

function results from exposure to spasmogens within blood, or vasoactive substances 

released from the brain parenchyma following SAH should also be addressed.  For 

example, studies have demonstrated that intracisternally injected biotinylated 

oxyhemoglobin is capable of penetrating to deeper layers of the cortex of the rat (Turner 

et al., 1998) suggesting that parenchymal arterioles may be exposed to this spasmogen 

following erythrocyte lysis in SAH patients.  Oxyhemoglobin has been shown to cause 

membrane potential depolarization of cerebral artery myocytes via reduction of Ca2+ 

spark frequency (Jewell et al., 2004; Koide, 2009) and suppression of KV channel 

currents (Ishiguro et al., 2006; Koide et al., 2007).  In addition, purified oxyhemoglobin 

was shown to induce expression of R-type VDCCs (CaV2.3) in rabbit pial cerebral artery 

myocytes (Link et al., 2008).  Although we did not test whether CaV2.3 is expressed in 

parenchymal arteriolar myocytes following SAH, our data demonstrating similar [Ca2+]i 
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and tone in the presence of the L-type VDCC inhibitor nimodipine argue against a 

significant contribution of R-type channels in parenchymal vessels from SAH animals.  

These differing results may reflect variation between species or vascular beds with 

respect to environment and functional regulation.     

 Previous studies suggest that parenchymal arterioles contribute significantly to 

cerebrovascular resistance and autoregulation of cerebral blood flow (Faraci and Heistad, 

1990; Harper et al., 1984).  The relative contributions of large diameter vasospasm and 

enhanced constriction of parenchymal vessels to ischemia-related deficits in SAH 

patients remains unclear.  It is plausible that in the absence of microcirculatory 

dysfunction, constriction of large diameter surface vessels following SAH may cause 

little reduction in regional perfusion due to compensatory redistribution of blood flow in 

downstream vessels (Schaffer et al., 2006).  Conversely, a significant reduction in cortical 

blood flow and focal neuronal infarction may follow SAH-induced constriction of 

parenchymal arterioles, which display little communication with parallel arterioles and 

represent a bottleneck in blood supply to the cortex (Nishimura et al., 2007).  Hence, 

enhanced pressure-dependent constriction of parenchymal arterioles may severely limit 

downstream blood flow and lead to significant neuronal damage after SAH.      

In addition to their function in regulating global cerebral blood flow, parenchymal 

arterioles are also an essential component of the neurovascular unit which functions to 

couple blood flow with local neuronal activity and metabolic demands.  Under normal 

physiological conditions, an increase in local neuronal activity signals release of 

vasodilatory substances from the astrocytic endfeet to cause vasodilation and increased 
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local blood flow (Iadecola and Nedergaard, 2007).  This process is critical for sufficient 

delivery of oxygen and nutrients to active regions of the brain.  Given the impact of blood 

on the function of arterioles deep within the cortex of SAH model animals shown in this 

study, future work should address the impact of SAH on neurovascular coupling 

mechanisms.  Brain slice experiments have suggested that the magnitude and polarity of 

diameter change to increases in neuronal activity are dependent on the level of vascular 

tone (Blanco et al., 2008).  For example, arterioles displaying greater myogenic tone 

exhibit more pronounced dilations in response to electrical field stimulation (neuronal 

activation).  Thus, enhanced arteriolar tone following SAH may be localized to less 

active brain regions in vivo if functional hyperemic phenomena remain unaltered.  

However, studies in our laboratory have found a fundamental change in the 

neurovascular response in brain slices from SAH model rats.  Whereas electrical field 

stimulation activates neurons and evokes parenchymal arteriolar dilation in brain slices 

from control animals, similar stimulation causes constriction in brain slices from SAH 

animals (Koide and Wellman, unpublished observations).  These findings indicate that 

SAH causes a remarkable shift in the polarity of vascular response from dilation to 

constriction following increased neuronal activity.  Therefore, impairment of mechanisms 

coupling neuronal activity with localized increases in blood flow may act in concert with 

enhanced pressure-dependent constriction to severely limit local cerebral blood flow 

following SAH.  These findings suggest that neuronal infarction may be more severe in 

active brain regions in SAH patients.   
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RT-PCR gel demonstrating expression of CaV1.2 splice 
variants containing and lacking exon 9* ((+)9*CaV1.2 and 
(-)9*CaV1.2, respectively).  Similar expression of both 
splice variants was observed in both pial and parenchymal 
arterioles from rat.  Conversely, rat brain expressed only (-) 
9*CaV1.2 splice variants. 

Figure 1: Similar expression of CaV1.2 splice variants in 
pial and parenchymal vasculature. 
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Abstract  

Vascular tone and consequently, cerebral blood flow, are regulated by the concentration 

of global cytosolic Ca2+ (global [Ca2+]i) in vascular smooth muscle.  Global [Ca2+]i is, in 

part, regulated by discrete Ca2+ release events from the sarcoplasmic reticulum (Ca2+ 

sparks) which activate plasma membrane large conductance Ca2+-activated K+ channels 

to cause membrane potential hyperpolarization, decreased global [Ca2+]i, and 

vasodilation.  We have previously observed decreased Ca2+ spark frequency and elevated 

global [Ca2+]i
 in cerebral artery myocytes using a rabbit model of subarachnoid 

hemorrhage.  Here, we describe and discuss laboratory methods and procedures using the 

fluorescent Ca2+ indicator dyes fura-2 and fluo-4 to assess global and local Ca2+ signaling 

in cerebral arteries and isolated vascular myocytes. 

 

 

 

 

 

 

 

 

 

Keywords:  Fura-2, Fluo-4, Ca2+ sparks, vascular smooth muscle, subarachnoid 

hemorrhage.
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sparks, respectively,  in cerebral artery myocytes.  Further, we provide details of specific 

protocols used in our laboratory to assess global and local signaling in the cerebral 

vasculature.   
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100% X
DADP
DADVDilation  

where DV is the arterial diameter in the presence of vasodilator, DA is the active arterial 

diameter before application of vasodilator, and DP is the passive arterial diameter.  

 

Variations in measurement of global [Ca2+]i 

Most investigators obtain ratiometric measurements of fura-2 in isolated arterial segments 

or dissociated cerebral artery myocytes by collecting emitted photons using a 

photomultiplier tube (PMT).  Fluorescence detection may also be achieved using electron 

multiplying CCD or intensified CCD cameras along with quantitative ratio imaging 

software for analysis and estimation of intracellular Ca2+ [2].  However, high sensitivity 

cameras required for these measurements are expensive and do not offer significant 

spatial information when used with wide-field microscopy.  In cases where an 

investigator wishes to measure fura-2 fluorescence in a specific layer of the vascular wall 

(smooth muscle or endothelium), fluorescent imaging over photometric methods may be 

advantageous. 
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Ca2+ spark measurement:     

Initially, cells are located using bright field illumination.  Once a myocyte has been 

centered in the scan field, images of emitted light (wavelengths >500 nm) are acquired at 

a frequency of 58 Hz (every ~ 17 msec, 256 pixels x 256 pixels), and magnified (2X) by 

acquisition software (68 µm for 256 pixels).  Images are usually acquired for a period of 

10-20 seconds and saved for future analysis (Fig. 4).  Laser exposure can lead to cell 

damage which typically causes the cells to become much brighter in appearance and 

abolish Ca2+ spark activity.  Excessive laser exposure can also lead to photo-bleaching of 

the indicator dye.  Thus, it is recommended to combine the lowest laser intensity that 

provides good cell visualization with relatively short (10-20 seconds) periods of laser 

exposure.  

 

Measurement of Ca2+ sparks can also be performed in intact pressurized cerebral arteries 

(Fig. 5) [11, 14, 26].  After dissection, intact arteries are loaded with fluo-4 AM (10 µM 

at room temperature for 1 hr, with 0.036% pluronic acid) followed by brief washes with 

aCSF (see section 2.3).  Arteries are then cannulated, pressurized (see section 2.3) and 

Ca2+ sparks imaged using 2-D laser-scanning confocal microscopy as described above for 

isolated myocytes.   Measurement of Ca2+ sparks in the intact tissue provides the 

ability to simultaneously examine events in multiple cells under more physiological 

conditions (i.e. at physiological intravascular pressures).  However, due to the presence of 

connective tissue and multiple cell layers, the signal-to-noise ratio is decreased in images 
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representative F/F0 records (a-c) corresponding to three Ca2+ sparks sites (a-c) from each 

artery are displayed below their corresponding artery image. Horizontal scale bars 

represent a time of 1 second, and vertical scale bars represent a fractional fluorescence 

(F/F0) change of 0.5.  From Wellman et al., Am. J. Physiol. Cell Physiol., 2001 [11] with 

permission.   
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Figures  

 

Figure 1: Arteriograph chamber for intact pressurized cerebral arteries. 
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Figure 2: : Simultaneous measurement of global [Ca2+]i and diameter of an intact 
pressurized cerebral artery. 
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Figure 3: Freshly isolated native cerebral artery myocytes. 
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Figure 4: Ca2+ sparks in isolated cerebral artery myocytes. 

 

 

 

 



210 
 

 

 

 

Figure 5: Ca2+ sparks in intact pressurized cerebral arteries. 



211 
 

APPENDIX B: BOOK CHAPTER



212 
 

Impact of subarachnoid hemorrhage on local and global calcium signaling in 
cerebral artery myocytes 
 
Masayo Koide*, Matthew A. Nystoriak*, Joseph E. Brayden and George C. Wellman 
 
Department of Pharmacology, University of Vermont College of Medicine, Burlington, 

Vermont, USA 

 
 

 

 

Correspondence: 

George C. Wellman, Ph.D. 
University of Vermont 
Department of Pharmacology 
Given Building 
89 Beaumont Avenue 
Burlington, VT  USA  05405-0068 
george.wellman@uvm.edu 
Tel: 802-656-3470 
Fax: 802-656-4523 
 
  

* M. Koide and M. Nystoriak contributed equally to this work. 



213 
 

Summary 

Background: Ca2+ signaling mechanisms are crucial for proper regulation of vascular 

smooth muscle contractility and vessel diameter.  In cerebral artery myocytes, a rise in 

global cytosolic Ca2+ concentration ([Ca2+]i) causes contraction while an increase in local 

Ca2+ release events from the sarcoplasmic reticulum (Ca2+ sparks) leads to increased 

activity of large-conductance Ca2+-activated (BK) K+ channels, hyperpolarization and 

relaxation.  Here, we examined the impact of SAH on Ca2+ spark activity and [Ca2+]i in 

cerebral artery myocytes following SAH. 

Methods:  A rabbit double injection SAH model was used in this study.  Five days after 

the initial intracisternal injection of whole blood, small diameter cerebral arteries were 

dissected from the brain for study.  For simultaneous measurement of arterial wall [Ca2+]i 

and  diameter, vessels were cannulated and loaded with the ratiometric Ca2+ indicator 

fura-2.  For measurement of Ca2+ sparks, individual myocytes were enzymatically 

isolated from cerebral arteries and loaded with the Ca2+ indicator fluo-4.  Sparks were 

visualized using laser scanning confocal microscopy. 

Results: Arterial wall [Ca2+]i was significantly elevated and greater levels of myogenic 

tone developed in arteries isolated from SAH animals compared with arteries isolated 

from healthy animals.  The L-type voltage-dependent Ca2+ channel (VDCC) blocker 

nifedipine attenuated increases in [Ca2+]i and tone in both groups suggesting increased 

VDCC activity following SAH.  Membrane potential measurement using intracellular 

microelectrodes revealed significant depolarization of vascular smooth muscle following 
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SAH.  Further, myocytes from SAH animals exhibited significantly reduced Ca2+ spark 

frequency (~50%). 

Conclusions:  Our findings suggest decreased Ca2+ spark frequency leads to reduced BK 

channel activity in cerebral artery myocytes following SAH.  This results in membrane 

potential depolarization, increased VDCC activity, elevated [Ca2+]i and decreased vessel 

diameter.  We propose this mechanism of enhanced cerebral artery myocyte contractility 

may contribute to decreased cerebral blood flow and development of neurological deficits 

in SAH patients. 

 

Key words: Ca2+ channels, K+ channels, Ca2+ sparks, vascular smooth muscle, vasospasm 
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Introduction 

Intracellular Ca2+ is a ubiquitous second messenger, playing critical roles in a wide array 

of physiological processes including muscle contraction (2).  In the cerebral vasculature, 

average intracellular Ca2+ concentration or global cytosolic Ca2+ ([Ca2+]i) dictates smooth 

muscle contraction (and arterial diameter) via regulation of  myosin light chain kinase 

activity (4).  Thus, an elevation in global cytosolic Ca2+ leads to enhanced 

vasoconstriction and potentially a decrease in cerebral blood flow (12).  Paradoxically, 

localized intracellular Ca2+ release events, termed Ca2+ sparks, promote a decrease in 

[Ca2+]i and relaxation of cerebral artery myocytes (15, 27).  Ca2+ sparks are generated by 

the coordinated opening of ryanodine receptors (RyRs) located on the sarcoplasmic 

reticulum of smooth muscle cells and activate plasmamemmal large conductance Ca2+-

activated K+ (BK) channels leading to membrane potential hyperpolarization, decreased 

activity of voltage-dependent Ca2+ channels (VDCCs), decreased [Ca2+]i, and 

vasodilation.  Currently, the impact of subarachnoid hemorrhage on local and/or global 

Ca2+ signals in myocytes from small diameter cerebral arteries is unclear (24).   

 

Methods 

SAH model: 

A rabbit double-injection model of SAH was used in this study.  Briefly, anesthetized 

New Zealand white rabbits (males, 3.0-3.5 kg) received an intracisternal injection of 

autologous arterial blood (2.5 ml) using a previously described surgical procedure (8, 9).  

Forty-eight hours after the initial injection, the procedure was repeated with animals 
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following SAH.  Quantitative real-time PCR was used to assess L-type VDCC expression 

encoded by the gene CaV1.2 (17).  Using this approach, no significant difference in 

CaV1.2 mRNA levels was detected in cerebral artery homogenates from control and SAH 

animals (Figure 1B).  Next, we used intracellular microelectrodes to directly measure 

vascular smooth muscle membrane potential from intact pressurized cerebral arteries.  At 

80 mmHg, smooth muscle membrane potential was significantly depolarized by 

approximately 8 mV in arteries isolated from SAH animals compared with arteries from 

control animals (Figure 1C).  These findings suggest that membrane potential 

depolarization of vascular smooth muscle leads to increased VDCC activity, elevated 

global cytosolic Ca2+ and enhanced constriction of small diameter cerebral arteries 

following SAH.   

 

Ca2+ spark frequency is decreased in cerebral artery myocytes from SAH animals: 

A decrease in Ca2+ spark frequency and associated BK activity promotes membrane 

potential depolarization, elevated global cytosolic Ca2+, and vasoconstriction (15, 27).  

To explore whether decreased Ca2+ spark frequency may contribute to enhanced cerebral 

artery constriction, Ca2+ sparks were measured in isolated cerebral artery myocytes using 

laser scanning confocal microscopy and the Ca2+ indicator dye fluo-4.  As illustrated in 

figure 2, Ca2+ sparks were observed in cerebral artery myocytes obtained from both 

control and SAH animals.  However, Ca2+ spark frequency was markedly decreased (by 

approximately 50%) in myocytes isolated from SAH animals.  Consistent with the 

observed decrease in Ca2+ spark frequency, the frequency of transient BK currents 
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The cerebral circulation maintains a constant level of blood flow to the brain despite 

physiological fluctuations in cerebral perfusion pressure (14).  To achieve stable cerebral 

blood flow in the face of changes in blood pressure, cerebral arteries must constrict in 

response to increased intravascular pressure and dilate when intravascular pressure is 

reduced.  In pial arteries from healthy animals, physiological increases in intravascular 

pressure lead to smooth muscle membrane potential depolarization, an increase in the 

activity of L-type CaV1.2 channels (encoded by the gene CACNA1C), and increased 

global cytosolic Ca2+ (12, 17).  The open-state probability of CaV1.2 is steeply voltage-

dependent (16); thus, small changes in membrane potential can have a profound impact 

on smooth muscle Ca2+.  Our present results suggest membrane potential depolarization 

and enhanced L-type VDCC activity in small diameter arteries is likely to contribute to 

SAH-induced impairment in the autoregulation of cerebral blood flow reported by others 

(18, 23).   Our evidence also suggests enhanced activity of L-type VDCCs play a large 

part in the SAH-induced elevation in global cytosolic Ca2+.  However, in the presence of 

the L-type VDCC blocker nifedipine, global Ca2+ remained elevated (by approximately 

20%) in arteries from SAH animals.   This nifedipine-resistant increase in global Ca2+ in 

cerebral arteries from SAH animals may reflect the emergence of R-type VDCC channels 

(9), or the possible upregulation of additional Ca2+ entry pathways.  

Our present findings suggest decreased Ca2+ spark and associated BK channel activity 

contribute to SAH-induced membrane potential depolarization and enhanced VDCC 

activity in cerebral artery myocytes.  Harder and colleagues (6) were the first to report 

that the membrane potential of cerebral artery myocytes is depolarized following SAH 
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and a number of subsequent studies have provided further evidence for decreased 

voltage-dependent K+ (KV) channel activity in pial arteries following SAH (7, 10, 11, 13, 

21, 22, 24).  Interestingly, BK channel activity and expression have been reported to be 

unchanged in basilar artery myocytes obtained from a canine SAH model (11).   Our 

current work demonstrates that decreased BK channel activity following SAH results 

from a decrease in local Ca2+ signaling from the SR to the plasma membrane (i.e. 

decreased Ca2+ spark activity), rather than a direct effect on BK channel properties or 

expression. 

 

Conclusions 

In this study, we examined global and local Ca2+ signaling in cerebral artery myocytes 

following SAH.  As for global Ca2+, we observed a significant increase in averaged 

cytosolic Ca2+ and constriction in cerebral arteries from SAH animals at physiological 

intravascular pressures.   Regarding local Ca2+ signaling, we report a decrease in the 

frequency of Ca2+ sparks and associated transient outward BK currents, which likely 

contribute to membrane potential depolarization, increased VDCC activity and enhanced 

cerebral constriction artery following SAH.  These data suggest that increased global 

Ca2+ and impaired local Ca2+ signaling may contribute to decreased cerebral blood flow 

and the development of neurological deficits frequently observed following aneurysmal 

SAH. 
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Figure 3:  Summary cartoon:  In control cerebral artery myocytes, local Ca2+ release 

events from the sarcoplasmic reticulum (Ca2+ sparks) activate large conductance Ca2+ 

activated (BK) K+ channels, causing membrane potential hyperpolarization, decreased 

voltage-dependent Ca2+ channel (VDCC) activity and decreased global cytosolic Ca2+.  

Following SAH, the frequency of Ca2+ sparks and therefore BK channel activity is 

decreased, promoting membrane potential depolarization, increased VDCC activity and 

increased global cytosolic Ca2+ levels. 
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Figures 

 

 

     Figure 1: Elevated global cytosolic Ca2+ following SAH. 
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Figure 2:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Decreased Ca2+ spark frequency in cerebral myocytes from SAH animals. 
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APPENDIX C: JOURNAL ARTICLE 

 

My contribution to the following journal article comprises acquisition and analysis of arterial 

[Ca2+]i data and caffeine-induced Ca2+-transient data shown in figure 5.
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signaling from the SR to BK channels, i.e. reduced Ca2+ spark frequency.   To our 

knowledge, these findings represent the first demonstration of a vascular pathology due 

to a decrease in Ca2+ spark activity.  This SAH-induced reduction in Ca2+ spark frequency 

reflects a decrease in the number of functional Ca2+ spark discharge sites caused by a 

decrease in the expression of SR RyR-2 Ca2+-release channels and an increase in the 

expression of the RyR-2 stabilizing protein, FKBP12.6.  This novel pathway of decreased 

vascular BK channel activity may contribute to impaired autoregulation, reduced cerebral 

blood flow and the development of neurological deficits frequently observed in patients 

following aneurysmal SAH. 

 

 

Materials and Methods 

Rabbit SAH model 

New Zealand White rabbits (males, 3.0-3.5 kg; Charles River Laboratories) were used for 

a double injection SAH model using surgical procedures described previously (Ishiguro 

et al 2002; Ishiguro et al 2005).  Briefly, under isoflurane anesthesia, a small midline 

suboccipital incision was centered over the foramen magnum and neck muscles dissected 

until dura was visualized.  Unheparinized autologous blood (2.5 ml) was then injected 

into the subarachnoid space via the cisterna magna.  The animal was then positioned on 

an incline board at a 45 degree angle with the head down in neutral position for 30 

minutes.   To minimize increases in intracranial pressure, a similar volume of cerebral 

spinal fluid was removed prior to the injection of blood.  Forty-eight hours later, the 





http://www.stanford.edu/~cpatton/%20maxc.html
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Results 

Transient BK channel currents are decreased following SAH. 

At physiological membrane potentials (e.g. -40 mV), micromolar increases in cytosolic 

Ca2+ are required to induce significant BK channel activation (Perez et al 2001).  In 

cerebral artery myocytes, sub-cellular Ca2+ signaling events (Ca2+ sparks) lead to 

localized elevations of Ca2+ sufficient to cause the transient activation of nearby BK 

channels.  Ca2+ spark-induced transient BK currents were recorded using the perforated 

patch whole-cell configuration of the patch clamp technique (Figure 1).  At -40 mV, 

transient BK current frequency, but not amplitude, was decreased by approximately 60 % 

in cerebral artery myocytes freshly isolated from SAH model rabbits.  Membrane 

potential depolarization increased the frequency and amplitude of transient BK currents 

to a similar extent in myocytes from both control and SAH animals, i.e. frequency was 

about 60 % lower at all voltages in cells from the SAH group.   Temporal characteristics 

of these events (rise time and decay time) were similar between groups, as was cell size 

as indexed by cell capacitance (online supplementary information, Table 2).  These data 

demonstrate a dramatic decrease in the frequency of Ca2+ spark-induced BK channel 

activity following experimental SAH.  

 

Maintained expression and properties of BK channels in cerebral artery myocytes 

following SAH. 

The apparent SAH-induced decrease in transient BK current frequency could conceivably 

reflect a fundamental change in the voltage or Ca2+ sensitivity, or expression of the BK 
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A reduction in functional Ca2+ spark sites underlies decreased Ca2+ spark frequency 

in SAH model animals. 

In smooth muscle, Ca2+ sparks tend to occur repeatedly within a limited number of 

distinct areas, or spark sites (Janiak et al 2001; Pucovsky and Bolton 2006).  The SAH-

induced decrease in Ca2+ spark frequency could reflect either a reduction in the number 

of functional spark sites or a decrease in the frequency of events occurring at all spark 

sites throughout the cell.  Spark sites were defined as regions where one or more Ca2+ 

sparks were observed during a 20 second imaging period (Figure 4A-C).  Two or more 

Ca2+ sparks were considered to originate from the same spark site if these events 

exhibited greater than 50 % overlap of their spatial spread (determined at 50 % peak 

amplitude).  In 45 cerebral artery myocytes from five control animals, a total of 1,082 

Ca2+ sparks were observed with an average of 7.9 ± 0.6 spark sites per cell.  However, in 

myocytes from SAH animals, the number of active spark sites was decreased by 

approximately 43 % to 4.5 ± 0.4 (n = 594 sparks in 48 cells from 6 animals, Figure 4D).  

Although the number of functional spark sites was decreased, Ca2+ spark frequency at 

individual sites was similar in cells isolated from control and SAH animals (Figure 4E).  

Further, the correlation between the number of functional spark sites and whole cell Ca2+ 

spark frequency was similar between groups (Figure 4F).  These data suggest SAH-

induced decreased Ca2+ spark frequency reflects a reduction in the number of functional 

spark sites. 
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through activation of RyRs.  The relative amplitude of these caffeine-induced global Ca2+ 

transients has been used as an index of SR Ca2+ content (Santana et al 1997; Wellman et 

al 2001) .  The amplitudes of caffeine-induced global Ca2+ transients were not 

significantly different in cerebral arteries from control and SAH model animals (Figure 

5D).   Further, quantitative real-time PCR demonstrated that mRNA levels of the SR 

Ca2+-binding proteins calsequestrin-2 and calreticulin and the smooth muscle 

sarco/endoplasmic reticulum Ca2+-ATPase, SERCA-2 were not significantly different in 

arteries from control and SAH animals (Figure 5E; n = 6 for each group).  These data 

suggest RyR activation properties and SR Ca2+ load in myocytes from SAH animals are 

unaltered, and that increasing RyR activity does not restore the number of functional 

spark sites to control levels. 

The RyR-2 subtype is the dominantly expressed RyR isoform in arterial smooth 

muscle, and is thought to underlie Ca2+ spark activity in these cells (Ji et al 2004).  RyR-2 

activity is modulated by the FK506-binding protein, FKBP12.6, that stabilizes RyR-2 

channels in the closed state (Zalk et al 2007).   Conditional overexpression of FKBP12.6 

has been reported to decrease Ca2+ spark frequency in cardiac myocytes (Gellen et al 

2008).    Thus, decreased expression of RyR-2 or increased expression of FKBP12.6 may 

contribute to a reduction in Ca2+ spark activity following SAH.  To examine whether 

RyR-2 expression was decreased following SAH, quantitative real-time RT-PCR was 

performed on RNA extracted from intact cerebral arteries (Figure 6A).  When normalized 

to GAPDH, RyR-2 expression was decreased by approximately 65 % in cerebral arteries 

from SAH animals compared to controls (n = 6 for each group).  Protein levels of RyR-2, 
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protein levels of the RyR-2 regulatory protein, FKBP12.6.  Binding of FKBP12.6 

stabilizes RyR-2 in the closed state (Zalk et al 2007).  Ablation of the gene encoding 

FKBP12.6 has been reported to increase Ca2+ spark frequency in smooth muscle (Ji et al 

2004) and conversely, conditional overexpression of FKBP12.6 has been linked to 

decreased Ca2+ spark frequency in cardiac myocytes (Gellen et al 2008).  Our current 

data suggest that increased FKBP12.6 expression acting in concert with decreased RyR-2 

expression underlie the decrease in active Ca2+ sparks in cerebral artery myocytes from 

SAH model animals.  Based on the present study, the relative contribution of decreased 

RyR-2 expression versus increased FKBP12.6 expression to the observed SAH-induced 

reduction in Ca2+ spark activity is unclear.   

Decreased SR Ca2+ content has also been linked to decreased Ca2+ spark 

frequency and amplitude in smooth muscle (ZhuGe et al 1999), thus, reduced SR Ca2+ 

could potentially contribute to decreased Ca2+ spark frequency following SAH.  

However, our data argue against this possibility.  First, we observed no difference in the 

amplitude of global Ca2+ transients induced by rapid application of a high concentration 

(10 mmol/L) of caffeine following SAH.  Secondly, we observed a reduction in the 

number of functional Ca2+ spark sites, rather than a uniform reduction in Ca2+ spark 

frequency, and Ca2+ spark amplitude was similar in myocytes from control and SAH 

animals.  Further, mRNA levels of SR-Ca2+-ATPase (SERCA-2) and the SR Ca2+ binding 

proteins, calsequestrin-2 and calreticulin, were similar in cerebral arteries from control 

and SAH animals.  It is possible that additional factors such as RyR-2 phosphorylation 
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(Zalk et al 2007) could contribute to a reduction in functional Ca2+ spark sites in cerebral 

artery myocytes following SAH.   

The present work may help to explain the impact of SAH leading to enhanced 

constriction of small diameter cerebral arteries and decreased cerebral blood flow.  We 

have previously reported an increase in VDCC current density, in part due to the 

emergence of R-type VDCCs encoded by the gene CaV2.3, in cerebral artery myocytes 

from SAH model rabbits (Ishiguro et al 2005).  Membrane potential depolarization 

caused by a decrease in Ca2+ spark-induced transient BK currents would be predicted to 

cause an increase in the open-state probability of VDCCs and combined with enhanced 

VDCC expression would increase global cytosolic Ca2+ leading to enhanced contraction 

of cerebral artery myocytes.  Additional mechanisms such as decreased voltage-

dependent potassium (KV) channel expression (Jahromi et al 2008a) and activity 

(Ishiguro et al 2006; Koide et al 2007; Quan and Sobey 2000) and increased protein 

kinase C activity (Nishizawa et al 2000) are also likely to contribute to enhanced cerebral 

artery constriction following SAH. 

  In conclusion, we report that the frequency of Ca2+ sparks and associated 

transient BK currents were significantly decreased in cerebral artery myocytes following 

SAH, contributing to enhanced vasoconstriction.  Our findings suggest this SAH-induced 

decrease in Ca2+ spark frequency results from a reduction in RyR-2 expression and 

increased FKBP12.6 expression leading to a decrease in the number of functional spark 

sites within these myocytes.  This mechanism may contribute to a reduction in cerebral 

blood flow and the development of neurological deficits experienced by patients 
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following cerebral aneurysm rupture.   Further, this mechanism of decreased vascular BK 

channel activity may also contribute to other types of brain pathologies, including 

traumatic brain injury. 
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of spark sites observed in each cell.  (E) Average Ca2+ spark frequency in individual 

spark sites.  (F)  Relationship between the number of spark sites in individual cells and 

whole cell Ca2+ spark frequency.  Solid lines with symbol color (control: gray, SAH: 

black) represent linear regression analysis of data.  Data was obtained from 1082 sparks 

from 355 spark sites in 45 cells from 5 control animals and 594 sparks from 217 spark 

sites in 48 cells from 6 SAH animals. ** p < 0.01 

 

Figure 5: RyR activation properties and SR Ca2+ load in cerebral arteries from SAH 

animals.   (A-C): The RyR activator, caffeine (10 µmol/L), did not restore the number of 

functional spark sites or whole cell Ca2+ spark frequency in cerebral artery myocytes 

from SAH animals to control levels.  (A)  Average of 30 consecutive images without 

Ca2+ spark activity, with white crosses depicting the location of Ca2+ sparks observed 

during 20 sec recordings in the absence and presence  (+Caffeine) of caffeine.  White 

bars represent 10 µm.  (B, C)  Summary of the effect of caffeine on the number of 

functional spark sites per cell (B) and whole cell Ca2+ spark frequency (C).  Control: n = 

7 cells from 3 animals, SAH: n = 14 cells from 3 animals.    * p<0.05, ** p<0.01 control 

vs SAH.  (D)  Estimated Ca2+ content in sarcoplasmic reticulum (SR) of cerebral arteries 

from control and SAH animals.  The amplitude of global cytosolic Ca2+ transients 

induced by rapid application of a high concentration of caffeine (10 mmol/L) was not 

significantly different between groups (control: n = 4, SAH: n = 3).  (E) Summarized data 

of quantitative real-time PCR for smooth muscle sarco-endoplasmic reticulum Ca2+-
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pressure-induced (myogenic) tone.  Data are expressed as mean ± SEM; n = 4 control, n 

= 4 SAH.  
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Figures 

Figure 1: Decreased frequency of transient outward BK currents in cerebral 
artery myocytes from SAH model rabbits. 
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Figure 2: Maintained expression and properties of BK channels in cerebral artery myocytes 
following SAH. 
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Figure 3: Decreased Ca2+ spark frequency, but not amplitude, in cerebral artery 
myocytes from SAH animals. 
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Figure 4: Decreased functional Ca2+ spark sites in cerebral artery myocytes from SAH 
animals. 
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Figure 5: RyR activation properties and SR Ca2+ load in cerebral arteries from SAH 
animals. 
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Figure 6: Decreased expression of ryanodine receptor-2 (RyR-2) and increased 
expression of FKBP12.6 in cerebral arteries from SAH animals. 
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Figure 7: Inhibitors of Ca2+ sparks and BK channels constrict cerebral arteries from 
control, but not SAH model animals.
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Appendix C: Table 1: Primers for quantitative real-time PCR. 
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Appendix C: Table 2: Transient BK current and Ca2+ spark characteristics. 
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Appendix C: Table 3: Arterial diameter measurements. 


