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Abstract 

Voltage-gated Ca2+ channels (CaV) are key regulators of excitation-contraction 

coupling in arterial smooth muscle.  Despite evidence of T-type CaV channels in rodent 

smooth muscle, little is known of their regulation and function.  This thesis sought to 

delineate T-type Ca2+ channels, ascertain if they are regulatory targets of vasoactive 

signaling pathways, and to reveal their function in arterial smooth muscle.  Experiments 

progressed from cells to whole animals, and employed an integrative range of techniques 

such as electrophysiology, pressurized myography, intravascular catheterization, 

polymerase chain reaction, western blotting and computational modeling.  Using patch 

clamp electrophysiology and defined pharmacology, T-type currents were successfully 

separated from L-type, and further divided into components mediated by specific 

subtypes (i.e. CaV3.1 and CaV3.2).  In rat cerebral arteries, T-type channel activity was 

shown to be a regulatory target of vasodilatory kinases.  In particular, β-adrenergic 

receptors and downstream activation of protein kinase A selectively inhibited CaV3.2 

currents.  Nitric oxide additionally suppressed CaV3 channels through protein kinase G 

signaling.  Subsequent work on rat and mouse arteries revealed an unanticipated function 

for CaV3.2 in arterial tone development.  In particular, we identified a novel feedback 

response mediated by CaV3.2, whereby it triggered ryanodine receptors to release Ca2+ 

sparks that consequently activate the large conductance Ca2+-activated K+ channel to 

hyperpolarize and relax arteries.  While the majority of the experimental work was 

conducted in animals, access to human brain tissues provided the opportunity to translate 

our foundational observations.  Indeed, human findings revealed for the first time the 

presence of three distinct CaV subtypes in cerebral arterial smooth muscle and that each 

subtype uniquely orchestrates arterial tone development and blood flow.  In conclusion, 

this thesis revises our knowledge on Ca2+ handling in arterial smooth muscle by 

describing a novel paradigm in which T-type channels either facilitate or counteract 

arterial tone development. 
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Chapter One: Introduction  

1.1 General introduction 

The mammalian cardiovascular system comprises a muscular pump and a 

distribution network of arteries, veins and capillaries.  Within this integrated system, it is 

the resistance arteries and their inherent ability to change diameter and arterial tone that 

determines the magnitude and distribution of tissue blood flow (Segal and Duling, 1986; 

Duling et al., 1987; Cole and Welsh, 2011).  Under dynamic conditions, arterial tone is 

regulated by multiple stimuli including changes in tissue metabolism (Harder et al., 1998; 

Filosa et al., 2006), neural activity (Brayden and Bevan, 1985; Si and Lee, 2002), blood 

flow (Garcia-Roldan and Bevan, 1990), and intravascular pressure (Harder et al., 1987; 

Knot and Nelson, 1998).  These vasoactive stimuli influence arterial diameter by 

regulating the phosphorylation state of the myosin regulatory light chain.  This 

phosphorylation step is in turn dynamically controlled by myosin light chain kinase and 

phosphatase, key enzymes whose activities are linked either directly or indirectly to 

global changes in cytosolic Ca2+ concentration ([Ca2+]i) (Davis, 1993; Gallagher et al., 

1997; Cole and Welsh, 2011).   

One key physiological stimulus that alters arterial diameter and tone is 

perturbations in arterial pressure (Fig. 1.1; Harder et al., 1987; Davis, 1993; Knot and 

Nelson, 1998).  In particular, resistance arteries retain an ability to respond to increases 

and decreases in intraluminal pressure by vasoconstriction or vasodilation, respectively.  

This phenomenon was first described over a century ago (Bayliss, 1902) and is generally 

known as the myogenic response (Davis, 1993).  This response is intrinsic to vascular 

smooth muscle and plays a key role in the optimization of capillary pressure as well as 

blood flow to essential organs such as the brain, the heart and the kidneys (Davis, 1993; 

Cole and Welsh, 2011).  
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Figure 1.1. Changes in arterial pressure alter [Ca2+]i and arterial diameter.  

(A)  A schematic illustrating that increases in arterial pressure depolarize arterial 

smooth muscle membrane potential (VM) and activate extracellular Ca2+ entry and a rise 

in [Ca2+]i to evoke arterial constriction.  (B)  Increases in arterial pressure (mmHg) 

associates with membrane potential depolarization, rises in cytosolic [Ca2+]i, and the 

phosphorylation of myosin light chain (pLC20).  These effects elicit active myogenic 

constriction only in the presence of extracellular Ca2+.  Note that pressure elevation 

additionally enhances the phosphorylation of the myosin phosphatase targeting 

protein-1 (pMYPT1), a component of the enzyme myosin light chain phosphatase, 

thus evoking an inhibitory effect on myosin light chain phosphatase activity and in 

turn favoring the overall activity of myosin light chain kinase.  Panel (B) adapted 

from Elsevier Archives of Biochemistry and Biophysics (Cole and Welsh, 2011). 
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Given the nature of the myogenic response and arterial tone development, 

mechanisms leading to elevated cytosolic [Ca2+]i have been intensively studied.  In 

arterial smooth muscle, cytosolic [Ca2+]i is primarily set by steady state changes in resting 

membrane potential (VM) and the graded opening of voltage-gated Ca2+ channels (Knot 

and Nelson, 1998; Welsh et al., 2000; Welsh et al., 2002).  This opening facilitates 

extracellular Ca2+ entry into arterial smooth muscle and evokes myosin light chain 

phosphorylation.  This latter event triggers the smooth muscle contractile machinery and 

ultimately sets the arterial tone (Fig. 1.1; Gallagher et al., 1997; Cole and Welsh, 2011). 

1.2 Voltage-Gated Ca2+ Channels 

Different classes of ion channels mediate the entry of extracellular Ca2+ to the 

cytosol.  In excitable cells (e.g. smooth muscle cells, cardiac myocytes and neurons), 

voltage-gated Ca2+ channels predominate as the main influx route in response to 

depolarizing stimuli (Clapham, 2007; Catterall, 2011).  As their name implies, this 

conductance activates in response to changes in the membrane potential (VM).  Ten genes 

encode for the mammalian family of voltage-gated Ca2+ channels; their products are 

divided into 3 subfamilies: 1) CaV1 (L-type); 2) CaV2 (P/Q-, N-, and R-types); and 3) 

CaV3 (T-type) channels (Catterall et al., 2005).  Additionally, voltage-gated Ca2+ 

channels are classified based on their thresholds of activation into high- (HVA) and low-

voltage activated (LVA) channels.  The HVA family is comprised of the CaV1 and CaV2 

types, while the LVA is the CaV3 T-type channels (Catterall et al., 2005; Catterall, 2011).  

A voltage-gated Ca2+ channel is a heteromultimeric protein complex that consists 

of a single pore forming α1 subunit co-associated with auxiliary subunits (β, α2δ, and γ; 

Fig. 1.2).  While the ionic pore α1 subunit is sufficient to facilitate Ca2+ influx, accessory 

subunits are indispensable for optimal surface expression, gating kinetics, and channel 

regulation (Catterall, 2011).  The α1 subunit encompasses four domains (I, II, III and IV), 

each comprised of 6 transmembrane segments (S1-S6).  The four domains are connected 

into a single polypeptide by intracellular linker loops (I-II, II-III and III-IV); these linkers 

harbor sequence motifs implicated in auxiliary subunit association and post-translational 

modifications (Fig. 1.2).  The C- and N-termini are intracellular and responsible for 

3 



conferring key properties such as Ca2+-dependent inactivation and protein kinase 

regulation (Peterson et al., 1999; Hulme et al., 2003; Catterall, 2011).  The accessory β 

subunit is also intracellular and links to the I-II loop while the γ subunit is trans-

membranous (Catterall, 2011).  The α2δ subunit is extracellular and anchored to the 

plasma membrane via its δ component; it is thought to influence the expression and 

function of voltage-gated Ca2+ channels (Wakamori et al., 1999; Bannister et al., 2012). 

1.2.1 L-type Ca2+ channels in arterial smooth muscle 

Earlier work on resistance arteries has clearly revealed the critical involvement of 

L-type Ca2+ channels in mediating myogenic constriction (Knot and Nelson, 1998).  In 

particular, the application of L-type channel blockers abolished the pressure induced rise 

in cytosolic [Ca2+]i and reversed the developed myogenic tone.  In arterial smooth 

muscle, the L-type CaV1.2 subtype is typically believed to be the primary CaV channel at 

the expression and functional levels (Nelson et al., 1990; Knot and Nelson, 1998; Liao et 

al., 2007).  The functional significance of this conductance can be readily determined by 

the application of CaV1.2 blockers and monitoring arterial tone, an experiment that 

evokes prominent vasodilation (Knot and Nelson, 1998). 

Given their significance, L-type calcium channel blockers represent first line 

treatment for serious cardiovascular pathologies such as hypertension, angina and 

vasospasm.  These blockers can be sub-classified based on their chemical structure into 

dihydropyridines or non-dihydropyridines (Catterall et al., 2005).  While the latter non-

dihydropyridine class possesses profound myocardial or mixed myocardial/vascular 

effects, dihydropyridine blockers are considered to be vascular selective and thus 

therapeutically used to dilate arteries, reduce systemic vascular resistance and lower 

arterial pressure (Catterall et al., 2005).  Nifedipine is one of the dihydropyridines that is 

enumerated on the World Health Organization’s list of essential medicines (World Health 

Organization, 2013); indeed, it is widely used to lower high blood pressure and it is also 

useful as an experimental research tool.  Low nanomolar concentrations of nifedipine are 

sufficient to suppress arterial smooth muscle CaV1.2 channels in a state-dependent 

manner by selectively binding to the inactivated α1 subunit (Catterall et al., 2005; Liao et 

al., 2007).   
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Figure 1.2. The subunit composition and topology of voltage-gated Ca2+ channels.  

High-voltage activated (HVA) channels (e.g. L-type) are heteromultimers of the pore-

forming α1 subunit and auxiliary subunits (β, α2δ, and γ).  Low-voltage activated (LVA) 

channels (T-type) are α1 monomers.  The α1 subunit is composed of four domains (I-IV), 

and each domain comprises six transmembrane segments (S1-S6) and a re-entrant loop 

(green).  The S4 segments (tagged +) in each domain represent the voltage sensor and 

contain positively charged amino acids.  The selectivity filter is located between segment 

5 and segment 6 in all domains.  The domains are connected by intracellular linker loops 

(I-II L, II-III L, and III-IV L).  The N- and C-termini are both intracellular.  Adapted from 

Elsevier Neuron (Simms and Zamponi, 2014). 
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Generally speaking, in vitro application of nifedipine to isolated arteries elicits 

substantive dilation irrespective of the vessel’s origin or whether tissues are pre-

constricted with mechanical or chemical stimuli (Nelson et al., 1990; Knot and Nelson, 

1998; Kuo et al., 2010).  The robust nature of this dilatory response has in turn fostered 

the view that CaV1.2 channels are the only Ca2+ channels expressed in arterial smooth 

muscle (Knot and Nelson, 1998; Wellman et al., 2001).  While certainly a conductance of 

importance, recent investigations have begun to reassess this assertion by documenting 

the additional expression of dihydropyridine-insensitive T-type Ca2+ channels in smooth 

muscle of resistance arteries (Kuo et al., 2010; Abd El-Rahman et al., 2013).   

1.2.2 T-type Ca2+ channels in arterial smooth muscle  

A growing number of studies have detected T-type Ca2+ channel expression, in 

addition to L-type, in different arterial beds across species.  For example, arterial smooth 

muscle of cerebral, mesenteric, renal, coronary, pulmonary and skeletal muscle  arteries 

express CaV3 channels along with the CaV1.2 subtype (VanBavel et al., 2002; Chen et al., 

2003; Jensen et al., 2004; Kuo et al., 2010; Poulsen et al., 2011; Chevalier et al., 2014).  

Compared to L-type, the T-type channels are low-voltage activated as they activate and 

inactivate at more hyperpolarized membrane potentials.  Additionally, the “T”-type 

current displays “transient” and rapid inactivation kinetics (Fig. 1.3), in contrast to the 

“long-lasting” profile of “L”-type current (Catterall, 2011).  The T-type channel has a 

small single-channel conductance resulting in “tiny” inward “T”-type currents: ~1 pS in 

physiological [Ca2+]o; ~5 pS in 10 mM [Ca2+]o; and 6-8 pS in 110 mM [Ca2+]o or [Ba2+]o.  

Furthermore, CaV3 channels lack Ca2+-dependent inactivation and their deactivation 

kinetics are slower compared to L-type (Perez-Reyes, 2003; Talavera and Nilius, 2006).   

The T-type channel comprises a single monomeric α1 subunit with a membrane 

topology that shares similarity to that of CaV1.2 channels (Fig. 1.1).  There is no 

evidence, at present, of the CaV3 subunit co-associating with auxiliary proteins in native 

systems (Perez-Reyes, 2003; Catterall, 2011).  T-type Ca2+ channels are classified into 

three subtypes: CaV3.1 (α1G), CaV3.2 (α1H) and CaV3.3 (α1I), encoded by the genes 

CACNA1G, CACNA1H, and CACNA1I, respectively.  The former two subtypes (CaV3.1 

and CaV3.2) are the main T-type conductances in the cardiovascular system.  The CaV3.3 
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subtype, despite being detected in certain arterial smooth muscles (Nikitina et al., 2007), 

is more commonly expressed in the brain (Perez-Reyes, 2003).  To study the potential 

role of CaV3 channels in arterial tone regulation, logic dictates that a starting point would 

be to electrically separate this low-voltage activated conductance from the simultaneously 

expressed L-type channels.  In this thesis, I will discuss three main aspects of arterial T-

type Ca2+ channels including their: 1) electrophysiological delineation; 2) regulatory 

targeting; and 3) functional role in tone development and blood flow control.  

1.3 Electrophysiological delineation of arterial T-type Ca2+ channels 

Using patch clamp electrophysiology and smooth muscle cells isolated from 

resistance arteries, inward divalent cation currents have been stereotypically attributed to 

CaV1.2 activity.  However, several studies have alluded to the possibility that two distinct 

Ca2+ conductances (LVA and HVA) are simultaneously detectable (Smirnov and 

Aaronson, 1992; Wilde et al., 1994).  It was not until recently that molecular evidence 

reinforced these observations by showing the expression of CaV3.x channels at the 

mRNA and protein levels (Kuo et al., 2010; Abd El-Rahman et al., 2013).  It follows that 

thorough discrimination between the L- and T-type currents would facilitate the 

examination of how both conductances concertedly control arterial tone development.       

Unfortunately, the electrical isolation of the T-type conductance has not been 

straightforward in arterial tissues.  This is a reflection of a number of limitations (Kuo et 

al., 2011; Harraz and Welsh, 2013b), including relatively small currents and the common 

use of dihydropyridines at micromolar concentrations that are sufficient to suppress both 

CaV1.2 and CaV3 currents.  Additionally, altering the composition of the permeant ion to 

augment inward current could unequally impact on these conductances, thus favouring 

the amplification of one current (L-type) over the other (T-type).  The lack of selective T-

type modulators that do not interfere with CaV1 channel activity has been another 

limitation.  In this regard and based on the aforementioned limitations, the method of 

choice to delineate the CaV3 current is to first eliminate the L-type conductance using 

blockers that minimally interfere with T-type channels.  A subsequent analysis should be 

undertaken to demonstrate whether T-type Ca2+ channels carry the residual current.  
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Figure 1.3. General properties of T-type Ca2+ channels. 

 (A)  A simplified scheme of voltage-gated Ca2+ channel gating.  Channels are closed (C) 

at hyperpolarized membrane potentials, and upon depolarization they activate to the open 

state (O).  Sustained depolarization evokes channel inactivation (I).  On the other hand, 

hyperpolarization results in closed channels (C) either through deactivation (from open) 

or recovery from inactivation.  (B)  Representative traces of whole-cell T-type currents 

elicited by the shown voltage-step protocol.  (C)  Voltage dependence of activation and 

steady-state inactivation of neuronal T-type channels.  The overlap of activation and 

inactivation curves forms a window current where T-type channels are active.  Adapted 

from Elsevier Trends in Pharmacological Sciences (Iftinca and Zamponi, 2009).
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1.3.1 Separation of L- and T-type conductances in arterial smooth muscle 

In arterial smooth muscle, the delineation approach has been to use 

dihydropyridines to suppress the L-type component, and then to monitor the residual 

dihydropyridine-insensitive current (Kuo et al., 2010; Abd El-Rahman et al., 2013).  The 

dihydropyridine of choice is nifedipine as it exhibits prominent vascular selectivity and 

blocks the vascular smooth muscle CaV1.2 splice variant at nanomolar concentrations 

(IC50 ~10 nM; Liao et al., 2007).  Most importantly, these levels have minimal effects on 

T-type channels (Akaike et al., 1989).   

In arterial smooth muscle, recent studies have observed a residual voltage-

dependent current in the presence of nifedipine (Morita et al., 1999; 2002; Kuo et al., 

2010; Abd El-Rahman et al., 2013).  To validate that this remaining component 

represents an ionic flux through T-type channels, investigators have relied primarily on 

two strategies.  First, they compare the electrical and kinetic properties of the nifedipine-

sensitive and -insensitive components of the whole-cell current.  In particular, they assess 

whether the residual conductance displays properties reminiscent of T-type current such 

as hyperpolarized voltage dependence (Abd El-Rahman et al., 2013).  Thorough kinetic 

analysis should also be surveyed to ascertain whether the nifedipine-insensitive current 

activates and inactivates faster but deactivates slower than the nifedipine-sensitive L-type 

component.  In the second approach, investigators determine whether the residual 

component is sensitive to a range of structurally dissimilar T-type channel inhibitors 

including mibefradil, NNC 55-0396 and kurtoxin (Kuo et al., 2010; Abd El-Rahman et 

al., 2013).   

In considering the use of pharmacology to separate T-type Ca2+ channels from L-

type, two important concerns require discussion.  First, it should be recognized that 

nifedipine can suppress T-type Ca2+ channels if applied at concentrations in the 

micromolar range, ~100-1000-times above the IC50 for the arterial smooth muscle L-type 

Ca2+ channel (Akaike et al., 1989).  The sensitivity of the T-type conductance to high 

dihydropyridine concentrations could explain why a range of vascular studies have failed 

to isolate the T-type current in arterial smooth muscle and attributed inward currents 

exclusively to CaV1.2 channels (Bannister et al., 2012; Narayanan et al., 2010).  Second, 
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many T-type Ca2+ channel inhibitors (e.g. mibefradil, NNC 55-0396) lack target 

specificity and affect a range of other conductances including, but not limited to, L-type 

Ca2+ channels and voltage-dependent K+ channels (Nilius et al., 1997; Perchenet and 

Clement-Chomienne, 2000; Koh et al., 2001; Hong et al., 2012).  This off-targeting has 

been documented in cerebral arterial smooth muscle (Kuo et al., 2010); therefore when T-

type blockers are to be used experimentally, tissues should be pretreated with L-type Ca2+ 

channel inhibitors (Abd El-Rahman et al., 2013).  Note that these T-type modulators are 

broad-spectrum blockers of T-type Ca2+ channels and they do not discriminate between 

the three subtypes (CaV3.1, CaV3.2 and CaV3.3). 

1.3.2 CaV3.x subtype separation in arterial smooth muscle  

Recent studies have reported the presence of a T-type conductance in arterial 

smooth muscle (Kuo et al., 2010; Abd El-Rahman et al., 2013).  They have not however 

attempted to distinguish between the two constitutive subtypes (i.e. CaV3.1 and CaV3.2).  

In other tissues, separation has been achieved by exploiting the differential sensitivity of 

CaV3.1 and CaV3.2 channels to nickel (Niwa et al., 2004; Autret et al., 2005).  In 

particular, the IC50 for CaV3.2 is as low as 12 μM whereas a 20-fold higher concentration 

is required to achieve 50% block of CaV3.1 (IC50 250 μM, Lee et al., 1999).  These 

reports intriguingly suggest the potential use of Ni2+ to identify the constitutive T-type 

Ca2+ channels expressed in arterial smooth muscle cells.  Although not widely used in 

vascular smooth muscle, this approach has been extensively used to not only distinguish 

between T-type conductances but to ascertain which subtypes are targets of regulation 

(Niwa et al., 2004; Autret et al., 2005).   

In conclusion, while CaV3 proteins are expressed in different arterial beds, 

electrophysiological evidence for an active T-type conductance remains limited and 

somewhat elusive.  Of particular note is whether a composite vascular T-type current will 

display classic LVA channel characteristics and whether it can be effectively separated 

into distinct components (i.e. CaV3.1 and CaV3.2) suitable for further regulatory and 

functional examination.    
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1.4 Regulation of vascular T-type Ca2+ channels 

As CaV3 message and protein have only recently been detected in arterial smooth 

muscle, little is known of whether this conductance is targeted by signaling pathways 

involved in tone development.  The single regulatory observation showed that in the 

mesenteric circulation protein kinases A and C indirectly altered nifedipine-insensitive 

Ca2+ current activity (Morita et al., 2002b).  Although vascular reports are sparse, studies 

from neuronal and secretory tissues indicate that T-type Ca2+ channels are indeed a rich 

regulatory target of several signaling pathways (Fig. 1.4).  Hormones (e.g. angiotensin II) 

and neurotransmitters (e.g. serotonin, cholinergic/adrenergic transmitters) can either 

enhance or suppress T-type Ca2+ currents (Berger and Takahashi, 1990; Fraser and 

MacVicar, 1991; Yunker and McEnery, 2003).  These effects are typically, although not 

exclusively, mediated through G-protein signaling pathways linked to protein kinase A 

(PKA), protein kinase G (PKG), protein kinase C (PKC) and calmodulin dependent 

kinase II (Perez-Reyes, 2003; Yunker and McEnery, 2003; Iftinca and Zamponi, 2009).  

1.4.1 Protein kinase regulation of arterial T-type Ca2+ channels 

In arterial smooth muscle, several ion channels are regulatory targets of second 

messenger/kinase signaling cascades, such as 3’,5’-cyclic adenosine monophosphate 

(cAMP)/PKA or 3’,5’-cyclic guanosine monophosphate (cGMP)/PKG pathways.  G-

protein coupled receptor (GPCR) activation can stimulate or inhibit adenylyl cyclase 

(AC) with subsequent changes in cAMP levels.  Cyclic AMP activates PKA, a kinase 

enzyme that phosphorylates a multitude of downstream effector proteins.  On the other 

hand, soluble guanylyl cyclase (sGC) activation by nitric oxide (NO) stimulates cGMP 

production and subsequent PKG stimulation.  Both PKA and PKG signaling pathways 

are robustly linked to vasodilatory responses.  PKA signaling in arterial smooth muscle is 

associated with an overall decrease in [Ca2+]i as a consequence of direct or indirect 

activation of the large-conductance Ca2+ activated K+ channels (BKCa).  Activation of 

ryanodine receptors located in the sarcoplasmic reticulum (SR) triggers Ca2+ release 

(Ca2+ sparks) that subsequently activates BKCa to hyperpolarize VM and limit 

extracellular Ca2+ entry.  On the other hand, PKG signaling limits rises in [Ca2+]i via a 

multitude of plasma membrane or intracellular targets.  For instance, PKG suppresses 
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CaV1.2 activity but stimulates BKCa channels.  Simultaneously, PKG signaling facilitates 

a drop in [Ca2+]i via augmenting Ca2+ reuptake into the SR or extrusion by plasma 

membrane Ca2+-ATPase (Pelligrino and Wang, 1998).  While a vasodilatory response is 

expected in response to PKA or PKG activation, it is not clear if these signaling pathways 

modulate CaV3 channel activity in arterial smooth muscle. 

Past work conducted in cardiac and neuronal tissues has consistently shown that 

T-type Ca2+ channels are a rich target for protein kinase regulation (Fig. 1.4; Sekiguchi et 

al., 2013; Iftinca and Zamponi, 2009).  Of particular note is the reported ability of PKA, 

through G-protein coupled receptor stimulation, to selectively augment CaV3.1 or CaV3.2 

activity in a tissue-dependent manner (Li et al., 2012; Sekiguchi et al., 2013).  Therefore, 

it would be intriguing to ascertain whether these channels are similarly targeted in arterial 

tissues.  In vascular smooth muscle, PKA and PKG signaling cascades play a prominent 

role in enabling vasodilation through mechanisms involving reductions in [Ca2+]i.  Such 

observations suggest that if these vasodilatory pathways target the arterial T-type 

conductance, their regulatory influence is likely inhibitory rather than stimulatory.  This 

speculation lies in stark contrast to the stimulatory effects observed in neuronal and 

cardiac tissues (Li et al., 2012; Sekiguchi et al., 2012).  Focused investigative attention on 

this potential regulatory paradox in vascular tissue appears warranted.  

1.5 Physiological roles of arterial T-type Ca2+ channels 

Ca2+ is a fundamental second messenger that is ubiquitously involved in most, if 

not all, physiological functions.  Its activity spans beyond smooth muscle contraction to 

regulate a wide range of cellular processes such as gene expression, cellular proliferation, 

neurotransmitter release, metabolism and apoptosis.  Furthermore, Ca2+-activated 

enzymes and ion channels require Ca2+ ions for proper functioning (Clapham, 2007). 

The third main goal of this thesis was to unravel the possible physiological roles of 

arterial T-type Ca2+ channels.  Given the hyperpolarized activation threshold of the T-

type conductance along with the relatively depolarized resting membrane potential of 

arterial smooth muscle cells (-55 to -40 mV), this goal is challenging as the contribution 

of arterial CaV3 to Ca2+ handling and tone development may be limited. 
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Figure 1.4. Neuronal T-type Ca2+ channel regulation by kinase enzymes.  

Different kinase pathways alter neuronal T-type channel activity.  Activation of these 

pathways can be either direct or downstream of the stimulation of G-protein coupled 

receptors (GPCR).  (+) and (-) denote stimulation and suppression, respectively.  AC, 

adenylyl cyclase; Cam, calmodulin; CamKII, calmodulin-dependent protein kinase 

II; DAG, diacylglycerol; GC, guanylyl cyclase; IP3, inositol 1,4,5-triphosphate; 

MAPKII, mitogen-activated protein kinase II; PKA, PKC, PKG, protein kinase A, 

C, G; PLC, phospholipase C; RTK, receptor tyrosine kinase; TK, tyrosine kinase.  

Adapted from Elsevier Trends in Pharmacological Sciences (Iftinca and Zamponi, 

2009).
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Recent physiological studies have focused on the putative involvement of T-type 

Ca2+ channels in smooth muscle contractility and arterial tone development (Kuo et al., 

2010; Abd El-Rahman et al., 2013).  In theory, the influx of Ca2+ through T-type 

channels could set arterial tone through one of two general mechanisms (Harraz and 

Welsh, 2013b).  First, it could play a “direct” role in elevating “global” cytosolic [Ca2+]i.  

Such a rise can subsequently enhance tone development by augmenting myosin light 

chain phosphorylation, myosin-actin cross-bridge cycling and smooth muscle contraction 

(Davis, 1993; Gallagher et al., 1997; Cole and Welsh, 2011).  An alternative scenario 

focuses on a more “indirect” role whereby Ca2+ influx through T-type Ca2+ channels 

“locally” regulates other Ca2+ sensitive conductances in the plasma membrane or 

intracellular Ca2+ stores.  Such an indirect trigger may subsequently influence the 

membrane potential and cytosolic [Ca2+]i (Fig. 1.5).  

1.5.1 Direct effect of T-type Ca2+ influx on tone development  

There has been a debate in the literature whether T-type Ca2+ channels play a 

direct role in arterial tone development.  Some reports have shown that the opening of 

CaV3 channels in renal efferent arterioles mediates a rise in [Ca2+]i and a strong 

vasoconstrictor response (Feng and Navar, 2004; Poulsen et al., 2011).  Mibefradil, a T-

type Ca2+ channel blocker, suppressed renal efferent arteriolar vasoconstriction (Poulsen 

et al., 2011), implicating T-type Ca2+ channels in the control of renal arteriolar tone. 

However, a recent study argued against a role for T-type channels in either efferent or 

afferent renal arterioles (Smirnov et al., 2013). 

Given the lack of consensus for a role for CaV3 in renal arteriolar reports, recent 

studies have attempted to explore the function of this channel in the cerebral circulation 

(Kuo et al., 2010).  In particular, conventional patch clamp electrophysiology was used to 

isolate a dihydropyridine-insensitive current that was sensitive to mibefradil.  However, 

the authors raised concerns about the pharmacological selectivity of T-type blockers such 

as mibefradil or NNC 55-0396, as these agents abolished whole-cell current including 

that of L-type channels.  In light of the lack of highly selective T-type blockers, careful 

interpretation of the aforementioned study is essential.  
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It should be noted that a number of studies suggesting a role for T-type Ca2+ 

channels in smooth muscle contraction relied primarily on mibefradil’s inhibitory effect 

on vasomotor, electrical or Ca2+ responses (Morita et al., 1999; Jensen et al., 2004; 

Nikitina et al., 2007; McNeish et al., 2010).  Although mibefradil was first developed as a 

selective T-type blocker (Mishra and Hermsmeyer, 1994), many off-targets have been 

identified.  Mibefradil affects K+ channels (Perchenet and Clement-Chomienne, 2000), 

non-selective cation channels (Koh et al., 2001), and Cl- channels (Nilius et al., 1997).  In 

contrast to its presumed targets, some studies even reported that mibefradil displayed 

higher affinity for high-voltage activated Ca2+ channels (Eller et al., 2000), and that the 

vasodilator effect of mibefradil in some resistance arteries showed no difference from 

other commonly used L-type Ca2+ channel blockers (van der Lee et al., 1999).  Further, 

mibefradil could induce vasodilation by acting on either endothelial or smooth muscle 

targets (Karila-Cohen, 1996; Jensen et al., 2004).  These studies collectively raise serious 

doubt in regards to mibefradil as a selective T-type blocker and whether T-type Ca2+ 

channels contribute to arterial smooth muscle contraction. 

 It was within this emerging framework that other groups including our own 

initiated further examinations of T-type Ca2+ channels in rat cerebral arterial smooth 

muscle cells (Abd El-Rahman et al., 2013).  Biochemical measurements first confirmed 

the presence of CaV3.1 and CaV3.2 channels at the message and protein levels, and patch 

clamp electrophysiology isolated a dihydropyridine-insensitive current that was abolished 

by mibefradil, efonidipine or the more selective T-type blocker kurtoxin.  Functional 

experiments ensued and  involved monitoring cerebral arterial tone over a range of 

intravascular pressures under control conditions and in the presence of L- and then T-type 

Ca2+ channel inhibitors (Abd El-Rahman et al., 2013).  This sequential application of L- 

and then T-type blockers was advantageous as it would mitigate off-target concerns 

related to T-type blockers, thus facilitating analytical interpretation (van der Lee et al., 

1999; Eller et al., 2000; Kuo et al., 2010).  The latter examination indeed revealed the 

potential contribution of CaV3.1 and/or CaV3.2 to arterial tone development (Abd El-

Rahman et al., 2013). 
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Figure 1.5. Diagram highlighting the proposed function of arterial T-type channels.   

The CaV3.x (T-type; CaV3.1 and/or CaV3.2) channels may facilitate vasoconstriction by 

“directly” elevating cytosolic [Ca2+]i (1) at more hyperpolarized potentials.  Alternatively, 

Ca2+ flux through a T-type channel could “indirectly” influence a nearby Ca2+-activated 

conductance (2) involved in membrane potential regulation.  Entry of Ca2+ may also 

trigger Ca2+ release (3) from the sarcoplasmic reticulum (SR) in the form of Ca2+ sparks 

or waves.  Released Ca2+ may trigger a plasma membrane conductance to alter resting VM 

(3a), or directly change cytosolic [Ca2+]i (3b). 
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At lower intraluminal pressures, where arterial VM rests near -50 mV, Ca2+ influx 

through T-type channels would play a more significant role in tone development given 

the leftward shift in their voltage dependence.  In contrast, L-type Ca2+ channel activation 

would play a more significant role at higher pressures when cerebral arteries depolarize 

to approximately -35 mV (Knot and Nelson, 1998; Abd El-Rahman et al., 2013).  In 

keeping with this perspective, the nifedipine-sensitive (L-type) component of the 

myogenic response increased with pressurization.  Conversely, the T-type component 

(mibefradil-, efonidipine- or kurtoxin-sensitive) decreased proportionally with increases 

in pressure (Abd El-Rahman et al., 2013).  These observations together suggest how T- 

and L-type Ca2+ channels can complement one another to elevate global cytosolic [Ca2+]i.  

Rodent arterial smooth muscles express two subtypes of T-type channels (CaV3.1 

and CaV3.2; Abd El-Rahman et al., 2013; Kuo et al., 2010), and it was initially thought 

that both subtypes, in some manner, mediate or facilitate arterial constriction.  However, 

recent reports utilizing arterial beds isolated from mice in which the CaV3.1 channel was 

genetically ablated argue that CaV3.1 is the subtype that is implicated in arterial 

myogenic constriction at lower intravascular pressures (Bjorling et al., 2013).  In contrast, 

the CaV3.2 channel seems to be involved in a more indirect feedback response, possibly 

by influencing other Ca2+ sensitive conductances.  This provocative but more speculative 

proposition will be addressed below.  

1.5.2 Indirect effects of T-type Ca2+ influx on tone development 

The idea that T-type Ca2+ influx in arterial smooth muscle might act in a more 

localized manner began with an unexpected observation by the Campbell group.  Using 

CaV3.2 knockout mice, investigators paradoxically observed augmented arterial 

constriction in the coronary circulation.  Subsequent work revealed a compromised 

ability of coronary arteries to dilate.  Chen et al (2003) hypothesized that CaV3.2 channels 

might be a part of a functional microdomain along with the large conductance Ca2+-

activated K+ channels (BKCa).  According to this hypothesis, Ca2+ influx through active 

CaV3.2 channels would gate BKCa, enabling outward K+ currents, hyperpolarization and 

vasodilation (Fig. 1.6C).  Intriguingly, CaV3.2 channels in renal efferent arterioles are 
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thought to mediate a vasodilatory role, albeit through an unresolved endothelial 

mechanism (Poulsen et al., 2011).   

It should be noted that there is growing evidence from studies in other tissues that 

T-type Ca2+ channels can be functionally and/or physically coupled to K+ conductances 

(Gackiere et al., 2013; Rehak et al., 2013; Engbers et al., 2013; Turner and Zamponi, 

2014).  The idea that arterial CaV3.2 channels participate in a BKCa-mediated vasodilatory 

response is intriguing.  A feedback scenario linking a Ca2+ channel to BKCa function in 

arterial smooth muscle is akin to that of Earley et al (2005) who proposed that the 

transient receptor potential vanilloid type 4 (TRPV4)  channel triggers Ca2+ spark 

generation through ryanodine receptors and consequently BKCa channel activity in 

cerebral arterial smooth muscle (Earley et al., 2005).  It remains to be explored whether 

CaV3.2 channel is functionally or physically coupled to BKCa channels to alter the 

membrane potential of arterial smooth muscle (Fig. 1.5, Fig. 1.6).  

1.5.3 CaV3.1 channels: direct or indirect influence on tone development? 

Logic dictates that if CaV3.2 ablation evokes vasoconstriction then the 

vasodilatory response induced by broad spectrum T-type blockers (Kuo et al., 2010; Abd 

El-Rahman et al., 2013) likely results from diminished CaV3.1 activity.  Additionally, 

reports from CaV3.1 knockout mice show reduced tone at lower intraluminal pressures 

(Bjorling et al., 2013), thus implicating the CaV3.1 subtype in arterial vasoconstriction. 

In theory, Ca2+ influx through CaV3.1 channels could evoke vasoconstriction by 

“directly” eliciting a steady rise in global cytosolic [Ca2+]i (Jensen et al., 2004; Fig. 1.5).  

With a leftward shift in their voltage dependent properties, CaV3.1 could directly mediate 

vasoconstriction and tone development at hyperpolarized potentials.  In comparison, Ca2+ 

influx through L-type channels would predominate at more depolarized membrane 

potentials, a finding consistent with recently published studies (Bjorling et al., 2013; Abd 

El-Rahman et al., 2013).   

There are other alternative scenarios that are not necessarily mutually exclusive, 

by which CaV3.1 channels could “indirectly” elevate global cytosolic [Ca2+]i (Fig. 1.5).  

First, Ca2+ influx might play a role in initiating and/or maintaining the generation of 

sarcoplasmic reticulum Ca2+ waves.  These asynchronous Ca2+ release events are 
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independent of L-type Ca2+ channel activity and driven by the activation of inositol 1,4,5-

triphosphate (IP3) receptors (Jaggar, 2001).  Interestingly, Mufti et al. (2010) reported 

that Ca2+ waves are triggered at hyperpolarized potentials in line with the voltage profile 

of CaV3.1 channels.  In addition, the influx of Ca2+ through CaV3.1 may act more 

discretely, either alone or with the aid of Ca2+ release channels (IP3 or ryanodine 

receptors), to regulate Ca2+-activated depolarizing conductances such as transient 

receptor potential (e.g. TRPM4, Earley et al., 2004) or chloride (e.g. TMEM16A, Bulley 

et al., 2012) channels (Fig. 1.5).  This localized signaling would in turn facilitate 

membrane depolarization and elevate global cytosolic [Ca2+]i through the ensuing 

activation of CaV1.2 (L-type) channels (reviewed in: Harraz and Welsh, 2013b).  

1.6 Calcium-dependent negative arterial feedback 

Attributable to the ubiquitous roles of Ca2+, strict handling of intracellular [Ca2+]i 

is necessary to maintain optimal arterial function (Clapham, 2007).  In general, Ca2+ 

signals are modified by the control of Ca2+ influx and efflux through plasma membrane 

proteins positioned across a Ca2+ concentration gradient.  Alternatively, integral proteins 

localized in the membranes of intracellular stores allow Ca2+ release and reuptake.  The 

main intracellular Ca2+ stores in smooth muscle cells are the sarcoplasmic reticulum 

(SR).  Ca2+ homeostasis intriguingly involves the concerted action of Ca2+ entry channels 

at the plasma membrane and Ca2+ release channels in intracellular Ca2+ stores (Clapham, 

2007). 

One of the key smooth muscle mechanisms to limit excessive rise in [Ca2+]i and 

arterial constriction is the activation of hyperpolarizing conductances that limit further 

CaV-mediated Ca2+ influx.  Voltage-gated K+ (KV) channels along with the large 

conductance Ca2+-activated K+ channel (BKCa) are widely expressed in arterial smooth 

muscle and play key roles in counterbalancing vasoconstriction (Nelson and Quayle, 

1995).  Both K+ conductances are voltage dependent; the latter (BKCa) is additionally 

activated by cytosolic Ca2+.  To activate arterial smooth muscle BKCa, [Ca2+]i must 

discretely rise to micromolar concentrations and this is achieved through Ca2+ spark 

19 



generation, SR events dependent on ryanodine receptor (RyR) gating (Nelson et al., 

1995; Ledoux et al., 2006; Fig. 1.6).   

The opening of RyR is an integrated process, partially reliant on extracellular 

Ca2+ entry triggering the RyR cytosolic Ca2+ sensor (Nelson et al., 1995).  The identity of 

this entry channel is uncertain although past studies have alluded to candidates including 

TRPV4 or L-type channels (Earley et al., 2005; Essin et al., 2007; Takeda et al., 2011).  

While both are plausible candidates, their intrinsic properties are somewhat inconsistent 

with a triggering role.  TRPV4 channels display voltage independent properties (Earley et 

al., 2005), yet Ca2+ spark generation is graded in a voltage dependent manner (Jaggar et 

al., 1998a; Perez et al., 1999).  L-type channels exhibit Ca2+-dependent inactivation 

(Peterson et al., 1999) and if positioned in a diffusion-restricted microdomain, high 

[Ca2+]i would elicit strong inactivation, impinging upon its ability to activate the RyR 

cytosolic gate.  As T-type CaV3 channels are voltage-gated, free of Ca2+ dependent 

inactivation, and display a voltage window that overlaps with physiological membrane 

potentials, this conductance appears best suited for microdomain localization and would 

function as a trigger of Ca2+-induced Ca2+ release.  

1.7 Knowledge translation: CaV channels in human arterial smooth muscle 

Data detailing the expression and potential function of arterial smooth muscle T-

type Ca2+ channels in rodents have been recently published (Kuo et al., 2010; Abd El-

Rahman et al., 2013).  Despite the growing interest and therapeutic potential of CaV3 

channels, studies conducted on human tissues have failed to robustly establish whether T-

type channels are present in key vascular beds.  Intriguingly, Smirnov and Aaronson 

(1992) observed a T-type current component in human mesenteric arterial smooth 

muscle.  In contrast, another study failed to observe a T-type current in freshly isolated 

smooth muscle cells of human coronary arteries (Quignard et al., 1997).  These 

discrepancies in human studies along with novel animal observations of CaV3 channels 

emphasize the elusive translational significance.  Given the growing therapeutic potential 

of T-type blockers, it is critical to establish whether T-type channels are expressed in 

human arteries and if so, how they influence arterial tone. 
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Figure 1.6. Ca2+ sparks activate BKCa channels. 

(A)  Simultaneous monitoring of BKCa-mediated spontaneous transient outward K+ 

currents (STOCs, in pA) and Ca2+ sparks (F/F0) in a single rat cerebral arterial smooth 

muscle cell.  (B)  Correlation analysis between Ca2+ sparks and STOC amplitudes (10 

cells, each cell was color-coded).  Correlation coefficient was 0.8 (Spearman rank order 

correlation test).  (A, B) measurements were made at -40 mV; adapted from The 

Rockefeller University Press Journal of General Physiology (Perez et al., 1999).  (C) 

Schematic diagram highlights the correlation between Ca2+ release from the SR in the 

form of Ca2+ sparks and BKCa channel activity.  CaV3 channels may play a role in 

triggering the generation of Ca2+ sparks. 
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1.8 Goal and hypotheses 

In light of the preceding review, the overall goal of this thesis was to ascertain the 

electrophysiological, regulatory and functional aspects of T-type Ca2+ channels in arterial 

smooth muscle.  In particular, four specific aims were undertaken:  

Aim I: To electrically delineate the T-type Ca2+ channels in arterial smooth muscle. 

Hypothesis: CaV1.2 and CaV3.1/CaV3.2 currents can be delineated using 

pharmacological and electrophysiological tools.   

Aim II: To assess whether arterial T-type Ca2+ channels are modulated by key 

vasodilatory signaling pathways. 

Hypothesis:  PKA and PKG signaling will inhibit arterial smooth muscle T-type Ca2+ 

channel activity. 

Aim III: To explore the potential role of the CaV3.2 channel in arterial tone development 

in different arterial beds.   

Hypothesis:  Arterial CaV3.2 channel mediates a negative feedback response by 

triggering ryanodine receptors, activation of BKCa channel and 

hyperpolarization. 

Aim IV: To assess whether T-type Ca2+ channels are expressed in human arteries and 

determine their potential roles in human arterial tone development 

Hypothesis:  Human cerebral arterial smooth muscle cells express L- and T-type Ca2+ 

channels; these channel subtypes mediate divergent effects on human arterial 

tone development.  
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Chapter Two: Protein kinase A regulation of T-type Ca2+ channels in rat cerebral 

arterial smooth muscle 

2.1 Abstract 

Recent investigations have reported that T-type Ca2+ channels (CaV3.x) are 

expressed in rat cerebral arterial smooth muscle.  In this study, we isolate the T-type 

conductance, differentiate the current into the CaV3.1/CaV3.2 subtypes and determine 

whether they are subject to protein kinase regulation.  Using patch clamp 

electrophysiology, whole-cell Ba2+ current was monitored and initially subdivided into 

nifedipine-sensitive and -insensitive components.  The latter conductance was abolished 

by T-type Ca2+ channel blockers and displayed faster and leftward shifted 

activation/inactivation properties, reminiscent of T-type channels.  Approximately 60% 

of this T-type conductance was blocked by 50 μM Ni2+, a concentration that selectively 

interferes with CaV3.2 channels.  Subsequent work revealed that the whole-cell T-type 

conductance was subject to protein kinase A (PKA) modulation.  Specifically, positive 

PKA modulators (db-cAMP, forskolin, isoproterenol) suppressed T-type currents and 

evoked a hyperpolarized shift in steady-state inactivation.  Blocking PKA (KT5720) 

masked this suppression without altering the basal T-type conductance.  A similar effect 

was observed with stHt31, a peptide inhibitor of A-kinase anchoring proteins.  A final set 

of experiments revealed that PKA-induced suppression targeted the CaV3.2 subtype.  In 

closing, this study revealed that a T-type Ca2+ channel conductance can be isolated in 

arterial smooth muscle and differentiated into a CaV3.1 and CaV3.2 component.  It also 

showed that vasodilatory signaling cascades inhibit this conductance by targeting CaV3.2.  

Such targeting will impact Ca2+ dynamics and tone regulation in the cerebral circulation. 
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2.2 Introduction 

Cerebral arteries form an integrated vascular network to control the magnitude 

and distribution of tissue blood flow (Davis, 1993; Segal and Jacobs, 2001).  Under 

dynamic conditions, tone within this network is regulated by multiple stimuli including 

changes in tissue metabolism (Harder et al., 1998; Filosa et al., 2006), humoral/neural 

stimuli (Furchgott and Zawadzki, 1980; Brayden and Bevan, 1985; Si and Lee, 2002), 

and intravascular pressure (Knot and Nelson, 1998; Segal, 2000).  These stimuli 

influence tone by altering myosin light chain phosphorylation, a process controlled by 

global changes in cytosolic Ca2+ concentration (Davis, 1993; Gallagher et al., 1997; Cole 

and Welsh, 2011).  Changes in cytosolic [Ca2+]i are principally set by resting membrane 

potential and steady state Ca2+ influx through voltage-gated Ca2+ channels (Knot and 

Nelson, 1998; Welsh et al., 2000; Welsh et al., 2002).  

In vascular smooth muscle, it is typically asserted that L-type Ca2+ channels are 

singularly expressed and thus the only voltage-gated Ca2+ channel of functional 

importance (Knot and Nelson, 1998; Bannister et al., 2009).  Recent investigations have 

begun to reassess this assertion by documenting the additional expression of T-type Ca2+ 

channels (Kuo et al., 2010; Abd El-Rahman et al., 2013).  Compared to L-type, T-type 

channels activate/inactivate at more hyperpolarized membrane potentials and inactivate 

faster in a Ca2+-independent manner (Catterall, 2011).  There are three subtypes of T-type 

Ca2+ channels and in vascular smooth muscle CaV3.1 and CaV3.2 are dominantly 

expressed (Abd El-Rahman et al., 2013).  Past work on vascular T-type channels has 

centered on isolating the whole-cell conductance and determining its role in myogenic 

tone development (Kuo et al., 2010; Abd El-Rahman et al., 2013; Harraz and Welsh, 

2013b).  However, absent from the literature has been a deeper and more comprehensive 

examination of the T-type channel electrophysiological and regulatory properties.  For 

example, vascular studies have yet to separate CaV3.1 from CaV3.2 and to determine 

whether either subtype is modulated by signaling pathways that influence arterial tone 

development.  The latter is particularly prescient as T-type Ca2+ channels have been 

reported to be a rich regulatory target in neuronal and cardiac tissues (Iftinca and 

Zamponi, 2009; Li et al., 2012; Sekiguchi et al., 2013). 
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The goal of the present study was to isolate and differentiate the T-type Ca2+ 

channel conductance in rat cerebral arterial smooth muscle and to determine its 

sensitivity to protein kinase A (PKA) regulation.  In this regard, we isolated vascular 

smooth muscle cells from rat cerebral arteries and performed a range of experiments 

using patch clamp electrophysiology and defined pharmacological tools.  This study 

revealed that the vascular T-type current could be isolated and further subdivided into 

CaV3.1 and CaV3.2 components based upon differential sensitivities to Ni2+.  Subsequent 

regulatory analysis showed that the CaV3.2 component was selectively targeted and 

suppressed by the PKA signaling pathway.  The selective targeting of this T-type 

conductance could facilitate PKA-mediated dilation by directly lowering cytosolic [Ca2+] 

or by altering the activity of a Ca2+-dependent conductance involved in membrane 

potential regulation.  
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2.3 Materials and methods 

2.3.1 Animal procedures  

Animal procedures were approved by the Animal Care and Use Committee at the 

University of Calgary.  Briefly, female Sprague-Dawley rats (10–12 weeks of age) were 

euthanized by carbon dioxide asphyxiation.  The brain was carefully removed and placed 

in cold phosphate-buffered (pH 7.4) saline solution containing (in mM): 138 NaCl, 3 

KCl, 10 Na2HPO4, 2 NaH2PO4, 5 glucose, 0.1 CaCl2 and 0.1 MgSO4.  Middle and 

posterior cerebral arteries were carefully dissected out of surrounding tissue and cut into 

2 mm segments. 

2.3.2  Isolation of arterial smooth muscle cells 

Smooth muscle cells from middle and posterior cerebral arteries were 

enzymatically isolated as previously described (Anfinogenova et al., 2011).  Briefly, 

arterial segments were placed in an isolation medium (37°C, 10 min) containing (in mM): 

60 NaCl, 80 Na+ glutamate, 5 KCl, 2 MgCl2, 10 glucose and 10 HEPES with 1 mg/ml 

bovine serum albumin (pH 7.4).  Vessels were then exposed to a two-step digestion 

process that involved: 1) 12-15 min incubation in isolation media (37°C) containing 0.5 

mg/ml papain and 1.5 mg/ml dithioerythritol; and 2) 10 min incubation in isolation 

medium containing 100 μM Ca2+, 0.7 mg/ml type-F collagenase and 0.4 mg/ml type-H 

collagenase.  Tissues were then washed repeatedly with ice-cold isolation medium and 

triturated with a fire-polished pipette.  Liberated cells were stored in ice-cold isolation 

medium for use the same day within ~6 hours.  

2.3.3 Electrophysiological recordings 

Conventional patch-clamp electrophysiology was used to monitor whole-cell 

currents of voltage-gated Ca2+ channels in cerebral arterial smooth muscle cells. 

Recording electrodes (resistance from 5 to 8 MΩ when filled with solution) were pulled 

from borosilicate glass microcapillary tubes (Sutter Instruments, USA), covered with wax 

to reduce capacitance, and backfilled with pipette solution containing (in mM): 135 CsCl, 

5 Mg-ATP, 10 HEPES, and 10 EGTA (pH 7.2).  To attain whole-cell configuration, a 

pipette was lowered onto an isolated smooth muscle cell, and negative pressure was 

applied to achieve a giga-ohm seal and rupture the membrane.  Cells were voltage-

27 



 

clamped (holding membrane potential -60 mV) and equilibrated for at least 5 min in a 

bath solution containing (in mM): 110 NaCl, 1 CsCl, 10 BaCl2, 1.2 MgCl2, 10 glucose, 

and 10 HEPES (pH 7.4).  In a supplementary group of cells, Ca2+ replaced Ba2+ in the 

bath solution (in mM): 110 NaCl, 1 CsCl, 1.8 CaCl2, 9.4 MgCl2, 10 glucose, and 10 

HEPES (pH 7.4).  For the experiment depicted in Fig. 2.1D, bath solutions consisted of 

(mM): 110 NaCl, 1 CsCl, 1.2 MgCl2, 10 glucose, and 10 HEPES + charge carrier (1.8 

Ca2+, 1.8 or 10 Ba2+).  A NaCl-agar salt bridge between the Ag-AgCl reference electrode 

and the bath solution was used to minimize offset potentials.  Whole-cell currents were 

recorded using an Axopatch 200B patch-clamp amplifier (Axon Instruments, USA), 

filtered at 1 kHz, digitized at 5 kHz, and were stored on a computer for subsequent offline 

analysis with Clampfit 10.3 software.  Whole-cell capacitance ranged between 14-18 pF 

and was measured with the cancellation circuitry in the voltage-clamp amplifier.  

Experiments were performed at room temperature (20–22°C). 

To record whole-cell currents, isolated smooth muscle cells were voltage-clamped 

at a holding potential of -60 mV, subjected to a -90 mV pre-pulse (200 ms) and then to 10 

voltage steps (300 ms) ranging from -50 to +40 mV (10 mV intervals).  Current-voltage 

(IV) relationships were plotted as peak current density (pA/pF) at each voltage step.  For 

voltage ramp recordings, whole-cell currents were monitored using a voltage protocol 

that ranged from -100 to +100 mV (0.66 mV/ms).  Voltage dependence of steady-state 

inactivation was assessed by a step protocol: 1) pre-pulse to -90 mV (300 ms), 2) 

stepping from -70 to +20 mV (10 mV intervals, 1.5 s each), 3) hyperpolarizing back to -

90 mV (10 ms), and 4) stepping to a test voltage of +10 mV (200 ms).  Whole-cell 

currents elicited by the test voltage were normalized to maximal current in order to plot 

%I/Imax versus voltage step.  Percentage inactivation was calculated based on current 

amplitude at different time intervals after peak current development (300, 600, 900, 1200 

and 1500 ms).  Inactivation time constants (τ) were obtained using Clampfit 10.3 

software by standard exponential fitting of the inactivating segment of the current.  To 

assess the voltage-dependence of activation, isochronal tail currents were monitored.  In 

particular, cells held at -60 mV were subjected to a pre-pulse (-90 mV, 300 ms), voltage 

steps (-80 to +40 mV, 10 mV intervals, 50 ms) and then a final hyperpolarizing test pulse 
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(-90 mV, 200 ms) to evoke tail currents.  Normalized tail currents (%I/Imax) were plotted 

versus the voltage step.  Activation time constants (τ) were obtained by standard 

exponential fitting of the activating downward segment of the whole-cell Ba2+ currents. 

2.3.4 Experimental protocols 

First, voltage step, activation and steady-state inactivation protocols were run on 

isolated smooth muscle cells bathed in solutions containing 1.8 mM Ca2+ or 10 mM Ba2+.  

To eliminate the L-type component, whole-cell Ba2+ currents were subsequently 

monitored in the presence of different L-type Ca2+ channel blocker concentrations 

(nifedipine, 0.01 to 50 μM).  Biophysical and pharmacological properties were assessed 

for the current component that lacked sensitivity to 200 nM nifedipine, a concentration 

that abolishes CaV1.2 channel activity in vascular smooth muscle (Liao et al., 2007; Kuo 

et al., 2010).  In keeping with the literature (Lee et al., 1999), 50 μM Ni2+ was used to 

selectively block CaV3.2 channels and thus separate this conductance from CaV3.1.   

To ascertain whether PKA modulation influences T-type Ca2+ channels, time 

course changes of nifedipine-insensitive T-type currents were evaluated in the absence 

(time control) and presence of PKA modulators including: 1) dibutyryl-cAMP (cAMP 

derviative, 200 µM), 2) forskolin (adenylyl cyclase activator, 1 µM), 3) isoproterenol (β-

adrenergic receptor agonist, 1 µM), 4) PKI 14-22 (PKA inhibitor, 1 µM), and 5) KT5720 

(PKA inhibitor, 1 µM).  Subsequent experiments determined the voltage-dependence of 

activation/steady-state inactivation in the absence (control) and presence of forskolin (1 

µM) or KT5720 (1 µM).  The forskolin-mediated modulation of T-type Ca2+ channels 

was also assessed in cells pre-treated with: 1) KT5720, 2) stHt31 (AKAP inhibitor 

peptide, 10 µM); or 3) stHt31P (control inactive peptide, 10 µM).  

2.3.5 Statistical analysis 

Data are expressed as means ± standard error of the mean (S.E.M.), and n 

indicates the number of cells.  Where appropriate, paired t-tests were performed to 

compare the effects of a given treatment on whole-cell current.  *P values ≤ 0.05 were 

considered statistically significant.  The percentage reductions in peak current at various 

nifedipine concentrations were used to generate a concentration-response curve.  Mean 

values were fit to the Hill–Langmuir function: PB([drug])=PBmax/(1+(IC50/[drug])h) 
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(Equation 1), where PBmax is the maximal percentage blockade of peak current, IC50 is 

the concentration that produces 50% inhibition, and h is the apparent Hill–Langmuir 

coefficient for inhibition.  Averaged current-voltage relationships were fit to the 

following Peak Gaussian, 3rd Parameter function:  I(V)=Imax*exp[-0.5{(V-Vmax)/b}2] 

(Equation 2), where Imax is peak current (I), Vmax is V at Imax, and b is the slope of the 

distribution.  The voltage dependencies of activation and steady-state inactivation were 

described with single Boltzmann distributions of the following forms: Activation: 

I(V)=Imax/(1+exp[-(V-V50)/k]) (Equation 3); Inactivation:  I(V)=Imax/(1+exp[(V-V50)/k]) 

(Equation 4), where Imax is the maximal activatable current, V50 is the voltage at which 

the current is 50% activated or inactivated, and k is the slope (voltage-dependence) of the 

distribution. 

2.3.6 Chemicals and drugs  

Nifedipine, NNC 55-0396, mibefradil, NiCl2, dibutyryl cyclic-AMP (db-cAMP), 

isoproterenol and buffer reagents were purchased from Sigma-Aldrich.  Forskolin was 

purchased from EMD Biosciences.  Myristoylated PKI 14-22 amide and KT5720 were 

acquired from Tocris Bioscience.  InCELLect™ AKAP St-Ht31 inhibitor peptide and 

InCELLect™ St-Ht31P control peptide were obtained from Promega. 
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2.4 Results 

This study began by monitoring whole-cell inward currents in cerebral arterial 

smooth muscle cells bathed in 1.8 mM Ca2+ or 10 mM Ba2+.  The former mimics 

physiological conditions while the latter was designed to accentuate charge flow through 

open channels (Perez-Reyes, 2003; Nikitina et al., 2007; Li et al., 2010; Harraz and 

Welsh, 2013b).  Stepping from -90 mV to voltages ranging from -50 to +40 mV (10 mV 

intervals, 300 ms each), we observed a voltage-dependent change in whole-cell current 

density.  In 1.8 mM Ca2+, peak inward current was ~6 fold less than that observed in bath 

solutions containing 10 mM Ba2+ (Fig. 2.1A).  Normalized IV-plots showed that Ba2+ 

evoked a depolarizing shift (~10-15 mV) in the IV-relationship compared to Ca2+ (Vmax, 
13.1±0.5 vs. 1.3±1.4 mV) when overall divalent cation concentration ([C2+]o) was 

maintained constant with MgCl2 (Fig. 2.1A, B).  Additionally, Ba2+ bath solutions 

significantly slowed the rate of inactivation (Fig. 2.1C).  Voltages at half-maximal 

inactivation (V50 inact) were -34 mV (Ca2+) and -15 mV (Ba2+), while values for half-

maximal activation (V50 act) were -30 mV (Ca2+) and -14 mV (Ba2+).  Fig. 2.1D depicts 

the voltage-dependencies of whole-cell currents obtained using different charge carriers 

while Mg2+ concentration is kept constant at 1.2 mM (i.e. different [C2+]o).  Normalized 

IV-plots illustrated that the Vmax values shifted in response to the intrinsic nature (Ca2+ 

versus Ba2+) and the concentration (1.8 versus 10 mM) of the charge carrier.  Voltages 

eliciting peak inward currents were (in mV): -14.9±2.1 (1.8 mM Ca2+), -0.1±1.5 (1.8 mM 

Ba2+) and +13.0±0.6 (10 mM Ba2+).  

2.4.1 Nifedipine-sensitive and -insensitive components of whole-cell Ba2+ currents 

Whole-cell inward Ba2+ current reflects simultaneous influx through L-type 

(CaV1.2) and T-type (CaV3.1/CaV3.2) Ca2+ channels, the two types present in rat cerebral 

arterial smooth muscle at the mRNA and protein levels (Kuo et al., 2010; Abd El-

Rahman et al., 2013).  To distinguish between the two general conductances, we 

monitored changes in whole-cell current in the presence of increasing concentrations of 

nifedipine, a dihydropyridine that blocks the vascular CaV1.2 splice variant with an IC50 

~10 nM (Liao et al., 2007).  As expected, nifedipine from 1-200 nM blocked the inward 
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Ba2+ current in a concentration-dependent manner.  At 200 nM, a concentration that 

should abolish CaV1.2 activity, we observed 75-80% block (Fig. 2.2A).  The IV-

relationships for the nifedipine-sensitive and -insensitive components are plotted in Fig. 

2.2B.  Normalized IV-plots for the sensitive and insensitive components showed that 

nifedipine induced a 10 mV hyperpolarized shift (Vmax, 1.9±1.3 vs. 13.4±0.5 mV; Fig. 

2.2C).  Likewise, voltage ramp experiments revealed that nifedipine-sensitive current 

displayed a rightward shift in the IV-relationship compared to control values (Vmax -

1.0±0.2 vs. 11.7±0.1 mV), a finding consistent with the isolation of a predominant 

conductance of T-type channels (Fig. 2.2D).   

Table 2.1 summarizes the effects of 200 nM nifedipine on the biophysical 

properties of voltage-gated Ca2+ channels in cerebral arterial smooth muscle cells, and 

further compares the characteristics of the isolated T-type currents to those reported in 

the literature.  Fig. 2.3A highlights that the residual current lacking sensitivity to 200 nM 

nifedipine was fully abolished by NNC 55-0396 (T-type Ca2+ channel blocker, 1 µM).  

Similar to the observation of Kuo et al. (2010), the same concentration of this presumed 

T-type channel blocker (NNC 55-0396) significantly attenuated both current components 

(L- and T-types) when applied alone (Fig. 2.3B).  The latter observation highlights the 

critical importance of applying L- and then T-type channel blockers to circumvent off-

target effects (Abd El-Rahman et al., 2013).  The temporal kinetics of NNC 55-0396 

block varied with concentration with 20 µM eliminating the whole-cell current faster than 

5 or 10 µM (Fig. 2.3C).  Off-target inhibitory effects were also observed with 5 µM 

mibefradil (Fig. 2.3D), a finding consistent with earlier reports (Nikitina et al., 2007; Kuo 

et al., 2010). 
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Figure 2.1. Ca2+ channel electrophysiological activity using Ca2+ or Ba2+ as charge 

carrier.  

(A)  Representative traces and averaged current-voltage (IV) plots of whole-cell inward 

currents obtained in Ca2+ (1.8 mM, n=5) or Ba2+ (10 mM, n=7) bath solutions.  Overall 

extracellular divalent cation concentration ([C2+]o) was kept constant by varying [MgCl2].  

Traces display channel activity at voltage steps (-30 to +30 mV); both were obtained 

from the same isolated cerebral arterial smooth muscle cell.  (B)  Normalized IV-plots of 

whole-cell currents (I/Imax) obtained in panel A, using Ca2+ (1.8 mM, red, n=5) or Ba2+ 

(10 mM, black, n=7).  Average data were fit with Equation 2 to generate the curves with 

maximal currents at 1.3±1.4 mV (Ca2+) and 13.1±0.5 mV (Ba2+).  (C)  Time-dependence 

of inactivation calculated at 5 time points following a voltage step from -90 to +10 mV. 

n=5 (Ca2+) and 7 (Ba2+).  * denotes significant difference from respective Ca2+ value.  (D)  

Representative normalized traces and averaged IV-plots of whole-cell inward currents 

obtained in 1.8 mM Ca2+, 1.8 mM or 10 mM Ba2+ bath solutions (same group, n=7, 

paired t-test).  Normalized traces (left) represent currents obtained by three voltage steps 

(-10, 0 and 10 mV). Average data were fit with Equation 2 to generate the curves and 

voltages eliciting maximal currents (Vmax, right inset).  Bath solutions employed for 

recordings in panel (D) contained identical Mg2+ concentrations (1.2 mM, i.e. different 

[C2+]o).  Experiments performed by OF Harraz. 

34 



35 



Figure 2.2. Whole-cell inward currents of voltage-gated Ca2+ channels in the 

presence and absence of nifedipine.  

(A)  Concentration-response curve and representative traces for inhibition of the whole-

cell inward Ba2+ (10 mM) current by nifedipine.  Average data were fit with Equation 1 

to generate the curve: IC50, 31.2±3.8 nM; h, 0.8±0.07; maximal inhibition, 99.1±1.9%; 

(n=4).  Inset, the concentration-response curve was double-fitted to reveal two 

components, one that is more- (black, IC50, 13 nM) and the other less-sensitive (red, IC50, 

1.5 μM) to nifedipine.  (B)  Traces and averaged effects of 200 nM nifedipine on whole-

cell Ba2+ currents evoked by steps from -90 mV to the indicated test potentials (-50 to 

+40 mV). Nifedipine-sensitive plot was obtained by offline mathematical subtraction 

(n=9).  (C)  Average normalized IV-relationship of nifedipine-sensitive (grey) and –

insensitive (red) components obtained in panel B. Data were fit with Equation 2 to 

develop curves peaking at 13.4±0.5 and 1.9±1.3 mV, respectively (n=9).  (D)  

Normalized IV-plots of whole-cell Ba2+ currents prior to (grey) or after the addition of 

200 nM nifedipine (red).  Plots were obtained using ramp protocols (-100 to +100 mV, 

0.66 mV/ms; the shown data ranges from -30 to +40 mV).  Average data were fit with 

Equation 2 to generate the curves with peak currents at 11.7±0.1 and -1.0±0.2 mV (n=7).  

Experiments performed by OF Harraz.   
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Control 
+ Nifedipine 

(200 nM) 

Arterial smooth 

muscle T-type 

channels # 

Cerebral arterial 

smooth muscle T-

type channels @ 

Vmax 
Step (mV) 12.3±0.5 1.9±1.3* -20 to +10 -25 to +20 Ramp (mV) 11.7±0.1 -1.0±0.2* 

Activation 
V50 (mV) -16.3±1.9 -25.6±2.7* -38 to -11 -38 to -11 
k 10.8±1.3 11.5±1.9 8 - 12 5 - 22 
τ  (ms) 3.3±0.2 2.4±0.3* 2 - 3 1 - 4 

Steady-state Inactivation 
V50 (mV) -16.4±0.3 -34.4±0.3* -55 to -25 -52 to -32 
k 8.7±0.3 9.1±0.2 6 - 9 8 - 12 
τ  (ms) 231±17 105±6* 22 - 35 40 - 165 

Table 2.1. Summarized biophysical properties of whole-cell Ba2+ currents in 

absence/presence of nifedipine and comparison to reported values in the literature. 

Vmax, voltage at which peak current is elicited using step or ramp voltage-protocols.  V50, 

represents half-maximal voltage of activation and steady-state inactivation.  k, slope of 

the curve, and τ, activation and inactivation time constants.  Control and nifedipine 

values of the current study were obtained using 10 mM Ba2+ as charge carrier at room 

temperature.  * denotes significant difference from respective control value.  Literature 

values (from arterial and cerebral arterial smooth muscle cells) shown as ranges.  All 

cited parameters were assessed under the following conditions: 1) Ba2+ (≥10 mM) was 

the charge carrier; 2) isolated smooth cells were held at voltages ≤ -80 mV prior to 

monitoring channel activity; and 3) T-type currents were isolated pharmacologically (as 

dihydropyridine-insensitive components) and/or electrically using different holding 

potentials.  # (Akaike et al., 1989; Wang et al., 1989; Matsuda et al., 1990; Sen et al., 

1992; Smirnov and Aaronson, 1992; Richard et al., 1992; Ohya et al., 1993; Quignard et 

al., 1997; Morita et al., 1999; 2002a; Brueggemann et al., 2005; Salemme et al., 2007; 

Smirnov et al., 2013; Chevalier et al., 2012).  @ (Simard, 1991; Wilde et al., 1994; 

Nikitina et al., 2007; 2010; Kuo et al., 2010; Abd El-Rahman et al., 2013). 
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Figure 2.3.  Whole-cell inward currents of voltage-gated Ca2+ channels in the 

presence of T-type channel blockers.  

(A)  Traces and averaged effects of 1 μM NNC 55-0396 (T-type Ca2+ channel blocker) on 

nifedipine (200 nM)-insensitive whole-cell Ba2+ currents evoked by steps from -90 mV to 

the indicated test potentials (-50 to +40 mV, n=5).  (B)  Representative traces of the 

effect of 1 μM NNC 55-0396 (~10 min incubation) alone on control whole-cell currents.  

(C)  Peak-amplitude inward currents recorded from cells before (control, black traces) 

and after NNC 55-0396 (grey traces, concentration: 5, 10 or 20 μM).  At each 

concentration, maximum currents were recorded at 4 different time points ~2-14 min post 

NNC application.  Higher concentrations elicited faster and more complete inhibition. 

(D)  Effects of 5 μM mibefradil (T-type Ca2+ channel blocker) on currents evoked by 

voltage steps (-50 to +30 mV) at 2, 4 and 8 min incubation period.  Experiments 

performed by OF Harraz. 
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Additional experiments outlined in Fig. 2.4 and conducted in the absence or 

presence of nifedipine confirmed the successful isolation of currents predominantly 

carried by T-type channels.  In the presence of nifedipine (200 nM), we observed 

hyperpolarized shifts in the voltage dependence of steady-state inactivation and to a 

lesser extent activation (V50 inact -34.4±0.3 mV, V50 act -25.6±2.7 mV) as compared to 

control (V50 inact -16.4±0.3 mV, V50 act -16.3±1.9 mV, Fig. 2.4A).  This study further 

observed that the nifedipine-insensitive T-type component: 1) inactivated faster (Fig. 

2.4B); 2) exhibited shorter time constants of inactivation at different voltage commands 

(Fig. 2.4C, D); and 3) displayed rapid activation kinetics (Fig. 2.4E).   

While our observation of a component dominated by T-type channels is consistent 

with earlier observations from arterial smooth muscle (Table. 2.1), this current 

component is rightward shifted (depolarized) compared to T-type channels in expression 

systems or non-smooth muscle tissues (Perez-Reyes, 2003).  To ascertain if this apparent 

shift is attributable to the experimental conditions, we tested the effect of different bath 

solutions (Ca2+ or Ba2+, with different [C2+]o) on the voltage-dependencies of whole-cell 

T-type currents in an expression system.  Using human embryonic kidney tsA-201 cells 

expressing human CaV3.1 (Fig. 2.5) or CaV3.2 (Fig. 2.6) channels, we observed that 

replacing 1.8 mM Ca2+ with 10 mM Ba2+ evoked sizable depolarized shifts (Δ) in the IV-

plots (hCaV3.1 ~15 mV, hCaV3.2 ~10 mV), activation (hCaV3.1 ~10 mV, hCaV3.2 ~6 

mV), and steady-state inactivation (hCaV3.1 ~18 mV, hCaV3.2 ~7 mV).  These 

observations emphasize the considerable influence that charge carriers exhibit on the 

electrical characteristics of T-type channels.  Note that nifedipine concentrations in the 

micromolar range did evoke full blockade of the whole-cell current (Fig. 2.2A); this was 

an expected result as earlier studies have reported T-type channel sensitivity to 

dihydropyridine in this concentration range (Akaike et al., 1989; Lee et al., 2006). As 

depicted in the Fig. 2.2A inset, the whole-cell Ba2+ currents consist of two components, 

one that is more (IC50 ~13 nM, L-type) and the other less-sensitive (IC50 ~1.5 μM, T-

type) to nifedipine.  

While past studies have reported a T-type conductance in vascular smooth muscle 

(Kuo et al., 2010; Abd El-Rahman et al., 2013), they have not attempted to distinguish 
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between the two constituent subtypes (i.e. CaV3.1 and CaV3.2).  In cardiac and neuronal 

studies, separation is routinely achieved by exploiting the differential sensitivity of 

CaV3.1 and CaV3.2 channels to Ni2+ (Niwa et al., 2004; Autret et al., 2005).  In particular, 

the IC50 for CaV3.2 is as low as 12 μM whereas 20-fold higher concentration is required 

to achieve 50% block of CaV3.1 (IC50 250 μM, Lee et al., 1999).  Using 50 μM Ni2+, a 

concentration that preferentially blocks CaV3.2 channels, we observed a partial 

suppression (~50-60%) of nifedipine-insensitive T-type current.  The residual 

conductance, presumably CaV3.1, was completely abolished with 1 mM Ni2+ (Fig. 2.7A).  

Altering the order of agent application (Fig. 2.7B) similarly resolved the CaV3.2, CaV1.2 

and CaV3.1 components of the whole cell Ba2+ current in cerebral arterial smooth muscle 

cells.  

2.4.2 PKA regulation of T-type Ca2+ channels 

We next determined whether T-type Ca2+ channels are modulated by protein 

kinases.  In particular, we tested the potential regulatory role of PKA, a signaling 

pathway that limits the global rise in [Ca2+]i and induces vasodilatation.  Direct activation 

of the PKA pathway using db-cAMP (200 μM, cell-permeable cAMP derivative) 

inhibited the currents predominantly carried by T-type channels.  Over a comparable time 

frame, control experiments revealed no significant changes in T-type current amplitude 

(Fig. 2.8A), an observation similar to earlier reports that T-type currents are rundown-

resistant in isolated vascular smooth muscle (Wang et al., 1989; Morita et al., 2002a; 

2002b).  Indirect PKA modulation through the upstream activation of adenylyl cyclase 

and subsequent accumulation of endogenous cAMP (1 μM forskolin, Fig. 2.8A) or the β-

adrenergic receptor (1 μM isoproterenol, Fig. 2.8B) also suppressed T-type currents.  

Forskolin-mediated inhibition reached a plateau ~15-20 minutes post-incubation (Fig. 

2.8C), and was partially washable (Fig. 2.8D).  Consistent with an inhibitory effect, 

forskolin induced a hyperpolarized shift in the voltage dependence of steady-state 

inactivation (V50 inact, -46.7±0.7 vs. -37.6±0.5 mV), but not activation (V50 act, -23.6±1.9 

vs. -22.3±3.5 mV, Fig. 2.8E).  Note that PKA-induced suppression of T-type current 

amplitude ranged between 50 to 70%. 
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Figure 2.4. Electrophysiological characteristics of the whole cell Ba2+ current in the 

presence and absence of nifedipine.  

(A)  Average effects of nifedipine (200 nM) on voltage-dependence of steady-state 

inactivation and activation.  For steady-state inactivation, currents were recorded at 10 

mV after pre-pulses (1.5 s, from -70 to +10 mV).  Average normalized data (%I/Imax) 

were fit with Equation 4: control, V50 inact, -16.4±0.3 mV; k, 8.7±0.3; nifedipine, V50 inact, -

34.4±0.3 mV; k, 9.1±0.2 (n=9).  For activation, data were collected from isochronal tail 

currents evoked by hyperpolarizing test pulses at -90 mV post voltage commands (-80 to 

40 mV) where the amplitude of the tail current is a measure of the conductance activated 

during the preceding pulse.  Average normalized data were fit (Equation 3): control, V50 

act, -16.3±1.9 mV; k, 10.8±1.3; nifedipine, V50 act, -25.6±2.7 mV; k, 11.5±1.9 (n=9).  (B)  

Time-dependence of inactivation calculated at time points following a voltage step from -

90 to 10 mV (n=7). Steady-state inactivation was achieved at ~1200 ms.  * denotes 

significant difference from respective control.  (C)  Averaged effects of nifedipine on the 

kinetics of voltage-dependent inactivation (time constants, τ) calculated from single 

exponential fits of inactivating currents at voltage steps -30 to +10 mV (n=7). (D) 

Inactivation time constants (τ at 10 mV) of control, nifedipine-sensitive and -insensitive 

currents (n=6).  (E)  Comparison of activation time constants of nifedipine-sensitive and -

insensitive components calculated from standard exponential fitting at 10 mV (n=9).  

Experiments performed by OF Harraz. 
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Figure 2.5. Effect of different charge carriers on hCaV3.1 currents in tsA-201 cells. 

(A) Normalized IV-plots of whole-cell hCaV3.1 channel activity in bath solutions 

containing: 1.8 mM Ca2+, 1.8, 10, 50 or 110 mM Ba2+ as charge carriers (n=7).  Plots 

were obtained using voltage step protocols, currents were evoked by stepping from -90 

mV to the indicated test potentials (-90 to +80 mV).  Average data were fit with Equation 

2 to generate the curves with maximal currents at Vmax values indicated in the left inset. 

Right inset illustrates normalized IV plots obtained by ramp protocols (-100 to +100 mV, 

0.66 mV/ms) from one representative cell using different charge carriers.  (B, C) 

Voltage-dependence of activation and steady-state inactivation of hCaV3.1 channels using 

different charge carriers.  Average normalized data (%I/Imax) were fit with Equation 4 to 

generate curves.  For steady-state inactivation, test currents were recorded at -20 mV 

after pre-pulses lasting 3 s to potentials from -90 to +60 mV.  Insets (in B and C) 

illustrate V50 values for activation and/or steady-state inactivation.  Experiments 

performed by OF Harraz.  
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Figure 2.6. Effect of different charge carriers on hCaV3.2 currents in tsA-201 cells.  

(A) Normalized IV-plots of whole-cell hCaV3.2 channel activity in bath solutions 

containing 1.8 mM Ca2+, 1.8, 10, 50 or 110 mM Ba2+ as charge carriers (n=6).  Plots were 

obtained using voltage step protocols, currents were evoked by stepping from -90 mV to 

the indicated test potentials (-90 to +80 mV).  Average data were fit with Equation 2 to 

generate the curves with maximal currents at Vmax values indicated in the left inset.  Right 

inset illustrates normalized IV plots obtained by ramp protocols (-100 to +100mV, 0.66 

mV/ms) from one representative cell using different charge carriers.  (B, C)  Voltage-

dependence of activation and steady-state inactivation of hCaV3.2 channels using 

different charge carriers. Average normalized data (%I/Imax) were fit with Equation 4 to 

generate curves.  For steady-state inactivation, test currents were recorded at -20 mV 

after pre-pulses lasting 3 s to potentials from -90 to +60 mV. Insets (in B and C) illustrate 

V50 values for activation and/or steady-state inactivation.  Experiments performed by OF 

Harraz. 
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Figure 2.7.  Delineation of the nifedipine-insensitive component using Ni2+. 

(A)  Representative traces and IV-plots (n=7) showing the whole-cell control Ba2+ current 

in the absence (control) or cumulative addition of nifedipine (CaV1.2 blocker, 200 nM), 

Ni2+  (CaV3.2 blocker, 50 μM) and Ni2+  (1 mM).  (B)  Representative traces and IV-plots 

(n=6) showing the whole-cell control Ba2+ current in the absence (control) or cumulative 

addition of Ni2+  (50 μM), nifedipine (200 nM) and Ni2+  (1 mM).  Experiments 

performed by OF Harraz.  
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Figure 2.8. Effects of PKA-activation on T-type Ca2+ channel currents. 

(A)  Peak current density (pA/pF) of nifedipine-insensitive T-type current at different 

time points under control conditions (n=6) or in cells treated with db-cAMP (cAMP 

analog, 200 µM, n=7) or forskolin (adenylyl cyclase activator, 1 µM, n=7).  Peak currents 

(Imax) were assessed every 5 minutes for 15 minutes post-treatment.  Insets represent 

representative traces of peak T-type currents before (control) and 15 min post-treatment 

with db-cAMP or forskolin.  (B)  Peak current density of the T-type current at different 

time points under control conditions (n=6) or after treatment with isoproterenol (β-

adrenergic receptor agonist, 1 µM, n=6).  * denotes significant difference from respective 

zero-time control value.  (C)  Representative time-course changes in peak current (pA) 

before and 25 min after forskolin (1 µM) addition.  (D)  Time-course changes in 

normalized peak current (I/Imax) in two groups of cells.  The first group was subjected to 1 

µM forskolin for 15 min (black, n=7) while the second to forskolin (10 min) and a 5 min 

wash period (red, n=5).  * denotes significant difference from respective time point.  (E)  

Voltage-dependence of activation and steady state inactivation of T-type channels before 

(control, black) and after treatment with 1 µM forskolin (red, n=5).  Experiments 

performed by OF Harraz.  

  

49 



 

We subsequently investigated the effects of PKA inhibitors, PKI 14-22 (1 μM, 

binds to PKA catalytic subunit thereby displacing the regulatory subunit) or KT5720 (1 

μM, competitive inhibitor of ATP thereby rendering the catalytic subunit inactive) on T-

type Ca2+ channels.  Under basal conditions, neither inhibitor altered peak inward Ba2+ 

current or the voltage-dependence of inactivation/activation (Fig. 2.9A, B).  Pre-

incubation with the PKA inhibitor KT5720 did, however, limit the ability of forskolin to 

suppress the nifedipine-insensitive T-type current (Fig. 2.9C, D).  Interrupting 

PKA/AKAP interaction with stHt31 (10 µM) similarly prevented forskolin from 

mediating current suppression.  Forskolin-induced T-type inhibition was, however, 

unaffected in smooth muscle cells pre-incubated with stHt31P (10 µM), the control 

inactive peptide (Fig. 2.9E, F).   

In a final set of experiments, Ni2+ was used to determine whether PKA signaling 

preferentially targets CaV3.1 and/or CaV3.2 channels.  In greater detail, we first 

suppressed the T-type current with db-cAMP or forskolin and then determined whether 

50 μM Ni2+ (CaV.3.2 blocker) could eliminate the remaining inward Ba2+ current.  

Representative traces in Fig. 2.10A revealed that following PKA-induced suppression, 

the residual T-type current displayed insensitivity to Ni2+.  This insensitivity is 

particularly evident in Fig. 2.10B where summary data highlight that Ni2+-induced 

suppression of the T-type current dropped from ~55% in control cells to ~6% in cells pre-

treated with PKA activators.  The lack of a Ni2+ (50 μM) effect was further noted in Fig. 

2.10C, in which this divalent cation was added 10 minutes post-forskolin treatment.  

Overall, these findings support the view that PKA signaling selectively targets CaV3.2 

rather than CaV3.1 channels.  
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Figure 2.9. Effects of PKA inhibitors and PKA-AKAP interruption on the T-type 

Ca2+ channel currents. 

(A)  Peak current density of T-type Ba2+ currents at different time points under control 

conditions (n=6) or in cells pretreated with PKA inhibitors PKI 14-22 (1 µM, n=5) or 

KT5720 (1 µM, n=6).  Inset traces represent control and 15 min after treatment.  “n.s.” 

denotes not significantly different from respective zero-time value.  (B)  Voltage-

dependence of activation and steady state inactivation of T-type conductance in the 

absence (black) and presence of KT5720 (1 µM, red, n=6).  (C)  Pre-treatment with 

KT5720 significantly attenuated forskolin-mediated suppression of peak T-type currents 

(n=5).  “n.s.” and * denote not significant and significant difference, respectively, from 

zero-time value.  (D)  Time-course changes in peak current before and after forskolin (1 

µM) treatment in a control cell and a cell pre-incubated with KT5720 (1 µM).  (E)  Peak 

current density of the T-type current at different time points under control conditions or 

following treatment with 1) stHt31 (10 µM)+forskolin (1 µM) or 2) stHt31P (10 

µM)+forskolin (n=5-7).  “n.s.” and * denote not significant and significant difference, 

respectively, from zero-time value.  Inset traces represent control and 15 min after 

treatment.  (F)  Time-course changes in peak current before and after forskolin in two 

cells pre-treated with the stHt31 inhibitor peptide or the stHt31P control peptide.  

Experiments performed by OF Harraz. 
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Figure 2.10. PKA-signaling preferentially inhibits CaV3.2 channels. 

(A)  Representative traces and summary data highlighting the effects of 50 µM Ni2+ 

(selective CaV3.2 blocker) on the T-type current when applied 15 min after db-cAMP 

(200 µM, n=5) or forskolin (1 µM, n=5).  “n.s.” and * denote not significant and 

significant difference, respectively.  (B)  Percent Ni2+-induced inhibition of T-type 

channels under control conditions (n=8), or in cells pre-treated with db-cAMP (200 µM, 

n=5), or forskolin (1 µM, n=5).  (C)  Time-course changes in peak T-type current in cells 

treated with forskolin (black, n=4) or with forskolin followed by Ni2+ (red, Ni2+ was 

applied on top of forskolin for 10 min, n=6).  Experiments performed by OF Harraz. 
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2.5 Discussion 

The present study delineated cerebral arterial T-type Ca2+ channels, investigated 

their electrophysiological properties, and tested whether this conductance is a target for 

regulation.  Patch clamp electrophysiology revealed that whole-cell Ba2+ currents, in rat 

cerebral arterial smooth muscle, could be divided into nifedipine-sensitive and -

insensitive components.  The latter displayed hyperpolarized IV-plots, inactivation and 

activation characteristics reminiscent of T-type Ca2+ channels.  We further subdivided the 

nifedipine-insensitive T-type current into CaV3.1 and CaV3.2 sub-components based on 

their differential sensitivity to Ni2+.  This study subsequently showed, for the first time, 

that T-type channels are targets to PKA signaling modulation.  Particularly, PKA 

stimulation suppressed T-type activity; this suppression was absent when smooth muscle 

cells were pretreated with PKA inhibitors.  Using Ni2+ to ascertain T-type channel 

subtype(s) suppressed by PKA, we observed preferential CaV3.2 inhibition.  In summary, 

this study demonstrated that T-type Ca2+ channels can be electrically isolated, subdivided 

and are negatively targeted by cerebral vasodilatory signaling pathways.   

2.5.1 Background  

Voltage-gated Ca2+ channels are classically divided, based on their activation 

properties, into high- and low-voltage activated families.  The high-voltage activated 

channels operate at more depolarized potentials and this family encompasses the L-, P/Q, 

N- and R-types.  In comparison, the low-voltage activated family activates at more 

hyperpolarized potentials and T-type channels are the sole members (Catterall, 2011).  

Past studies have established that L-type CaV1.2 channels function as the primary Ca2+ 

influx route in cerebral arterial smooth muscle (Knot and Nelson, 1998; Bannister et al., 

2009).  While important to tone development, recent reports have noted that two T-type 

Ca2+ channels are additionally expressed at the mRNA and protein levels in cerebral 

arterial smooth muscle (Kuo et al., 2010; Abd El-Rahman et al., 2013).   They 

specifically include the α1 subunits of CaV3.1 and CaV3.2.  The “T” denotes the 

“transient” nature of single channel openings (Perez-Reyes, 2003), and compared to L-

type, these channels display faster activation/inactivation characteristics.  Past 

examinations of T-type channels in cerebral arterial smooth muscle have not extended 
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beyond the isolation of a whole-cell conductance despite the known presence of both 

CaV3.1 and CaV3.2 (Kuo et al., 2010; Abd El-Rahman et al., 2013; Harraz and Welsh, 

2013b).  Additionally, studies have yet to determine if these channels are targets of 

regulation, particularly by protein kinases known to influence arterial tone development.  

2.5.2 Inward current and the isolation of T-type conductances 

We began this examination of T-type channels in rat cerebral arterial smooth 

muscle cells by first documenting inward Ca2+ current in bath solutions retaining 

physiological concentrations of Ca2+.  In keeping with past investigations (Nikitina et al., 

2007; Kuo et al., 2010), this inward current, which reflects the activity of both L- and T-

type channels, displayed voltage-dependent activation and a V50 of activation and steady-

state inactivation of -30 mV and -34 mV, respectively.  As peak inward current was <2.0 

pA/pF, 1.8 mM Ca2+ was subsequently replaced with 10 mM Ba2+ to augment current 

magnitude and thus facilitate our ability to isolate and characterize the L- and T-type 

components.  Voltage-dependent inward currents increased to ~6-8 pA/pF as a result of 

the elevated electrochemical driving force (for the L- and T-type) and the enhanced 

ability of Ba2+ (2-3 fold) to permeate L-type channels (Perez-Reyes, 2003; Li et al., 

2010).  While our Ba2+ based solution amplified the whole-cell current, it also altered the 

voltage-dependent properties of this inward conductance.  Of particular note was the 

rightward shift in the IV-plot, an effect that results from: 1) surface charge screening 

attributed to the overall extracellular divalent cation concentration ([C2+]o) (Perez-Reyes, 

2003); and 2) the intrinsic properties of Ba2+.  Our data emphasize that both factors 

contribute additively to the observed depolarized shift.  Note that Ba2+-based solutions 

also slowed the rate of inactivation, a finding consistent with the loss of Ca2+-dependent 

inactivation of the L-type channels (Nikitina et al., 2007).  

In studies of vascular smooth muscle, investigators have typically employed 

dihydropyridines to distinguish between T- and L- type currents (Morita et al., 2002a; 

Nikitina et al., 2007; Kuo et al., 2010; Abd El-Rahman et al., 2013; Smirnov et al., 2013).  

Nifedipine is the agent of choice as it blocks the smooth muscle variant of the L-type 

channels (IC50 ~10 nM) at concentrations that do not interfere with T-type activity 

(Akaike et al., 1989; Liao et al., 2007).  When this study employed nifedipine at 
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concentrations 10-20 fold above the IC50, a concentration that should abolish CaV1.2 

activity, we observed ~75-80% reduction in the whole-cell Ba2+ current.  To verify that 

this dihydropyridine-insensitive current represented T-type activity, biophysical and 

pharmacological lines of evidence were provided.  First, step and ramp protocols revealed 

that the residual current (in the presence of 200 nM nifedipine) displayed a leftward 

shifted IV-relationship.  Next, the nifedipine-insensitive component was fully blocked by 

T-type Ca2+ channel inhibitors (Nikitina et al., 2007; Kuo et al., 2010).  Off target effects, 

however, do impact on the interpretational value of these pharmacological experiments.  

Finally, Fig. 2.4 additionally showed that this proposed T-type component exhibited: 1) a 

hyperpolarized shift in steady-state inactivation and activation; and 2) rates of 

activation/inactivation that were consistently faster than the nifedipine-sensitive 

component.  It should be noted that while the electrophysiological characteristics of the 

T-type current in this study were similar to earlier reports in arterial smooth muscle 

(Nikitina et al., 2007; Kuo et al., 2010, Table. 2.1), these properties are rightward shifted 

compared to T-type channels in other cell types and expression systems (Perez-Reyes, 

2003).  These shifts may be attributed to different T-type splice variants, the cellular 

model (native cells versus expression systems), and to the experimental conditions/charge 

carriers employed.  The latter was explored in detail and showed to play a profound role 

in shifting the voltage-dependency of T-type channels.  Interestingly, the whole-cell Ba2+ 

current could be abolished by nifedipine if concentrations were elevated into the 

micromolar range, ~500-5000X above the IC50 for CaV1.2.  This observation was 

expected, as past studies have documented that T-type Ca2+ channels are sensitive to this 

dihydropyridine in this elevated micromolar concentration range (Akaike et al., 1989; 

Lee et al., 2006).    

This study and previous investigations have shown that nifedipine-insensitive 

currents, comparable to those in the preceding paragraph, are blocked by broad spectrum 

T-type inhibitors such as mibefradil, NNC 55-0396, efonidipine and kurtoxin (Kuo et al., 

2010; Abd El-Rahman et al., 2013).  While such findings are important, vascular studies 

have yet to distinguish between the T-type conductances (i.e. CaV3.1 or CaV3.2).  One 

means of delineation is to employ a blocker like Ni2+, whose IC50 for CaV3.2 (12 μM) is 
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20 fold lower than that for CaV3.1 (250 μM) (Lee et al., 1999).  Using a Ni2+ 

concentration (50 μM) sufficient to selectively target CaV3.2 channels, we observed 

~60% reduction in the nifedipine-insensitive conductance.  The residual current, which 

presumably reflects the remaining CaV3.1 channels, was subsequently eliminated in the 

presence of 1 mM Ni2+.  Although this study is the first in vascular smooth muscle to 

exploit Ni2+ sensitivity, this approach has been used extensively in heart and brain to not 

only distinguish between T-type conductances but to ascertain which T-subtypes are 

targets of cellular regulation (Niwa et al., 2004; Autret et al., 2005).   

2.5.3 Protein kinase regulation of voltage-gated Ca2+ channels  

Past work conducted in cardiac and neuronal tissues has consistently shown that 

T-type Ca2+ channels are a rich target for protein kinase regulation (Li et al., 2012; 

Sekiguchi et al., 2013).  Of particular note is the reported ability of PKA through receptor 

stimulation to selectively augment CaV3.1 or CaV3.2 activity in a tissue-dependent 

manner (Li et al., 2012; Sekiguchi et al., 2013).  In vascular smooth muscle, PKA 

signaling plays a prominent role in enabling vasodilation through mechanisms involving 

reductions in cytosolic [Ca2+].  Intriguingly, such observations suggest that if PKA targets 

vascular T-type conductances, the regulatory effect is more likely to be inhibitory rather 

than stimulatory.  It was within this context that we examined possible PKA-mediated 

regulation of the T-type conductance in rat cerebral arterial smooth muscle cells.  

Overall, we present two sets of observations showing that PKA signaling is inhibitory in 

this tissue type.  First, direct activation of PKA via a cell-permeable cAMP derivative 

reduced the nifedipine-insensitive T-type inward current by ~60% over a 15-min 

incubation period.  Second, upstream accumulation of cAMP induced by adenylyl 

cyclase or β-adrenergic receptor stimulation, elicited a similar suppression of current 

amplitude.  Additional experiments confirmed that T-type inhibition was masked by pre-

incubating cells with a PKA inhibitor.  This control experiment is important in that it: 1) 

addresses the target specificity of positive modulators such as forskolin; and 2) indicates 

that T-type channels are not subject to PKA regulatory control under basal conditions.   

Recent literature has noted that PKA modulation of voltage-gated Ca2+ channels 

occurs discretely within compartmentalized signaling domains (Fuller et al., 2010; 
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Sekiguchi et al., 2013).  Compartmentalization of PKA signaling is achieved through A-

kinase anchoring proteins (AKAP), scaffolding elements that bring PKA in close 

proximity to end targets such as neuronal CaV3.2 (Sekiguchi et al., 2013) or cardiac 

CaV1.2 (Fuller et al., 2010) channels.  In this study, we tested for a role of AKAP by 

introducing stHt31, a peptide inhibitor that interrupts PKA/AKAP co-association.  

Consistent with a critical AKAP function, the inclusion of stHt31 but not stHt31P 

(inactive analog) masked PKA-mediated inhibition.  The preceding findings garner 

greater significance when placed in context with the final set of experiments (Fig. 2.10) 

showing that in the presence of PKA activators, Ni2+-induced suppression of the T-type 

conductance is absent.  Together, these findings indicate that PKA is not permissively 

affecting all T-type Ca2+ channels, but instead targets CaV3.2 subtype with the aid of 

AKAP.   

Further work is required to mechanistically ascertain how PKA could on the one 

hand suppress vascular T-type channels but augment the same general conductance in 

neuronal and cardiac tissue.  Perhaps this variance is attributable to tissue-specific splice 

variants and the subtle changes in protein structure/function that arise from genetic 

coding alterations.  More specifically, alternative splicing could be eliminating and/or 

introducing new phosphorylation sites.  It might also modify PKA access to already 

existing sites of regulation.   

2.5.4 Functional implications 

Past studies including our own have argued that T-type Ca2+ channels play a role 

in setting arterial tone within the cerebral circulation (Kuo et al., 2010; Abd El-Rahman, 

2013).  Of particular note are reports that T-type Ca2+ channels retain an ability to drive 

myogenic tone at low intravascular pressures where vessels are hyperpolarized (Abd El-

Rahman et al., 2013).  In theory, Ca2+ influx through T-type Ca2+ channels could set 

arterial tone through one of two general mechanisms (Harraz and Welsh, 2013b).  First, it 

could play a “direct” role in elevating the global concentration of cytosolic Ca2+.  Such a 

rise would enhance tone development by augmenting myosin phosphorylation, a process 

tightly controlled by myosin light chain kinase and phosphatase (Gallagher et al., 1997; 

Cole and Welsh, 2011).  The second possible mechanism focuses on a more “indirect” 
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role whereby Ca2+ influx through T-type channels may locally regulate Ca2+-sensitive 

conductances that influence steady-state membrane potential.  Prospective targets 

include, but are not limited to, Ca2+-activated transient receptor potential (e.g. TRPM4) or 

Ca2+-activated chloride (e.g. TMEM16A) channels, both of which have been linked to 

pressure-induced depolarization (Earley et al., 2004; Bulley et al., 2012).  Irrespective of 

which mechanism dominates, PKA-induced suppression of T-type conductance would 

arguably attenuate tone development in rat cerebral arteries.  

2.5.5 Summary 

In summary, the present study isolated T-type Ca2+ channels in cerebral arteries, 

investigated their electrophysiological properties, and tested whether these channels are a 

target for PKA regulation.  Using patch clamp electrophysiology, we delineated a whole-

cell current that was insensitive to nifedipine, sensitive to T-type blockers, and displayed 

characteristics reminiscent of T-type Ca2+ channels.  This T-type conductance was 

subdivided into CaV3.1 and CaV3.2 sub-components based on differential Ni2+ sensitivity.  

Subsequently, we show for the first time that one subtype of T-type channels (CaV3.2) is 

a target of PKA-induced suppression.  This selective targeting may implicate 

CaV3.2/PKA signaling in controlling smooth muscle function through direct control of 

cytosolic [Ca2+] or indirect modulation of membrane potential. 
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Chapter Three: Nitric oxide suppresses vascular voltage-gated T-type Ca2+ channels 

through cGMP/PKG signaling  

3.1 Abstract 

Recent reports have noted that T-type Ca2+ channels (CaV3.x) are expressed in 

vascular smooth muscle and are potential targets of regulation. In this study, we 

examined whether and by what mechanism nitric oxide (NO), a key vasodilator, 

influences this conductance. Using patch clamp electrophysiology and rat cerebral 

arterial smooth muscle cells, we monitored an inward Ba2+ current that was divisible into 

a nifedipine-sensitive and -insensitive component. The latter was abolished by T-type 

channel blocker and displayed classic T-type properties including faster activation and 

steady-state inactivation at hyperpolarized potentials. NO donors (SNP, SNAP), along 

with activators of protein kinase G (PKG) signaling, suppressed T-type currents. 

Inhibitors of guanylyl cyclase/PKG (ODQ and KT5823, respectively) had no effect on 

basal currents; KT5823 did however mask T-type Ca2+ channel current inhibition by 

NO/PKG.  Functional experiments confirmed an inhibitory effect for NO on the T-type 

contribution to cerebral arterial myogenic tone. Cumulatively, our findings support the 

view that T-type Ca2+ channels are a regulatory target of vasodilatory signaling pathways. 

This targeting will influence Ca2+ dynamics and consequent tone development in the 

cerebral circulation. 
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3.2 Introduction 

Arterial tone is regulated by multiple stimuli including tissue metabolism (Filosa 

et al., 2006), humoral/neural agents (Brayden and Bevan, 1985; Furchgott and Zawadzki, 

1980), and intravascular pressure (Knot and Nelson, 1998).  These stimuli influence 

vasomotor activity in part by altering cytosolic [Ca2+] in arterial smooth muscle cells 

(Cole and Welsh, 2011).  Cytosolic [Ca2+] is primarily set by resting membrane potential 

and steady-state Ca2+ influx through voltage-gated Ca2+ channels (Knot and Nelson, 

1998; Welsh et al., 2002).  While L-type Ca2+ channel expression predominates 

(Bannister et al., 2009; Knot and Nelson, 1998), recent studies have noted that T-type 

Ca2+ channels are additionally present.  Of particular note, the T-type conductance is 

thought to influence arterial diameter when vessels sit at more hyperpolarized potentials 

(Abd El-Rahman et al., 2013).  There are three subtypes of T-type Ca2+ channels and in 

rat cerebral vascular smooth muscle both CaV3.1 and CaV3.2 are expressed (Abd El-

Rahman et al., 2013).  Intriguingly, a recent electrophysiological assessment has noted 

that vascular T-type Ca2+ channels are a target of regulation, with PKA signaling being 

specifically shown to suppress this conductance (Harraz and Welsh, 2013a).  In light of 

these findings and earlier studies, it is conceived that other vasodilatory pathways 

including those linked to nitric oxide (NO) may also inhibit vascular T-type Ca2+ 

channels (Howitt et al., 2013).  Such inhibition could, in theory, be mediated through 

classical cGMP/PKG signaling (Quignard et al., 1997), S-nitrosylation (Lee et al., 2013), 

or oxidative stress (Howitt et al., 2013).   

The goal of this study was to determine whether T-type Ca2+ channels are 

regulatory targets of NO in cerebral arteries.  Using electrophysiology and smooth 

muscle cells from rat cerebral arteries, we report for the first time that vascular T-type 

currents are directly targeted and suppressed by NO.  Pressure myography confirmed that 

NO application limits T-type contribution to myogenic tone.  Subsequent work revealed 

that NO-induced suppression was mediated through the classical PKG signaling cascade.  

In closing, this suppressive ability of NO on the T-type conductance is thought to 

facilitate cerebral vasodilation either directly by restraining Ca2+ entry through the T-type 

pores or indirectly by altering membrane potential regulation (Harraz and Welsh, 2013b).  
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3.3 Materials and methods 

3.3.1 Animal procedures and cell isolation  

Animal procedures were approved by the Animal Care Committee at the 

University of Calgary.  Briefly, female Sprague-Dawley rats (10–12 weeks of age) were 

euthanized by CO2 asphyxiation.  Brains were removed, placed in cold phosphate-

buffered saline (pH 7.4) and the middle/posterior cerebral arteries were dissected free of 

surrounding tissues.  Smooth muscle cells were enzymatically isolated as previously 

described (Anfinogenova et al., 2011).  Briefly, arterial segments (~2 mm in length) were 

placed in a medium (37°C, 10 min) containing (in mM): 60 NaCl, 80 Na+ glutamate, 5 

KCl, 2 MgCl2, 10 glucose and 10 HEPES with 1 mg/ml albumin (pH 7.4).  Vessels were 

then exposed to a two-step enzymatic digestion: 1) 15 min incubation in medium (37°C) 

containing 0.5 mg/ml papain and 1.5 mg/ml dithioerythritol; and 2) 10 min incubation in 

medium containing 100 μM Ca2+, 0.7 mg/ml type-F collagenase and 0.4 mg/ml type-H 

collagenase.  Tissues were washed and triturated; liberated cells were stored on ice for 

use within ~6 hours.  

3.3.2 Electrophysiology 

Conventional patch-clamp electrophysiology was used to monitor whole-cell 

currents in isolated smooth muscle cells as reported earlier (Harraz and Welsh, 2013a).  

Recording electrodes (5-8 MΩ) were pulled from borosilicate glass microcapillary tubes 

(Sutter Instruments, USA) using a micropipette puller (Narishige PP-830, Japan), and 

backfilled with pipette solution (in mM): 135 CsCl, 5 Mg-ATP, 10 HEPES, and 10 

EGTA (pH 7.2).  Cells were voltage-clamped and equilibrated in bath solution (in mM): 

110 NaCl, 1 CsCl, 10 BaCl2, 1.2 MgCl2, 10 glucose, and 10 HEPES (pH 7.4).  A NaCl-

agar bridge was used between the reference electrode and the bath solution.  Whole-cell 

currents were recorded using an Axopatch 200B patch-clamp amplifier (Axon 

Instruments, USA), filtered at 1 kHz, digitized at 5 kHz, and were stored on a computer 

for offline analysis with Clampfit 10.3 software (Axon Instruments, USA).  Whole-cell 

capacitance averaged 13-17 pF and all electrophysiological experiments were performed 

at room temperature (~22oC).  
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To record whole-cell currents, isolated cells held at -60 mV were exposed to a 

pre-pulse (-90 mV, 200 ms) and then voltage steps ranging from -50 to +40 mV (10 mV 

intervals, 300 ms).  Current-voltage (IV) relationships were plotted either as peak current 

(pA) or current density (pA/pF), or as normalized currents (I/Imax).  Time constants (τ) of 

activation, inactivation and deactivation were obtained using Clampfit 10.3 software by 

standard exponential fitting of the activating, inactivating and deactivating segments, 

respectively (Harraz and Welsh, 2013a).  For activation time constants, the downward 

segment (from 0 pA to peak at 10 mV) was fitted. To calculate τinactivation, the inactivating 

segment (50 ms) at 10 mV was exponentially fitted.  Deactivating tail currents were 

elicited by hyperpolarization from +10 to -60 mV to obtain deactivation time constants.  

Voltage-dependence of steady-state inactivation was assessed by the protocol: 1) pre-

pulse to -90 mV, 2) stepping from -70 to 20 mV (10 mV intervals, 1.5 s each), 3) brief 

hyperpolarizing step (-90 mV, 10 ms), and 4) test pulse of 10 mV (200 ms).  Currents 

elicited by test pulse were normalized to maximal current (I/Imax).  To assess the voltage-

dependence of activation, isochronal tail currents were monitored.  In particular, cells 

held at -60 mV were pre-pulsed to -90 mV (300 ms), followed by voltage steps (-80 to 40 

mV, 50 ms) and a test pulse (-90 mV, 200 ms) to evoke tail currents.   

3.3.3 Experimental protocols 

Voltage protocols were run on isolated cells bathed in solutions containing 10 

mM Ba2+.  Consistent with past investigations, nifedipine (200 nM) was used to abolish 

L-type Ca2+ channel activity (Harraz and Welsh, 2013a; Liao et al., 2007).  The residual 

“T-type” currents were subsequently monitored in the absence (control) and presence of: 

1) NNC 55-0396 (T-type blocker, 1 µM); 2) sodium nitroprusside (SNP, 10 µM); 3) S-

nitroso-N-acetyl-dl-penicillamine (SNAP, 10 µM); 4) dibutyryl cyclic-GMP (db-cGMP, 

100 µM); 5) KT5823 (PKG inhibitor, 1 µM) or 5) ODQ (guanylyl cyclase inhibitor, 30 

µM).  The SNAP- and db-GMP-mediated modulation of T-type Ca2+ channels was also 

assessed in cells pre-treated with KT5823.    

3.3.4 Pressurized vessel myography 

Endothelial denuded cerebral arteries were mounted in a customized arteriograph 

and superfused with warm (37oC) physiological saline solution (PSS) as previously 
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described (Abd El-Rahman et al., 2013).  External diameter was monitored using an 

automated edge detection system (IonOptix, MA, USA). Following equilibration, 

intravascular pressure was increased incrementally from 15 to 50 mmHg and then arteries 

were superfused with 200 nM nifedipine.  The dilatory response to NNC 55-0396 was 

then monitored in the absence or presence of SNAP (10 µM). Each protocol was 

followed by the addition of a Ca2+-free PSS (zero externally added Ca2+ + 2 mM EGTA).   

3.3.5 Statistical analysis 

Data are expressed as means ± S.E.M., and n indicates the number of cells or 

vessels.  Paired or unpaired t-tests were performed, where appropriate, to compare the 

effects of treatment on whole-cell current.  *P values ˂ 0.05 were considered statistically 

significant.  Averaged current-voltage relationships were fitted to the following peak 

Gaussian function: I(V) = Imax*exp[-0.5{(V-Vmax)/b}2] (Equation 1), where Imax is peak 

current (I), Vmax is V at Imax, and b is the slope of the distribution.  The voltage 

dependencies of activation and steady-state inactivation were described with single 

Boltzmann distributions of the following forms: Activation: I(V) = Imax/(1+exp[-(V-

V50)/k]) (Equation 2), Inactivation: I(V) = Imax/(1+exp[(V - V50)/k]) (Equation 3), where 

Imax is the maximal activatable current, V50 is the voltage at which the current is 50% 

activated or inactivated, and k is the slope (voltage-dependence) of the distribution. 

3.3.6 Chemicals and drugs  

Nifedipine, NNC 55-0396, SNP, EGTA and buffer reagents were purchased from 

Sigma-Aldrich. Dibutyryl cyclic-GMP and SNAP were obtained from Enzo Life 

Sciences and Invitrogen, respectively. ODQ and KT5823 were acquired from Tocris 

Bioscience and Calbiochem, respectively. 
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3.4 Results and Discussion 

3.4.1 Isolation of the T-type conductance in cerebral arterial smooth muscle 

Using arterial smooth muscle cells isolated from rat cerebral arteries, we started 

with monitoring whole-cell currents.  To augment charge flow through L-type (CaV1.2) 

and T-type (CaV3.1/CaV3.2) channels, this study monitored whole-cell currents in 10 mM 

Ba2+ (Harraz and Welsh, 2013a).  In the presence of this charge carrier, a robust voltage-

dependent inward current was observed (Fig. 3.1A).  Subsequent addition of 200 nM 

nifedipine, a dihydropyridine that blocks the vascular CaV1.2 splice variant with an IC50 

~10-15 nM (Harraz and Welsh, 2013a; Liao et al., 2007), reduced the whole-cell 

conductance by 75%.  This dihydropyridine-mediated reduction has been shown earlier to 

arise from abolition of L-type current while exerting a negligible effect, if any, on T-type 

channels (Harraz and Welsh, 2013a).  Note that different pre-pulse voltages of -90 and -

30 mV were not successful in resolving low and high voltage-activated current 

components (Supplementary Fig. I).    

Three lines of evidence indicated that T-type channels dominate the residual 

nifedipine-insensitive current.  First, the putative T-type blocker NNC 55-0396 fully 

inhibited this remaining component (Fig. 3.1A).  Second, the voltage-dependence of 

normalized plots of whole-cell currents along with steady-state inactivation/activation 

showed that the NNC-sensitive component of the whole cell current was hyperpolarized 

shifted (~15 mV) compared to the nifedipine-sensitive component (Fig. 3.1B, C).  Lastly, 

kinetic analysis revealed that nifedipine quickened the rates of inactivation and activation 

while slowing that of deactivation (Fig. 3.1D, E). Note that while the properties of this 

isolated T-type current are comparable to other native vascular cells (Kuo et al., 2010; 

Nikitina et al., 2007), they are rightward-shifted when compared to T-type conductances 

monitored in other cell types or expression systems (Perez-Reyes, 2003).  As shown 

earlier, these shifts are primarily attributable to the use of 10 mM Ba2+ as the charge 

carrier and the subsequent screening effect and preferential augmentation of L-type (over 

T-type) channel activity (Harraz and Welsh, 2013a).  Whilst Ba2+ (10 mM) should trigger 

a T-type current similar to that obtained in 10 mM Ca2+ solutions, the latter would induce 

smooth muscle cell contraction making stable electrical recordings difficult.  To 
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summarize, experiments outlined in Fig. 3.1 confirmed the successful isolation of a 

current component predominantly carried by T-type channels. 

3.4.2 Nitric oxide suppresses T-type Ca2+ channels  

T-type Ca2+ channels represent key regulatory targets for a range of hormones and 

neurotransmitters in different tissues (Iftinca and Zamponi, 2009; Li et al., 2012; 

Sekiguchi et al., 2013).  These modulatory effects are typically, although not exclusively, 

mediated through G-protein signaling linked to protein kinases A, G, C, and calmodulin-

dependent kinase II (Zhang et al., 2013).  With that said, electrophysiological regulatory 

observations in native vascular smooth muscle remain limited with one exception being 

recent work documenting a suppressive effect of β-adrenergic/PKA signaling on T-type 

channels (Harraz and Welsh, 2013a).  These observations intriguingly raise the 

possibility that other vasodilatory pathways, for example nitric oxide signaling, could 

also inhibit T-type channels.  

Functional vascular studies have recently alluded to a role for NO modulation of 

T-type Ca2+ channels (Feng and Navar, 2006; Poulsen et al., 2011).  In the cerebral 

circulation, this view arose from observations showing that the T-type contribution of the 

myogenic response was enhanced in a rat model of chronic NO inhibition (Howitt et al., 

2013).  In line with these vasomotor observations, the overall contribution of T-type Ca2+ 

channels to cerebral arterial tone development was suppressed by the pre-application of 

NO donors (Fig. 3.2A, B).  The T-type component, defined by sensitivity to the T-type 

blocker NNC 55-0396, was attenuated from 12% (control) to 5% (SNAP-pretreated) of 

the maximal response.  We hypothesized based on this change and the documented Ca2+ 

response to intravascular pressure that NO suppression of the T-type conductance would 

reduce the global rise in cytosolic [Ca2+]i by ~10-15 nM.  While the Ca2+ and vasomotor 

changes are modest, previous computational modeling indicates that they are sufficient to 

reduce network blood flow by 20-35% (Abd El-Rahman et al., 2013).  Although 

functional data suggest that nitric oxide could conceivably modulate T-type Ca2+ 

channels, direct electrical evidence remains lacking.   
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Figure 3.1. Delineating T-type currents in cerebral arterial smooth muscle. 

(A) Representative traces and averaged current-voltage (IV) plots (n=10) of whole-cell 

Ba2+ currents before (control) and after the application of 200 nM nifedipine and 1 μM 

NNC 55-0396.  Traces display channel activity at voltage steps (-40 to +30 mV).  Inset 

represents IV-plots of the nifedipine sensitive (L-type) and NNC sensitive (T-type) 

currents, as obtained as difference currents.  (B)  Normalized IV-plots of currents (I/Imax) 

obtained in A.  Average data were fit with Equation 1 to generate the curves (Vmax): 

1.4±0.5 mV (NNC sensitive) and 17.1±1.3 mV (nifedipine sensitive).  (C)  Averaged 

effect of nifedipine (200 nM) on voltage-dependence of activation and steady-state 

inactivation. Activation curves were obtained using isochronal tail currents.  Average 

normalized data (%I/Imax) were fit with Equation 2: V50 act -16.8±1.2 mV (control), -

32.4±1.5 mV (nifedipine, n=11).  For steady-state inactivation, average normalized data 

were fit with Equation 3: V50 inact -17.5±0.3 mV (control), -35.5±0.3 mV (nifedipine, 

n=11).  (D)  Kinetic analysis of voltage-dependent activation and inactivation of control 

and nifedipine-insensitive currents.  Upper traces depict absolute (pA) and normalized 

(I/Imax) peak current amplitudes obtained at +10 mV before and after the application of 

200 nM nifedipine.  Magnified lower traces illustrate the differential kinetics of 

activation (left) and inactivation (right).  The time-interval to Imax was shorter in the 

presence of nifedipine.  The extent of voltage-dependent inactivation, over similar time 

intervals, was greater after nifedipine treatment.  (E)  Time constants (τ) of activation, 

inactivation and deactivation before and after nifedipine application.  * denotes 

significant difference from control values (n=11, paired t-test, P ˂ 0.05).  Experiments 

performed by OF Harraz. 
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Figure 3.2. NO/PKG signaling inhibits T-type channels.  

(A)  The effects of NO on T-type channel contribution to myogenic tone.  Cerebral 

arteries were pressurized to 50 mmHg while diameter changes were monitored in 

response to 1 μM NNC 55-0396 in absence or presence of NO.  Representative traces 

reveal the diameter responses to nifedipine (200 nM) followed by NNC 55-0396 (1 μM) 

in presence or absence of SNAP (10 µM).  Ultimately, Ca2+-free solution (2 mM EGTA) 

was applied to maximally dilate arteries and reveal the residual myogenic tone.  Inset 

bars represent 5 minutes.  (B)  NNC-sensitive and residual (EGTA) vasomotor responses 

are plotted as absolute changes (Δ diameter, μm) or as percentages of maximal response.  

* denotes significant difference from matching values in absence of SNAP (n=4, 

unpaired t-test, P ˂0.05).  (C)  Representative traces and averaged IV-plots of nifedipine-

insensitive T-type currents before and after the application of SNAP (10 µM).  Average 

data were fit with Equation 1 (n=6).  (D)  Peak T-type currents (pA/pF) at different time 

points under control conditions (n=7) or in the presence of SNP (10 µM, n=5), SNAP (10 

µM, n=8), or db-cGMP (100 µM, n=5).  Lower traces represent peak T-type currents pre- 

and post-treatment.  “n.s.” and * denote not significant and significant differences, 

respectively (paired t-test, P ˂0.05).  (E)  Time-course changes in Imax in a cell treated 

with SNAP.  (F)  Voltage-dependence of activation and steady-state inactivation of T-

type conductance in the absence (control) and presence of 10 µM SNAP (n=7).  

Experiments performed by SE Brett (panels A, B) and OF Harraz (panels C-F). 
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In this context, we isolated cerebral arterial smooth muscle cells and sought to test 

our hypothesis that NO acutely modulates the T-type electrical conductance through 

cGMP/PKG signaling.  We present two sets of electrophysiological observations 

supporting the view that this vasoactive molecule elicits an inhibitory effect on T-type 

channels through classical PKG signaling.  First, bath application of different NO donors 

(SNP or SNAP) suppressed the nifedipine-insensitive T-type inward current (Fig. 3.2C, 

D).  Interestingly, a cell-permeable PKG activator (db-cGMP) evoked comparable 

suppression (Fig. 3.2D), suggesting a direct modulatory role for the NO/cGMP/PKG 

cascade.  This suppression peaked ~15 minutes post-incubation and coincided with a 

slight but significant hyperpolarized shift in steady-state inactivation (Fig. 3.2E, F).  

Matching time controls revealed no significant changes in T-type current amplitude, a 

finding consistent with past reports showing that the T-type conductance, unlike the L-

type, is rundown-resistant (Harraz and Welsh, 2013a).  Second, while by themselves 

PKG inhibitors had no effect (Fig. 3.3), pre-incubating smooth muscle cells with the 

PKG inhibitor KT5832 attenuated the ability of SNAP (Fig. 3.4A, B) and db-cGMP (Fig. 

3.4C, D) to suppress T-type channel activity.  The sensitivity of SNAP (NO)-mediated 

inhibition to PKG blockade re-emphasized a direct modulatory role for NO through the 

cGMP/PKG pathway.  This loss of suppression occurred despite the fact that incubation 

with KT5823 or the guanylyl cyclase (GC) inhibitor ODQ had no direct effect on the 

amplitude of the basal T-type current or its voltage-dependence (Fig. 3.3A-D).  In 

summary, our electrophysiological observations are the first to demonstrate that vascular 

T-type channels are directly targeted by NO signaling through the GC/cGMP/PKG 

pathway.  

3.4.3 Physiological/pathological implications 

Previous reports including our own have reported a role for T-type Ca2+ channels 

in setting cerebral arterial tone (Abd El-Rahman et al., 2013; Kuo et al., 2010).  Of 

particular note is the purported ability of the T-type conductance to drive myogenic tone 

when vessels sit at more hyperpolarized potentials around -50 mV (Abd El-Rahman et 

al., 2013).  In theory, Ca2+ entry through T-type Ca2+ channels could set arterial tone 

through one of two general mechanisms (Harraz and Welsh, 2013b).  First, it could 
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“directly” contribute to the rise in cytosolic [Ca2+]i, a process that would enhance myosin 

light chain phosphorylation via the activation of myosin light chain kinase (Cole and 

Welsh, 2011; Gallagher et al., 1997).  On the other hand, Ca2+ influx through the T-type 

pores could “indirectly” elevate cytosolic [Ca2+] by locally modulating Ca2+-activated 

channels that set resting membrane potential (Harraz and Welsh, 2013b).  Potential 

targets include the Ca2+-activated transient receptor potential (TRPM4) or chloride 

(TMEM16A) channels; both conductances have recently been identified in cerebral 

arterial smooth muscle cells (Bulley et al., 2012; Earley et al., 2004).  Irrespective of 

which mechanism dominates, NO/PKG-mediated inhibition of the T-type conductance 

would suppress arterial tone development in the cerebral circulation.  Such regulation 

may be compromised under conditions of endothelial dysfunction where NO 

bioavailability is decreased.  This loss of NO-induced suppression may interestingly be 

one of the underlying mechanisms of cerebral vasospasm and could also contribute to the 

impairment of tissue perfusion observed during hypertension and diabetes (Pires et al., 

2013).  

3.4.4 Summary 

In conclusion, the present study delineated T-type Ca2+ channels, and tested 

whether this conductance is modulated by NO/PKG signaling in rat cerebral arteries.  We 

employed patch clamp electrophysiology to isolate a non-L-type whole-cell current that 

was sensitive to T-type blockers, and exhibited electrical characteristics of T-type Ca2+ 

channels.  We subsequently showed for the first time that vascular T-type channels 

represent a direct regulatory target of the putative vasodilator NO through classical 

cGMP/PKG signaling.  The latter was confirmed using both electrophysiological and 

pressurized vessel myography experiments.  This selective targeting may implicate 

NO/PKG/CaV3.x signaling in controlling smooth muscle function through direct control 

of cytosolic [Ca2+] or indirect modulation of membrane potential.  
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Figure 3.3. Basal cGMP/PKG activity does not alter T-type currents.  

(A)  Traces and averaged IV-plots (n=7) of whole-cell T-type currents before and after 

the application of KT5823 (PKG inhibitor, 1 µM).  (B)  Peak T-type current (pA/pF) at 

different time points under control conditions (n=7) or in cells treated with KT5823 (1 

µM, n=7), or ODQ (30 µM, n=6).  Inset traces represent peak T-type currents before 

(control) and 15 min after treatment.  “n.s.” denotes not significantly different from the 

zero min time point (paired t-test).  (C)  Time-course changes in peak current (Imax, pA) 

in a cerebral arterial myocyte treated with 1 µM KT5823.  (D)  Voltage-dependence of 

activation and steady-state inactivation of T-type conductance in the absence (control) 

and presence of KT5823 (n=6). No significant shifts were observed.  Experiments 

performed by OF Harraz. 
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Figure 3.4. NO and cGMP inhibit T-type channels via PKG pathway. 

(A)  Representative traces and summary changes in peak T-type currents of cells treated 

with SNAP (10 µM) in the absence or presence of 1 μM KT5823.  Pre-treatment with 

KT5823 significantly suppressed the observed inhibition from ~54% to 19% (n=6-8, 

unpaired t-test, P˂0.05).  (B) Black bar graphs illustrate the responses of two groups of 

cells to SNAP in the absence or presence of KT5823.  * and “n.s.” denote significant and 

not significant differences from zero point values, respectively (P˂0.05).  Grey bar 

graphs display % SNAP-induced inhibition (unpaired t-test, *P˂0.05 from control).  (C)  

Traces and averaged changes in T-type currents in cells treated with db-cGMP (100 µM) 

alone or after incubation with 1 μM KT5823.  Pre-treatment with KT5823 reduced the 

inhibition from ~52% to ~19% (n=5-6, unpaired t-test, P˂0.05).  (D)  Black bar graphs 

illustrate the responses to db-cGMP in the absence or presence of KT5823.  * and “n.s.” 

denote significant and not significant from zero point values, respectively (P˂0.05).  

Grey bar graphs display % db-cGMP-induced inhibition of currents (unpaired t-test, 

*P˂0.05 from control).  Experiments performed by OF Harraz.  
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Chapter Four: CaV3.2 channels and the induction of negative feedback in cerebral 

arteries  

4.1 Abstract 

T-type (CaV3.1/CaV3.2) Ca2+ channels are expressed in rat cerebral arterial 

smooth muscle.  While present, their functional significance remains uncertain with 

findings pointing to a variety of roles.  Here, we tested whether CaV3.2 mediates a 

negative feedback response by triggering Ca2+ sparks, discrete events that initiate arterial 

hyperpolarization by activating BKCa channels.  Micromolar Ni2+, a selective blocker of 

CaV3.2, was first shown to depolarize/constrict rat cerebral arteries; no effect was 

observed in CaV3.2-/- arteries.  Structural analysis (3D-tomography, immunolabeling, and 

a proximity ligation assay) next revealed the existence of microdomains in arterial 

smooth muscle comprised of sarcoplasmic reticulum and caveolae.  Within these discrete 

structures, CaV3.2 and ryanodine receptors (RyR) resided in close apposition to one 

another.  Computational modeling revealed that Ca2+ influx through CaV3.2 could 

repetitively activate RyR, inducing discrete Ca2+-induced Ca2+ release events in a voltage 

dependent manner.  In keeping with theoretical observations, Ca2+ imaging and 

perforated patch clamp electrophysiology demonstrated that Ni2+ suppressed Ca2+ sparks 

and BKCa-mediated transient outward K+ currents. Additional work on pressurized 

arteries noted that paxilline, a BKCa inhibitor, elicited constriction equivalent, and not 

additive, to Ni2+.  Key experiments on human arteries indicate that CaV3.2 is present and 

drives a comparable response to moderate constriction.  These findings indicate for the 

first time that CaV3.2 channels localize to microdomains and drive RyR-mediated Ca2+ 

sparks enabling BKCa activation, hyperpolarization and attenuation of cerebral arterial 

constriction. 
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4.2 Introduction 

Cerebral arteries form an integrated network that controls the magnitude and 

distribution of tissue blood flow.  Tone within these structures is regulated by multiple 

stimuli including blood flow (Bevan et al., 1990; Garcia-Roldan and Bevan, 1990), 

neuronal activity (Brayden and Bevan, 1985; Si and Lee, 2002), tissue metabolism 

(Filosa et al., 2006) and intraluminal pressure (Knot and Nelson, 1998).  These 

vasoactive stimuli alter myosin light chain phosphorylation through a dynamic process 

controlled by myosin light chain kinase and phosphatase (Cole and Welsh, 2011; 

Gallagher et al., 1997; Johnson et al., 2009).  While the precise signaling mechanisms do 

vary among stimuli, a global rise in cytosolic [Ca2+]i is generally thought to be a key 

mediating step (Knot and Nelson, 1998).  This global rise is in turn intimately tied to 

changes in the smooth muscle membrane potential (VM) and the subsequent activation of 

voltage-gated Ca2+ channels (Knot and Nelson, 1998; Welsh et al., 2000; Welsh et al., 

2002). 

Voltage-gated Ca2+ channels are heteromultimeric complexes comprised of a 

pore-forming α1 subunit and auxiliary subunits that influence gating and protein 

trafficking to the plasma membrane (Catterall, 2011).  In cerebral arterial smooth muscle, 

the L-type CaV1.2 channel is the dominant Ca2+ entry pathway by which vasoactive 

stimuli set cytosolic [Ca2+]i and consequently tone development (Cheng et al., 2009; Knot 

and Nelson, 1998).  Recent studies have noted that, in addition to CaV1.2, T-type 

channels (i.e. CaV3.1 and CaV3.2) are also expressed in rat and mouse cerebral arteries 

(Abd El-Rahman et al., 2013; Howitt et al., 2013; Kuo et al., 2010).  It has been argued 

that the T-type conductance, like that of CaV1.2, plays a direct role in elevating cytosolic 

[Ca2+]i, albeit at hyperpolarized potentials due to a leftward shift in their voltage 

dependence (Abd El-Rahman et al., 2013; Bjorling et al., 2013; Kuo et al., 2010).  Earlier 

reports have, however, suggested that the relationship between T-type channels and 

arterial tone is more complex with Ca2+ influx via CaV3.2 potentially acting in a discrete 

fashion to influence a defined target.  Speculation of the downstream effector does vary, 

ranging from nitric oxide synthase in the endothelium to Ca2+-activated channels in the 

smooth muscle (Chen et al., 2003; Harraz and Welsh, 2013b; Svenningsen et al., 2014). 
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The large conductance Ca2+-activated K+ channel (BKCa) is expressed in cerebral 

arterial smooth muscle and its principal role is to feedback upon and limit excessive 

constriction (Perez et al., 1999; Perez et al., 2001).  Vasoconstrictor stimuli enhance 

BKCa activity through arterial depolarization and augmentation of Ca2+ spark generation.  

Ca2+ sparks are discrete sarcoplasmic reticulum (SR) driven events that arise in response 

to the transient opening of ryanodine receptors (RyR) (Jaggar et al., 1998b).  While the 

functional significance of Ca2+ sparks is recognized (Brenner et al., 2000; Jaggar et al., 

1998b; Perez et al., 2001), the mechanistic events that initiate repetitive SR release 

remain ambiguous; current theories suggest a role for CaV1.2 or transient receptor 

potential (TRPV4) channels in triggering the cytosolic or luminal gate of RyR (Earley et 

al., 2005; Essin et al., 2007; Takeda et al., 2011).  Decidedly absent from this discussion 

has been a potential role for a T-type conductance. 

The present study tested whether CaV3.2 channels trigger Ca2+ spark generation, 

BKCa channel activation, and ultimately negative feedback control of cerebral arterial 

tone.  Our examination progressed from cellular to tissue level and involved the 

integrative use of pressurized vessel myography, electrophysiology, confocal and 

electron microscopy, and computational modeling.  In rat cerebral arteries, we 

specifically show that CaV3.2 and RyR co-localize within a microdomain and that steady-

state depolarization activates CaV3.2 to trigger Ca2+ sparks.  We subsequently show that 

CaV3.2-evoked Ca2+ sparks activate BKCa channels, contributing to hyperpolarization that 

attenuates myogenic constriction.  We further demonstrate that this negative feedback 

mechanism is not limited to rat arteries but extends to the human cerebral circulation.  

Overall, this study is the first to illustrate that localized Ca2+ influx through T-type Ca2+ 

channels in vascular smooth muscle plays an important but indirect role in setting arterial 

tone by targeting key conductances involved in VM regulation. 
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4.3 Materials and methods 

4.3.1 Animal procedures 

Animal procedures were approved by the Animal Care and Use Committee at the 

University of Calgary.  Briefly, female Sprague–Dawley rats (10–12 weeks of age) were 

killed via CO2 asphyxiation.  The brain was carefully removed and placed in cold 

phosphate-buffered saline (PBS, pH 7.4) solution containing (in mM): 138 NaCl, 3 KCl, 

10 Na2HPO4, 2 NaH2PO4, 5 glucose, 0.1 CaCl2 and 0.1 MgSO4.  Middle and posterior 

cerebral arteries were carefully dissected out of surrounding tissue and cut into 2–3 mm 

segments.  Human brain samples, from which small cerebral arteries (150 to 250 μm-

diameter), were obtained with institutional review board approval and written informed 

consent according to the Declaration of Helsinki. 

4.3.2 Isolation of cerebral arterial smooth muscle cells 

Smooth muscle cells from middle and posterior cerebral arteries were 

enzymatically isolated as previously described (Abd El-Rahman et al., 2013; 

Anfinogenova et al., 2011; Harraz and Welsh, 2013a).  Briefly, arterial segments were 

placed in an isolation medium (37 °C, 10 min) containing (in mM): 60 NaCl, 80 Na-

glutamate, 5 KCl, 2 MgCl2, 10 glucose and 10 HEPES with 1 mg/ml bovine serum 

albumin (pH 7.4).  Vessels were then exposed to a two-step digestion process that 

involved: 1) 12-15 min incubation in isolation medium (37 °C) containing 0.5 mg/ml 

papain and 1.5 mg/ml dithioerythritol; and 2) a 15 minutes incubation in isolation 

medium containing 100 μM Ca2+, 0.7 mg/ml type F collagenase and 0.4 mg/ml type H 

collagenase.  Following incubation, tissues were washed repeatedly with ice-cold 

isolation medium and triturated with a fire-polished pipette.  Liberated cells were stored 

in ice-cold isolation medium for use the same day within ~5 hr. 

4.3.3 Electrophysiological recordings 

Conventional patch-clamp electrophysiology was used to monitor whole-cell 

voltage-gated Ca2+ channel currents in isolated smooth muscle cells as reported earlier 

(Harraz and Welsh, 2013a).  Recording electrodes (5-8 MΩ) were pulled from 

borosilicate glass microcapillary tubes (Sutter Instruments, USA) using a micropipette 

puller (Narishige PP-830, Japan), and backfilled with pipette solution (in mM): 135 CsCl, 
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5 Mg-ATP, 10 HEPES, and 10 EGTA (pH 7.2).  Cells were voltage-clamped and 

equilibrated in bath solution (in mM): 110 NaCl, 1 CsCl, 10 BaCl2, 1.2 MgCl2, 10 

glucose, and 10 HEPES (pH 7.4).  A NaCl-agar bridge was used between the reference 

electrode and the bath solution.  To record whole-cell currents, isolated cells held at -60 

mV were exposed to a pre-pulse (-90 mV, 200 ms) and then voltage steps ranging from -

50 to +40 mV (10 mV intervals, 300 ms). 

Perforated patch-clamp electrophysiology was used to measure whole-cell K+ 

currents in isolated smooth muscle cells.  The bath solution contained (in mM): 134 

NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES (pH 7.4).  The pipette 

solution contained (in mM): 110 K aspartate, 30 KCl, 10 NaCl, 2 MgCl2, 10 HEPES, and 

0.05 EGTA (pH 7.2) with 200 µg/ml amphotericin B.  Currents were recorded while the 

cells were: 1) held at a steady membrane potential of -40 and -20 mV; or 2) slowly 

ramped from -60 to +20 mV (4mV/s).  Whole-cell currents were recorded using an 

Axopatch 200B patch-clamp amplifier (Molecular Devices, USA), filtered at 1 kHz, 

digitized at 5 kHz, and were stored on a computer for offline analysis with Clampfit 10.3 

software (Molecular Devices, USA).  Whole-cell capacitance averaged 14-18 pF and was 

measured with the cancellation circuitry in the voltage-clamp amplifier.  A 1 M NaCl–

agar salt bridge between the reference electrode and the bath solution was used to 

minimize offset potentials (<2 mV).  All electrophysiological experiments were 

performed at room temperature (~22oC).  For STOC analysis, the threshold for detection 

was set at 3 times the BKCa single channel conductance.    

In a small complement of experiments, single channel currents were monitored 

using the on-cell configuration.  The bath solution contained: 145 mM KCl, 1 mM CaCl2, 

10 mM HEPES, and 200 nM nifedipine (pH 7.4).  The pipette solution contained: 60 mM 

CaCl2, 50 mM TEA-Cl, 10 mM HEPES, and 200 nM nifedipine (pH 7.2).  Single channel 

currents were filtered at 2 kHz, digitized at 5 kHz, and stored on a computer for offline 

analysis with Clampfit 10.3 software (Molecular Devices, USA).  Cellular patches were 

voltage-clamped at a holding VM of -60 mV.  To elicit single channel currents, a pre-

pulse (-90 mV, 250 ms) was followed by test pulses (300 ms, -60 to -10 mV; 10 mV 
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intervals).  Recordings were performed at 22 °C.  Slope conductance was calculated as 

described previously (Fox et al., 1987). 

4.3.4 Vessel myography and membrane potential measurement 

Arterial segments were mounted in a customized arteriograph and superfused with 

warm (37 °C) physiological salt solution (PSS; pH 7.4; 21% O2, 5% CO2, balance N2) 

containing (in mM): 119 NaCl, 4.7 KCl, 20 NaHCO3, 1.1 KH2PO4, 1.2 MgSO4, 1.6 

CaCl2 and 10 glucose.  To limit the endothelial influence on myogenic tone development, 

air bubbles were passed through the vessel lumen (1–2 min); successful removal of the 

endothelium was confirmed by the loss of bradykinin-induced dilation.  Arteries were 

equilibrated at 15 mmHg and the contractile responsiveness was assessed by brief 

application of 60 mM KCl.  Following equilibration, intravascular pressure was 

incrementally elevated from 20 to 100 mmHg and arterial external diameter was 

monitored under control conditions and in the presence of paxilline (1 μM, BKCa 

inhibitor) and/or Ni2+ (50 μM, CaV3.2 blocker).  Maximal arterial diameter was 

subsequently assessed in Ca2+-free PSS (zero externally added Ca2+ + 2 mM EGTA). 

Smooth muscle membrane potential (VM) was assessed by inserting a glass 

microelectrode backfilled with 1 M KCl (tip resistance=120-150 MΩ) into the vessel 

wall.  Measurements of VM were first made at 60 mmHg and then in the presence of Ni2+ 

(50 μM).  The criteria for successful cell impalement included: 1) a sharp negative VM 

deflection upon insertion; 2) a stable recording for at least 1 min following entry; and 3) a 

sharp return to baseline upon electrode removal. 

4.3.5 Electron tomography 

Whole animals were fixed similar to immunohistochemical analysis.  Brains were 

then removed and post-fixed in 4% paraformaldehyde (22 °C, 1 h) and cerebral arteries 

were isolated.  Arteries were immersed in 1.6% paraformaldehyde and 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 at 4 °C overnight.  After washing 

three times with the same previous buffer, the samples were post-fixed in 1% osmium 

tetroxide buffered with cacodylate for 1 h at 22 °C, dehydrated through a graded series of 

acetone concentration (30–100%) and embedded in Epon 812 mixture resin.  Thick 

sections (300-400 nm) were cut on a Reichert-Jung Ultracut E microtome using a 
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diamond knife and collected on single hole grids with Formvar supporting film.  The 

sections were first stained with 20% aqueous uranyl acetate/Reynolds’s lead citrate and 

then placed on one side of a transmission electron microscopy slot grid (1×2 mm slot) 

covered with a continuous formvar film (∼40 nm) to dry (10 min).  Colloidal gold 

particles (10 nm diameter) were then placed on both sides of the grid to serve as fiducial 

markers, and a thin carbon coating was applied for mechanical stabilization and to reduce 

electric charging.  Once prepared, sections were viewed on a Tecnai F20 transmission 

electron microscope (200 keV), regions of interest were defined, and images were 

captured on a 1,024 × 1,024 charge-coupled device camera (GIF 794, Gatan, USA).  To 

perform dual-axis transmission electron-microscopic tomography, Serial EM software 

(Mastronarde, 2005) was employed to capture one image per degree of sample rotation 

(136 degrees in total).  Tomographic reconstruction was performed by weighted back-

projection with the IMOD software package (Kremer et al., 1996; Mastronarde, 1997); 

this yielded a contiguous stack of two-dimensional photomicrographs with ∼4 nm 

resolution.  The same software was used to trace subcellular structures on each section of 

the contiguous stack.  We then compiled the traces to produce a 3-D rendition of the 

microdomain structure. 

4.3.6 Immunogold labeling 

Whole animals were fixed similar to immunohistochemical analysis.  Brains were 

then removed and post-fixed in 4% paraformaldehyde (22 °C, 1 h) and cerebral arteries 

were isolated.  In accordance with the Aurion immunogold reagent kit, fixed arteries 

were exposed to 0.1% sodium borohydride in PBS (15 min), 0.05% Triton X-100 (30 

min), blocking solution 1 h at 4 °C and then PBS (2x10 min).  Primary antibodies (1:100 

dilution) were subsequently added to the buffer and incubated for 48 h at 4 °C.  Tissues 

were subsequently washed with buffer (6x10 min), exposed to incubation medium 

containing ultra-small gold particles (0.8 nm labeled goat anti rabbit, 1:100 dilution, 48 h 

at 4 °C) and then washed with incubation buffer (6x10 min) and PBS (2x10 min).  

Prepared arteries were fixed again in PBS containing 2.5% glutaraldehyde (2 h) and then 

washed in PBS (2x10 min).  Arteries were sequentially processed as follows: 1) 

enhancement conditioning solution (4x10 min); 2) Silver enhancement solution (2 h); 3) 
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0.03 M sodium thiosulphate in enhancement conditioning solution (10 min); 4) 

enhancement conditioning solution wash (4x10 min); and 5) PBS wash (2x10 min).  

Tissues were then post-fixed for 1 h in a 1% osmium tetroxide-PBS solution, dehydrated 

in ethanol, and embedded in Epon resin.  Ultrathin sections of ~70 nm were cut, lightly 

stained with 2% aqueous uranyl acetate and Reynold’s lead citrate (15 min), and 

viewed/photographed using a Hitachi H7650 transmission electron microscope (80 keV) 

and an AMT 16000 digital camera. 

4.3.7 Immunohistochemistry 

Rats were anaesthetized with sodium pentobarbital and perfused intra-cardially 

with 250 ml of PBS (pH 7.4), followed by 100 ml of 4% paraformaldehyde (pH 7.4) in 

PBS at room temperature.  Brains were then removed and post-fixed in 4% 

paraformaldehyde for 1 h (22 °C).  Posterior and middle cerebral arteries were 

subsequently excised and placed in a conical vial with standard working PBS solution 

containing 3% donkey, horse or goat serum, 0.1% Tween, and 1% dimethylsulphoxide 

(DMSO).  Primary antibodies against smooth muscle actin (1:25 dilution), CaV1.2 (1:25 

dilution), CaV3.1 (1:100 dilution), CaV3.2 (1:100 dilution), and RyR (1:100 dilution) 

were added to the working solution and incubated for 48 h (4 °C).  Next, tissues were 

washed 3 times with PBS (15 min each, 22 °C) and incubated with working PBS 

solutions containing secondary antibodies (4 hr, 22 °C).  Following washes with PBS, 

sections were mounted on gel-coated slides and covered with anti-fade medium, 

coverslips were sealed with nail polish and stored (-20 °C).  Controls were obtained by 

omitting the primary antibodies or pre-adsorbing excess purified peptide.  All reactions 

involved the use of fluorophore-conjugated secondary antibodies (1:1000 dilution): Alexa 

Fluor 488-donkey anti-mouse IgG, and Alexa Fluor 555-goat anti-rabbit IgG.  

Immunolabelling was assessed using an Olympus FV300 BX50 confocal microscope 

equipped with Cy3 (555 nm, red) and FITC (488 nm, green) filter sets. 

4.3.8 Proximity ligation assay (PLA)  

The Duolink in situ PLA detection kit was employed using freshly isolated 

smooth muscle cells.  Briefly, cells were fixed in PBS containing 4% paraformaldehyde 

(15 min), permeabilized in PBS containing 0.1% Tween (15 min), and quenched in PBS 
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containing 100 mM glycine (5 min).  Cells were then washed with PBS, blocked in 

Duolink blocking solution (30 min, 37 °C), and incubated overnight (4 °C) with primary 

antibodies (rabbit anti-CaV3.2 and mouse RyR2) in Duolink antibody diluent solution.  

Control experiments employed no primary antibody or only one primary antibody.  Cells 

were labelled with Duolink PLA PLUS and MINUS probes for 2 h (37 °C).  The 

secondary antibodies of PLA PLUS and MINUS probes are attached to synthetic 

oligonucleotides that hybridize when in close proximity (<40 nm).  The hybridized 

oligonucleotides are then ligated prior to rolling circle amplification.  The amplification 

products extending from the oligonucleotide arm of the PLA probes were detected using 

red fluorescent fluorophore-tagged, complementary oligonucleotide sequences and a 

Zeiss Apotome epifluorescence microscope. 

4.3.9 Computational modeling  

We have constructed a mathematical model that incorporates crucial ultrastructure 

and calcium handling features of the vascular smooth muscle cell in cerebral arteries.  

The smooth muscle cell is described as a cylinder, 76.5 μm in length and 5 μm in 

diameter, as shown in Fig. 4.6.  For simulation purposes, a cell was subdivided into 

segments each 8.5 μm in length.  Based on microscopic data, in each segment there is a 

circumferential band that is interrupted in two locations to form two discrete sections.  In 

the model, each segment is further subdivided into two semi-cylindrical “slices”.  

Simulations presented in this paper are based on the behavior of one slice.  The frequency 

of Ca2+ spark-like events have been scaled to represent the whole cell, assuming that 

individual slices act independently.  The model includes only mechanisms responsible for 

dynamic Ca2+ handling in the smooth muscle cell.  This includes the sodium-calcium 

exchanger (NCX), plasma membrane Ca2+ ATPase (PMCA), sarco/endoplasmic 

reticulum Ca2+ ATPase (SERCA), RyR, calmodulin, calsequestrin, and the Ca2+ channels 

CaV1.2, CaV3.1 and CaV3.2.  In its present form, the model is limited to Ca2+ dynamics 

evoked by voltage-clamp stimuli.  As illustrated in Fig. 4.6, the model explicitly accounts 

for an interaction between CaV3.2 and RyR in a restricted microdomain (subspace), 

representing the ~15 nm space between caveolae in the plasma membrane and the 

sarcoplasmic reticulum.  Mathematically, the model comprises 12 ordinary differential 
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equations, which were solved using the “ode15s” ODE solver in MATLAB (The 

MathWorks, MA, USA).   

4.3.10 Ca2+ spark measurements 

Ca2+ sparks were measured in rat myocytes in situ using the en-face preparation 

technique (Hadley et al., 2012) with the Ca2+ sensitive dye Fluo-4 AM using a Zeiss LSM 

710 NLO laser scanning confocal imaging workstation on an inverted microscope 

platform (Zeiss Axio Observer Z1).  Fluo-4 AM was dissolved in DMSO and added from 

a 1 mM stock to the arterial suspension at a final concentration of 10 μM, along with 

0.1% pluronic F127 for 1-1.5 h at room temperature in the dark in balanced salt solution.  

Arterial segments were then washed (30 min) to allow dye esterification and then cut into 

linear strips.  The arterial segments were pinned to Sylgard blocks and placed in an open 

bath imaging chamber mounted on the confocal imaging stage.  Cells were illuminated at 

488 nm with a krypton argon laser and the emitted light was collected using a 

photomultiplier tube.  Line scans were imaged at 529 fps with the emission signal 

recorded at 493-622 nm.  The acquisition period for Ca2+ spark recordings was 18.9 s.  

The resultant pixel size ranged from 0.068 to 0.11 μm per pixel.  To ensure that sparks 

within the cell were imaged, the pinhole was adjusted to provide an imaging depth of 2.5 

μm.  This depth is roughly equivalent to the width of 50% of the cell based on 

morphological examination of live preparations, and was equivalent to our previous 

studies (Hadley et al., 2012; Janiak et al., 2001).  We performed analysis to characterize 

the percentage of cells with Ca2+ sparks and the frequency of firing.  Sparks per 100 μm 

per second and the percentage of cells firing were computed from these observed sparks.  

Spatial and temporal characteristics of the Ca2+ spark events were calculated using the 

SparkMaster (Picht et al., 2007) plug-in for ImageJ.  These characteristics included: 

fractional fluorescence intensity; full duration at half maximum; full width at half 

maximum; and time to peak.  The threshold for spark detection was 3.2 times the 

standard deviation of the background noise above the mean background level.  Prior to 

analysis the background fluorescence was subtracted from each image assuming 

homogeneous background levels in each cell (Hadley et al., 2012). 
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4.3.11 PCR analysis 

Smooth muscle cells (~200) isolated from cerebral arteries were placed in RNase- 

and DNase-free collection tubes.  Total RNA was isolated from human cerebral artery 

smooth muscle cells using the RNeasy mini kit (Qiagen) whereas total RNA from human 

brain was purchased from Clontech.  The RNA was reverse-transcribed using the 

Quantitect reverse transcription kit (Qiagen) according to manufacturer's instructions.  A 

total of 1 ng cDNA was used to PCR amplify a 98 bp amplicon corresponding to CaV3.2 

using the primer sequences CaV3.2-F (TGATTACCAGCATGCTCACG) and CaV3.2-R 

(GGTCTTCTTCTGCCTCGGTC) with Q5 DNA ploymerase (New England Biolabs) 

according to the manufacturer's instructions.  The PCR reactions were electrophoresed on 

a 1% agarose-TAE gel. Lane 1 is the PCR marker, lane 2 is the CaV3.2 amplicon from 

brain and lane 3 is the CaV3.2 amplicon from isolated smooth muscle cells.  

4.3.12 Statistical analysis 

Data are expressed as means ± S.E.M., and n indicates the number of vessels or 

cells.  No more than two different experiments were performed on vessels from a given 

animal.  Where appropriate, paired or unpaired t-tests were performed to compare the 

effects of a given condition/treatment on arterial diameter, or whole-cell current.  *P 

values ≤ 0.05 were considered statistically significant. 

4.3.13 Solutions and chemicals 

All buffers and chemicals were purchased from Sigma-Aldrich unless otherwise 

stated.  Donkey and goat serum was purchased from Jackson Immuno-Research.  Primary 

antibodies against smooth muscle actin were obtained from Abcam Inc., whereas those 

directed against CaV1.2, CaV3.1, CaV3.2, and RyR were purchased from Alomone.  

Secondary antibodies, which included Alexa Fluor 488-goat anti-mouse IgG and Alexa 

Fluor 555-goat anti-rabbit IgG, were obtained from Invitrogen life Technologies.  Aurion 

immunogold reagent and the PLA detection kit were purchased from Electron 

Microscopy Sciences and Olink, respectively. 
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4.4 Results 

4.4.1 CaV3.2 inhibition: vasomotor and electrical responses in rat cerebral arteries 

Our examination began by confirming the ability of 50 µM Ni2+ or 200 nM 

nifedipine to respectively block CaV3.2 and CaV1.2 currents in tSA-201 cells.  Fig. 4.1A 

illustrates that Ni2+ effectively abolished inward Ba2+ current through CaV3.2 channels 

without impacting CaV1.2 or CaV3.1 currents.  In comparison, nifedipine selectively 

blocked CaV1.2 channels (Fig. 4.1A).  Moving to rat cerebral arterial smooth muscle, we 

next monitored the nifedipine-insensitive Ba2+ current, a conductance that is dominated 

by T-type channels and is stable over time (Fig. 4.1B, C) (Harraz et al., 2014b; Harraz 

and Welsh, 2013a).  Nickel partially attenuated this native inward current, a finding 

consistent with CaV3.2 channel expression (Fig. 4.2B).  On-cell recordings further 

denoted T-type activity in cerebral arterial smooth muscle.  While CaV1.2 channels were 

blocked, single channel activity was observed at hyperpolarized voltages (-50 to -20 mV), 

and slope conductance was 8.5 pS (Fig. 4.2C, D).   

The subsequent application of Ni2+ to endothelial-denuded arteries enhanced 

myogenic tone at intravascular pressure values between 20 and 80 mmHg (Fig. 4.2E, F).  

Control experiments confirmed that arterial responses to pressure were repeatable over 

time (Fig. 4.1D).  Coincident with arterial constriction was a Ni2+-induced depolarization 

of 5±0.9 mV in pressurized arteries (Fig. 4.2G, H).  The latter observation inferred that 

CaV3.2-mediated Ca2+ influx could elicit membrane potential hyperpolarization and 

dilation through a smooth muscle signaling mechanism.  In theory, this hyperpolarization 

could be triggered through localized Ca2+ entry initiating RyR-mediated Ca2+ sparks, SR 

events that activate BKCa channels (Harraz and Welsh, 2013b; Jaggar et al., 1998a; 

1998b; Nelson et al., 1995).  Note that nickel’s effects on the nifedipine-insensitive Ba2+ 

current and arterial tone were reversible. 
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Figure 4.1. Effects of Ni2+ on CaV currents and time control experiments. 

(A)  Summary data of inward Ba2+ currents in tSA-201 cells transfected with rCaV1.2, 

rCaV3.1 or rCaV3.2-cDNA.  Experiments were performed in the absence and presence of 

Ni2+ (50 µM) or nifedipine (200 nM).  A voltage step from -90 to 0 mV was used to 

evoke inward Ba2+ current (n=5 each, *P<0.05, paired t-test).  Ni2+ and nifedipine 

selectively blocked CaV3.2 and CaV1.2, respectively.  (B, C)  Representative traces and 

summary data of T-type current in rat cerebral arterial smooth muscle cells over time 

(n=8).  Experiments were performed in the presence of nifedipine (200 nM) to block L-

type Ca2+ channels.  A voltage step from -90 to 0 mV was used to elicit inward current.  

(D)  Rat cerebral arteries were pressurized from 20 to 100 mmHg twice under control 

conditions; passive responses were ascertained in Ca2+-free media (n=7).  Vasomotor 

measurements were stable and repeatable over time.  Experiments performed by OF 

Harraz (panels A-C) and SE Brett (panel D). 

   

90 



 

 

91 



 

Figure 4.2. Effects of Ni2+ on CaV3.2 currents, myogenic tone and membrane 

potential.  

(A)  Representative traces and summary data of inward currents in CaV3.2-transfected 

tSA-201 cells in the absence and presence of Ni2+ (CaV3.2 blocker, 50 µM).  A voltage 

step from -90 to 0 mV was used to evoke inward Ba2+ current (n=5, *P<0.05, paired t-

test).  (B)  T-type current in rat cerebral arterial smooth muscle before and after Ni2+ (50 

µM) treatment.  Experiments were performed in the presence of nifedipine (200 nM) to 

block L-type Ca2+ channels.  A voltage step from -90 to 0 mV was used to elicit inward 

current (n=8, *P<0.05, paired t-test).  (C, D)  Single channel recordings and summary 

current-voltage relationship (n=5, slope conductance=8.5 pS) of T-type Ca2+ currents in 

cerebral arterial myocytes.  On-cell recordings were performed at -50 to -10 mV in the 

presence of nifedipine (200 nM), 60 mM Ca2+ and 50 mM TEA-Cl to block K+ channels.  

(E, F)  Rat middle or posterior cerebral arteries were pressurized from 20 to 100 mmHg 

while diameter was monitored under control conditions, in the presence of Ni2+ (50 µM), 

and in Ca2+-free medium.  Representative traces (E) and summary data (F) display 

augmented arterial tone in response to Ni2+ (n=7, *P<0.05, paired t-test).  (G, H)  Arterial 

VM in pressurized cerebral arteries (60 mmHg) in the absence and presence of Ni2+ (50 

µM).  Illustrative traces (G) and summary data (H) reveal the depolarizing effect of Ni2+ 

(n=6, *P<0.05, paired t-test).  Experiments performed by OF Harraz (panels A, B), BD 

Kyle (panels C, D), RR Abd El-Rahman and SE Brett (panels E-H). 
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4.4.2 Microdomains and the co-localization of CaV3.2 and RyR 

CaV3.2 and ryanodine receptors reside in the plasma and sarcoplasmic reticulum 

membranes, respectively.  For these proteins to functionally interact with one another, 

there must be regions where the two membranes come into close apposition.  With this in 

mind, 3-D electron tomography assayed for microdomains; image analysis and model 

reconstruction revealed the presence of microstructures comprised of caveolae and SR 

membranous structures (Fig. 4.3A-C).  These discrete regions were approximately 500-

600 nm in length and were circumferentially discontinuous.  Immunogold labeling 

subsequently confirmed that RyR localized to the sarcoplasmic reticulum membrane in 

regions close to caveolae whereas CaV3.2 was confined to the plasma membrane in-or-

close to caveolae (Fig. 4.3D-F).  

To strengthen the emerging relationship between CaV3.2 and RyR, the preceding 

structural work was supplemented with an immunohistochemical analysis of fixed rat 

cerebral arteries using antibodies against actin, CaV3.2 and RyR.  Findings in Fig. 4.4A 

first illustrate that actin labeling runs lengthwise in cerebral arterial smooth muscle cells, 

fading every 7-10 µm as actin leaves the viewing plane.  CaV3.2 staining was 

circumferential and often observed in regions devoid of smooth muscle actin.  A similar 

circumferential pattern was observed for RyR2, a finding indicative although not 

definitive for co-localization with CaV3.2 (Fig. 4.4B).  Unlike CaV3.2 and RyR, CaV1.2 

labeling was ribbon-like and ran lengthwise in smooth muscle (Fig. 4.4C).  A proximity 

ligation assay was subsequently performed and consistent with CaV3.2 and RyR2 residing 

within 40 nm of one another, punctate red fluorescent product was observed in myocytes 

treated with both primary and secondary antibodies (Fig. 4.5A).  Reaction product was 

absent in control experiments where one or both primary antibodies were removed (Fig. 

4.5B-D).   
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Figure 4.3. Electron microscopic imaging of rat cerebral arterial smooth muscle 

cells.  

(A)  Tissue sections (300 nm thick) were used to generate a contiguous stack of 2-D 

photomicrographs (~3.5 nm resolution); subcellular structures were subsequently traced 

on each section.  (B, C)  3-D models of discrete membranous regions where caveolae and 

SR are in close apposition to one another.  (D, E)  Transmission electron microscopy and 

immunogold labeling of RyR (D) or CaV3.2 channels (E) in rat cerebral arteries.  RyR 

labeling (arrowheads) can be observed in membranes localized beneath the plasma 

membrane.  CaV3.2 labeling (arrowheads) was confined to the plasma membrane in 

association with caveolae.  Boxed areas were magnified in the lower micrographs.  (F)  

Control experiments showed no electron dense particles.  Each photomicrograph is 

representative of three independent preparations. Experiments performed by RR Abd El-

Rahman, T Furstenhaupt, PR Muellerleile and DT Kurjiaka. 
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Figure 4.4. CaV3.2 displays localization patterns similar to RyR2 in rat cerebral 

arteries. 

(A)  Cerebral arteries were labeled with antibodies against smooth muscle actin (green) 

and CaV3.2 (red).  Labeling of CaV3.2 ran perpendicular (arrowheads) to the longitudinal 

axis of smooth muscle cells (arrow) in regions devoid of smooth muscle actin.  Bottom 

panels display smooth muscle actin and CaV3.2, separately.  (B)  Immunohistochemical 

staining of RyR (red) localized to areas where actin (green) was absent.  Magnified 

panels show RyR was perpendicular to the longitudinal axis of smooth muscle cells.  (C)  

CaV1.2 labeling (arrowheads) was parallel to the longitudinal axis of smooth muscle cells 

(arrow).  The boxed area (middle) was magnified in the right panel.  Photomicrographs 

are representative of 3 independent experiments.  Experiments performed by RR Abd El-

Rahman.  
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Figure 4.5. Proximity ligation assay of CaV3.2 and RyR2 in rat cerebral arterial 

smooth muscle cells. 

(A)  A gallery representation reveals the presence of red fluorescent product consistent 

with CaV3.2 and RyR co-localization within 40 nm of one another.  Nuclei were labeled 

with Hoechst 33342 (blue).  (B)  Assay was performed with no primary antibodies.  (C, 

D)  Assay controls were developed with one primary antibody.  Scale bars are 10 µm, 

optical section depth in each image is 0.3–0.5 µm.  Photomicrographs are representative 

of ~10-20 smooth muscle cells and the assay was tested 2-3 times for each panel. 

Experiments performed by RR Abd El-Rahman. 
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4.4.3 CaV3.2, RyR-mediated Ca2+ release and the induction of BKCa activity 

To ascertain at a conceptual level whether Ca2+ flux through CaV3.2 channels 

could activate RyR to initiate Ca2+ sparks, a computational model was designed.  The 

microdomain model (Fig. 4.6) was developed based upon the preceding structural data, 

measurements of CaV channel activity and mathematical representations of other Ca2+ 

transporters/binding proteins.  Findings illustrate that a depolarizing stimulus (from -60 to 

-40 mV) elicits Ca2+ spark-like events in the subspace between the plasma membrane and 

the SR (Fig. 4.6B).  These repetitive events fire at a frequency of ~0.11 Hz and are fully 

abolished with RyR blockade (Fig. 4.6C).  In keeping with a role for CaV3.2, the 

elimination of this conductance attenuated these spark-like events (~59% inhibition, Fig. 

4.6D).  A broader voltage dependent analysis also revealed that the frequency of Ca2+ 

spark-like events rose with depolarization (Fig. 4.6E).    

Moving forward to experimentally explore the CaV3.2/RyR relationship, Ca2+ 

imaging and line scan analysis were used to monitor Ca2+ sparks in rat cerebral arteries 

(Fig. 4.7A).  In opened tissues, Ca2+ sparks were observed in 57% of 291 line scans with 

a mean frequency of 0.0148 sparks/µm/sec.  Subsequent application of Ni2+ reduced 

event frequency by 53% (Fig. 4.7A-C).  Given these positive observations, we next used 

perforated patch clamp electrophysiology to monitor spontaneous transient outward K+ 

currents (STOC), BKCa–mediated events in response to Ca2+ spark generation (Jaggar et 

al., 1998b; Perez et al., 1999; Perez et al., 2001).  Findings in Fig. 4.7D show that STOC 

were robustly observed in cerebral arterial myocytes and their frequency increased as the 

holding membrane potential was stepped from -40 to -20 mV.  The subsequent 

application of 50 μM Ni2+ reduced STOC frequency at -40 but not -20 mV, a finding 

consistent with the voltage dependence of CaV3.2 channels.  The reduction in STOC 

frequency occurred without effect on amplitude (Fig. 4.7D).  In comparison, STOCs were 

abolished by 1 μM paxilline, a BKCa inhibitor (Fig. 4.7E).  Control experiments (Fig. 4.8) 

confirmed that peak inward/outward current in myocytes, slowly ramped from -60 to +20 

mV, was unaffected by Ni2+.  They also confirmed that 200 nM nifedipine does not 

reduce STOC frequency at -40 mV (n=4: control, 70±15 events/min; nifedipine, 62±12 
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events/min).  Overall, these results support the view that Ca2+ influx via CaV3.2 channels 

drives BKCa activity via a mechanism involving intermediary RyR and the induction of 

Ca2+ sparks.  

Further functional experiments were sought to emphasize the relationship 

between CaV3.2, BKCa activity, and the attenuation of arterial constriction.  First, Fig. 

4.9A-B reveals that BKCa blockade (paxilline, 1 μM) enhanced myogenic tone at 

intravascular pressures ˂80 mmHg, akin to Ni2+ (Fig. 4.1E-F).  Second, when Ni2+ and 

paxilline were sequentially added, the first agent induced constriction while the second 

had little or no additional effect (Fig. 4.9C-F).  Control experiments confirmed that Ni2+-

induced constriction (60 mmHg) was absent in mesenteric arteries isolated from CaV3.2-/- 

mice (Fig. 4.9G-H).  Overall, these results are consistent with CaV3.2 and BKCa channels 

working cooperatively within a common signaling pathway.  

4.4.4 CaV3.2 in human cerebral arteries  
A final set of experiments was conducted on human cerebral arteries to ascertain 

the translational impact of the preceding findings.  Cerebral arteries were isolated from 

brain tissues resected from patients undergoing temporal lobectomy (Fig. 4.10A).  PCR 

analysis on isolated smooth muscle cells, pre-screened for endothelial contamination, 

illustrated that CaV3.2 mRNA was expressed (Fig. 4.10B).  Whole-cell patch clamp 

electrophysiology subsequently confirmed the presence of a nifedipine-insensitive current 

that was partially sensitive to 50 µM Ni2+ (Fig. 4.10C).  Analogous to rat, Ni2+ 

application to human cerebral arteries elicited constriction and enhanced myogenic tone 

at pressure values ≤60 mmHg (Fig. 4.10D-E).  These findings confirm that CaV3.2 is not 

only expressed in human myocytes but its paradoxical role in tone development is likely 

akin to the rat.    
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Figure 4.6. Computational modeling of the role of CaV3.2 in Ca2+ dynamics.  

(A)  A computational model was developed using structural and electrophysiological 

data.  The model consists of an 8.5 μm slice of an arterial smooth muscle cell.  The 

microdomain is 600 nm in length and 15 nm from the SR.  Membrane proteins have been 

distributed and the level of expression was set by optimization procedures.  Key proteins 

include CaV1.2, CaV3.1, CaV3.2, RyR, Na+/Ca2+ exchanger (NCX), SERCA/PMCA 

pumps, calmodulin and calsequestrin.  Concentration of Ca2+ was calculated in the 

subspace region ([Ca2+]ss).  (B)  Simulations display repetitive Ca2+ spark-like events in 

response to depolarization from -60 to -40 mV.  (C, D)  Spark-like events were abolished 

by RyR inhibition and attenuated by CaV3.2 blockade.  (E)  Frequency of Ca2+ sparks 

increased with depolarization.  Experiments performed by K Bigdely-Shamloo, EJ 

Vigmond and A Nygren.  
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Figure 4.7. CaV3.2 suppression attenuates the generation of Ca2+ sparks and 

spontaneous transient outward K+ currents (STOC).  

(A)  Line scan imaging performed on posterior and middle rat cerebral arteries to 

ascertain Ca2+ spark generation under control conditions and in the presence of Ni2+ (50 

μM).  Arrowheads denote the presence of Ca2+ sparks.  (B, C)  Summary data highlight 

Ca2+ spark frequency (sparks/µm/sec) and the number of line scans in which Ca2+ sparks 

were detected (n=6 arteries, 291 line scans in total, *P<0.05, paired t-test).  (D)  

Representative traces and summary data of STOC measurements under control conditions 

and in the presence of Ni2+ (50 μM, n=8, *P<0.05, paired t-test).  Holding membrane 

potentials were set at -40 or -20 mV.  (E)  STOC were monitored before and after the 

application of paxilline (1 μM, n=8, *P<0.05, paired t-test).  Experiments performed by 

OF Harraz, Wilson SM and Romero M. 
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Figure 4.8.  The effect of 50 µM Ni2+ on whole-cell inward/outward currents. 

(A, B)  Representative traces and summary data of inward and outward current in rat 

cerebral arterial smooth muscle cells under control conditions and in the presence of Ni2+ 

(50 μM, n=10).  Recordings were made in the perforated patch clamp configuration and 

using solutions similar to those used for STOC measurements.  Cells were slowly ramped 

from -60 to +20 mV (4 mV/s).  Ni2+ had no effect on either peak inward or outward 

current.  Experiments performed by OF Harraz.    
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Figure 4.9. Effects of Ni2+ and paxilline on myogenic tone in rat cerebral arteries.  

(A)  Middle and posterior cerebral arteries were gradually pressurized from 20 to 100 

mmHg while diameter was monitored.  The experiment was performed under control 

conditions and in the presence of paxilline (1 µM) or in Ca2+-free media.  (B)  Summary 

data of the experiment in panel A (n=6, *P<0.05, paired t-test).  (C, D)  Traces and 

summary data illustrate the effects of sequential exposure to Ni2+ (50 μM) followed by 

paxilline (1 µM, n=7, *P<0.05, paired t-test).  (E, F)  The order of Ni2+ and paxilline in 

panel (C) was reversed (n=6, *P<0.05, paired t-test).  (G, H)  Traces and summary data 

illustrate the effects of Ni2+ (50 µM) on pressurized mesenteric arteries (60 mmHg) from 

wildtype (n=4) and CaV3.2 knockout (n=6) mice (*P<0.05, unpaired t-test).  Experiments 

performed by RR Abd El-Rahman and SE Brett.  
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Figure 4.10. Expression and function of CaV3.2 in human cerebral arteries.   

(A)  Brain tissues were excised from patients undergoing brain surgery.  Whole cerebral 

arteries and cerebral arterial smooth muscle cells were subsequently isolated for 

experimental assessments.  (B)  PCR analysis of whole brain and isolated smooth muscle 

cells highlights the presence of CaV3.2.  Data are representative of cells obtained from 

two human subjects.  BP denotes base pairs.  (C)  A voltage step from -90 to 0 mV was 

used to monitor inward Ba2+ current (n=6 cells from 4 subjects) in human cerebral arterial 

smooth muscle cells in the absence or presence of Ni2+ (50 µM, *P<0.05, paired t-test).  

Currents were monitored in the presence of nifedipine (200 nM) to block L-type Ca2+ 

channels.  (D, E)  Human cerebral arteries were pressurized from 20 to 100 mmHg while 

diameter was sequentially monitored under control conditions and in the presence of Ni2+ 

(50 µM) or in Ca2+ free media (n=4 arteries from 3 subjects, *P<0.05, paired t-test).  

Experiments performed by OF Harraz, F Visser and SE Brett. 
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4.5 Discussion  

This study delineated CaV3.2 channels in cerebral arterial smooth muscle and 

determined whether this T-type conductance triggers Ca2+ sparks and consequently BKCa 

channels to elicit feedback control of arterial tone.  Experiments progressed from cells to 

tissues and incorporated electrophysiology, cellular imaging and computational 

modeling.  Patch clamp electrophysiology confirmed the presence of a CaV3.2 current in 

cerebral arterial smooth muscle cells, a conductance selectively blocked by micromolar 

Ni2+.  In pressurized arteries, CaV3.2 blockade induced unexpected depolarization and 

constriction, a result indicative of CaV3.2 involvement in a dilatory process.  A 

combination of structural and protein localization techniques revealed that CaV3.2 

channels localize to microdomains in close apposition to RyR.  Computational modeling 

then conceptually revealed that CaV3.2 could gate RyR, elicit Ca2+ sparks and activate 

BKCa channels.  Consistent with these predictions, Ni2+ inhibited Ca2+ spark production 

and STOC generation at physiological voltages.  Further functional analysis reinforced 

this linkage by extending experiments to humans.  In summary, this study is the first to 

demonstrate that CaV3.2 drives a local Ca2+-induced Ca2+ release event that restrains 

cerebral arterial constriction by triggering Ca2+ sparks and BKCa channel activation. 

4.5.1 Background  

The depolarization of cerebral arterial smooth muscle augments extracellular Ca2+ 

influx through the activation of voltage-gated Ca2+ channels.  This response elevates 

global [Ca2+]i, enhances myosin light chain phosphorylation and augments arterial tone 

development (Cole and Welsh, 2011; Knot and Nelson, 1998).  Ca2+ channels are 

categorized according to the pore-forming α1-subunit (Catterall, 2011) and in cerebral 

arterial smooth muscle the L-type Cav1.2 is considered the primary conductance 

governing Ca2+ entry (Knot and Nelson, 1998).  While CaV1.2 is a dominant 

conductance, recent studies have begun to acknowledge the expression of low-voltage 

activated Ca2+ channels in cerebral arteries (Abd El-Rahman et al., 2013; Harraz and 

Welsh, 2013a; Kuo et al., 2010).  T-type channels are the sole members of this subfamily 

and as their name suggests, their activation/inactivation profiles are leftward shifted 

compared to the high-voltage activated L-type Ca2+ channels (Catterall, 2011; Harraz and 
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Welsh, 2013a).  CaV3.1 and CaV3.2 are expressed in arterial smooth muscle and recent 

work suggests that Ca2+ entry through one or both T-type channel(s) could elevate global 

[Ca2+]i, albeit at more hyperpolarized potentials, to modestly facilitate myogenic tone 

(Abd El-Rahman et al., 2013; Bjorling et al., 2013; Harraz et al., 2014b; Howitt et al., 

2013; Kuo et al., 2010).  While Ca2+ entry through T-type channels could drive bulk 

[Ca2+]i changes, it could also elicit localized increases to gate conductances tied to VM 

regulation (Harraz and Welsh, 2013b; Chen et al., 2003).  To date, evidence of discrete 

Ca2+ signaling is limited in vascular tissue although studies have alluded to this 

possibility given the unexpected impairment of arterial dilation following CaV3.2 

blockade (Chen et al., 2003; Poulsen et al., 2011).   

4.5.2 Cav3.2 channels in cerebral arteries  

Studying vascular T-type channels is challenging as pharmacological tools 

display minimal subtype selectivity.  The one exception is Ni2+ which, at low micromolar 

concentrations, selectively blocks CaV3.2 over CaV3.1 or CaV1.2, the primary Ca2+ 

channels in vascular smooth muscle (Harraz and Welsh, 2013a; Lee et al., 1999).  We 

confirmed Ni2+ selectivity by transfecting the preceding CaVx.x subunits into tsA-201 

cells and monitoring the inward Ba2+ current (Fig. 4.1).  Moving into cerebral arterial 

myocytes and focusing on the nifedipine-insensitive current dominated by T-type activity 

(Harraz et al., 2014b; Harraz and Welsh, 2013a), Ni2+ attenuated but did not abolish this 

conductance, consistent with expression of both CaV3.2 and CaV3.1.  On-cell 

electrophysiology further confirmed successful single channel recordings with a slope 

conductance consistent with T-type channels (Fox et al., 1987).  While only a handful of 

vascular studies have exploited differential Ni2+ sensitivity to isolate CaV3.2 currents 

(Chen et al., 2003; Harraz and Welsh, 2013a; Kuo et al., 2014), this approach is 

commonly used in cardiac/neuronal tissues to isolate this conductance and to ascertain its 

cellular function (Autret et al., 2005; Niwa et al., 2004).  In this context, we show for the 

first time that selective CaV3.2 blockade augmented myogenic tone, findings paradoxical 

to typical vasodilatory effects of Ca2+ channel blockers (Abd El-Rahman et al., 2013; 

Knot and Nelson, 1998; Kuo et al., 2010).  The enhancement of tone resulted from the 

ability of Ni2+ to depolarize arterial VM.  These observations along with earlier reports 
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(Chen et al., 2003) indicate that Cav3.2 might elicit a localized rise in cytosolic [Ca2+]i 

that gates a K+ conductance that limits arterial constriction.   

In the cerebral circulation, BKCa channels moderate vasoconstriction to agonists 

and elevated intravascular pressure.  The channel is comprised of four pore forming α1 

subunits and four β1 subunits to confer Ca2+ sensitivity (Brenner et al., 2000; Pluger et al., 

2000).  To activate BKCa, [Ca2+]i must discretely rise to micromolar levels and this is 

achieved through Ca2+ spark generation, SR events dependent on RyR gating (Brenner et 

al., 2000; Perez et al., 1999; Perez et al., 2001).  The opening of RyR is an integrated 

process, partially reliant on extracellular Ca2+ entry triggering the RyR cytosolic Ca2+ 

sensor.  The  identity of this entry channel is uncertain although past studies have 

implicated candidates including TRPV4 (Earley et al., 2005) and L-type channels (Cheng 

and Jaggar, 2006; Essin et al., 2007; Takeda et al., 2011).  While both are plausible 

candidates, their intrinsic properties are somewhat inconsistent with a triggering role.  

TRPV4 displays voltage independent properties yet Ca2+ spark generation is graded in a 

voltage dependent manner.  L-type channels exhibit Ca2+-dependent inactivation and if 

positioned in a diffusion-restricted microdomain, high [Ca2+]i would elicit strong 

inactivation, impinging upon its ability to activate the RyR cytosolic gate.  As CaV3.2 

channels are voltage-gated, free of Ca2+ dependent inactivation, and display a voltage 

window that overlaps with physiological membrane potentials (Catterall, 2011; Harraz 

and Welsh, 2013a), this conductance appears best suited for microdomain localization 

and functioning as a trigger of Ca2+-induced Ca2+ release.  

4.5.3 Microdomains and Ca2+ channel localization   

For Ca2+ influx via CaV3.2 to trigger RyR and initiate Ca2+ sparks, the SR and 

plasma membranes must form a discrete signaling domain and then the proteins of 

interest must localize in close apposition to one another.  In this context, we began our 

examination of a potential CaV3.2-RyR relationship using electron tomography, a 

structural technique that permits intracellular structures to be viewed in high 3-D 

resolution.  With this approach, microdomains comprised of caveolae and SR were 

readily identified (Fig. 4.3).  These discrete signaling regions were observed periodically 

along smooth muscle cells and were discontinuous longitudinally and circumferentially.  
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Immunogold labeling subsequently placed CaV3.2 in-or-near caveolae and RyR in 

regions beneath these invaginated structures.  In light of these findings, a broader 

immunohistochemical analysis was performed where further evidence of CaV3.2-RyR 

colocalization was observed.  First, using whole mounted cerebral arteries, this study 

found that both Ca2+ pores were expressed in regions devoid of smooth muscle actin (Fig. 

4.4).  Their circumferential labelling pattern was intriguing and strikingly distinct from 

CaV1.2.  Note that co-labelling of CaV3.2 and RyR in the same artery using different-

sized gold particles or primary antibodies could be used to emphasize the proposed 

similarity in expression patterns.  Second, a proximity ligation assay yielded a fluorescent 

product in isolated cells, consistent with CaV3.2 and RyR2 co-localizing within 40 nm of 

one another (Fig. 4.5).  Immunolabeling controls were negative and antibody specificity 

was characterized, a priori, by western blot analysis (Abd El-Rahman et al., 2013).    

4.5.4 CaV3.2 channels, Ca2+ sparks, STOCs, and arterial tone development 

In order to further test the stated hypothesis, it is important to consider Ca2+ flux 

in context with channel localization and the spatial compartments.  Accordingly, our next 

step was to build a computational model to ascertain whether Ca2+ flux through CaV3.2 

could, on a theoretical level, trigger the opening of RyR (Fig. 4.6).  Simulations revealed 

that at physiological VM, Ca2+ spark-like events could be repetitively generated.  Event 

frequency was coupled to voltage, an observation that aligns with experimental literature 

(Jaggar et al., 1998a; 1998b; Nelson et al., 1995).  RyR blockade abolished these events 

while Cav3.2 inhibition reduced frequency by 59%.  In keeping with theory, analysis of 

opened arteries confirmed that CaV3.2 blockade decreased the frequency of Ca2+ sparks 

(Fig. 4.7).  The inability of Ni2+ to completely block discrete events indicates a 

complexity to RyR gating that extends beyond our focused analysis of Cav3.2.  Future 

studies will need to consider whether other Ca2+ transporters are present in microdomains 

and able to trigger the cytosolic Ca2+ gate of RyR.  Ca2+ transport proteins external to the 

microdomain could also foster Ca2+ spark generation by altering SR refilling or the rate 

of Ca2+ diffusion from the subspace (Essin et al., 2007; Takeda et al., 2011).   

The predicted consequence of Ni2+ blockade and reduced Ca2+ spark generation 

should be decreased BKCa activity.  We assessed the latter using perforated patch clamp 
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electrophysiology to monitor STOC in arterial myocytes. As denoted in Fig. 4.7D-E, Ni2+ 

application reduced STOC frequency at physiological voltages (-40 mV) and had an 

insignificant effect at depolarized potentials where Cav3.2 channels reside in the inactive 

state.  In comparison, paxilline abolished all STOC activity at both voltages.  The voltage 

dependent effect of Ni2+ is intriguing and one which suggests that the ability of CaV3.2 to 

drive a feedback response might be confined to a specific VM range.  Functional 

observations in Fig. 4.2 align with this perspective in that the Ni2+ effect on the myogenic 

response was greatest at intravascular pressures (40-60 mmHg) where arterial VM will 

overlap with the peak window current of CaV3.2.  Given that paxilline augmented 

myogenic tone in an analogous manner to Ni2+, we can further suggest that CaV3.2 

channels are likely a dominant trigger of BKCa in intact cerebral arteries (Fig. 4.9).  This 

view is further supported by our observations that placing one blocker upon another had 

no additive effect on arterial tone.   

In interpreting the preceding findings, it is important to consider the possible off-

target effects of Ni2+.  Past studies have noted that Ni2+ under certain conditions can 

affect voltage-gated K+ and depolarizing transient receptor potential currents (Cheng et 

al., 2010; Ene et al., 2007; Luebbert et al., 2010; Wang et al., 2004).  Two lines of 

evidence indicate that off-targeting is minimal in this study.  First, electrophysiology 

revealed that Ni2+ had no effect on peak inward/outward current in smooth muscle cells 

ramped from -60 to 20 mV (Fig. 4.8).  Second, Ni2+ failed to alter tone in paxilline-

pretreated cerebral arteries or in vessels isolated from CaV3.2 knockout mice (Fig. 4.9).  

4.5.5 Translation to humans 

Our work in rat cerebral arteries highlights a structural and functional association 

between CaV3.2, RyR and BKCa, whereby voltage-dependent Ca2+ influx drives Ca2+ 

spark generation and consequently arterial hyperpolarization.  While these foundational 

observations are unique and provocative, questions remained as to whether they translate 

to human tissue.  In this context, we harvested human cerebral arteries from resection 

surgeries and repeated key experiments.  We show that CaV3.2 mRNA is indeed present 

in human cerebral arterial myocytes.  Further, CaV3.2 is functionally expressed as patch 

clamp electrophysiology delineated a Ni2+-sensitive T-type current.  Finally, consistent 
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with CaV3.2 driving arterial hyperpolarization, we found that Ni2+ constricted pressurized 

human cerebral arteries with an effect peaking at 60 mmHg where arterial VM likely 

resides at -45 mV.  These findings are the first to note T-type Ca2+ channel expression in 

human cerebral circulation and that it has a unique physiological role. 

4.5.6 Summary  

Vascular Ca2+ channels have been targets of investigative interest with Cav1.2 

receiving particular attention given that dihydropyridines induce profound arterial 

dilation.  With the recent isolation of T-type Ca2+ channels (Abd El-Rahman et al., 2013; 

Harraz and Welsh, 2013a; Kuo et al., 2014), interest has begun to shift towards defining 

their physiological function (Bjorling et al., 2013; Harraz and Welsh, 2013b; Kuo et al., 

2014).  Vascular studies using blockers that don’t discriminate among the T-type subunits 

have argued that they contribute modestly to global [Ca2+]i albeit at hyperpolarized 

potentials (Abd El-Rahman et al., 2013; Bjorling et al., 2013).  The present study 

challenges this stereotypic view by arguing that Ca2+ influx through CaV3.2 acts in a 

localized manner to alter Ca2+ sensitive conductances involved in VM regulation.  While 

this study focused specifically on CaV3.2, RyR and BKCa, it is intriguing to speculate that 

CaV3.1 might also regulate a Ca2+-activated target such as TRPM4 or TMEM16A, a Ca2+ 

activated Cl- conductance (Bulley et al., 2012; Earley et al., 2004).  Both conductances 

have been identified in arterial smooth muscle and linked to pressure-induced 

depolarization (Bulley et al., 2012; Earley et al., 2004; Gonzales et al., 2010).   

In summary, this study delineated CaV3.2 channels, explored their expression and 

examined their relationship to tone development in the cerebral circulation.  Our 

examination employed theoretical and experimental approaches from computational 

modeling to structural analysis, electrophysiology, and pressure myography.  CaV3.2 

channels were readily identified, shown to co-localize in microdomains with RyR to 

initiate Ca2+ sparks.  These discrete events activate BKCa channels to facilitate arterial 

hyperpolarization and drive a feedback response that moderates constrictor events 

including those initiated by intravascular pressure.  As CaV3.2 channels are present in 

other vascular beds (Bjorling et al., 2013; Chen et al., 2003; Svenningsen et al., 2014; 

Poulsen et al., 2011), their feedback mechanism likely extends beyond the cerebral 
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circulation.  These findings also provide a straightforward explanation how CaV3.2 

deletion paradoxically impacts arterial relaxation (Chen et al., 2003; Poulsen et al., 2011).  

This atypical CaV3.2 vasomotor response entails further attention given the emerging 

potential use of therapeutic T-type blockers for hypertension, cerebral vasospasm, or pain 

(Abe et al., 2013; Ball et al., 2009; Francois et al., 2014).  
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Chapter Five: Genetic ablation of CaV3.2 channels enhances the myogenic response 

due to reduced BKCa activity  

5.1 Abstract 

In resistance arteries, there is an emerging view that CaV3.2 channel restrains 

vascular constriction through a feedback response involving the large-conductance Ca2+ 

activated K+ channel (BKCa).  Here, we used wild-type and CaV3.2 knockout (CaV3.2-/-) 

mice to definitively test whether CaV3.2 moderates myogenic tone in mesenteric arteries 

via the CaV3.2-BKCa axis and if this regulatory mechanism influences blood pressure 

regulation.  Using vessel myography, CaV3.2-/- mesenteric arteries displayed enhanced 

myogenic tone.  Control electrophysiological and myography experiments subsequently 

confirmed the inability of Ni2+ (CaV3.2 blocker) to either constrict arteries or suppress T-

type currents in CaV3.2-/- tissues.  The frequency of BKCa-induced spontaneous transient 

outward currents dropped in wild-type but not knockout cells upon the pharmacological 

suppression of CaV3.2.  Line scan analysis performed on opened arteries illustrated the 

presence of Ca2+ sparks, ryanodine receptor (RyR) mediated events, in all arteries with 

the subsequent application of Ni2+ only affecting wild-type arteries.  While CaV3.2 

moderated myogenic constriction, the blood pressure measurements of CaV3.2-/- and 

wild-type animals were similar.  Overall, our findings establish a negative feedback 

response in which CaV3.2 modulates downstream RyR-BKCa to hyperpolarize and relax 

arteries. 
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5.2 Introduction 

The cardiovascular system comprises a muscular pump and a distribution network 

of arteries, veins and capillaries.  Within this integrated system, resistance arteries control 

the magnitude and distribution of tissue perfusion and respond to a range of vasoactive 

stimuli, including neurotransmitters, metabolites and mechanical forces (Brayden and 

Bevan, 1985; Garcia-Roldan and Bevan, 1990; Knot and Nelson, 1998; Si and Lee, 2002; 

Filosa et al., 2006).  Bayliss (1902) first described the inherent ability of resistance 

arteries to constrict to elevated pressure and studies have shown that the so-called 

“myogenic response” is intimately tied to vessel depolarization and the activation of L-

type CaV1.2 channels.  It’s often presumed that CaV1.2 is the only Ca2+ channel of 

functional significance as dihydropyridines greatly attenuate myogenic tone (Knot and 

Nelson, 1998).  This traditional perspective has begun to change with the identification of 

arterial T-type Ca2+ channels including CaV3.1 and CaV3.2 (Kuo et al., 2010; Abd El-

Rahman et al., 2013).  Recent findings suggest that the former (i.e. CaV3.1) modestly 

facilitates myogenic tone at hyperpolarized voltages (Bjorling et al., 2013) whereas the 

latter induces a negative feedback response to restrain arterial constriction (Harraz et al., 

2014a).  

Recent rodent observations have tied the paradoxical ability of cerebral arterial 

CaV3.2 to limit myogenic tone to the triggering of ryanodine receptors (RyR) on the 

sarcoplasmic reticulum.  The RyR-mediated generation of Ca2+ sparks subsequently 

activates the large conductance Ca2+-activated K+ channels (BKCa) eliciting arterial 

hyperpolarization to counteract myogenic constriction (Harraz et al., 2014a).  While an 

intriguing concept, existing observations are restricted by the presumed pharmacological 

selectivity of nickel to block CaV3.2 channels.  There is also a lack of corroborative 

observations, outside the cerebral circulation, in vascular beds known to acutely and 

sustainably regulate systemic blood pressure.        

Here, we used wild-type and CaV3.2 knockout (CaV3.2-/-) mice to definitively test 

whether CaV3.2 moderates myogenic tone in mesenteric arteries via the CaV3.2-RyR-

BKCa axis and if this regulatory mechanism influences blood pressure regulation.  

Experiments ranged from cells to whole animals and encompassed the integrative use of 
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myography, electrophysiology, intravascular catheterization and Ca2+ imaging.  Arteries 

displayed enhanced myogenic tone when CaV3.2 was genetically ablated or 

pharmacologically suppressed using Ni2+.  Subsequent analyses indicated that Ni2+ 

inhibited BKCa currents and Ca2+ sparks in wild-type but not CaV3.2-/- arteries.  While 

CaV3.2 moderated myogenic constriction, the blood pressure measurements of CaV3.2-/- 

and wild-type animals were similar.  In conclusion, this study establishes a negative 

feedback response in which CaV3.2 modulates downstream RyR-BKCa to hyperpolarize 

and relax arteries. 
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5.3 Materials and methods 

5.3.1 Animal procedures 

Animal procedures were approved by the Animal Care and Use Committee at the 

University of Calgary and Loma Linda University.  Briefly, male or female C57BL/6J 

(wild-type) and CaV3.2 knockout (CaV3.2-/-) mice (2–4 months old) were euthanized via 

CO2 asphyxiation.  The mesentery was carefully removed and placed in cold phosphate-

buffered saline (PBS, pH 7.4) solution containing (in mM): 138 NaCl, 3 KCl, 10 

Na2HPO4, 2 NaH2PO4, 5 glucose, 0.1 CaCl2 and 0.1 MgSO4.  Third and fourth order 

mesenteric arteries were carefully dissected out of surrounding tissue and cut into 2–3 

mm segments.  

5.3.2 Vessel myography and membrane potential (VM) measurement 

Arterial segments were mounted in an arteriograph and superfused with warm (37 

°C) physiological saline solution (PSS; pH 7.4; 21% O2, 5% CO2, balance N2) containing 

(in mM): 119 NaCl, 4.7 KCl, 20 NaHCO3, 1.1 KH2PO4, 1.2 MgSO4, 1.6 CaCl2 and 10 

glucose.  To limit the endothelial influence on myogenic tone development, air bubbles 

were passed through the vessel lumen (1–2 min).  Arteries were equilibrated at 15 mmHg 

and the contractile responsiveness was assessed by the brief application of 60 mM KCl.  

Following equilibration, intravascular pressure was incrementally elevated from 20 to 

100 mmHg and arterial external diameter was monitored under control conditions and in 

the presence of Ni2+ (50 μM, CaV3.2 blocker).  Maximal arterial diameter was assessed in 

Ca2+-free PSS (zero Ca2+ + 2 mM EGTA).  Percentage myogenic tone was utilized as a 

measure of myogenic responsiveness and was calculated at each intraluminal pressure as:  

% Myogenic tone=100*(D0–D)/D0; 

where D is external diameter under control conditions (Ca2+ PSS) or treated conditions 

(Ni2+), and D0 is external diameter in Ca2+-free PSS.  Smooth muscle membrane potential 

(VM) was assessed by inserting a glass microelectrode backfilled with 1 M KCl (tip 

resistance ~120-150 MΩ) into the vessel wall while pressurized at 60 mmHg.  Criteria for 

successful impalement included: 1) a sharp negative VM deflection upon insertion; 2) a 

stable VM for ≥1 min after entry; and 3) a sharp return to baseline upon electrode 

removal. 
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5.3.3 Isolation of arterial smooth muscle cells 

Briefly, arterial segments were placed in an isolation medium containing (in mM): 

60 NaCl, 80 Na-glutamate, 5 KCl, 2 MgCl2, 10 glucose and 10 HEPES with 1 mg/ml 

bovine serum albumin (pH 7.4, 37 °C, 10 min).  Vessels were then exposed to a two-step 

digestion process: 1) 12-14 min incubation in isolation medium containing 0.5 mg/ml 

papain and 1.5 mg/ml dithioerythritol; and 2) 10 minutes incubation in isolation medium 

containing 100 μM Ca2+, 0.7 mg/ml type F collagenase and 0.4 mg/ml type H 

collagenase.  Following incubation, tissues were washed repeatedly with ice-cold 

isolation medium and triturated with a fire-polished pipette.  Liberated cells were stored 

in ice-cold isolation medium for use within ~6 hr. 

5.3.4 Electrophysiological recordings 

Conventional patch-clamp electrophysiology was used to monitor whole-cell 

voltage-gated Ca2+ channel currents in isolated smooth muscle cells.  Recording 

electrodes (5-8 MΩ) were pulled from borosilicate glass microcapillary tubes (Sutter 

Instruments) using a micropipette puller (Narishige PP-830), and backfilled with pipette 

solution (in mM): 135 CsCl, 5 Mg-ATP, 10 HEPES, and 10 EGTA (pH 7.2).  Cells were 

voltage-clamped and equilibrated in bath solution (in mM): 110 NaCl, 1 CsCl, 10 BaCl2, 

1.2 MgCl2, 10 glucose, and 10 HEPES (pH 7.4).  A 1 M NaCl–agar salt bridge between 

the reference electrode and the bath solution was used to minimize offset potentials (<2 

mV).  To record whole-cell Ba2+ currents, isolated cells held at -60 mV were exposed to a 

pre-pulse (-90 mV, 200 ms) and then voltage steps ranging from -50 to +40 mV (10 mV 

intervals, 300 ms). 

Perforated patch-clamp electrophysiology was used to measure spontaneous 

transient outward K+ currents (STOCs) in isolated smooth muscle cells.  The bath 

solution contained (in mM): 134 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 glucose, and 10 

HEPES (pH 7.4).  The pipette solution contained (in mM): 110 K aspartate, 30 KCl, 10 

NaCl, 2 MgCl2, 10 HEPES, and 0.05 EGTA (pH 7.2) with 200 µg/ml amphotericin B.  

Membrane currents were recorded while the cells were held at -40 and -20 mV.  STOC 

analysis was performed with Clampfit; threshold for detection was set to be ~3 times the 

BKCa single channel conductance.  Whole-cell currents were recorded using an Axopatch 
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200B patch-clamp amplifier, filtered at 1 kHz, digitized at 5 kHz, and were stored on a 

computer for offline analysis with Clampfit 10.3 software.  Whole-cell capacitance 

averaged ~13 pF and was measured with the cancellation circuitry in the voltage-clamp 

amplifier. All experiments were performed at room temperature (~22oC).      

5.3.5 Ca2+ spark measurement 

Ca2+ sparks were measured in mouse arterial myocytes with the Ca2+ sensitive dye 

Fluo-4 AM using a Zeiss LSM 710 NLO laser scanning confocal imaging workstation on 

an inverted microscope platform (Zeiss Axio Observer Z1).  Fluo-4 AM was dissolved in 

DMSO and added from a 1 mM stock to the arterial suspension at a final concentration of 

10 μM, along with 0.1% pluronic F127 for 1-1.5 hr at room temperature in the dark in 

balanced salt solution.  Arterial segments were then washed (30 min) to allow dye 

esterification and then cut into linear strips.  Arterial segments were pinned to Sylgard 

blocks and placed in an open bath imaging chamber mounted on the confocal imaging 

stage.  Arteries were illuminated at 488 nm with a krypton argon laser and the emitted 

light was collected using a photomultiplier tube.  Line scans were imaged at 529 fps with 

the emission signal recorded at 493-622 nm.  The acquisition period for Ca2+ spark 

recordings was 18.9 s and the resultant pixel size ranged from 0.068 to 0.11 μm per pixel.  

To ensure that sparks within the cell were imaged, the pinhole was adjusted to provide an 

imaging depth of 2.5 μm.  This depth is roughly equivalent to 50% the width of the cell 

based on morphological examination of live preparations.  Analysis was performed to 

characterize the percentage of cells with Ca2+ sparks (% firing) and the spark frequency 

using SparkLAB 4.2.1.  Threshold for spark detection was 3.2 times the standard 

deviation of the background noise above mean background.  Prior to analysis, 

background fluorescence was subtracted from each image assuming homogeneous 

background levels in each cell. 

5.3.6 Intravascular catheterization    

Male C57BL/6 or CaV3.2-/- mice were anesthetized with intraperitoneal injection 

of ketamine (150 mg/kg) and xylazine (10 mg/kg).  Anesthesia was extended by 

additional injection of ketamine (10 mg/kg) as required.  Anesthesia adequacy was 

verified by the abolition of the withdrawal and blink reflexes.  A small neck incision was 
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made and the left common carotid artery was ligated and catheterized using an arterial 

cannula.  Similarly, a small incision was made to expose and catheterize the right jugular 

vein for intravenous drug administration.  Changes in mean arterial pressure (ΔMAP) 

were monitored using a data acquisition system (ACQKnowledge).  Mice were sacrificed 

at the end of the experiment using a high dose of anesthetic. 

5.3.7 Statistical analysis 

Data are expressed as means ± S.E.M., and n indicates the number of cells, 

arteries or mice.  Where appropriate, paired or unpaired t-tests or ANOVA were 

performed to compare the effects of a given condition/treatment on arterial diameter, or 

whole-cell current.  *P values ≤ 0.05 were considered statistically significant.  Averaged 

current-voltage relationships were fit to the following Peak Gaussian, 3rd Parameter 

function:   

I(V)=Imax*exp[-0.5{(V-Vmax)/b}2]; 

where Imax is peak current (I), Vmax is V at Imax, and b is the slope of the distribution. 

5.3.8 Solutions and chemicals 

Nifedipine, NNC 55-0396, NiCl2, paxilline, phenylephrine, sodium nitroprusside, 

EGTA, enzymes and buffer reagents were purchased from Sigma-Aldrich.  
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5.4  Results 

5.4.1 Genetic ablation of CaV3.2 enhances arterial myogenic tone 

Earlier reports revealed the involvement of arterial CaV3.2 channels in negative 

feedback control of vasoconstriction (Harraz et al., 2014a) and as such channel deletion 

should enhance myogenic tone.  As depicted, Fig. 5.1A, B demonstrates that C57BL/6 

and CaV3.2-/- arteries were myogenically responsive and constricted as intravascular 

pressure increased from 20 to 100 mmHg.  Calcium-free saline solution (zero mM Ca2+ + 

2 mM EGTA) reversed myogenic constriction and evoked passive arterial dilation.  

Expressing data as a percentage myogenic tone (Fig. 5.1C) revealed the predicted 

enhancement in CaV3.2-/- arteries (CaV3.2-/-, 28%±2% at 60 mmHg; C57BL/6, 19%±3% 

at 60 mmHg).  

5.4.2 Micromolar Ni2+ selectively blocks CaV3.2 currents  

Mesenteric arterial smooth muscle cells from C57BL/6 mice express three 

subtypes of voltage-gated Ca2+ channels (CaV1.2, CaV3.1, and CaV3.2; Bjorling et al., 

2013; Howitt et al., 2013) and thus total inward current is representative of this ensemble 

of channels.  To distinguish between these sub-components, we used whole-cell patch 

clamp electrophysiology in combination with defined pharmacology.  First, nifedipine 

(200 nM) was applied to the bath solution to block L-type CaV1.2 channels and to reveal 

a current that was predominated by T-type conductances (Fig. 5.2A).  Subsequent 

application of 50 µM Ni2+ (CaV3.2 blocker; Lee et al., 1999; Zamponi et al., 1996) 

reduced the nifedipine-insensitive current in C57BL/6 but not in CaV3.2-/- arterial smooth 

muscle cells (Fig. 5.2B, C).  The absence of an effect of Ni2+ in CaV3.2-/- cells is 

consistent with the presumed pharmacological selectivity.  The broad-spectrum T-type 

blocker NNC 55-0396 (1 µM) subsequently abolished the residual current in both 

C57BL/6 and CaV3.2-/- myocytes due to the suppression of remaining CaV3.1 currents 

(Fig. 5.2C).  
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5.4.3 CaV3.2 regulates BKCa-mediated STOCs 

Given the enhancement of myogenic constriction in CaV3.2-/- arteries, we next 

tested whether this T-type channel induces this change through a negative feedback 

response that involves downstream BKCa (Harraz et al., 2014a; Perez et al., 1999).  In this 

regard, we employed perforated patch clamp electrophysiology to monitor spontaneous 

transient outward K+ currents (STOCs) in arterial smooth muscle cells from wild-type or 

knockout animals.  In C57BL/6 smooth muscle cells held at the physiological voltage of -

40 mV, Ni2+ significantly suppressed STOC frequency.  In contrast, Ni2+ had no effect on 

STOCs when C57BL/6 cells were voltage-clamped at more depolarized potentials (-20 

mV), a finding consistent with the voltage dependence profile of CaV3.2 (Fig. 5.3A).  In 

CaV3.2-/- cells, Ni2+ had no effect at either -40 mV or -20 mV (Fig. 5.3B, C).  Nickel had 

no effect on STOC amplitude under any experimental conditions (Fig. 5.3C).  

5.4.4 CaV3.2 controls Ca2+ spark generation 

Given the ability of CaV3.2 to modulate STOCs (Fig. 5.3) and the reported 

correlation between RyR activity and BKCa activation (Nelson et al., 1995; Perez et al., 

1999; Harraz and Welsh, 2013b; Harraz et al., 2014a), we next explored the CaV3.2-Ca2+ 

spark relationship using Ca2+ imaging and line scan analysis of mouse mesenteric arteries 

(Fig. 5.4).  In C57BL/6 arteries, Ca2+ sparks were observed in 76% of the 312 line scans 

performed under control conditions.  Depolarizing arteries with 30 mM K+ significantly 

increased spark activity (95%) while the subsequent addition of Ni2+ reduced firing (52%, 

Fig. 5.4A).  In 30 mM K+, Ca2+ spark frequency was calculated to be 0.0192 and 0.0103 

sparks/µm/sec in the absence and presence of Ni2+, respectively (Fig. 5.4B).  In 

comparison, 30 mM K+ increased spark firing in Cav3.2-/- arteries from 58% to 94% (456 

line scans; P<0.0001) and Ni2+ had no attenuating effect (Fig. 5.4A).  
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Figure 5.1.  CaV3.2-/- arteries display enhanced myogenic tone.  

(A)  Representative traces (upper) and summary data (lower) demonstrate that wild-type 

(C57BL/6) mesenteric arteries myogenically constricted to elevations in intravascular 

pressure from 20 to 100 mmHg in Ca2+ containing PSS.  Maximum arterial diameters 

were obtained by replacing Ca2+ PSS with Ca2+-free PSS with zero Ca2+ + 2 mM EGTA 

(n=12).  (B)  Representative traces and averaged data of the myogenic response in CaV3.2 

knockout (CaV3.2-/-) mesenteric arteries (n=8).  (C)  Percentage myogenic tone was 

significantly higher in CaV3.2-/- (n=7) than in C57BL/6 (n=11) arteries (unpaired t-test, 

*P≤0.05).  Experiments performed by SE Brett. 
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Figure 5.2. Micromolar Ni2+ suppresses CaV3.2 current.  

(A)  Current-voltage (I-V) plots illustrate total inward currents in C57BL/6 and CaV3.2-/- 

myocytes and the effects of CaV1.2 and CaV3.2 blockade using nifedipine (200 nM) and 

Ni2+ (50 µM), respectively.  All recordings were made using 10 mM Ba2+ as the charge 

carrier.  (B, C) Representative traces and summary data illustrate the effect of Ni2+ on 

nifedipine insensitive T-type currents.  Representative traces are of currents evoked using 

a pre-pulse (-90 mV) followed by a test pulse (0 mV, 300 ms).  Ni2+ significantly 

suppressed T-type currents in C57BL/6 but not CaV3.2-/- myocytes (n=7 each; *P≤0.05; 

NS denotes not significant).  Experiments performed by OF Harraz.  
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Figure 5.3.  CaV3.2 modulates BKCa-mediated STOCs.  

(A, B)  Representative traces of STOCs recorded at -40 and -20 mV in C57BL/6 (A) or 

CaV3.2-/- (B) arterial smooth muscle cells.  Application of 50 µM Ni2+ suppressed STOC 

frequency only at -40 mV in C57BL/6 myocytes with no noticeable effect at other 

conditions.  (C)  Averaged bar graphs illustrate the effect of Ni2+ on STOC frequency 

(Hz, upper) and amplitude (pA, lower) at -40 or -20 mV in C57BL6 (black) or CaV3.2-/- 

(red) arterial smooth muscle cells.  * and NS denote significant and not significant, 

respectively (*P≤0.05, paired t-test, n=8-11 as denoted).  Experiments performed by OF 

Harraz. 
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Figure 5.4. CaV3.2 channel triggers Ca2+ spark generation.  

(A)  Percentage firing of Ca2+ sparks under control conditions and after the sequential 

application of 30 mM KCl followed by 50 µM Ni2+.  Line scans were recorded in 

C57BL/6 (black, n=312 line scans/6 arteries of 6 animals) or CaV3.2-/- (red, n=456 line 

scans/9 arteries of 9 animals) mesenteric arteries.  * and NS denote significant and not 

significant, respectively (*P≤0.05, paired t-test).  # denotes significant difference when 

comparing among the two animal groups (#P≤0.05, unpaired t-test).  (B)  Ca2+ spark 

frequency (sparks/µm/sec) before (control: in the presence of 30 mM K+) and after the 

application of Ni2+.  CaV3.2 suppression significantly attenuated spark frequency in 

opened C57BL/6 arteries (n=3 arteries, 148 line scans in total, *P≤0.05, paired t-test).  

Experiments performed and analyzed by SM Wilson, M Romero and OF Harraz. 
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5.4.5 CaV3.2 restrains myogenic constriction by altering BKCa feedback  

The application of Ni2+ (50 µM) onto C57BL/6 arteries evoked vasoconstriction 

at intravascular pressure values between 20 and 60 mmHg and this vasomotor effect 

diminished at higher pressures; CaV3.2-/- arteries lacked a similar response (Fig. 5.5A).  

Percentage myogenic tone of C57BL/6 arteries increased after the application of Ni2+ (at 

60 mmHg: control 20%±4% versus Ni2+ 25%±1%); but was not altered in CaV3.2-/- 

arteries (control 30%±5% versus Ni2+ 28%±8%; Fig. 5.5B).  Coinciding with this 

vasomotor data, VM measurements of pressurized arteries (60 mmHg) showed that Ni2+ 

application only depolarized C57BL/6 but not CaV3.2-/- arteries (Fig. 5.5C, D).  In 

C57BL/6 arteries, the BKCa blocker (paxilline, 1 µM) evoked arterial constriction (Fig. 

5.6A) and an enhancement of myogenic tone (Fig. 5.6B) similar to that of Ni2+, an 

observation consistent with a common signaling axis between CaV3.2 and BKCa.  When 

Ni2+ and paxilline were sequentially added to the same C57BL/6 artery, Ni2+ evoked 

vasoconstriction while subsequent paxilline application had no additional effect.  

Experiments in CaV3.2-/- arterial segments demonstrated the lack of vasomotor responses 

to Ni2+ but preserved responsiveness to subsequent BKCa suppression (Fig. 5.6C).   

5.4.6 CaV3.2-/- mice display normal blood pressure 

Pharmacological and genetic approaches suggested that CaV3.2 counterbalances 

myogenic constriction (Fig. 5.1, 5.5) and could as such influence blood pressure 

regulation.  To explore this possibility, we catheterized C57BL/6 and CaV3.2-/- mice to 

monitor blood pressure under resting conditions and in response to a vasopressor 

challenge.  As depicted (Fig.5.7A), basal mean arterial pressure (MAP) was similar in 

wild-type and knockout mice (C57BL/6: 100±2 mmHg; CaV3.2-/-: 103±5 mmHg).  The 

subsequent intravenous administration of phenylephrine (α1-adrenergic receptor agonist, 

1-16 µg/Kg body weight) evoked dose-dependent rises in MAP and these transient 

hypertensive responses were similar among the two groups of animals (Fig. 5.7B).  

Analogous to in vivo experiments, phenylephrine-induced vasoconstriction was similar in 

C57BL/6 and CaV3.2-/- arteries (Fig. 5.7C, D).  Control experiments noted that the 

hypotension induced by sodium nitroprusside (1-16 µg/Kg) was blunted in CaV3.2-/- mice 

(Supplementary Fig. III), a result consistent with past findings (Chen et al., 2003).   
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Figure 5.5.  CaV3.2 suppression constricts/depolarizes wild-type arteries.  

(A)  Averaged data demonstrate that the application of 50 µM Ni2+ constricted 

pressurized C57BL/6 (n=9) arteries at pressure values 20-60 mmHg with no significant 

effect on CaV3.2-/- arteries (n=4).  (B)  CaV3.2 blockade enhanced percentage myogenic 

tone in C57BL/6 arteries (left), but displayed no detectable change in CaV3.2-/- arteries 

(right).  (C)  Representative traces of membrane potential recordings (in mV) in C57BL/6 

(left) and CaV3.2-/- (right) pressurized arteries (60 mmHg) before and after the application 

of Ni2+.  (D)  Summary data of membrane potential measurements in C (n=6 each; paired 

t-test; *P≤0.05; NS denotes not significant).  Experiments performed and analyzed by SE 

Brett and OF Harraz, respectively.   
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Figure 5.6.  CaV3.2 suppression constricts wild-type arteries via altering the 

vasomotor BKCa response.  

(A)  Application of Ni2+ (50 µM, n=9, as in Fig. 5.5) or paxilline (1 µM, n=4) on 

pressurized C57BL/6 arteries elicited similar constrictor responses that peaked at pressure 

values ≤60 mmHg.  (B)  Percentage myogenic tone increased in response to BKCa 

blockade in C57BL/6 arteries (n=4).  (C)  Changes in arterial diameter in response to Ni2+ 

followed by paxilline in pressurized C57BL/6 or CaV3.2-/- arteries (at 60 mmHg, n=5-7, 

*P≤0.05; NS denotes not significant).  Experiments performed and analyzed by SE Brett 

and OF Harraz, respectively.   
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Figure 5.7. CaV3.2-/- mice display normal blood pressure and phenylephrine 

responsiveness.  

(A)  Resting mean arterial pressure of anesthetized C57BL/6 (n=10) or CaV3.2-/- (n=10) 

mice.  (B)  Changes in mean arterial pressure (ΔMAP, mmHg) in response to intravenous 

phenylephrine (1, 2, 4, 8 and 16 µg/kg body weight) in C57BL/6 (n=10) and CaV3.2-/- 

(n=10) anesthetized mice.  NS denotes not significant (P≤0.05, unpaired t-test).  (C)  

Arterial diameter responses (µm) of C57BL/6 and CaV3.2-/- mesenteric arteries to 

increased pressure from 15 to 60 mmHg followed by cumulative doses of phenylephrine 

(PE; 0.01-10 µM).  Maximum diameters (Dmax) were achieved by perfusion of Ca2+ free 

PSS.  (D)  Phenylephrine dose response (% constriction) curve shows no significant 

differences between C57BL/6 (n=8) and CaV3.2-/- (n=8) arteries.  Experiments performed 

and analyzed by A Zechariah, SE Brett and OF Harraz.   
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5.5 Discussion 

This study used wild-type and CaV3.2 knockout mice to examine the purported 

contribution of CaV3.2 channels to a negative feedback response that counterbalances 

arterial tone development.  Experiments ranged from single cells and isolated intact 

arteries to whole animals, and incorporated the use of pressurized myography, 

electrophysiology, Ca2+ imaging and vascular catheterization.  Using mesenteric arteries, 

functional experiments illustrated that the genetic ablation or pharmacological 

suppression of CaV3.2 selectively enhanced myogenic constriction.  Subsequent 

electrophysiological recordings revealed that CaV3.2 channel modulates downstream 

BKCa-mediated STOCs.  Ca2+ imaging further demonstrated that Ca2+ spark generation is 

an intermediary step in the CaV3.2-BKCa functional axis.  Finally, while CaV3.2 

moderated myogenic tone, this regulatory mechanism did not influence resting blood 

pressure or vasopressor induced responses.  In summary, the findings from this study 

establish a model by which CaV3.2 drives a local Ca2+-induced Ca2+ release event that 

restrains pressure-induced arterial constriction by triggering Ca2+ sparks and 

BKCa currents. 

5.5.1 Background 

Resistance arteries control tissue perfusion and respond to a range of vasoactive 

stimuli including neurotransmitters, metabolites and mechanical forces (Brayden and 

Bevan, 1985; Garcia-Roldan and Bevan, 1990; Knot and Nelson, 1998; Si and Lee, 2002; 

Filosa et al., 2006).  Bayliss first described the inherent ability of resistance arteries to 

respond to perturbations in blood pressure (Bayliss, 1902).  The so called “myogenic 

response” is intrinsic to vascular smooth muscle and plays a key role in maintaining 

blood flow and capillary pressure to tissues such as the brain (Cole and Welsh, 2011).  

Mechanistically, this response is intimately tied to a rise in cytosolic [Ca2+]i driven by a 

depolarization that activates L-type CaV1.2 channels.  Given the ability of 

dihydropyridines to attenuate myogenic constriction, investigators often assume that 

CaV1.2 is the only voltage-gated Ca2+ channel of functional significance (Knot and 

Nelson, 1998).  This traditional perspective has shifted with the identification of two T-
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type Ca2+ channels (Kuo et al., 2010; Abd El-Rahman et al., 2013), the first being CaV3.1 

which modestly facilitates myogenic tone at hyperpolarized voltages (Bjorling et al., 

2013).  In contrast, CaV3.2 channels have been reported to drive a paradoxical feedback 

response that limits arterial constriction (Harraz et al., 2014a).  The feedback response 

apparently begins with Ca2+ influx through CaV3.2 channels triggering ryanodine 

receptors to initiate Ca2+ sparks.  These discrete SR driven events in turn activate BKCa 

channels to hyperpolarize and dilate resistance arteries (Harraz et al., 2014a).  While an 

intriguing concept, data interpretation is singularly dependent on the presumed selectivity 

of Ni2+ for CaV3.2 channels.  Current work is also restricted to the cerebral circulation 

and experiments have not extended to vascular beds essential to blood pressure 

regulation.    

5.5.2 Genetic or pharmacological CaV3.2 inhibition enhances myogenic constriction 

One means to better probe the functional properties of arterial CaV3.2 is to 

employ animal models in which the channel has been genetically ablated (Chen et al., 

2003).  In this regard, we procured CaV3.2 knockout mice (CaV3.2-/-) then used 

pressurized myography to study the vascular phenotype.  Consistent with the view that 

CaV3.2 mediates feedback vasodilation, we observed enhanced myogenic constriction in 

mesenteric arteries from CaV3.2-/- mice.  This finding was somewhat akin to the 

functional observations in coronary arteries (Chen et al., 2003) and the enhancement of 

cerebral arterial myogenic tone noted in the presence of Ni2+, a CaV3.2 blocker (Harraz et 

al., 2014a).  While past studies have reported off-target effects of nickel (Cheng et al., 

2010; Ene et al., 2007; Luebbert et al., 2010) that may account for the vasomotor 

response, findings in this study argue against this perspective.  In particular, we note that 

Ni2+-sensitive current is absent from CaV3.2-/- smooth muscle cells, and this divalent 

cation also failed to constrict or depolarize arteries from knockout mice.   

5.5.3 Arterial CaV3.2 modulates BKCa activity  

The unexpected ability of CaV3.2 to mediate a negative feedback response has 

been previously tied to downstream modulation of BKCa channels (Chen et al., 2003; 

Harraz et al., 2014a).  In arterial smooth muscle, BKCa is ubiquitously expressed and 

known to moderate membrane depolarization and arterial constriction (Brayden and 
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Nelson, 1992).  To activate arterial BKCa, vasoactive stimuli must induce depolarization 

and elicit a discrete micromolar rise in [Ca2+]i in the form of a Ca2+ spark (Nelson et al., 

1995).  Here, we present multiple lines of evidence implicating BKCa as a downstream 

effector of CaV3.2.  First, electrophysiology revealed that BKCa-mediated STOCs were 

sensitive to Ni2+ in wild-type but not in CaV3.2-/- smooth muscle cells.  Second, pressure 

myography illustrated that adding Ni2+ or paxilline (BKCa channel inhibitor) to the 

superfusate comparably augmented myogenic tone.  Intriguingly, applying paxilline to 

wild-type arteries pretreated with Ni2+ had no additive effect, consistent with CaV3.2 and 

BKCa channels being linked through a common sequential pathway.   

It has been long established that RyR activation is responsible for the initiation of 

BKCa-mediated STOCs in arterial smooth muscle (Perez et al., 1999) and this recognized 

relationship led us to examine the nature of Ca2+ spark generation in mouse mesenteric 

arteries.  Consistent with Cav3.2 driving Ca2+ spark generation and subsequently STOC 

generation, we used Ca2+ imaging and line scan analysis and observed that spark 

frequency decreased in wild-type arteries when CaV3.2 channels were inhibited with Ni2+.  

We also found that Ca2+ spark generation in CaV3.2-/- arteries was unaffected by the 

application of this divalent cation.  The preceding findings align well with recent work 

from the cerebral circulation (Harraz et al., 2014a) where a variety of functional, 

structural, electrophysiological and computational observations were used to draw a 

relationship between CaV3.2 and RyR and then BKCa.  Intriguingly, the preceding work is 

somewhat distinct from non-vascular studies where T-type conductances have been 

suggested to play a more direct role in Ca2+-activated K+ channel modulation (Wolfart 

and Roeper, 2002; Cueni et al., 2008; Engbers et al., 2012; Rehak et al., 2013).   

5.5.4 CaV3.2-/- mice display normal blood pressure  

With CaV3.2 channels playing an intimate role in limiting myogenic constriction, 

it is logical to argue that the loss of this conductance would alter systemic blood pressure 

regulation.  We tested this supposition by catheterizing anesthetized mice and assessing 

blood pressure at rest and in response to a vasopressor challenge.  Resting blood pressure 

was similar among wild-type and knockout mice.  To our surprise, challenging the two 

animal groups with phenylephrine evoked a comparable rise in blood pressure over a 
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range of doses; mesenteric arteries isolated from wild-type and CaV3.2-/- mice constricted 

similarly to this α1-adrenergic agonist.  This study is not the first to demonstrate the 

conservation of systemic blood pressure regulation in Cav3.2-/- mice (Thuesen et al., 

2014) and at present, it is not clear why blood pressure fails to change.  Perhaps, 

functional compensation has occurred or global CaV3.2 deletion may have effects on 

blood pressure independent of vascular smooth muscle (Tsuru et al., 2002).  As to the 

latter, establishing a smooth muscle-specific CaV3.2 knockout model will provide new 

and valuable insights.   

5.5.5 Summary 

In conclusion, this study showed that arterial CaV3.2 channels retain a unique 

ability to counterbalance myogenic constriction.  This negative feedback response entails 

a modulatory paradigm in which Ca2+ flux through CaV3.2 triggers Ca2+ spark generation 

and then activates BKCa channels to hyperpolarize and relax arteries.  This novel 

functional axis will alter the traditional view that voltage-gated Ca2+ channels solely 

facilitate arterial tone development. 

 

 

  

131 



 

Chapter Six: Human CaV1.2/CaV3.x channels mediate divergent vasomotor responses 

in human cerebral arteries  

6.1 Abstract 

Voltage-gated Ca2+ channels (CaV) are key regulators of excitation-contraction 

coupling in arterial smooth muscle.  Despite evidence of L- and T-type CaV channels in 

rodent smooth muscle, little is known of their expression and function in human arteries.  

The objective of this study was to assess CaV expression in human cerebral arteries and to 

define their roles in arterial tone development.  Using cerebral arteries harvested from 

patients undergoing resection surgery, quantitative polymerase chain reaction and 

western blotting revealed mRNA/protein expression of L- and T-type channels in smooth 

muscle.  Analogous to rodents, we observed the expression of CaV1.2 (L) and CaV3.2 (T) 

α1 subunits; intriguingly, the CaV3.1 (T) isoform was replaced with CaV3.3 in humans.  

Using established pharmacological and electrophysiological tools, each Ca2+ channel 

subtype was successfully delineated and examined.  Pressurized vessel myography 

showed a key role for CaV1.2 and CaV3.3 channels in mediating cerebral arterial 

constriction with the former and latter predominating at higher and lower intraluminal 

pressures, respectively.  In contrast, CaV3.2 antagonized arterial tone development 

through downstream regulation of the large conductance Ca2+-activated K+ channel.  

Computational analysis revealed that each Ca2+ channel subtype will uniquely contribute 

to the dynamic regulation of cerebral blood flow.  This study is the first to document the 

expression of three distinct Ca2+ channel subtypes in human cerebral arteries and to 

further show how they uniquely orchestrate arterial tone development. 
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6.2 Introduction 

The spatial and temporal distribution of brain blood flow is set by networks of 

resistance arteries.  Cerebral arteries are responsive to a range of humoral and mechanical 

stimuli (Filosa et al., 2006; Furchgott and Zawadzki, 1980; Segal, 2000), one of the key 

being  arterial pressure (Knot and Nelson, 1998).  Under dynamic conditions, elevated 

intraluminal pressure initiates arterial constriction by modulating ionic conductances that 

depolarize arterial smooth muscle membrane potential (VM) (Knot and Nelson, 1998; 

Welsh et al., 2002).  This electrical event in turn grades the opening of voltage-gated 

Ca2+ channels, and the subsequent rise in cytosolic [Ca2+]i triggers the activation of 

myosin light chain kinase and actin-myosin cross-bridge cycling (Cole and Welsh, 2011; 

Gallagher et al., 1997).  As voltage-gated Ca2+ channels play a key role in setting arterial 

tone, they have long been a target of therapeutic interest, with blockers commonly used to 

moderate systemic hypertension and cerebral vasospasm (Godfraind, 2014).   

The voltage-gated Ca2+ channel family comprises ten α1 pore-forming subtypes, 

among which the CaV1.2 channel predominates in the transduction of vascular smooth 

muscle contractility (Catterall, 2011).  Given the robust vasodilatory response to L-type 

blockers (e.g. dihydropyridines), it is often assumed that this channel is the sole subtype 

expressed in rodent and human arteries (Knot and Nelson, 1998; Moosmang et al., 2003).  

While a principal conductance, emerging animal studies indicate the presence of 

additional subtypes (Abd El-Rahman et al., 2013; Jensen et al., 2004; Kuo et al., 2010).  

Of particular note are T-type Ca2+ channels whose voltage profiles are leftward shifted, 

compared to L-type, positioning them to be more active at hyperpolarized VM.  Initial 

data argued that T-type channels were functionally similar to L-type in elevating 

cytosolic [Ca2+]i albeit at lower intraluminal pressures where arteries are hyperpolarized 

(Abd El-Rahman et al., 2013; Bjorling et al., 2013).  Recent reports, however, indicate 

that T-type regulation of arterial tone is more sophisticated, with one subtype (CaV3.1) 

driving constrictor responses and the other (CaV3.2) mediating feedback dilation (Chen et 

al., 2003; Harraz et al., 2014a; Thuesen et al., 2014).  These animal observations are 

intriguing, but their translational significance has remained elusive as mechanistic studies 

have not extended to the human vasculature.     
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The goal of this study was to delineate Ca2+ channels in native human cerebral 

arterial smooth muscle and to determine how each conductance distinctively modulates 

arterial tone development.  Our investigation progressed from cells to tissues and 

involved the integrative use of pressurized myography, western blotting, polymerase 

chain reaction (PCR), electrophysiology, and computational modeling.  In human 

cerebral arterial smooth muscle cells, we documented for the first time the expression of 

L- (CaV1.2) and T-type (CaV3.2/CaV3.3) channels and characterized their unique 

physiological and pharmacological profiles.  Subsequent observations showed that 

CaV1.2 and CaV3.3 augmented myogenic arterial tone in a manner consistent with their 

voltage dependence.  In stark contrast, human CaV3.2 antagonized tone development and 

enabled indirect arterial vasodilation through localized Ca2+ signaling and its influence on 

large conductance Ca2+-activated K+ (BKCa) channels.  The divergent roles of Ca2+ 

channels are therapeutically important as subtype-specific targeting could either suppress 

or enhance arterial tone.  In summary, this human based study is the first to illustrate the 

expression of three different voltage-gated Ca2+ channels and to encode their distinctive 

influences on human cerebral arterial tone development. 
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6.3 Materials and methods 

6.3.1 Human tissues 

Excised human brain samples were obtained after institutional review board 

approval, written informed consent, and in accordance with the guidelines of 

the Declaration of Helsinki.  Brain tissues were collected and placed in cold phosphate-

buffered saline solution (PBS; pH 7.4) containing (in mM): 138 NaCl, 3 KCl, 10 

Na2HPO4, 2 NaH2PO4, 5 glucose, 0.1 CaCl2 and 0.1 MgSO4, and transferred to the 

laboratory.  Small superficial cerebral arteries (~150-250 μm-diameter) were carefully 

dissected out of surrounding tissue. 

6.3.2 Animal procedures 

Animal procedures were approved by the Animal Care and Use Committee at the 

University of Calgary.  Briefly, female Sprague–Dawley rats (2-4 months old) or 

C57BL/6 mice (2-4 months old) were euthanized via CO2 asphyxiation.  Brains were 

removed and placed in cold PBS.  Middle and posterior cerebral arteries were carefully 

dissected out of surrounding tissue and cut into ~2 mm segments for enzymatic digestion. 

6.3.3 Pressurized vessel myography 

Human arterial segments were mounted in a customized arteriograph and 

superfused with warm (37 °C) physiological saline solution (PSS) containing: 119 mM 

NaCl, 4.7 mM KCl, 20 mM NaHCO3, 1.1 mM KH2PO4, 1.2 mM MgSO4, 1.6 mM CaCl2 

and 10 mM glucose; pH 7.4; 21% O2, 5% CO2, balance N2).  To limit the endothelial 

feedback influence on myogenic tone development, air bubbles were passed through the 

vessel lumen (1–2 min).  Arteries were equilibrated at 15 mmHg and the contractile 

responsiveness was assessed by brief application of 60 mM KCl.  Following 

equilibration, intraluminal pressure was incrementally elevated from 20 to 100 mmHg 

and arterial external diameter was monitored under control conditions and in the presence 

of nifedipine (200 nM, CaV1.2 inhibitor), NNC 55-0396 (1 μM, T-type blocker) and/or 

Ni2+ (50 μM, CaV3.2 blocker).  Maximal arterial diameter was subsequently assessed in 

Ca2+-free PSS (zero externally added Ca2+ + 2 mM EGTA).  Percentage myogenic tone 

was utilized as a measure of myogenic responsiveness and was calculated at each 

intraluminal pressure as follows: % Myogenic tone=100*(D0–D)/D0 (Equation 1); where 
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D is external diameter under control conditions (Ca2+ PSS) or treated conditions 

(nifedipine, NNC 55-0396 or Ni2+), and D0 is external diameter in Ca2+-free PSS.  

Percentage of maximal tone was used to ascertain the relative contribution of L- and T-

type channels and was calculated at each intraluminal pressure as: % Maximal 

tone=100*ΔDX/D0-D (Equation 2); where ΔDX is change in arterial diameter induced by 

nifedipine or NNC 55-0396, D0 is external diameter in Ca2+-free PSS, and D is arterial 

diameter under control conditions (Ca2+ PSS). 

6.3.4  Isolation of cerebral arterial smooth muscle cells 

Smooth muscle cells from human, rat or mouse cerebral arteries were 

enzymatically isolated as previously described (Anfinogenova et al., 2011; Harraz and 

Welsh, 2013a; Harraz et al., 2014a).  Briefly, arterial segments (1-2 mm length) were 

placed in an isolation medium (37 °C, 10 min) containing (in mM): 60 NaCl, 80 Na-

glutamate, 5 KCl, 2 MgCl2, 10 glucose and 10 HEPES with 1 mg/ml bovine serum 

albumin (pH 7.4).  Vessels were then exposed to a two-step digestion process that 

involved: 1) 10-15 min incubation in isolation medium (37 °C) containing 0.5 mg/ml 

papain and 1.5 mg/ml dithioerythritol; and 2) a 15 min incubation in isolation medium 

containing 100 μM Ca2+, 0.7 mg/ml type F collagenase and 0.3 mg/ml type H 

collagenase.  Following incubation, tissues were washed repeatedly with ice-cold 

isolation medium and triturated with a fire-polished pipette.  Isolated cells were kept in 

ice-cold isolation medium for use within ~6 hr. 

6.3.5 Quantitative polymerase chain reaction (qPCR) 

Total RNA was isolated from human cerebral arteries or isolated smooth muscle 

cells using the RNeasy micro kit (Qiagen) following the manufacturer's 

recommendations.  Control total RNA preparations from human whole brain or skeletal 

muscle were obtained from Clontech whereas human retina total RNA was kindly 

provided by Dr. P. Schnetkamp (University of Calgary).  Reverse transcription was 

performed using the Quantitect reverse transcription kit (Qiagen).  For the negative 

control groups, all components except the reverse transcriptase were included in the 

reaction mixtures.  Real-Time PCR using intron-spanning primer sequences obtained 

from the qPrimer depot (Table 6.1, http://primerdepot.nci.nih.gov/) was performed using 
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the Kapa SYBR Fast Universal qPCR Kit (Kapa Biosystems).  Human glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) gene was utilized as the reference gene.  Control 

reactions and those containing cDNA from cerebral arteries were performed with 1 ng of 

template per reaction.   

Due to the limited quantities of RNA obtained from isolated smooth muscle cells 

(~200 cells), the entire cDNA yield from each preparation was used to assay the full set 

of test and housekeeping genes.  The running protocol extended to 45 cycles consisting of 

95°C for 5 s, 55°C for 10 s and 72°C for 8 s using an Eppendorf Realplex 4 Mastercycler. 

PCR specificity was checked by dissociation curve analysis.  Assay validation was 

confirmed by testing serial dilutions of pooled template cDNAs suggesting a linear 

dynamic range of 2.8-0.0028 ng template and yielded percent efficiencies ranging from 

80.4-108% (Table 6.1).  No-template controls yielded no detectable fluorescence.  

Expression of the various CaV subtypes in human cerebral arteries or smooth muscle cells 

relative to whole brain (CaV1.2, CaV1.3, CaV2.1, CaV2.2, CaV2.3, CaV3.1, CaV3.2, and 

CaV3.3), skeletal muscle (CaV1.1) or retina (CaV1.4) was determined using the relative 

expression software tool (REST) version 2.0.13.   

6.3.6 Western blot analysis 

Whole human arteries were collected and frozen at -80oC in phosphate buffered 

saline (PBS, pH 7.4).  The arteries were thawed on ice, centrifuged briefly to remove 

PBS and re-suspended in low ionic strength buffer (10 mM Tris pH 7.0, 0.5 mM MgCl2) 

containing Complete Ultra protease inhibitors (Roche Applied Science) and incubated for 

10 min on ice.  The tissue was homogenized using a Polytron followed by addition of 1 

volume solution A (0.5 M sucrose, 10 mM Tris pH 7.0, 40 µM CaCl2, 6 mM 2-

mercaptoethanol, 0.3 M KCl).  Following additional homogenization with the Polytron, 

the arteries were further subjected to 40 strokes in a Dounce homogenizer.  The resulting 

crude lysate was centrifuged at 100,000 xg for 1 hour and resuspended in 50 µl solution 

B (0.25 M sucrose, 10 mM Tris pH 7.0, 20 µM CaCl2, 3 mM 2-mercaptoethanol, 0.15 M 

KCl).  The protein concentration was determined with the BioRad Protein assay using 

BSA as the standard.   
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The samples (4 µg per lane) were electrophoresed on a 5.6% polyacrylamide gel 

followed by transfer to polyvinylidene difluoride membranes.  The membranes were 

blocked for 1 hour at room temperature using 0.2% Tropix I-Block (Applied Biosystems) 

in PBS followed by addition of 1:200 diluted primary polyclonal antibodies raised against 

either CaV1.2, CaV3.2 or CaV3.3 (Alomone Labs) overnight at 4oC.  The membranes were 

washed three times for 10 min with PBS containing 0.1% Tween-20 followed by addition 

of 1:10,000 goat anti-rabbit IRDye 800CW (Li-Cor Biosciences) for 1 hour at room 

temperature, washed three times with PBS-Tween and visualized using an Odyssey 

infrared imaging system (Li-Cor Biosciences). 

6.3.7 Electrophysiological recordings 

Whole-cell currents were recorded using an Axopatch 200B patch-clamp 

amplifier, filtered at 1 kHz, digitized at 5 kHz, and stored on a computer for offline 

analysis with Clampfit 10.3.  Whole-cell capacitance was measured with the cancellation 

circuitry in the voltage-clamp amplifier.  A 1 M NaCl–agar salt bridge between the 

reference electrode and the bath solution was used to minimize offset potentials (<2 mV).  

All electrophysiological recordings were performed at room temperature (~22oC).  

Voltage-gated Ca2+ channels: Conventional patch-clamp electrophysiology was 

used to monitor whole-cell voltage-gated Ca2+ channel currents in isolated smooth 

muscle cells as reported earlier (Harraz and Welsh, 2013a).  Recording electrodes (5-8 

MΩ) were pulled from borosilicate glass microcapillary tubes using a micropipette puller, 

and backfilled with pipette solution (in mM): 135 CsCl, 5 Mg-ATP, 10 HEPES, and 10 

EGTA (pH 7.2).  Cells were voltage-clamped and equilibrated in bath solution (in mM): 

110 NaCl, 1 CsCl, 10 BaCl2, 1.2 MgCl2, 10 glucose, and 10 HEPES (pH 7.4).  For the 

experiment depicted in Fig. 6.3, bath solutions consisted of (mM): 110 NaCl, 1 CsCl, 1.2 

MgCl2, 10 glucose, and 10 HEPES + charge carrier (1.8 Ca2+, 1.8 or 10 Ba2+).  To record 

whole-cell currents, isolated smooth muscle cells were voltage-clamped at a holding 

potential of -60 mV, subjected to a -90 mV pre-pulse (200 ms) and then to 10 voltage 

steps (300 ms) ranging from -50 to 40 mV (10 mV interval).  Current-voltage (IV) 

relationships were plotted as peak current (pA), current density (pA/pF), or normalized 
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currents (I/Imax) at different voltage steps.  For voltage ramp recordings, whole-cell 

currents were monitored using a voltage protocol that ramped from -100 to 100 mV (0.66 

mV/ms).   

Voltage dependence of steady-state inactivation was assessed by a step protocol: 

1) pre-pulse to -90 mV (300 ms), 2) stepping from -70 to +20 mV (10 mV intervals, 1.5 s 

each), 3) hyperpolarizing back to -90 mV (10 ms), and 4) stepping to a test voltage of 

+10 mV (200 ms). Whole-cell currents elicited by the test voltage were normalized to 

maximal current in order to plot %I/Imax versus voltage steps.  Percentage inactivation 

was calculated based on current amplitude at different time intervals (300, 600, 900, 1200 

and 1500 ms) after peak current development.  Inactivation time constants (τ) were 

obtained using Clampfit 10.3 software by standard exponential fitting of the inactivating 

segment of the current.  To assess the voltage-dependence of activation, isochronal tail 

currents were monitored.  In particular, cells held at -60 mV were subjected to a pre-pulse 

(-90 mV, 300 ms), voltage steps (-80 to 40 mV, 10 mV intervals, 50 ms) and then a final 

hyperpolarizing test pulse (-90 mV, 200 ms) to evoke tail currents.  Normalized tail 

currents (%I/Imax) were plotted versus the voltage step.  Activation time constants (τ) 

were obtained by standard exponential fitting of the activating downward segment of the 

whole-cell Ba2+ currents. 

Large-conductance Ca2+-activated K+ channels: Perforated patch-clamp 

electrophysiology was used to measure whole-cell K+ currents in isolated human smooth 

muscle cells.  The bath solution contained (in mM): 134 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 

10 glucose, and 10 HEPES (pH 7.4).  The pipette solution contained (in mM): 110 K 

aspartate, 30 KCl, 10 NaCl, 2 MgCl2, 10 HEPES, and 0.05 EGTA (pH 7.2) with 200 

µg/ml amphotericin B.  Membrane currents were gap-free recorded while the cells were 

voltage-clamped at -40 mV.  As reported earlier (Harraz et al., 2014a) and in order to 

analyze the frequency and amplitude of spontaneous transient outward K+ currents 

(STOC), the cut-off value was set to be 3 times the single channel conductance. 
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Target Primers Efficiency 
(%) 

Linear 
Dynamic 

Range 
ng template  
(Cq values) 

Cq±SEM 
Control, n=3 
Arteries, n=3 

Cells, n=5 

Cav1.1 GAAGCCGTAGGCAATGATCT 
GCCGGAAGATGACAACAACT 84.85 2.8-0.0028 

(27.72 - 38.50) 

28.13±0.23 
32.65 ±0.53 
37.03 ±1.58 

Cav1.2 TAGGCATTGGGGTGAAAGAG 
GAAGATGATTCCAACGCCAC 107.71 2.8-0.028 

(27.70-34.00) 

28.54 ±0.36 
28.78 ±0.39 
31.73 ±0.18 

Cav1.3 GGATGTAGCAATAATCCATACGC 
ATCCCATTCCCTGAAGATGA 82.86 2.8-0.028 

(29.24-36.87) 

31.12±0.62 
36.32±0.09 

ND 

Cav1.4 ACTCAGTCTGGTTCAGCGTG 
AAGACGTGCTACTTCCTGGG 85.09 2.8-0.028 

(26.10-34.20) 

26.11±0.19 
31.76±0.39 
38.4±0.64* 

Cav2.1 CAGCGTCCGTAGGTCAAACT 
CCTACTTGAGGAATGGCTGG 80.77 2.8-0.0028 

(25.79-37.36) 

27.41±0.71 
31.36±0.54 

ND 

Cav2.2 AGAGCCAGTTCCAGGTGTTG 
CTGTTTGCCATCTTGACGGT 80.47 2.8-0.028 

(27.65-35.45) 

29.40±0.37 
39.39±1.06* 

ND 

Cav2.3 CAATTCCAGGTGGCTCCTAA 
TGCTGTGCTGACTGTCTTCC 80.88 5.0-0.05 

(32.03-39.80) 

31.90±0.70 
40.60±2.30* 

ND 

Cav3.1 TCTAGGGCGTTGGTAAGCTC 
CCTTCCGAAAGATTGTGGAC 89.24 2.8-0.028 

(27.15-34.37) 

31.79±0.46 
38.53±3.49* 

ND 

Cav3.2 TGATTACCAGCATGCTCACG 
GGTCTTCTTCTGCCTCGGTC 102.87 10-0.1 

(33.10-39.61) 

38.61±0.57 
35.33±0.77 
39.48±0.76 

Cav3.3 CAGTTCAGCAGGATCACCAG 
TATTGCCTTCTTCTGCCTGC 98.23 2.8-0.028 

(28.11-34.84) 

30.63±0.45 
32.93±0.44 
34.94±0.46 

GAPDH TTGAGGTCAATGAAGGGGTC 
GAAGGTGAAGGTCGGAGTCA 81.05 2.8-0.0028 

(18.64-30.22) 

22.14±0.36 (B) 
20.14±0.19(SK) 
19.94±0.06 (R) 

22.87±0.28 
29.65±0.46 

VWF CTCCTCTGGGGAAATGCAG 
ACACAGGGCCACAAAAGG 82.00 10-0.1 

(24.19-31.88) 

30.99±0.61 
24.43±0.27 
36.42±1.24* 

Table 6.1.  Quantitative PCR primer sequences and validation parameters  
ND: Not Detected, B: brain; SK: skeletal muscle; R: retina. *Outside linear dynamic 

range 
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6.3.8 Computational modeling 

Network structure: A single complete arterial network of the cerebral vasculature 

was acquired using a micrograph of a resected brain biopsy, it was then manually 

segmented to obtain a network containing six orders (1st - 6th) of branching arteries.  This 

network was supplied by a single inflow vessel and contained 20 outflow vessels.  To 

obtain a mathematical representation suitable for blood flow simulations, the network 

was discretized into 135 cylindrical vessel segments (213-1700 mm long).  Arterial 

diameter values were initially traced and set constant for each order according to average 

measured values (in μm):  600, 396, 261, 173, 114 and 75 for 1st, 2nd, 3rd, 4th, 5th and 6th 

order vessels, respectively. 

Blood flow:  A previously developed theoretical model (Goldman and Popel, 

2000; Pries et al., 1990) was used to calculate pressures and two-phase (erythrocyte and 

plasma) steady-state flows in the cerebral arterial network considered.  This 

hemodynamic model implements conservation of blood and erythrocyte volume flow at 

each node joining two or three vessel segments, and includes known blood rheology 

including the Fahraeus, Fahraeus-Lindqvist and phase separation (plasma skimming) 

effects.  The model requires specification of hematocrit at the inlet segment and pressures 

at the upstream ends of the inlet and outlet segments.  All flow simulations used an inlet 

hematocrit of 0.42, and inlet and outlet pressures of 75 mmHg and 40 mmHg, 

respectively, in accordance with earlier studies that monitored the arterial pressure drop 

in cerebral vascular networks (Faraci and Heistad, 1990).  

Myogenic tone and diameters:  The pressure-diameter relationship measured in 

isolated human vessels under control conditions was fit with a 4th-order polynomial, and 

this was used to adjust diameters from the initially constant values within each order 

given above based on the calculated pressures in each segment.  Solutions were obtained 

iteratively until pressures, diameters, and flows became constant (steady-state) 

throughout the model network.  The same method was used for simulations in the 

presence of nifedipine, NNC, or Ni2+, by using 4th-order polynomial fits to the measured 

variations in the pressure-diameter relationship.   
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6.3.9 Statistical analysis 

Data are expressed as means ± S.E.M., and n=a/b indicates the number of vessels 

or cells (a) per the number of human subjects, rats or mice (b).  Where appropriate, paired 

or unpaired t-tests were performed to compare the effects of a given condition/treatment 

on arterial diameter, or whole-cell current (see figure legends for specific details).  P 

values ≤ 0.05 were considered statistically significant.  Averaged current-voltage 

relationships were fit to the following Peak Gaussian, 3rd Parameter function: 

I(V)=Imax*exp[-0.5{(V-Vmax)/b}2] (Equation 3); where Imax is peak current (I), Vmax is V at 

Imax, and b is the slope of the distribution.  The voltage dependence of activation and 

steady-state inactivation were described with single Boltzmann distributions of the 

following forms: Activation: I(V)=Imax/(1+exp[-(V-V50)/k]) (Equation 4); Inactivation:  

I(V)=Imax/(1+exp[(V-V50)/k]) (Equation 5); where Imax is the maximal activatable current, 

V50 is the voltage at which the current is 50% activated or inactivated, and k is the slope 

(voltage-dependence) of the distribution. 

6.3.10 Solutions and Chemicals 

Nifedipine, NNC 55-0396, NiCl2, EGTA, enzymes and buffer reagents were 

purchased from Sigma-Aldrich.  Primary antibodies against CaV1.2, CaV3.2, and CaV3.3 

were purchased from Alomone Labs. 
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6.4 Results 

6.4.1 Human cerebral arteries exhibit myogenic activity 

Pial cerebral arteries, isolated from patients undergoing brain resection surgery 

(Fig. 6.1A, Table 6.2), were cannulated and mounted in a myograph and pressurized 

from 20 to 100 mmHg to assess myogenic reactivity.  In physiological Ca2+ (1.6 mM), 

human cerebral arteries gradually constricted to increases in intraluminal pressure (Fig. 

6.1B-C); this active response was abolished by removing extracellular Ca2+ (0 mM Ca2+ 

+ 2 mM EGTA).  Fig. 6.1D illustrates that the percentage myogenic tone increased 

progressively from 10% at 20 mmHg to 33% at 100 mmHg.   

6.4.2 Human cerebral arterial smooth muscle expresses L- and T-type Ca2+ channels 

Given the preceding Ca2+-dependent observations, we screened for the α1 pore-

forming subunits of voltage-gated Ca2+ channel subtypes (CaVx.x).  Beginning with 

quantitative PCR, analysis of human cerebral arteries and isolated smooth muscle cells 

revealed that all CaV subunits were expressed in the former, while only CaV1.1, CaV1.2, 

CaV1.4, CaV3.2 and CaV3.3 in the latter (Fig. 6.2A).  When standardized to reference 

tissue (whole brain: CaV1.2, CaV1.3, CaV2.1, CaV2.2, CaV2.3, CaV3.1, CaV3.2, CaV3.3; 

skeletal muscle: CaV1.1; retina: CaV1.4), CaV1.2 and CaV3.2 were enriched in whole 

arteries (Fig. 6.2B) and CaV1.2, CaV3.2 and CaV3.3 expression enriched in isolated 

smooth muscle cells (Fig. 6.2C).  Endothelial contamination of isolated smooth muscle 

samples was minimal as Von Willebrand factor (VWF) mRNA levels decreased 

dramatically (~96%) compared to whole arteries.  Focusing on the enriched targets, 

western blotting confirmed the protein expression of CaV1.2, CaV3.2 and CaV3.3 in 

human cerebral arteries (Fig. 6.2D).   
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Figure 6.1.  Human cerebral arteries exhibited myogenic activity.   

(A)  Photomicrographs and time line highlighting the general methodological procedures.  

(B, C)  Representative traces and summary data illustrate that pressurized human cerebral 

arteries displayed myogenic activity whereby they constricted as intraluminal pressure 

sequentially increased from 20 to 100 mmHg in physiological saline solution (PSS).  In 

Ca2+-free PSS, cerebral arteries passively dilated (n=7/6, paired t-test, *P˂0.05, italic 

values denote probability).  (D)  Percent myogenic tone was directly proportional to the 

applied intraluminal pressure (n=6/6, paired t-test, *P˂0.05).  Experiments performed 

and analyzed by SE Brett, A Zechariah and OF Harraz.   
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Figure 6.2. Human cerebral arteries express L- and T-type Ca2+ channels.   

(A)  Screening mRNA for voltage-gated Ca2+ channel  subtypes (CaVx.x) in reference 

tissues, cerebral arteries (n=3 PCR reactions on 3 groups of arteries from 3 patients) or 

isolated smooth muscle cells (n=5 PCR reactions on 5 digests of smooth muscle cells 

obtained from arteries of 3 patients).  Quantitative PCR was used to calculate the 

expression levels relative to the housekeeping gene human glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH).  (B, C)  Expression of CaVx.x mRNA in human cerebral 

arteries (B) or smooth muscle cells (C) was assessed relative to levels in reference tissues 

(whole brain: CaV1.2, CaV1.3, CaV2.1, CaV2.2, CaV2.3, CaV3.1, CaV3.2, CaV3.3; skeletal 

muscle: CaV1.1; retina: CaV1.4).  (D)  Protein expression of the α1 subunits of CaV1.2, 

CaV3.2 and CaV3.3 in human cerebral arteries was determined by western blotting.  Blots 

are representative of three independent experiments.  Experiments performed by F 

Visser.   
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Gender Age 
(years) 

Clinical condition - 
Reason for surgery Medications on file 

Male 55 Metastatic tumor No medications on file 
Female 36 Intractable 

seizure/epilepsy 
Lamotrigine; Evra; Venlafaxine XR; 
Clobazam 

Male 56 Left frontal intraaxial 
brain tumor - 
glioblastoma 

Metoclopramide; Dexamethasone; Atropine 
sulfate; Innohep; Morphine sulfate; 
Ondansetron; Temodal; PMS-Sennosides; 
PMS-Levetriacetam; Pantoprazole; Dilantin; 
Lorazepam; Ativan; Taro-docusate; 
Clonazepam; Midazolam  

Female 58 Gliobastoma Multiforme No medications on file 
Male 64 Left frontotemporal 

glioblastoma 
Pantoprazole; PMS-Dexamethasone; PMS-
Levetiracetam  

Male 70 Glioblastoma Stage IV Hydromorphone HCl; Dexamethasone SP; 
Secaris Nasal Gel; Pantoprazole; PMS-
dexamethasone; Dilantin; PMS-lactulose; 
Phenobarbital; Midazolam; Innohep  

Female 49 Lung adenocarcinoma - 
metastases to the brain 

Vimovo  

Female 55 Secondary glioblastoma PMS-Clobazam; Zovirax; Levetracetam; 
Prochlorazine; Ondansetron; APO-
Sulfatrim; Temodal  

Male 57 Glioblastoma Multiforme PMS-clonazepam; Dilantin; PMS-
Dexamethasone  

Male 55 Left temporal resection 
for epilepsy 

Vimpat, Clobazam, Metformin, Ezetrol, 
Avalide, Pristiq 

Male 33 Glioma with 
Oligodendroglioma 

Ratio-lenoltec No 3; PMS-Dexamethasone; 
Ranitidine; Dilantin  

Female 27 Intractable epilepsy No medications on file 
Female 19 Left temporal resection 

for epilepsy 
No medications on file 

Male 50 Epilepsy, temporal 
lobectomy 

No medications on file 

Male 33 Intractable epilepsy No medications on file 
Male 56 Glioblastoma No medications on file 
Male 28 Glioma No medications on file 
Male 44 Intractable 

seizure/epilepsy 
No medications on file 

Male 39 Epilepsy, temporal 
lobectomy 

No medications on file 

Male 57 Epilepsy, temporal 
lobectomy 

No medications on file 
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Table 6.2. Patient characteristics. 

The present study utilized tissues and cells obtained from 20 patients (14 males, 6 

females) undergoing brain resection surgery.  Mean (± SEM) age of these patients was 

46.0 ± 3.1 years (male: 48.3 ± 3.5; female: 40.7 ± 6.5 years). 
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6.4.3 Inward currents through human voltage-gated Ca2+ channels 

Using patch clamp electrophysiology, we then monitored inward currents in 

cerebral arterial smooth muscle.  Freshly isolated human cells were bathed in 1.8 mM 

Ca2+, 1.8 or 10 mM Ba2+; the first mimics physiological extracellular conditions while the 

latter two accentuate charge flow through open Ca2+ channels.  Stepping from -90 mV to 

voltages ranging from -50 to 40 mV (Fig. 6.3A-B), we observed a voltage-dependent 

inward current which was ~5-folds less in 1.8 mM Ca2+ than in high [Ba2+].  Fig. 6.3C 

illustrates the voltage-dependence of the whole-cell currents, with normalized current-

voltage (IV) plots showing that Ba2+ evoked a depolarizing shift compared to Ca2+.  

Notably, normalized Ca2+ current (Fig. 6.3C) exhibited a hyperpolarized threshold and an 

additional inward hump peaking at -30 mV, suggestive of a low-voltage activated current 

component.  The rightward shift associated with Ca2+ replacement could be further 

advanced by working with solutions containing 50 or 110 mM Ba2+.  Note that one 

human cerebral arterial smooth muscle cell displayed low- and high-voltage activated 

current components in the presence of 10 mM Ba2+ (Supplementary Fig. V).  Given the 

small magnitude of native Ca2+ currents, subsequent recordings were performed in 10 

mM Ba2+; step and ramp voltage protocols elicited robust inward Ba2+ currents (Fig. 

6.3D-E).  Linear regression analysis (Fig. 6.3F) indicated an inverse correlation between 

peak current amplitude and age of subjects (r2=0.531; P<0.0001; age range 19-70 years; 

n=45/13).  This correlation was particularly evident in female (r2=0.6057; P<0.0001; 19-

58 years; n=19/6) rather than male (r2=0.0001; P=0.9566; 33-70 years; n=26/7) subjects.  

6.4.4 Delineating L- and T-type channels in human cerebral arterial smooth muscle 

The whole-cell inward Ba2+ current depicted in Fig. 6.3 reflected simultaneous 

influx through L-type (CaV1.2) and T-type (CaV3.2/CaV3.3) Ca2+ channels.  To 

effectively delineate between the two types, nifedipine was applied at a concentration 

(200 nM) that fully abolishes L- but not T-type currents (Harraz et al., 2014b); ~75% 

block was observed (Fig. 6.4A).  In order to test whether the residual nifedipine-

insensitive current was dominated by a T-type conductance, we applied NNC 55-0396 (1 

µM).  This T-type blocker abolished the remaining current and IV plots showed that 

nifedipine- and NNC-sensitive current components peaked (Vmax) at 19.7±0.4 mV and 
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2.3±0.9 mV, respectively (Fig. 6.4B-C).  Note that caution is warranted when using 

pharmacological T-type blockers given their reported off-target effects on L-type 

channels (Kuo et al., 2010; Abd El-Rahman et al., 2013; Harraz et al., 2013a).  

Experiments in Fig. 6.4D-F confirmed the successful delineation as nifedipine evoked 

hyperpolarized shifts in the voltage dependence of: 1) steady-state inactivation (V50-Inact -

35.4±2.3 mV, versus control -12.7±0.9 mV); 2) activation (V50-Act -20.3±1.3 mV, versus 

control -5.2±0.8 mV); and 3) peak window current (-33.4 mV versus control -14.1 mV).  

Kinetic analysis additionally noted that the nifedipine-insensitive T-type component 

inactivated faster (Fig. 6.4E-F), exhibited rapid activation (T-type: τAct 2.1 ms; control: 

τAct 6.1 ms), and deactivated slower (T-type: τDeact 8.9 ms; control: τDeact 3.5 ms) 

compared to total control current.  Linear regression analysis (Fig. 6.4G) indicated a 

negative correlation between age and the amplitude of the L-type (r2=0.7396; P<0.0001; 

36-70 years; n=19/6) but not for T-type current (r2=0.0753; P=0.2164; 33-70 years; 

n=22/7).  

6.4.5 Cross-species comparison of voltage-gated Ca2+ channel activity 

Past studies have shown that rat and mouse arterial smooth muscle express 

CaV1.2 (L), CaV3.1 (T) and CaV3.2 (T) subtypes (Abd El-Rahman et al., 2013; Bjorling et 

al., 2013; Kuo et al., 2010; Thuesen et al., 2014).  Human cells displayed a similar 

expression profile, the exception being that CaV3.1 was substituted by CaV3.3 (Fig. 6.2).  

Using patch clamp electrophysiology, we compared the electrical properties of cerebral 

arterial Ca2+ channels between species using 10 mM Ba2+ as the charge carrier.  Values of 

cell capacitance (pF), indicative of cell size, varied across species (Fig. 6.5A).  Inward 

current densities (pA/pF) were lower in human smooth muscle cells than in mouse or rat; 

normalized currents however displayed comparable dependence on voltage (Fig. 6.5B-

C).  Whole-cell currents inactivated faster in mouse smooth muscle cells while the 

reversal potential of rat currents was depolarized relative to human or mouse.  Nifedipine 

(200 nM) elicited comparable blockade across species and the residual insensitive 

currents displayed 10-20 mV hyperpolarized shifts consistent with T-type activity (Fig. 

6.5D-E).  In all three species, L-type channel inhibition quickened inactivation and 

leftward shifted the activation/inactivation profiles (Fig. 6.5F-G).   
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Figure 6.3.  Voltage-gated Ca2+ channel currents in human cerebral arterial smooth 

muscle cells.   

(A)  Representative traces of inward currents from one isolated cell under conditions in 

which Ca2+ (1.8 mM) and Ba2+ (1.8 or 10 mM) were alternatively used as the 

extracellular charge carrier.  (B)  Averaged effect (bar graphs and IV plots) of the 

extracellular charge carrier on the amplitude of the inward current (n=5/2, *P˂0.05).  (C)  

Normalized IV plots displayed a depolarizing shift upon changing from 1.8 mM Ca2+ to 

1.8 mM Ba2+ and then 10 mM Ba2+.  (D)  Representative trace and IV plot of Ba2+ (10 

mM) currents (n=40/11) using the step protocol displayed.  (E)  Averaged IV plots 

obtained using the ramp protocol (inset, n=26/7, grey denotes S.E.M.).  (F)  Scatter plots 

of the correlation between current amplitude (pA/pF) and the age of the subjects from 

which cells were obtained.  Left plot was obtained from 45 cells from 13 subjects (6 

females).  Middle and right plots represent females (n=19/6) and males (n=26/7), 

respectively.  Experiments performed and analyzed by OF Harraz.   
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Figure 6.4.  Electrophysiological delineation of L- and T-type channel currents in 

human arterial smooth muscle cells.   

(A)  Representative and summary data depicting the cumulative effect of nifedipine (200 

nM) followed by NNC 55-0396 (1 µM) on whole-cell Ba2+ currents (n=19/8, *P˂0.05).  

(B)  IV-plots monitored under control conditions and after the application of nifedipine 

and then NNC 55-0396.  (C)  Normalized curve fits of the nifedipine-sensitive and NNC-

sensitive subtracted currents.  (D)  Averaged effect of nifedipine (200 nM) on the 

voltage-dependence of activation and steady-state inactivation (n=17/7).  Right inset 

highlights the shift in window currents.  (E)  Percentage of inactivation following a 

voltage step from -90 to +10 mV (n=17/7, paired t-test, *P˂0.05).  (F)  Representative 

kinetics of voltage-dependent inactivation of peak L- and T-type currents.  The upper 

traces depict absolute amplitude (pA) and the lower traces represent normalized currents 

(I/Imax).  (G)  Scatter plots of the correlation between L- or T-type current density and the 

age of the subjects.  Experiments performed and analyzed by OF Harraz.    
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Figure 6.5.  Electrophysiological comparison of voltage-gated Ca2+ channels in 

cerebral arterial smooth muscle cells of humans, mice and rats.   

(A)  Scatter plot of cell capacitance (pF) obtained from human (H, black), mouse (M, red) 

or rat (R, green) cerebral arterial smooth muscle cells.  (B)  Amplitude of peak inward 

Ba2+ currents (*P˂0.05; NS, not significant).  (C)  Absolute (pA/pF) and normalized IV-

plots of inward currents (n=40/12 human; 25/15 mouse; 37/20 rat).  (D)  Bar graphs of 

current amplitude before and after nifedipine (200 nM) treatment.  Normalized plot fits 

display the hyperpolarized shifts of T-type nifedipine-insensitive currents.  (E)  IV-plot 

fits of residual T-type currents.  Lower inset displays Vmax values (n=21/10 human; 25/15 

mouse; 25/14 rat). (F)  Percentage of inactivation at different time points following a 

voltage step from -90 to 10 mV in absence and presence of nifedipine.  (G)  Effect of 

nifedipine on voltage-dependence of steady-state inactivation (left) and activation (right); 

average normalized data (%I/Imax) were fit with single Boltzmann distributions.  

Experiments performed and analyzed by OF Harraz.   
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6.4.6 L- and T-type Ca2+ channels contribute to human myogenic tone development 

In rodent cerebral arteries, studies have shown that L- and T-type channels 

(CaV1.2, CaV3.1) facilitate myogenic tone development at high and low intraluminal 

pressures, respectively (Abd El-Rahman et al., 2013; Bjorling et al., 2013).  Both 

conductance types (L: CaV1.2; T: CaV3.3 substituting for CaV3.1) are present in human 

cerebral arteries and as such comparable experiments were conducted on pressurized 

human vessels to elucidate potential roles of Ca2+ channels.  Similar to electrophysiology, 

L-type Ca2+ channel blockade preceded T-type suppression to minimize off-target effects.  

Nifedipine (200 nM) induced a vasodilator response in human vessels that was limited at 

low pressure and maximal at 80-100 mmHg.  The additional application of a T-type 

blocker (NNC 55-0396, 1 µM) modestly dilated arteries in a pressure-dependent manner 

with peak responses at 40-60 mmHg (Fig. 6.6A-C).  Data in Fig. 6.6B-C displayed 

distinctive L- and T-type vasomotor trends although statistical significance was not 

achieved due to limited observations (n=3/3; P=0.087-0.157).  As such, the relative 

contribution of the two conductances to myogenic tone was dynamic with T-type 

channels (CaV3.3) prevailing at lower pressures when the VM was relatively 

hyperpolarized and L-type channels (CaV1.2) dominating at higher pressures when 

smooth muscle is strongly depolarized (Fig. 6.6D).   

6.4.7 CaV3.2 channels and BKCa-mediated STOC activity 

To discriminate between the contributions of CaV3.2 and CaV3.3 to myogenic 

constriction, we examined the effects of a specific CaV3.2 blocker (50 µM Ni2+) on 

isolated human smooth muscle cells and arteries.  At this concentration, Ni2+ selectively 

suppresses CaV3.2 currents, but not other L- or T-type channels expressed in arterial 

smooth muscle or expression systems (Harraz et al., 2014a; Harraz and Welsh, 2013a; 

Lee et al., 1999).  Starting with electrophysiology, we confirmed that Ni2+ (50 µM) 

partially suppressed the nifedipine-insensitive CaV3.x current (Fig. 6.7A-B).  A kinetic 

analysis followed and time constants revealed that the Ni2+-sensitive current activated 

and inactivated faster (CaV3.2: τAct 0.9±0.1 ms, τInact 17.1±3.3 ms) than the insensitive 

current (CaV3.3: τAct 4.3±0.3 ms, τInact 48.7±9.5 ms), consistent with Ni2+ selectively 

blocking CaV3.2 (Fig. 6.7C-D) (Lee et al., 1999; Perez-Reyes, 2003).  We next applied 
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50 µM Ni2+ onto pressurized human arteries and contrary to the vasodilation observed 

with a broad spectrum T-type blocker (NNC 55-0396, Fig. 6.6), Ni2+ enhanced myogenic 

constriction at pressures ≤60 mmHg (Fig. 6.7E-F).  Interestingly, Ni2+- and NNC 55-

0396-induced vasomotor changes were pressure-dependent but modestly different from 

one another, a finding that aligns with the voltage profiles of CaV3.2/CaV3.3 (Fig. 6.7G).  

The preceding Ni2+ observations suggest, in accordance with rat studies (Harraz et al., 

2014a), that CaV3.2 mediates a negative feedback response by downstream triggering of 

BKCa channels to initiate spontaneous transient outward K+ currents (STOCs).  Perforated 

patch clamp electrophysiology indicated the presence of STOC in human smooth muscle 

cells and showed that 50 µM Ni2+ significantly reduced the frequency (control, 1.30±0.35 

Hz;  Ni2+,  0.69±0.17 Hz) but not the amplitude (control, 6.87±0.09 pA; Ni2+, 6.56±0.25 

pA) of these events (Fig. 6.7H).    

6.4.8 Predicted changes in cerebral blood flow by Ca2+ channel modulators  

Myography experiments (Fig. 6.6, 6.7) showed that human arterial Ca2+ channels 

elicited divergent vasomotor effects whereby CaV1.2/CaV3.3 augmented but CaV3.2 

counterbalanced myogenic constriction.  To conceptually ascertain how each channel 

subtype could influence cerebral blood flow, a computational model was developed using 

an arterial network map (lengths and basal diameters) generated from a photomicrograph 

of excised human brain tissue (Fig. 6.8A-C).  Intraluminal pressure within the virtual 

model varied, with inlet and outlet pressures set to 75 and 40 mmHg, respectively (Faraci 

and Heistad, 1990).  The pressure-diameter relationship measured in isolated human 

vessels in the absence and presence of nifedipine, NNC 55-0936 or Ni2+ was fit with a 

4th-order polynomial and these percentage values were used to adjust the initially 

constant diameters within each segment (Fig. 6.8D).  This integration enabled the 

calculation of steady-state distributions of pressure, diameter, and blood flow for each 

arterial segment (135 in total, Fig. 6.8E).  Two-dimensional plots and color-coded virtual 

networks indicated that the suppression of CaV1.2 and to a lesser extent CaV3.3 increased 

network blood flow in a pressure/diameter-dependent manner.  In contrast, CaV3.2 

inhibition constricted arterial segments and decreased cerebral blood flow (Fig 6.8F).  
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Figure 6.6.  L- and T-type Ca2+ channels contribute to human arterial myogenic 

tone in a pressure-dependent manner.   

(A, B)  Representative traces and summary data showing that human arteries displayed 

prominent myogenic activity under control conditions (black).  Consecutive 

pharmacological suppression of L- (200 nM nifedipine) and T-type (1 µM NNC 55-0396) 

channels dilated pressurized human cerebral arteries (n=3/3).  (C) Absolute changes in 

diameter (µm) in response to nifedipine or NNC 55-0396 at intraluminal pressures from 

20 to 100 mmHg.  (D)  Percentage contribution of the L-type channel (grey) to maximal 

arterial tone was directly proportional to intraluminal pressure.  In contrast, the T-type 

contribution (red) was inversely proportional and significantly different from that of L-

type at 80 and 100 mmHg.  Percentage of the maximal tone was mathematically 

calculated from three independent experiments (n=3/3; paired t-test; *P˂0.05).  Right 

inset represents fits of L- versus T-type components of maximal tone within a range of 

pressure steps (mmHg).  Experiments performed and analyzed by SE Brett, A Zechariah 

and OF Harraz.    
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Figure 6.7.  Delineation of CaV3.2 channel activity and function.   

(A)  Bar graph illustrates that Ni2+ (50 µM, CaV3.2 blocker) suppresses nifedipine-

insensitive T-type currents.  Subsequent application of 1 mM Ni2+ abolished residual Ba2+ 

currents (n=6/5, paired t-test, *P˂0.05).  (B)  Representative traces and averaged plots 

show that T-type current (CaV3.2+CaV3.3) was 50% suppressed by 50 µM Ni2+.  (C, D)  

Traces and activation/inactivation time constants (τ) of subtracted CaV3.2 and CaV3.3 

currents.  CaV3.2 currents exhibited faster activation and inactivation kinetics compared 

to CaV3.3 currents (n=5/4, paired t-test, *P˂0.05).  (E, F)  CaV3.2 blockade (50 µM Ni2+) 

constricted pressurized human cerebral arteries and augmented myogenic tone most 

prominently at lower pressure values (20-60 mmHg, n=5/4).  (G)  Averaged changes in 

arterial diameters post-application of the non-selective T-type blocker (1 µM NNC 55-

0396, n=3/3, grey) or the selective CaV3.2 blocker (50 µM Ni2+, n=5/4, red).  Error bars 

were excluded for clarity of presentation.  Curve fits highlight the differential 

pressure/voltage dependence of a CaV3.3 (grey) versus a CaV3.2 (red) component.  (H)  

Representative traces (upper) and summary data (lower) illustrating the effect of 50 µM 

Ni2+ on STOC frequency and amplitude.  All recordings were obtained while cells were 

held at -40 mV (n=6/3, paired t-test, *P˂0.05).  Experiments performed by OF Harraz 

(panels A-D), SE Brett (panels E, F) and AM Hashad (panel H).   
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Figure 6.8.  Predicted influence of L- and T-type Ca2+ channels on blood flow in 

human cerebral arteries.   

(A, B)  A photomicrograph of excised human brain tissue was used to generate an arterial 

network of defined dimensions.  (C)  The segmented network was skeletonized into 

vessel segments producing a mathematical representation useful for blood flow 

simulations; 1 marks the first inflow segment and the other numbered boundary segments 

are outflows.  Inlet and outlet pressures were set to 75 and 40 mmHg, respectively.  (D, 

E)  Using myography data, we modeled the vasomotor behavior of virtual arterial 

segments across a range of pressures (40-75 mmHg), in the absence and presence of 

nifedipine, NNC 55-0936 or Ni2+.  Responses were incorporated into the model and 

steady-state distributions of diameter, pressure and blood flow were calculated for each 

arterial segment.  (F)  Color coded maps of changes in blood flow illustrate the effects of 

CaV1.2, CaV3.3 or CaV3.2 channels on network perfusion.  Experiments designed and 

performed by D Goldman and OF Harraz.   
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6.5 Discussion 

This study delineated voltage-gated Ca2+ channels in human cerebral arteries and 

determined subtype-specific contributions to arterial tone development.  Experiments 

progressed from cells to tissues and employed pressurized myography, PCR, western 

blotting, electrophysiology, and computational modeling.  Messenger RNA and protein 

analyses revealed the expression of L- and T-type α1 pore-forming subunits in cerebral 

arterial smooth muscle.  Patch clamp recordings subsequently confirmed the presence of 

inward current divisible into L- and T-type components in isolated human smooth muscle 

cells.  In pressurized human arteries, L- (CaV1.2) and T-type (CaV3.3) channel 

suppression dilated arteries in a pressure-dependent manner at higher and lower 

intraluminal pressures, respectively.  Subtype-specific targeting of CaV3.2 paradoxically 

implicated this conductance in restraining arterial constriction via a mechanism involving 

BKCa channels.  In a final set of experiments, computational modeling conceptually 

illustrated how each CaV subtype plays a distinctive role in setting cerebral blood flow.  

To summarize, this study reports for the first time the expression and divergent functions 

of three Ca2+ channel subtypes in human cerebral arteries. 

6.5.1 The myogenic response and Ca2+ channels 

A century ago, Bayliss first described the inherent ability of resistance arteries to 

constrict to elevated arterial pressure, a phenomenon known as the myogenic response 

(Bayliss, 1902).  In the cerebral circulation, this myogenic response is essential to 

maintain brain perfusion and a global rise in smooth muscle [Ca2+]i is critical to the 

transduction process.  Like most stimuli, elevated intraluminal pressure drives a rise in 

cytosolic [Ca2+]i through the induction of arterial depolarization and subsequent 

activation of voltage-gated L-type CaV1.2 channels (Knot and Nelson, 1998).  While a 

dominant player, animal studies have noted other Ca2+ channels (T-type, CaV3.1/CaV3.2) 

in cerebral arteries (Abd El-Rahman et al., 2013; Kuo et al., 2010).  Distinct from the 

“long lasting” kinetics and high-voltage activation profile of the “L”-type conductance, 

“T”-type channels are characteristically “transient” and activate at more hyperpolarized 

voltages (Catterall, 2011; Perez-Reyes, 2003).  Recent studies in rodents have implied 

that T-type channels modulate myogenic tone, albeit in a manner unique and sometimes 
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paradoxical to L-type channels (Abd El-Rahman et al., 2013; Bjorling et al., 2013; Chen 

et al., 2003; Harraz et al., 2014a; Kuo et al., 2010).  Despite the growing interest and 

therapeutic potential, human studies to date have failed to establish whether T-type 

channels are present in key vascular beds and if so, how they influence arterial tone.    

6.5.2 Human cerebral arteries express functional L- and T-type Ca2+ channels 

Within this context, we began to isolate human cerebral arteries from patients 

undergoing resection surgery.  Using vessel myography, we observed for the first time 

that human cerebral arteries constrict robustly to an increase in intraluminal pressure, 

with percent myogenic responses aligning with previous animal studies (Cole and Welsh, 

2011; Knot and Nelson, 1998).  The removal of extracellular Ca2+ abolished myogenic 

constriction, an observation consistent with elevated pressure evoking Ca2+ flux through 

voltage-gated Ca2+ channels (Knot and Nelson, 1998).  Ten genes encode for the α1 pore-

forming subunits of Ca2+ channels (Catterall, 2011) and molecular analyses showed 

robust mRNA expression of three subtypes (Fig. 6.2).  CaV1.2 (L-type) and CaV3.2 (T-

type) were present in isolated human smooth muscle cells prescreened for endothelial 

contamination.  Messenger RNA of CaV3.3 was also observed while CaV3.1 was 

minimally expressed, a finding distinct from rodents (Abd El-Rahman et al., 2013; 

Bjorling et al., 2013; Kuo et al., 2010).  Compared to CaV3.1, CaV3.3 channel displays 

slower activation/inactivation kinetics and activates at relatively depolarized potentials 

(Chemin et al., 2002; Frazier et al., 2001; Monteil et al., 2000).  One could rationalize, in 

this regard, that CaV3.3 may be better suited than CaV3.1 to drive cellular functions 

requiring sustained Ca2+ flux (Chemin et al., 2002), such as smooth muscle contraction 

and arterial tone development.  Western blots confirmed protein expression of all three 

subtypes in whole arteries. 

Having detected their message and protein expression, electrophysiological 

recordings followed to separate L- and T-type conductances in human cerebral arterial 

smooth muscle.  Human cells demonstrated a small inward current in physiological Ca2+ 

solutions that displayed a voltage-dependent IV profile consistent with Ca2+ channel 

activation (Fig. 6.3).  Exchange of physiological Ca2+ for higher millimolar Ba2+ 

dramatically enhanced inward current, masked the low-voltage activated Ca2+ current 
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component and induced a depolarized shift in the voltage profile without destabilizing the 

cell.  The latter shift is presumably responsible for masking the hyperpolarized current 

component and is reflective of a high divalent cation screening effect and barium’s 

preferential permeability through L-type channels (Li et al., 2010; Perez-Reyes, 2003).  

Using nifedipine at concentrations that fully block the smooth muscle splice variant of L-

type CaV1.2 channels (Harraz and Welsh, 2013a; Liao et al., 2007), a partial suppression 

of Ba2+ currents occurred.  Note that nifedipine has been shown to lack an effect on 

CaV3.x in vascular smooth muscle or expression systems when applied in the sub-

micromolar ranges (Harraz and Welsh, 2013a; Harraz et al., 2014a).  Three lines of 

evidence subsequently confirmed that L- and T-type channels respectively carried the 

nifedipine-sensitive and -insensitive components.  First, the nifedipine-insensitive current 

was actively blocked by T-type inhibitors.  Second, the presumed L- and T-type currents 

displayed depolarized and hyperpolarized profiles, respectively, in accordance with 

conductances being high- and low-voltage activated.  Third, the residual insensitive 

conductance activated and inactivated faster, in keeping with the transient nature of T-

type channels (Catterall, 2011).  Overall, these findings are unique in the vascular 

literature and are the first to show that multiple voltage-gated Ca2+ conductances are not 

only present but electrically active in native human arterial smooth muscle.     

Despite their diverse demographic origins, Ca2+ channel currents were resolved in 

all tested cells.  With that said, an intriguing inverse relationship between current 

amplitude and age existed (Fig. 6.3), similar to reports in animal models (Fukuda et al., 

2014; Georgeon-Chartier et al., 2013).  This relationship was sexually dimorphic and 

manifested exclusively in females.  These observations suggest that Ca2+ channel 

expression and/or activity may be under sex hormonal regulation (Bowles et al., 2004; 

Ullrich et al., 2007); caution is however warranted given the limited sample size.  Further 

analysis showed that the age-current correlation stemmed primarily from variations in L-

type activity (Fig. 6.4), a finding that indicates that the efficacy of Ca2+ channel blockers 

in constrictive disorders treatment may be compromised in the elderly (Fukuda et al., 

2014; Kumar and Hall, 2003).   
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6.5.3 L- and T-type channels contribute to myogenic tone in human cerebral arteries 

Recent rodent studies have suggested that both L- and T-type channels play a 

direct role in elevating cytosolic [Ca2+]i and myogenic tone, albeit at specific membrane 

potentials (Abd El-Rahman et al., 2013; Bjorling et al., 2013).  In particular, the L-type 

CaV1.2 channels appear to dominate at elevated pressures when vessels are depolarized.  

In comparison, the low voltage activated T-type CaV3.1 channels are thought to facilitate 

tone development at lower pressures when smooth muscle resides in a hyperpolarized 

state (Abd El-Rahman et al., 2013; Bjorling et al., 2013).  Human L- and T-type channels 

could operate similarly and to pursue this hypothesis, a two-step approach was instituted.  

Starting with a comparative electrical analysis, findings in Fig. 6.5 illustrate that human, 

rat and mouse smooth muscle cells all exhibited L- and T-type current components, with 

human cells displaying smaller amplitudes.  No substantive difference was observed in 

activation/steady-state inactivation voltage profiles although inactivation kinetics were 

faster in mouse smooth muscle.  Given these similarities, we next pressurized human 

cerebral arteries from 20-100 mmHg and performed vessel myography under control 

conditions and in the presence of L-type (nifedipine) and T-type (NNC 55-0396) channel 

blockers.  In a pressure-dependent manner, L- and T-type blockers evoked vasodilation in 

myogenically responsive arteries (Fig. 6.6).  L- and T-type channels dominated myogenic 

tone at higher and lower pressures, respectively, in accordance with the physiological 

window currents of CaV1.2 and CaV3.x channels.  Reduced Ca2+ flux through CaV3.3 

channels is most likely responsible for the vasodilator response to NNC 55-0396 as 

findings below note that selective CaV3.2 blockade induces arterial constriction.  Our 

observations are the first to invoke a role for T-type channels in human cerebral arteries 

and arguably this conductance may dominate Ca2+ entry under physiological conditions 

in distal arteries where intraluminal pressures are ~30-45% less than systemic (Faraci and 

Heistad, 1990).  If true, it follows that constrictive disorders in smaller arteries may be 

more effectively treated by simultaneous L- and T-type channel suppression, a view 

consistent with clinical findings (Beltrame et al., 2004; Ogura et al., 2012; Sugano et al., 

2013).  

169 



 

6.5.4 Divergent roles for distinct T-type channels 

  Studying T-type channels in native cells has been consistently limited by the 

lack of subtype-specific modulators.  One exception is Ni2+, a divalent cation that 

preferentially blocks CaV3.2 channels when applied in the low micromolar range (Harraz 

et al., 2014a).  In rat arterial smooth muscle and tsA-201 cells, Ni2+ abolished CaV3.2, but 

not CaV1.2 or CaV3.1, currents (Harraz et al., 2014a; Harraz and Welsh, 2013a).  Previous 

experiments have additionally shown that Ni2+ had no effect on cells and arteries where 

CaV3.2 channels had been genetically ablated (Harraz et al., 2014a).  Exploiting this tool, 

electrical experiments followed by kinetic analysis confirmed that 50 µM Ni2+ inhibited 

CaV3.2 but not CaV3.3 channels in human cerebral arterial smooth muscle cells.  In 

paradoxical contrast to the vasodilation induced by a broad spectrum T-type blocker, Ni2+ 

enhanced myogenic constriction at pressures ≤60 mmHg (Fig. 6.7).  Such results suggest 

a distinctive role of CaV3.2 channels, perhaps involving a vasodilator conductance 

sensitive to Ca2+ and/or voltage.  In this regard, recent rodent literature has argued that 

CaV3.2 can trigger Ca2+ release from the sarcoplasmic reticulum in the form of Ca2+ 

sparks and that the subsequent generation of Ca2+ sparks elicits hyperpolarization via 

BKCa channels (Harraz et al., 2014a; Chen et al., 2003).  To address this possibility, we 

monitored BKCa-mediated STOC activity in human cells and in support of our 

hypothesis, Ni2+ inhibited these transient hyperpolarizing currents.  Noteworthy, previous 

whole-cell recordings argued against a direct modulatory role of Ni2+ on K+ channels 

(Harraz et al., 2014a).  Our findings challenge the stereotypic view that Ca2+ channels 

only facilitate myogenic constriction.  They further highlight that if T-type modulators 

are to be used therapeutically to treat cardiovascular disorders (Giordanetto et al., 2011), 

subtype-specificity should be thoughtfully considered.   

6.5.5 Predicted influence of Ca2+ channels on cerebral blood flow  

With CaV1.2, CaV3.2 and CaV3.3 channels distinctively influencing arterial 

diameter, logic dictates that unique blood flow responses should ensue.  While it is 

impractical to monitor cerebral blood flow in small human arteries, such responses can be 

predicted in a virtual arterial network (Goldman and Popel, 2000; Pries et al., 1990).  

Using architectural and vasomotor data from human arteries, we consequently designed a 
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computational model that mimicked a native arterial network.  Findings in Fig. 6.8 

highlight that CaV1.2 or CaV3.3 inhibition dilated virtual cerebral arteries and increased 

network blood flow.  CaV1.2 blockade elicited a particularly profound response in larger 

arteries, vessels which harbor higher intraluminal pressures.  Subtype-specific 

suppression of CaV3.2 alternatively constricted arterial segments, diminishing network 

cerebral blood flow.  Such predictions conceptually emphasize the differential 

significance of Ca2+ channels in matching blood flow with brain metabolic activity.    

6.5.6 Summary  

This study identified voltage-gated Ca2+ channels in human cerebral arteries and 

ascertained how each conductance influences myogenic tone.  Molecular and 

electrophysiological analyses demonstrated that α1 subunits of L- (CaV1.2) and T-type 

(CaV3.2 and CaV3.3) channels are robustly expressed in human cerebral arterial smooth 

muscle.  In myogenically active human arteries, CaV1.2 inhibition induced vasodilation at 

high intraluminal pressures whereas CaV3.3 blockade induced modest dilation at lower 

pressures when vessels reside in a hyperpolarized state.  Paradoxically, cerebral arterial 

CaV3.2 channels appear to attenuate myogenic tone through the downstream activation of 

BKCa channels.   
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Chapter Seven: Discussion 

7.1 Overview  

This thesis sought to delineate T-type Ca2+ channels and to define their regulation 

and function in arterial smooth muscle.  Experiments progressed from cells to whole 

animals and human cerebral arteries, and employed a range of techniques in an 

integrative manner (electrophysiology, pressurized myography, intravascular 

catheterization, PCR, western blotting and computational modeling).  Using patch clamp 

electrophysiology and defined pharmacology, T-type currents were successfully 

separated from L-type and further divided into sub-components (i.e. CaV3.1 and CaV3.2).  

In rat cerebral arteries, T-type channel activity was shown to be a regulatory target of 

vasodilatory kinases.  In particular, β-adrenergic receptors and downstream activation of 

cAMP/PKA selectively inhibited CaV3.2 currents.  Nitric oxide additionally suppressed 

CaV3 through cGMP/PKG signaling.  Subsequent work on rat and mouse arteries 

revealed an unanticipated function for CaV3.2 in arterial tone development.  In particular, 

we identified a novel feedback response mediated by CaV3.2 whereby this conductance 

triggers RyR to release Ca2+ sparks that consequently activate BKCa channels to elicit VM 

hyperpolarization.  While the majority of the experimental work was conducted in 

animals, access to human brain tissues provided the opportunity to translate our 

foundational observations.  Indeed, human findings revealed for the first time the 

presence of three distinct CaV subtypes in cerebral arterial smooth muscle and that each 

subtype uniquely orchestrates arterial tone development and blood flow.  In conclusion, 

this thesis revises Ca2+ handling in arterial smooth muscle by describing a novel 

paradigm in which T-type channels either facilitate or counteract arterial tone 

development.   

 

7.2 Delineation of arterial T-type Ca2+ channels 

Many studies have alluded to the existence of low-voltage activated Ca2+ channels 

in arterial smooth muscle (Akaike et al., 1989; Simard, 1991; Smirnov and Aaronson, 

1992; Ohya et al., 1993; Wilde et al., 1994; Quignard et al., 1997; Morita et al., 1999; 
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2002a; Jensen et al., 2004; Brueggemann et al., 2005; Salemme et al., 2007; Nikitina et 

al., 2007; McNeish et al., 2010; Poulsen et al., 2011; Chevalier et al., 2012; Senadheera et 

al., 2013).  However, their expression, regulation and physiological function remained a 

matter of considerable debate (Reviewed in: Kuo et al., 2011; Harraz and Welsh, 2013b).  

This incongruity reflects a number of concerns, the most significant being the heavy 

reliance on pharmacological blockers that need to be carefully employed in order to 

selectively target CaV3 channels.  The lack of definitive electrophysiological recordings 

in native arterial smooth muscle has also been a focus of concern.     

7.2.1 Delineation of arterial T-type Ca2+ channels: Basic findings 

In Chapter 2, rat cerebral arterial smooth muscle cells were enzymatically 

isolated and patch clamp electrophysiology was employed to delineate the CaV3 current.  

To distinguish between L- and T-type conductances, we first monitored changes in 

whole-cell currents in the presence of increasing concentrations of the L-type blocker, 

nifedipine.  Earlier studies have shown that nifedipine evoked 50% inhibition of vascular 

CaV1.2 currents in the low nanomolar range whereas it only affected CaV3.x currents at 

micromolar concentrations (Akaike et al., 1989; Liao et al., 2007).  In accordance with 

these reports, a concentration-response curve resolved two pharmacologically distinct 

components.  The first was highly sensitive to nifedipine yielding an IC50 value consistent 

with the vascular CaV1.2 variant.  The second was less sensitive and only eliminated 

when nifedipine was applied at higher micromolar concentrations.  Based on this 

pharmacological analysis, we concluded that 200 nM nifedipine was an optimal 

concentration that should abolish CaV1.2 without diminishing the CaV3.1/CaV3.2 current.  

We verified this key assumption using heterologous expression systems that expressed 

each of the three CaV channels (Fig. 7.1).   

Building upon the preceding analysis, nifedipine was applied to cerebral arterial 

smooth muscle cells and the insensitive component, presumably T-type, was thoroughly 

examined.  Chapters 2 and 3 present multiple lines of biophysical and pharmacological 

evidence to demonstrate that the remaining current was dominated by CaV3.1 and CaV3.2 

channels.  Firstly, the insensitive current displayed a leftward shift (i.e. hyperpolarized) in 

current-voltage relationship and activation/inactivation profiles, reminiscent of low-
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voltage activated channels.  The residual current was also abolished by a range of T-type 

blockers including mibefradil, NNC 55-0396, efonidipine and kurtoxin (Chapter 2; Abd 

El-Rahman et al., 2013).  Lastly, kinetic analyses demonstrated that the nifedipine-

insensitive component inactivated faster, displayed rapid activation kinetics, and 

deactivated slower (Chapters 2 and 3; Fig. 7.1).  These observations are consistent with 

the isolation of a predominant T-type conductance. 

Beyond demonstrating that the nifedipine-insensitive current was blocked by T-

type inhibitors, this thesis aimed to separate the T-type conductance into its sub-

components.  One means of delineation is to employ a blocker like Ni2+, whose IC50 for 

CaV3.2 is ~20-fold lower than that for CaV3.1 (Lee et al., 1999).  We first applied 50 μM 

Ni2+ to tsA-201 cells and observed CaV3.2 current suppression with negligible effects on 

CaV1.2 or CaV3.1 (Fig. 7.1).  Moving to native smooth muscle cells from rat cerebral and 

mouse mesenteric arteries, Ni2+ partially suppressed ensemble CaV3.1/CaV3.2 currents; 

control experiments reinforced the selectivity of Ni2+ by showing the absence of a nickel-

sensitive current in CaV3.2-/- knockout mice (Chapters 2, 4 and 5).  In conclusion, the 

successful separation of the sub-components of arterial T-type current will allow further 

examination of regulatory and functional aspects of this conductance.   

7.2.2 Delineation of arterial T-type Ca2+ channels: Experimental insights 

While data summarized in the preceding section establish the presence of T-type 

currents in vascular smooth muscle, two experimental insights require further discussion.  

First, it is clear that the CaV3.x current was a minor component (~20%) of the total 

current, a finding that could suggest its limited significance and minimal importance to 

Ca2+ flux in smooth muscle.  Caution is required with this interpretation as Ba2+ was the 

charge carrier and it permeates CaV1.2 channels 2-3 times greater than Ca2+, a property 

absent in T-type pores (Li et al., 2010; Perez-Reyes, 2003).  If this permeation variance is 

taken into account, calculations predict that L- and T-type channels will contribute 

equally to the whole-cell current under quasi-physiological conditions (Harraz and 

Welsh, 2013a).   

The second concern centers on the depolarized voltage dependence of vascular T-

type current compared to other tissues and expression systems (Perez-Reyes, 2003); this 
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shift led some investigators to use the term “high voltage activated” T-type currents 

(Morita et al., 1999).  Such shifts are attributable largely to the experimental setting and 

choice of the permeant ion.  Compared to physiological levels of [Ca2+]o (i.e. 1.8 mM), 

high [Ba2+]o evoked a screening effect and a profound depolarized shift in the voltage 

dependence of currents in smooth muscle or tsA-201 cells (Chapter 2).  Note that these 

gating shifts should not be overlooked when considering the physiological roles of 

arterial L- and T-type conductances.  Further, a splice variant of CaV3.1 that displays 

relatively depolarized voltage dependence (25bc) was recently shown to predominate in 

cerebral and mesenteric arteries (Chemin et al., 2001; Kuo et al., 2014). 

 

7.3 Regulation of arterial T-type Ca2+ channels 

The successful isolation of the CaV3 currents in arterial smooth muscle triggered 

subsequent exploration whether these Ca2+ entry routes were regulatory targets of 

vasoactive signaling cascades (Harraz et al., 2013a; 2014b; Howitt et al., 2013).  

Amongst the key pathways that have a direct relaxing effect on arterial smooth muscle 

are those linked to PKA and PKG signaling (Pelligrino and Wang, 1998). 

7.3.1 Regulation of arterial T-type Ca2+ channels: Basic findings 

Data in this thesis show for the first time that protein kinase A suppresses arterial 

T-type channels via a pathway that encompasses β-adrenergic receptor/AC/cAMP/PKA 

(Chapter 2).  In particular, activation of β-adrenergic receptor (isoproterenol), 

stimulation of adenylyl cyclase (forskolin) or the use of a cell-permeable derivative of 

cAMP (db-cAMP) inhibited peak T-type currents and evoked a leftward shift in steady-

state inactivation.  Inhibition of PKA had no effect on basal CaV3 currents but masked 

forskolin-induced suppression.  The absence of inhibition in the presence of 

Ni2+ suggested that CaV3.2 was selectively targeted by PKA (Harraz and Welsh, 2013a; 

Fig. 7.2A).  This selective regulation of CaV3.2 but not CaV3.1 is consistent with the 

expression of the 25bc splice variant of CaV3.1 described by Caryl Hill’s group in arterial 

smooth muscle (Kuo et al., 2014); this variant lacks a strong consensus site for PKA 

phosphorylation (Emerick et al., 2006; Zhong et al., 2006).   
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Figure 7.1. Delineation of arterial T-type Ca2+ channels 

A schematic diagram illustrates the approaches undertaken to separate the T-type 

conductance.  First, nifedipine concentration-response curves showed that 200 nM 

nifedipine should fully block CaV1.2 but not CaV3.1 or CaV3.2 currents in native smooth 

muscle cells; recordings in tsA-201 cells coincided with this perspective.  Voltage 

dependence and kinetic analyses confirmed that nifedipine-sensitive and -insensitive 

currents were dominated by CaV1.2 and CaV3.1/CaV3.2, respectively.  In order to 

delineate between CaV3.1 and CaV3.2 current, Ni2+ (50 µM) was used and it selectively 

abolished CaV3.2 current as denoted in tsA-201 cells and mouse mesenteric artery smooth 

muscle cells.  

 

176 



 

Additional findings highlighted the importance of protein compartmentalization 

as the application of A-kinase anchoring protein (AKAP) inhibitory peptides blocked the 

ability of PKA to suppress CaV3.2 (Fig. 7.2A).  While AKAP appears to be important for 

PKA/CaV3.2 interaction, future studies are required to unravel the nature of the proposed 

interaction.  In the vascular biology field, this scaffolding protein has garnered attention 

as a key regulator of ion channel activity in both smooth muscle and endothelial cells.  

This is exemplified by recent reports indicating that AKAP150 actively regulates arterial 

CaV1.2, BKCa and TRPV4 channels (Navedo et al., 2008; 2010; Nystoriak et al., 2014; 

Sonkusare et al., 2014; Mercado et al., 2014).   

Cyclic GMP/PKG signaling is a second regulatory pathway involved in arterial 

vasodilation.  Briefly, this pathway is activated by the synthesis and release of nitric 

oxide (NO), a gasotransmitter that activates soluble guanylyl cyclase (sGC) which leads 

to the cellular accumulation of cGMP needed for PKG activation (Pelligrino and Wang, 

1998).  Chapter 3 demonstrates that sGC or PKG activation suppressed T-type currents 

and that downstream to this effect, an attenuation of arterial constriction was observed.  

Inhibitors of PKG or sGC masked current suppression without affecting basal CaV3 

activity, a finding that highlights a regulatory model in which NO inhibits vascular T-

type channels through the prototypic PKG signaling cascade (Harraz et al., 2014b; Fig. 

7.2B).  Intriguingly, recent vascular studies have alternatively suggested that NO 

regulates T-type activity by modulating superoxide production (Howitt et al., 2013; 2014; 

Selemidis et al., 2007).  In neuronal tissue, NO-mediated regulation of CaV3.2 channels 

has been linked to S-nitrosylation of putative extracellular cysteine residues (Lee et al., 

2013).   

7.3.2 Regulation of arterial T-type Ca2+ channels: Experimental insights 

At present, it remains unknown how AKAP modulates vascular CaV3.2 activity, 

and whether this scaffolding protein alters basal CaV3.2 activity under physiological 

conditions.  Alternatively, investigative work on arterial smooth muscle CaV1.2 channels 

suggests that AKAP150 anchors a sub-population of CaV1.2 to PKA, PKCα and 

calcineurin (Navedo and Amberg, 2013).  In theory, AKAP150 could also anchor PKA to 

CaV3.2 to facilitate the transduction of the aforementioned regulation.   
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Figure 7.2. Regulation of arterial T-type Ca2+ channels 

(A) A schematic diagram illustrates PKA regulation of CaV3.2 channel.  Activation of β-

adrenergic receptor (isoproterenol), adenylyl cyclase (forskolin) or PKA (db-cAMP) 

inhibited CaV3.2 current.  Further, direct inhibition of PKA (PKI 14-22, KT5720) or 

PKA-AKAP disruption (stHt31) masked forskolin-induced inhibition.  (B)  Nitric oxide 

(NO) suppresses vascular T-type current through sGC/cGMP/PKG signaling.  NO donors 

(SNP, SNAP) or PKG activator (db-cGMP) suppressed CaV3 current; inhibition was 

blocked in the presence of sGC or PKG inhibitors (ODQ, KT5823). 
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The main focus in this thesis centered on the regulation of T-type Ca2+ channels 

(Chapter 2 and 3), yet we considered the relevance of PKA-mediated suppression of 

CaV3.2 in a background of possibly potentiated L-type Ca2+ currents.  We tested the latter 

assumption and preliminary results indicated that forskolin did not augment currents 

dominated by CaV1.2 (Suppl. Fig. II).  It was instead accompanied by a decrease in 

current amplitude similar to the run-down noted in untreated cells.  These unpublished 

observations accord with earlier reports documenting that PKA enhanced persistent 

CaV1.2 sparklets during diabetes rather than under physiological conditions (Navedo and 

Amberg, 2013; Navedo et al., 2010).  The preceding observations are distinct from PKA-

mediated augmentation of cardiac CaV1.2 (Reuter, 1983) and there are several potential 

explanations for this divergence.  It is conceivable that different AKAPs are involved, 

thus conferring divergent PKA-CaV1.2 regulation (Fuller et al., 2014).  In addition, the 

PKA pathway induces profound arterial vasodilation through cell-wide mechanisms 

(Pelligrino and Wang, 1998), incongruent with this cascade augmenting basal whole-cell 

Ca2+ flux through CaV1.2.  Another explanation suggested by Navedo and colleagues 

(2010) focuses on the spatiotemporal characteristics of PKA signaling and the possibility 

that agonists stimulate either specific or cell-wide pools of PKA. 

 

7.4 CaV3.2 and arterial tone development  

While both CaV3.1 and CaV3.2 are present in rodent arteries (Kuo et al., 2010; 

Abd El-Rahman et al., 2013; Howitt et al., 2013), only the latter (i.e. CaV3.2) is 

conserved in all arterial smooth muscle cells including those of human cerebral arteries 

(Chapter 6).  This conservation of expression along with nickel’s selective block of 

CaV3.2 fostered a functional exploration of this channel’s role in arterial tone 

development.   

7.4.1 CaV3.2 and arterial tone development: Basic findings  

Our examination began by exploring the vasomotor effect of Ni2+ on arteries, a 

pharmacological maneuver that unexpectedly depolarized and constricted rat cerebral 

arteries.  This foundational observation was somewhat akin to the constitutive 

constriction of CaV3.2-/- arteries (Chen et al., 2003) and led to the proposition that CaV3.2 
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drives a negative feedback response that dilates arteries.  In particular, we hypothesized 

that Ca2+ influx through CaV3.2 triggered RyR to induce Ca2+ sparks, activate BKCa and 

induce arterial hyperpolarization.  In line with this hypothesis, a multi-layered structural 

analysis in Chapter 4 illustrated that CaV3.2 localized in caveolae and in close proximity 

to RyR (Fig. 7.3, Suppl. Fig. IV).  Subsequent computational and experimental work 

confirmed the ability of CaV3.2 to trigger RyR to generate Ca2+ sparks through a Ca2+-

induced Ca2+ release (CICR) mechanism.  Perforated patch clamp electrophysiology and 

pressurized myography then confirmed that Ca2+ sparks triggered by CaV3.2 will activate 

BKCa channels and elicit membrane hyperpolarization and arterial relaxation (Fig. 7.3).   

The observations in Chapter 4 are intriguing but restricted by the presumed 

selectivity of Ni2+, the lack of corroborative observations outside the cerebral circulation, 

and a connection to broader cardiovascular parameters.  Accordingly, Chapter 5 

employed wild-type and CaV3.2-/- mice to test whether a similar functional axis (CaV3.2-

RyR-BKCa) exists in mesenteric arteries and if this modulatory mechanism influenced 

blood pressure regulation.  The genetic ablation of CaV3.2 evoked enhanced myogenic 

tone and a lack of Ni2+ sensitivity.  A role for RyR and BKCa in moderating constriction 

was evident as Ca2+ spark and STOC frequencies decreased with CaV3.2 inhibition in 

wild-type but not knockout mice; CaV3.2/RyR co-localization was not however tested.  

Surprisingly, while CaV3.2 channel activation moderated arterial tone, blood pressure 

remained unaltered in knockout mice.  Functional compensation could have occurred or 

global CaV3.2 deletion may have effects on blood pressure independent of the vascular 

smooth muscle layer (Tsuru et al., 2002).  Establishing a smooth muscle-specific CaV3.2 

knockout model will provide new and valuable insights in this regard.  

7.4.2 CaV3.2 and arterial tone development: Experimental insights  

It is clear from the preceding observations that while CaV3.2 appears capable of 

triggering RyR and consequently BKCa channels, genetic and pharmacological blockade 

did not completely abolish Ca2+ sparks and STOCs (Chapters 4 and 5).  Such findings 

suggest that CaV3.2 is not the sole trigger of Ca2+ sparks and that other Ca2+ transport 

proteins may also play a governing role under different physiological conditions.  Data in 

this thesis intriguingly demonstrated a secondary role for CaV1.2 in the activation of 
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STOCs.  This was evident when nifedipine suppressed BKCa currents at depolarized 

potentials (-20 mV), a finding consistent with this channel’s voltage dependence 

(Chapter 4).  Noteworthy, Kotlikoff and colleagues were the first to forward the concept 

of loose coupling in which RyR gating may occur with a variable delay following CaV1.2 

activation (Collier et al., 2000; Kotlikoff, 2003).  Later reports demonstrated that CaV1.2-

mediated Ca2+ influx could alter SR refilling rate and accordingly Ca2+ release (Essin et 

al., 2007; Takeda et al., 2011).  In closing, this thesis is the first to present the view that 

multiple Ca2+ flux routes (CaV3.2 and CaV1.2) likely orchestrate the BKCa feedback.   

Based on the above discussion, ryanodine receptors have an important 

intermediary role in regards to functional coupling of CaV3.2 to BKCa.  This finding is 

somewhat distinct from other studies which used localization patterns and co-

immunoprecipitation assays to highlight a direct interaction between the two channels in 

non-vascular tissues.  These structural insights were corroborated with functional and 

computational experiments showing that CaV3.2 conferred its voltage-dependence and 

allowed “low-voltage activation” of BKCa (Rehak et al., 2013; Engbers et al., 2013; 

Gackiere et al., 2013; Turner and Zamponi, 2014).  The ability of CaV3.2 to activate BKCa 

may superficially seem contradictory to observations of PKA inhibiting this T-type 

conductance.  It should be remembered, however, that CaV3.2 and BKCa are mediating a 

feedback response to counterbalance excessive vasoconstriction (Brayden and Nelson, 

1992; Nelson et al., 1995; Harraz et al., 2014a).  In instances where arteries robustly 

hyperpolarize/relax to agents that activate the PKA pathway (Pelligrino and Wang, 

1998), negative feedback would not be required and thus it would be physiologically 

rational to inhibit this feedback mechanism. 

 

7.5 Human cerebral arterial Ca2+ channels 

While animal studies have significantly contributed to the idea that arterial T-type 

Ca2+ channels uniquely modulate arterial tone (Reviewed in: Harraz and Welsh, 2013b; 

Kuo et al., 2011; 2014), their translational impact has been compromised by the scarcity 

of human studies and disparity among existing reports as to whether CaV3 currents are 

truly present in human arteries (Smirnov and Aaronson, 1992; Quignard et al., 1997). 
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Figure 7.3. Arterial CaV3.2 channel function 

A schematic diagram illustrates the mechanism by which CaV3.2 moderates arterial 

constriction.  This T-type channel is localized in caveolae in close proximity to ryanodine 

receptors (RyR).  CaV3.2-mediated Ca2+ influx triggers Ca2+-induced Ca2+ release from 

the sarcoplasmic reticulum (SR) in the form of Ca2+ sparks.  The latter release events 

subsequently activate BKCa and induce K+ efflux and arterial hyperpolarization.    
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7.5.1 Human cerebral arterial Ca2+ channels: Basic findings  

To advance knowledge translation, this thesis explored the nature of voltage-gated 

Ca2+ channels in native human cerebral arteries (Chapter 6).  We first confirmed the 

myogenic reactivity in human arteries isolated from patients undergoing brain resection 

surgeries.  Messenger RNA and protein expression analyses confirmed the presence of 

CaV1.2 and CaV3.2, while additional work uniquely revealed the additional expression of 

CaV3.3 in human cerebral arteries (Fig. 7.4).  Using electrophysiological and 

pharmacological tools, we successfully separated the whole-cell ensemble current into its 

three sub-components.  Pressure myography subsequently demonstrated the contribution 

of CaV1.2 and CaV3.3 to arterial constriction at higher and lower intraluminal pressures, 

respectively; this finding is consistent with their voltage profiles.  In contrast, human 

CaV3.2 counterbalanced arterial constriction via a feedback response that involved BKCa 

channels (Fig. 7.4).  We integrated these divergent vasomotor responses into a virtual 

arterial network to speculate on changes in cerebral blood flow; while CaV1.2 or CaV3.3 

suppression improved network perfusion, CaV3.2 blockade intriguingly diminished blood 

flow.  In summary, this study is the first to indicate not only the presence but also the 

divergent functions of Ca2+ channel subtypes in native human arteries (Chapter 6).  

7.5.2 Human cerebral arterial Ca2+ channels: Experimental insights 

The expression of L- and T-type Ca2+ channels in human cerebral arteries is akin 

to observations in human mesenteric (Smirnov and Aaronson, 1992) but not coronary 

arteries (Quignard et al., 1997).  While observations are limited, this disparity suggests 

that there may be regional or anatomical variations in the expression profile of arterial 

voltage-gated Ca2+ channels.  The preceding findings also suggest that there may be 

species differences as human cerebral arterial smooth muscle expressed CaV3.3 in place 

of CaV3.1 in rodents.  In the coronary circulation, both L- and T-type channels appear to 

be present in mice, but only L-type has been observed in humans (Quignard et al., 1997; 

Chen et al., 2003).   

When working with native human arterial samples, it is important to recognize 

several experimental restraints.  First, there is considerable demographic diversity of 

brain tissue donors (e.g. age, gender and race) and tissue samples are procured from 
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unhealthy subjects during invasive brain surgeries.  Second, a limited subject pool leads 

to limited experimental observations, an issue that impacts on the power of statistical 

analysis and the attainment of statistical significance (Chapter 6).  Furthermore, missing 

from our analysis was whether RyR activation was an intermediary step to link CaV3.2 

and BKCa activities.     

 

7.6 Future directions and considerations 

The recent identification of T-type Ca2+ channels in arterial smooth muscle fosters 

a plethora of new research avenues as it pertains to regulation and function.  For instance, 

while this thesis noted that CaV3 channels are regulated by PKA and PKG (Chapters 2 

and 3), it has yet to be determined whether these kinases directly phosphorylate key 

residues on T-type channels.  To test such a hypothesis, the arterial channel would have 

to be sequenced and successfully cloned and the potential phosphorylation sites identified 

using predictor software.  These phosphorylation residues would then be examined using 

kinase assays, mass spectroscopy and site-directed mutagenesis to definitively identify 

sites of regulation.  Along a similar line, it would be of considerable value to identify the 

particular splice variants of vascular T-type channels.  In this regard, preliminary data 

from Kuo and colleagues (2014) has intriguingly described a unique splicing of CaV3.1 in 

arterial smooth muscle with a distinct biophysical signature.  More comprehensive work 

with CaV3.2 has yet to be undertaken.   

Precise protein localization in a biological system is crucial in the optimization of 

the spatial and temporal characteristics of cellular signals (Clapham, 2007).  The notion 

that arterial CaV3.2 is localized in caveolae is in itself important as it alludes to a potential 

interaction between CaV3.2 and the caveolar proteins.  It has been shown in cardiac 

myocytes that CaV3.2 channels are functionally modulated by caveolin-3 (Markandeya et 

al., 2011), and it would be intriguing to investigate if a similar or distinct regulation exists 

in the vascular system.  It is also conceivable to examine if smooth muscle caveolae 

retain an ability to directly assemble sub-populations of CaV3.2 and BKCa into 

nanodomains to facilitate direct functional interaction. 
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Figure 7.4. CaV1.2/CaV3.3 constrict and CaV3.2 dilates human cerebral arteries.  

A schematic diagram describes the roles of different voltage-gated Ca2+ channels in 

human cerebral arterial smooth muscle.  CaV1.2 predominates as an entry route for Ca2+ 

to elicit a global rise in [Ca2+]i and subsequently arterial smooth muscle contraction.  

CaV3.3 acts as an influx route that modestly contributes to smooth muscle contraction at 

relatively hyperpolarized membrane potentials.  On the other hand, CaV3.2 channel 

triggers BKCa mediated currents, possibly after the activation of RyR and Ca2+ spark 

generation, to induce VM hyperpolarization and arterial relaxation. 
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7.7 Physiological implications 

The rise in cytosolic [Ca2+]i, generally asserted to be governed by CaV1.2 

channels, is a prominent step in smooth muscle contraction.  This thesis attempts to 

unravel unknown aspects of the recently identified T-type Ca2+ channels.  In particular, 

data suggest a new arterial model in which CaV3.1 (rodent) or CaV3.3 (human) enhances 

arterial tone development and CaV3.2 antagonizes myogenic constriction.  Additionally, 

translational observations in the human cerebral circulation invoke for the first time 

divergent roles for human CaV3 subtypes and further illustrate that these conductances 

can dominate Ca2+ entry in distal arteries that harbor lower intraluminal pressures.  This 

novel paradigm advances our understanding of arterial function and offers new potential 

therapeutic targets for the treatment of vascular pathologies.  Case-in-point, it is 

recognized that L-type Ca2+ channel blockers alone are not always effective in the 

treatment of cerebral vasospasm (Weyer et al., 2006).  Perhaps, this constrictive disorder 

could be better treated by simultaneous L- and T-type channel suppression, a view 

supported by clinical findings (Beltrame et al., 2004; Ogura et al., 2012; Sugano et al., 

2013; Tomino, 2013).  Additionally, it should be noted that there has been an exponential 

growth in therapeutic interest in T-type modulators for non-vascular disorders such as 

pain, tremors, epilepsy and tumor (Giordanetto et al., 2011; Todorovic and Jevtovic-

Todorovic, 2007; Bourinet et al., 2014; Panner and Wurster, 2006; Gambardella and 

Labate, 2014; Miwa and Kondo, 2011).  When considering these therapeutic T-type 

modulators in clinical settings, thoughtful consideration of potential vascular effects is 

warranted to avoid unwanted side effects. 

7.8 Concluding statement 

This thesis delineated T-type Ca2+ channels and defined their regulation and 

function in arterial smooth muscle.  Using electrophysiology and pharmacology, T-type 

currents were successfully separated from L-type and further divided into sub-

components.  The T-type conductance was identified as a regulated target of vasodilatory 

PKA and PKG signaling.  Subsequent work revealed an unexpected function of CaV3.2 

whereby it triggered Ca2+ spark generation and BKCa activation to hyperpolarize arteries. 
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Further, experiments on human cerebral arteries revealed the presence of three distinct 

CaV subtypes with unique capacities to facilitate or to antagonize arterial tone 

development.  In conclusion, this thesis revises conventional wisdom that voltage-gated 

Ca2+ channels exclusively facilitate arterial constriction and introduces a new paradigm in 

which T-type channels either facilitate or diminish arterial tone development and 

consequently alter tissue perfusion.    
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APPENDIX B: SUPPLEMENTARY MATERIALS 

Supplementary Figure I. The effect of different pre-pulse voltages on the inward 

currents.  Representative traces of Ba2+ currents evoked in rat cerebral arterial smooth 

muscle by test pulses (-50 to 40 mV) subsequent to a pre-pulse of -90 mV or -30 mV.  

Differences in current amplitudes were observed at depolarized test pulses. Experiments 

performed by OF Harraz.    
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Supplementary Figure II. The effect of forskolin on whole-cell Ba2+ current.  (A) 

Scatter plot of whole-cell Ba2+ current (L/T) amplitude in rat cerebral arterial smooth 

muscle cells before and 15 min after the application of vehicle (n=8) or forskolin 

(adenylyl cyclase activator, 1 µM, n=9).  (B)  Representative traces and averaged data of 

peak current density of L/T-type current at different time points under control conditions 

(n=8) or in cells treated with forskolin (n=9).  Peak currents were assessed every 5 

minutes for 15 minutes post-treatment (*P≤0.05).  Insets depict representative traces of 

currents before (control) and 15 min post-treatment with forskolin.  Experiments 

performed by OF Harraz.   
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Supplementary Figure III. The effect of sodium nitroprusside on blood pressure.  

Changes in mean arterial pressure (ΔMAP, mmHg) in response to intravenous sodium 

nitroprusside (1, 2, 4, 8 and 16 µg/kg body weight) in C57BL/6 (n=9) and CaV3.2-/- (n=7) 

anesthetized mice.  * denotes significant differences (P≤0.05, unpaired t-test). 

Experiments performed and analyzed by A Zechariah and OF Harraz.   
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Supplementary Figure IV. Cholesterol depletion attenuates CaV3.2 and downstream 

BKCa-mediated STOC.  (A) Representative traces illustrate the response of C57BL/6 T-

type currents (black, 200 nM nifedipine) to CaV3.2 blockade (red, 50 µM Ni2+) under 

control conditions (vehicle) or 15-min after incubation with methyl-β-cyclodextrin 

(MβCD, 10 mM).  Ni2+-sensitive currents (grey, ICav3.2) were obtained by mathematical 

subtraction.  (B)  Nickel suppressed C57BL/6 T-type currents in control conditions (n=8, 

*P≤0.05) but not in MβCD-pretreated cells (n=13).  (C)  MβCD inhibited peak T-type

currents in C57BL/6 but not CaV3.2-/- myocytes (n=7-17).  (D)  CaV3.2 currents and Ni2+-

induced inhibition of T-type current significantly decreased in MβCD-pretreated 

C57BL/6 myocytes (n=7, 10).  (E)  STOC frequency was inhibited by MβCD in 

C57BL/6 but not CaV3.2-/- myocytes, STOC amplitude did not change (n=12-18, 

*P≤0.05, NS denotes not significant).  (F, G)  Representative traces and summary data of

STOC at -40 mV showing that cholesterol depletion (MβCD) significantly masks the 

ability of Ni2+ to suppress STOC frequency (*P≤0.05).  Experiments performed by OF 

Harraz and AM Hashad.   
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Supplementary Figure V. One human cerebral arterial myocyte displaying low- and 

high-voltage activated currents.  (A) Representative traces showing two current 

components; one with a hyperpolarized threshold and another that is more depolarized. 

(B) Traces and IV plot of peak versus steady-state current. The steady-state component is 

the monitored current 300 ms after the beginning of the depolarizing stimulus.  The IV 

plot illustrates two humps: low-voltage activated peaking at -30 mV and a high-voltage 

activated component peaking at 20 mV.  These recordings were obtained from one 

human myocyte.  All other human smooth muscle cells (n=44) did not display two 

components.  Experiments performed and analyzed by OF Harraz.    
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Supplemental Model Summary

1 Model and method
Recent work has revealed a microdomain in cerebral arterial smooth muscle comprised of caveolae and
sarcoplasmic reticulum. Immunolabeling techniques indicate that T-type Ca2+ channels and ryanodine
receptors localize to this microdomain while L-type Ca2+ channels do not [3]. Given these observations,
Cav3.2 channels were hypothesized to regulate a CICR response. To address this hypothesis, a mathematical
model of a microdomain of rat cerebral vascular smooth muscle Ca2+ handling was developed. This model
was based on parameters arising from tomographic, immunolabeling and electrical measurements of our lab
and previous studies. It includes only the components responsible for Ca2+ dynamics in the SMC. In the
following sections, the details of the model are explained.

2 Slice
A typical vascular smooth muscle cell from rat cerebral artery has a fusiform shape. In our model, we consider
it as a cylinder with a length of about 80 µm and a diameter of 5 µm (Figure 1). A slice is considered to be
the volume of the cell that is devoid of actin and includes the peripheral SR, its adjacent caveolae and the
space between them which is denoted the subspace. Based on microscopic data [3], in each ≈8.5 µm length
of the cell, there is a circumferential band which includes 2 discrete slices. Therefore, each slice is a half
cylinder of length of 8.5 µm as illustrated in Figure 1.

The model includes only the components responsible for Ca2+ dynamics in the SMC. This comprises
the Sodium-Calcium Exchanger (NCX), Plasma membrane Ca2+ ATPase (PMCA), Sarcoplasmic reticulum,
Sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), Ryanodine receptor, Calmodulin, Calsequestrin, ans
the calcium channels Cav1.2, Cav3.1 and Cav3.2. The model is based on a set of 11 ordinary differential
equations (Equations 1, 3, 6, 8, 13, 18, 24, 27, 32, 33 and 34).

3 Myoplasmic calcium
The subspace (the dark blue area in Figure 1 immediately under the cell membrane) has a depth of 10 to
15 nm [3]. Two channels inject their currents into the subspace: T-type Ca2+ (ICav3.2), and RyR (J rel).
The Ca2+ concentration within the subspace, denoted [Ca2+]SS , diffuses into the cytosol (J xfer). The buffer
calmodulin (CMDN) was also assumed present in the subspace:

d[Ca2+]SS
dt

= BSS

(
Jrel

VJSR
VSS

− Jxfer
Vmyo
VSS

+ ICav3.2
AcapCm
2VSSF

)
(1)

BSS =

{
1 +

[CMDN ]totK
CMDN
m

(KCMDN
m + [Ca2+]SS)2

}−1
(2)

Calcium in the cytosol, [Ca2+]i, is further influenced by leak from the sarcoplasmic reticulum (J leak),
uptake by the SERCA pump (J up), extrusion by the PMCA pump (IPCMA), L-type Ca2+ channels (ICaL),
the sodium calcium exchanger (INCX), T-type Ca channels (Icav3.1) and a background Ca2+ channel (ICa,b).
Again, calmodulin was present:

d[Ca2+]i
dt

= Bi

(
Jleak + Jxfer − Jup − (ICa,b + IPMCA + ICa,L + ICav3.1 − 2INCX)

AcapCm
2VmyoF

)
(3)

Bi =

{
1 +

[CMDN ]totK
CMDN
m

(KCMDN
m + [Ca2+]i)2

}−1
(4)

Jxfer =
[Ca2+]SS − [Ca2+]i

τxfer
(5)
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Modeling Figure 1: Top: One smooth muscle cell (A) is divided into cylindrical segments (B) which are 
composed of two slices(C). Bottom: Schematic representation of a slice. The slice includes Sodium-Calcium 
Exchanger (NCX), Plasma membrane Ca2+ ATPase (PMCA), the Sarcoplasmic Reticulum which has two 
parts: Uptake (lower pink) and Release (upper pink), Sarco/Endoplasmic Reticulum Ca2+ ATPase (SERCA), 
Ryanodine Receptor (RyR), Buffers: Calmodulin, Calsequestrin, and Ca2+ Channels: Cav1.2 , Cav3.1 and 
Cav3.2
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Myoplasmic calcium parameters
Parameter Definition Value Unit

Vmyo Volume of the cytoplasm 6.5450e-08 µL

VJSR Junctional SR volume 3.2725e-10 µL

VNSR Network SR volume 6.54509e-10 µL

Vss Subspace volume 8.325e-11 µL

Cm membrane capacitance 1.0 µF/cm2

Acap Capacitive membrane area 5.2360e-07 cm2

F Faraday’s constant 96.5 Col /mol

[CMDN ]total
Total myoplasmic calmodulin

concentration 50 µM

KCMDN
m

half-saturation constant for
calmodulin 0.238 µM

τxfer
Time constant for transfer from

subspace to cytoplasm 6.96 ms

4 Sarcoplasmic reticulum
The model of sarcoplasmic reticulum consists of two parts: uptake (also called the network sarcoplasmic
reticulum, NSR) and release (also called the junctional sarcoplasmic reticulum, JSR). The uptake part
contains the SERCA pump. Moreover, Ca2+ passive release, also called Ca2+ leak, is modeled to take place
in the uptake portion. The release compartment contains the Ca2+ buffer calsequestrin (CSQN) and RyR
channels. The Ca2+ flux between these two subcompartments is designated by Jtr.

Ca2+ uptake into the SR (Jup) was described by the Hill equation (Eq. 11). The value of SR Ca2-
ATPase maximum pump rate and half-saturation constant have been adjusted. The mathematical relations
describing the sarcoplasmic reticulum are derived from [2]:

d[Ca2+]JSR
dt

= BJSR(Jtr − Jrel) (6)

BJSR =

{
1 +

[CSQN ]totK
CSQN
m

(KCSQN
m + [Ca2+]JSR)2

}−1
(7)

d[Ca2+]NSR
dt

= (Jup − Jleak)
Vmyo
VNSR

− Jtr
VJSR
VNSR

(8)

Jleak = νleak([Ca
2+]NSR − [Ca2+]i) (9)

Jtr =
[Ca2+]NSR − [Ca2+]JSR

τtr
(10)

Jup = νup
[Ca2+]2i

K2
m,up + [Ca2+]2i

(11)

SR Parameters
Parameter Definition Value Unit

νleak maximum Ca2+ leak rate from the NSR to cytosol 2.5463e-05 ms-1

νup maximum uptake rate of SERCA pump 0.5352 µM/ms
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τtr Time constant for transfer from NSR to JSR 20 ms

[CSQN ]total Total junctional SR calsequestrin concentration 15000 µM

KCSQN
m Ca2+ half-saturation constant for calsequestrin 800 µM

Km,up Half-saturation constant of SERCA pump 0.7766 µM

5 T-type Ca2+ channels
Two isoforms of the T-type Ca2+ channel exist in vascular smooth muscle cell: Cav3.1 and Cav3.2 [3]. Based
on Immunolabeling data [3], the former has a diffusive distribution throughout the membrane. In contrast,
Cav3.2 is mainly expressed in the caveolae. They are found mostly in clusters directly opposed to ryanodine
receptors on the sarcoplasmic reticulum [3]. We hypothesized that Ca2+ which enters the cell as ICav3.2
results in a localized increase in [Ca2+]ss. We put the Cav3.1 splice variant along the cell and Cav3.2 were
localized only in the caveolae. We have adopted the T-type Ca2+ channel mathematical model from Purkinje
fibers in rabbit heart [1] for both isoforms.

The equations describing the channel are given below with b and g being gating variables. For channel
X, x∞ is the steady state value, τX is the time constant, αX is the transition rate from non-permissive to
permissive state, and βX is rate of the opposite transition.

ICav3.X = gCav3.X b g (V − ECaT ) (12)
db

dt
=
b∞ − b

τb
(13)

b∞ =
1

1 + e(v+28)/6.1
(14)

τb =
1

αb + βb
(15)

αb = 1.068e(v+16.3)/30 (16)

βb = 1.068e−(v+16.3)/30 (17)
dg

dg
=
g∞ − g

τg
(18)

g∞ =
1

1 + e(v+60)/6.6
(19)

τg =
1

αg + βg
(20)

αg = 0.015e−(v+71.7)/83.33 (21)

βg = 0.015e−(v+71.7)/15.38 (22)

T-type Channel parameters

Parameter Definiton Value Units

gCav3.1 maximum Cav3.1 conductance 0.0684 mS/cm2

gCav3.2 maximum Cav3.2 conductance 0.1026 mS/cm2

ECaT Reversal potential 50 mV

6 L-type Ca2+ channel
L-type Ca2+ channels (Cav1.2) are spread along the long axis of the smooth muscle cell [3] and have a 

distinct distribution in comparison with Cav3.2 channels which run perpendicular to the long axis of SMC. 
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Modeling Figure 2: T-type Ca2+ channel (both Cav3.1 and Cav3.2) activation and inactivation curves

Thus, we have placed L-type Ca2+ channel throughout the slice but out of the caveolae as there is no spatial
correlation between them and the caveolae.

Innate smooth muscle L-type Cav1.2 calcium channels have been shown to contain a fraction of Ca2+

currents with a window current that is close to resting potential[8]. The voltage-dependence of the activation
curve of smooth muscle L-type Ca2+ channels shows a hyperpolarized shift of -15 mV in comparison with
those of cardiac cells [7]. If the voltage-dependence of L-type Ca2+ channels of smooth muscle cells were
similar to that of cardiac cells, only a small amount of contraction would be generated by smooth muscle
cells[7]. Therefore, we modified an L-type model of rabbit cardiac cells [1] by shifting the activation to the
left by 15 mV (Figure 3) and scaling the conductance, gCaL, according to the experimental data obtained
from rat cerebral arteries in our lab [3]. Equations for the channel are given below with d and f being the
gating variables:

ICaL = gCaL(1− fCa) d f (V − ECaL) (23)
dd

dt
=
d∞ − d

τd
(24)

d∞ =
1

1 + e−(v+11)/6.74
(25)

τd =
0.59 + 0.8e0.52(v+28)

1 + e0.132(v+28)
(26)

df

dt
=
f∞ − f

τf
(27)

f∞ =
1

1 + e(v+40)/10
(28)
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τf = 0.005(v + 12.5)2 + 4 (29)

L-type Channel parameters

Parameter Definiton Value Units

gCaL maximum conductance 0.0641 mS/cm2

ECaL Reversal potential 63 mV
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Modeling Figure 3: L-type Ca2+ Channel Activation and Inactivation Curves. f and d are the inactivation and 
activation parameters. The inset zooms in on the product of d and f .

There is another important difference between smooth muscle L-type Cav1.2 Ca2+ channels and those
of the cardiac tissue. Data obtained in our lab show that the smooth muscle splice does not exhibit Ca2+-
dependent inactivation in steady-state current (Figure 4). It is known that Ba2+ does not cause Ca2+-
dependent inactivation because it does not affect the channel chemically to inactivate it. Thus, if the
Ba2+ and Ca2+ traces are the same for the channel, it means the channel does not go through Ca2+-
dependent inactivation. Figure 4 shows the percentage of the channels which are in the inactivation state for
Ba2+ and Ca2+ at different times. At 1500 ms, there is no difference between the Ba2+ and Ca2+ traces,
indicating that the steady-state Ca2+-dependent inactivation does not exist for smooth muscle L-type Cav1.2
Ca2+ channels.

7 Background calcium current
The background calcium current was modelled as a simple ohmic leak:

ICa,b = gCa,b(V − ECaL) (30)

Background Ca2+ Channel parameters
Parameter Definition Value Unit

gCaB Maximum conductance 3.670e-05 µS/cm2
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Modeling Figure 4: Some smooth muscle splice variants show minimal Ca2+-dependent steady state inactivation  

The model of Keizer, J et al.[5] with some modifications in their rates has been adopted. The modifications
were determined using parallel multi-objective genetic algorithm [4] in order to reproduce experimental data.
More specifically, the object functions were set to produce repetitive CICR responses with an appropriate
period, [Ca2+]ss amplitude, average [Ca2+]i amplitude and basal [Ca2+]i level.

This RyR model consists of two close and two open states. See Figure 5. State C1 and C 2 are closed
states while O1 and O2 are open states. These states are considered to be states of the entire RyR rather
than states of the four subunits. A channel is in one of the states, X, with probability PX . Transition from
C1 to O1 and from O1 to O2 were considered to be Ca2+ dependent. The second open state, O2 has the
important role of increasing the open probability during the plateau as [Ca2+]ss is elevated . The plateau
open probability is shown in Figure 7.

Figure 6 shows RyR open probability when [Ca2+]ss is stepped from 0.1 uM to 5 uM. The initial increase
to peak happens on the millisecond time scale, whereas the decline to the plateau level occurs over several
hundreds of milliseconds. The extent of opening immediately after Ca2+ stimulation (the peak open proba-
bility) and that after inactivation (the plateau) both increase with increasing [Ca2+]ss. Figure 7 illustrates
the peak and the plateau (steady-state value) open probabilities at different [Ca2+]sslevels. At lower con-
centrations, the open probability rises quickly and then decreases to the plateau slowly. However, at higher
[Ca2+]ss, after reaching the peak, RyR stays open and inactivation is negligible.

Jrel = ν(PO1 + PO2)([Ca
2+]JSR − [Ca2+]SS) (31)

dPC1

dt
= k−a PO1 − k+a [Ca

2+]nSSPC1 (32)

dPO2

dt
= k+b [Ca

2+]mSSPO1 − k−b PO2 (33)

dPC2

dt
= k+c PO1 − k−c PC2 (34)

PO1 = 1− (PC1 + PC2 + PO2) (35)

RyR Channel parameters
Parameter Definition Value Unit

ν Maximum permeability 4.5 ms−1

8 Ryanodine receptor channel
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Modeling Figure 5: Schematic diagram of transition among the four states of RyR channel. C1 and C2 
are closed states whereas O1 and O2 are open states. Transition from C1 to O1 and also transition from O1 
to O2 are Ca2+ dependent.

k+a PC1 – PO1 rate 0.02050 µM−nms−1

k−a PO1 - PC1 rate 0.05205 ms-1

k+b PO1 – PO2 rate 0.0094 µM−mms−1

k−b PO2 – PO1 rate 0.1920 ms-1

k+c PO1 – PC2 rate 0.0778 ms-1

k−c PC2 – PO1 rate 0.0035 ms-1

m PO1 – PO2 cooperativity 3 dimensionless
n PC1 – PO1 cooperativity 4 dimensionless

This RyR model consists of two close and two open states. State C1 and C 2 are closed states. States
O1 and O2 are open states. These states are considered to be states of the entire RyR rather than states
of the four subunits. As it is illustrated in Figure 5, transition from C1 to O1 and from O1 to O2 are
considered to be Ca2+ dependent. The second open state, O2 has an important role of keeping the plateau
open probability increasing as [Ca2+]ss is elevated [5]. The plateau open probability is shown in Figure 7.

Figure 6 shows the RyR open probability when [Ca2+]ss is elevated from 0.1 µM to 5 µM . The initial
increase to peak happens on the millisecond time scale, whereas the decline to the plateau occurs within
several hundreds of milliseconds. The extent of opening immediately after Ca2+ stimulation (the peak
open probability) and that after inactivation (the plateau) both increase with increasing [Ca2+]ss . Figure 7
illustrate the peak and the plateau (steady-state value) of open probability at different [Ca2+]ss level. At
lower concentrations, the open probability rises quickly and then decreases to the plateau slowly. However
as the figures indicates, at higher [Ca2+]ss, after reaching the peak, RyR stays open and inactivation is
negligible. This shows that RyR inactivation is Ca2+-dependent in the model.

9 Ca2+ extrusion mechanisms
The model of NCX and PMCA were adopted from Bondarenko et al. [2] and the exchanger scaling factor
(kNaCa) was adjusted (by using GA) so that the basal level of [Ca2+]i agreed with physiological values.

INCX =kNaCa
1

k3mNa + [Na+]3o

1

kmCa + [Ca2+]o

1

1 + κ
(η−1)V F/RT
sat

× (36){
eηV F/RT [Na+]3i [Ca

2+]o − e(η−1)V F/RT [Na+]3o[Ca
2+]i

}
IPCMA =ImaxPCMA

[Ca2+]2i
K2
m,pCa + [Ca2+]2i

(37)
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Modeling Figure 6: A simulation of the rapid rise to peak open probability of a single RyR following an 
increase of [Ca2+]ss from 0.1 to 5 µM.

NCX parameters
Parameter Definition Value Unit

kNaCa scaling factor 1.464e+02 µA/cm2

KmNa Na+ half-saturation constant 87500 µM

KmCa Ca2+ half-saturation constant 1380 µM

Ksat
saturation factor for large

negative potentials 0.1 dimensionless

η voltage dependence 0.35 dimensionless

T temperature 293.15 K

R Ideal gas constant 8.314 JK−1mol−1

[Ca2+]o Extracellular Ca2+ concentration 1800 µM

[Na]o Extracellular Na concentration 1.400e+04 µM

[Na]i Intracellular Na concentration 1.4237e+04 µM

PMCA parameters
Parameter Definition Value Unit

ImaxPMCA max rate 1.2 µA/cm2

Km,pCa
Ca2+ half-saturation con-
stant 0.500 µM
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Modeling Figure 7: The peak and the plateau open probabilities increases with increasing [Ca2+]ss 
indicating RyR inactivation is a Ca2+-dependent process

10 Initial conditions
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Initial Conditions
Parameter Definition Value Unit

t Time 0.0 ms

V Membrane Potential -60 mV

[Ca2+]i Cytosolic Ca2+ concentration 0.1209 µM

[Ca2+]SS Subspace Ca2+ concentration 0.1505 µM

[Ca2+]JSR JSR Ca2+ concentration 0.300 µM

[Ca2+]NSR NSR Ca2+ concentration 0.300 µM

PC1 Fraction of channels in State PC1 0.4298 dimensionless

PC2 Fraction of channels in State PC2 0.4298 dimensionless

PO1 Fraction of channels in State PO1 0.1404 dimensionless

PO2 Fraction of channels in State PO2 1.0030e-05 dimensionless

11 Numerical methods
The model was implemented in MATLAB™ and 12 differential equations were solved with the ode15s routine
for stiff systems [6]. We used multi-objective parallel genetic algorithm to adjust various parameters in the
model in order to obtain experimentally-consistent results. To implement the optimization, the Parallel
Computing toolbox and Global Optimization toolbox of MATLAB™ software package were used.

We chose this multi-objective optimization as there were several (and conflicting) objective functions.
These objective functions rewards sets of parameters that cause the behaviors of model to be to be consistent
with the experimental data including the following items:

• Frequency of oscillation ˜1 Hz

• Steady-state [Ca2+]i of 100 nM

• Average [Ca2+]i in the range 200-250 nM at -40 mV

• No oscillations at ˜-60 mV

• Sustained oscillations at a reduced frequency after Cav1.2 blockade

The optimization was used to modify the RyR transition rates ( k−a ,k+a , k
−
b , k

+
b ,k
−
c ,k+c ), leakage current

from SR into the cytosol (νleak), the NCX maximum rate (kNaCa) and the diffusion rate from the subspace
into the cytosol (τxfer). Changes in those parameters were mostly within 20% of the original values. The
most appropriate solution was selected among the Pareto optima.

As the each run of simulation took 10s, for speeding up the GA convergence, we used a parallel multi-
objective GA. This optimization algorithm was run on an Intel(R) 4-Core(TM) i7-2600K CPU @ 3.40GHz.
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