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REGULATION OF L-TYPE CALCIUM CHANNEL SPARKLET ACTIVITY BY PKC 

AND C-SRC 

 

Jyoti Gulia 

Dr. Michael J. Davis, Dissertation Supervisor 

 

ABSTRACT 

 

L-type Ca2+ (CaL) channels are a primary pathway of Ca2+ entry into vascular 

smooth muscle cells (VSMCs). CaL channels play a key role in establishment of vascular 

tone and its modulation in response to various stimuli. Of the four subclasses of CaL 

channels, Cav1.2 is the subclass expressed in VSMCs. Cav1.2 has 3 isoforms: Cav1.2a 

(cardiac), Cav1.2b (smooth muscle) and Cav1.2c (neuronal). Cell-attached patch clamp 

and total internal reflection fluorescence (TIRF) studies on CaL channels have revealed 

the occurrence of a high activity gating mode characterized by frequent, prolonged 

channel openings, in addition to the more prevalently occurring gating mode with brief 

and rare channel openings. In cells loaded with a Ca2+ fluorescence indicator, Ca2+ influx 

during the opening of a CaL channel leads to a localized increase in Ca2+ fluorescence, 

termed a Ca2+ sparklet. In TIRF studies, two populations of CaL channels exhibiting 

distinct gating behaviors are classified as persistent Ca2+ sparklets and low activity Ca2+ 

sparklets. Low activity Ca2+ sparklets represent stochastic gating of CaL channels with 

brief and rare CaL channel openings; whereas persistent Ca2+ sparklets represent a CaL 
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channel population with increased open probability due to membrane depolarization or 

channel phosphorylation. Persistent Ca2+ sparklets are thought to be primarily regulated 

by the VSMC isoform of protein kinase C, PKCα, and account for approximately 50% of 

the steady state Ca2+ entry through CaL channels. However, the mechanism of PKCα 

action on CaL channels has remained unclear. c-Src, another highly expressed kinase in 

VSMCs, potentiates CaL channel current and its action may or may not be related to 

PKC. Whether c-Src activation induces persistent Ca2+ sparklet activity through CaL 

channels is not known. The objective of this study is to understand how PKCα and c-Src 

regulate persistent Ca2+ sparklet activity through CaL channels. Based on evidence that 

several PKC isoforms can activate c-Src, and preliminary experiments in which c-Src 

activity was inhibited, I hypothesized that persistent Ca2+ sparklet activity is chiefly 

determined by c-Src, which acts downstream of PKCα and directly phosphorylates 

the CaL channel at its C-terminal residue Y2122.  

To test my hypothesis, I performed TIRF imaging of Ca2+ sparklets on voltage 

clamped HEK 293T cells co-expressing active/ inactive PKC or c-Src plus wild type 

(WT) or mutant CaL channels to allow or alter kinase-modulated phosphorylation. I used 

the neuronal isoform of the Cav1.2 channel due to availability of Cav1.2c mutant 

constructs suitable for this study. The cells were loaded with the Ca2+-sensitive indicator 

Rhod-2 through the patch-pipette. Xestospongin C and tetracaine were used to block IP3 

(inositol 1,4,5-triphosphate) and ryanodine receptors, respectively, and to minimize Ca2+ 

fluorescence events unrelated to Ca2+ sparklets. Ca2+ sparklets were detected using a 
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custom program written in Interactive Data Language and Ca2+ sparklet data were 

analyzed using a signal mass method. 

TIRF imaging of cells expressing WT Cav1.2c + c-Src revealed the frequent 

occurrence of persistent Ca2+ sparklets, whereas cells transfected with c-Src alone only 

rarely exhibited events resembling persistent Ca2+ sparklets. Treatment of cells 

expressing WT Cav1.2c + c-Src with 10 µM PP2 reduced the signal mass of persistent 

Ca2+ sparklets significantly without having an effect on the signal mass of low activity 

Ca2+ sparklets. Kinase-dead (kd) c-Src was used to competitively inhibit endogenous c-

Src. In cells expressing WT Cav1.2c + kd c-Src, persistent Ca2+ sparklet activity was 

almost completely eliminated. Cells expressing c-Src plus Cav1.2c containing a mutation 

of a putative c-Src phosphorylation site, Y2122F Cav1.2c, showed a significant reduction 

in both signal mass and density of persistent Ca2+ sparklets compared to cells expressing 

WT Cav1.2c + c-Src. In contrast, the signal mass and density of persistent Ca2+ sparklets 

observed in cells expressing c-Src and Cav1.2 containing a mutation of another likely c-

Src phosphorylation site, Y2139F Cav1.2c, were not significantly different from those 

recorded in cells expressing WT Cav1.2c + c-Src. Neither the Y2122F nor Y2139F Cav1.2c 

mutation significantly altered the signal mass or density of persistent Ca2+ sparklets in 

cells co-expressing Y2122F Cav1.2c or Y2139F Cav1.2c + PKCα, in comparison to control 

cells expressing WT Cav1.2c + PKCα. I also tested the role of the proposed PKCα 

phosphorylation site S1901 on Cav1.2c in production of persistent Ca2+ sparklet activity. 

Cells transfected with S1901A Cav1.2c + PKCα exhibited a significant reduction in signal 
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mass of persistent Ca2+ sparklets while persistent Ca2+ sparklet density remained 

comparable to that of cells expressing WT Cav1.2c + PKCα.  

These findings indicate that c-Src phosphorylates Cav1.2c on residue Y2122 to 

produce persistent Ca2+ sparklets and that PKCα does not act via c-Src to induce 

persistent Ca2+ sparklets. More electrophysiological and Ca2+ sparklet experiments need 

to be performed to resolve if PKCα induces persistent Ca2+ sparklet activity by 

phosphorylating residue S1901on Cav1.2c. The possibility of parallel actions of c-Src and 

PKCα conforms to existing ideas about the complex regulation of CaL channels to fully 

explain their central roles in the regulation of many physiological functions. From a 

broader perspective, the findings of this study suggest that both c-Src and PKCα enhance 

CaL channel function and thereby regulate vascular tone by increasing the activity of only 

a small population of CaL channels. The population of CaL channels that exhibits 

enhanced activity and the molecular mechanisms underlying this effect may prove to be 

effective targets to develop drugs for pathological conditions associated with altered 

vascular tone.  
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CHAPTER 1 

INTRODUCTION 

 

Calcium, a ubiquitous intracellular messenger, activates various signaling 

cascades and subsequently generates a wide range of physiological responses in multiple 

cell types including muscle contraction, secretion, neurotransmission and gene expression 

(Catterall et al., 2005). Typically, activation of Ca2+ signaling requires global or local 

increases in intracellular Ca2+ concentration ([Ca2+]i), which is very low (0.05-0.2 µM) 

under resting conditions or in the absence of any physiological or pharmacological 

stimuli (Reuter, 1983). Cells have multiple mechanisms that lead to elevated [Ca2+]i 

levels, including Ca2+ release from intracellular stores, Ca2+ influx through voltage-gated, 

receptor-operated, mechanosensitive Ca2+ channels and calcium release-activated calcium 

entry (Sackin, 1995; Berridge, 1997).  

In vascular smooth muscle cells, L-type voltage-gated calcium (CaL) channels are 

one of the primary pathways of Ca2+ influx and, therefore, important regulators of the 

intracellular Ca2+ level and vascular tone. The in vivo resting membrane potential of 

vascular smooth muscle cells varies between -55 to -40 mV (Nelson et al., 1990). Under 

these conditions, a subpopulation of CaL channels is activated, leading to steady state 

Ca2+ entry, which combines with calmodulin (CaM) to activate myosin light-chain 

kinase, leading to the establishment of basal tone in resistance arteries and arterioles 

(Pfitzer, 2001). Changes in the activities of these channels result in a bidirectional 
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(upward or downward) modulation of vascular tone, which impacts the distribution of 

blood flow to various organs (Nelson et al., 1990).  

My dissertation is an endeavor towards understanding the regulation of CaL 

channel function by protein kinase C (PKC) and c-Src tyrosine kinase. The first chapter 

discusses the structure and regulation of CaL channels followed by a brief overview of 

total internal reflection fluorescence (TIRF) microscopy, which is a relatively new 

approach to investigate CaL channel function. Section 1.3 in this chapter introduces the 

term “Ca2+ sparklet” and summarizes the sparklet literature with a particular emphasis on 

research studies performed by Santana and colleagues (Navedo et al., 2005, 2006, 2008, 

2010a, b; Amberg et al., 2007). The last section of the first chapter provides the rationale 

for my dissertation hypothesis. Chapter 2 presents a detailed description of experimental 

methods and data analysis techniques. Chapter 3 reports the findings of the experiments 

performed for the completion of this dissertation. Chapter 4 discusses the experimental 

design and findings of this study in the context of the existing literature. Chapter 5 

discusses how the findings of this study can be further used to the study modulation of 

the spatio-temporal aspects of CaL channel function following integrin activation, which 

is a long-term focus of the Davis laboratory.   

 

1.1. L-type Calcium (CaL) Channels 

1.1.1. Structure and expression

CaL (or Cav1.x) channels are a family of voltage-gated Ca2+ channels (Cav1.x, 

Cav2.x and Cav3.x) that are activated at more depolarized potentials, exhibit large single-
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channel conductance in comparison to other voltage-gated Ca2+ channel families and are 

widely expressed in excitable cells. They are composed of four to five subunits: α, β, α2δ 

and γ. The α-subunit is the pore-forming subunit and the other subunits are considered to 

be auxiliary subunits. The α-subunit determines the pharmacological and 

electrophysiological properties of CaL channels (Hosey et al., 1996; Catterall, 2000). It 

consists of four homologous domains (I-IV) with each domain composed of six 

transmembrane segments (S1-S6) (Fig. 1.1). The S4 segment on each domain functions 

as the voltage sensor. The linkers between S5 and S6 flank the pore on the extracellular 

side and contain glutamate residues that confer ion selectivity to the channel. Both N- and 

C-termini of the α-subunit are intracellular and play important roles in regulation of CaL 

channel activity. The classification of voltage-gated Ca2+ channels into different families 

(Cav1, Cav2 and Cav3) and subfamilies (Cav1.x, Cav2.x and Cav3.x) is based on the 

differences in their α-subunit isoforms. Among the various families, Cav1 is the subunit 

expressed in skeletal muscle (Cav1.1), cardiac muscle (Cav1.2a), smooth muscle 

(Cav1.2b), brain (Cav1.2c, Cav1.3) and retinal (Cav1.4) issue (Hosey et al., 1996; 

Catterall, 2000).  

The β and α2δ auxiliary subunits play key roles in the expression and membrane 

targeting of functional CaL channels and also influence channel activation and 

inactivation properties (Catterall, 2000). The β-subunit is located intracellularly and binds 

with the α-subunit through the α-subunit interaction domain (AID) located on the 

cytoplasmic linker region between domains I and II (Fig. 1.1) (Dai et al., 2009). The β-

subunit is encoded by four different genes - β1, β2, β3, β4 and alternative splicing, 



Figure 1.1. L-type Ca2+ channel map depicting structural elements of α, β and α2δ subunits. 
(Dai et al., 2009) 

 

especially of β1 and β2, results in further diversification (Dai et al., 2009). Similar to the β 

subunit, four different genes have been identified for the α2δ subunit and their splice 

variants give rise to multiple α2δ subunit isoforms. Both α2 and δ are encoded by the 

same gene but undergo post-translational modification resulting in separate α2 and δ 

polypeptides linked via a disulfide bridge. The α2 subunit is heavily glycosylated and 

extracellular while the δ subunit contains a transmembrane segment with a short 

cytoplasmic tail (Fig. 1.1) (Dai et al., 2009). The γ subunit is a glycoprotein with four 

transmembrane segments encoded by eight genes (γ1-γ8). The γ1 isoform associates only 

with Cav1.1 and inhibits channel function. None of the other γ isoforms have been 

identified to associate with CaL channels (Kang and Campbell, 2003). Since my research 

project focused specifically on Cav1.2 channels and their regulation by PKC and c-Src, 
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the discussion in the following subsection will primarily concentrate on the regulation of 

Cav1.2 channel subclass of CaL channels by voltage, Ca2+ and phosphorylation.  

 

1.1.2. Regulation of CaL channels

Membrane depolarization is the most obvious, but not the exclusive, mechanism 

that regulates the gating of CaL channels. Other mechanisms that regulate CaL channel 

activity include intracellular Ca2+ and proteins like kinases and phosphatases. The 

existence of multiple regulatory mechanisms (shown in Fig. 1.2) for CaL channel function 

ensures tight regulation of intracellular Ca2+ concentration, which at higher levels can 

disrupt the normal functioning of cells. I will review the various Cav1.2 channel 

regulation mechanisms separately in this section.  

 

 

 

 

 

 

 

 

 Figure 1.2. Simplified block diagram elucidating the various mechanisms of CaL channel 
regulation. Brown solid arrow implies the activation of the channel from the deactivated state by 
membrane depolarization; Black solid and dashed arrows represent switching between various states of 
CaL channel gating; Red solid arrow shows Ca2+ entry upon channel activation; Orange arrows represent 
channel facilitation and inactivation at depolarized potentials; Purple arrows represent Ca2+ dependent 
facilitation and inactivation of the channel; Green arrows represent phosphorylation of CaL channel; Blue 
arrows represent dephosphorylation of CaL channel. 
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1.1.2.1. Cav1.2 regulation by voltage 

Cav1.2 channels are activated by membrane depolarization and the voltage 

dependence of activation is described by a Boltzmann sigmoid. Both the macroscopic and 

the average single-channel current-voltage relations are inverted bell-shaped curves (Fig. 

1.3A). At the threshold voltage (Vth) of channel activation, the average current is low 

even though the elementary current is the largest. This is due to the low open probability 

(Po) of Cav1.2 channels at voltages close but negative to Vth. The maximum value of 

average current is observed at a voltage defined as Vpeak, where the elementary current 

amplitude is intermediate but Po is very high. The elementary current amplitude reduces 

as the voltage approaches the positive reversal potential of the charge carrier (Ca2+/Ba2+). 

The average current amplitude decreases at voltages beyond Vpeak as the elementary 

current becomes small even though the Po remains very high. The voltage (Vpeak) at 

which the peak current is observed may shift right or left due to alterations in surface 

change potential with extracellular divalent ion concentration changes (Fig. 1.3A). When 

the membrane potential is repolarized after a short activation period, Cav1.2 channels 

return to a deactivated state (McDonald et al., 1994). Cav1.2 channels also exhibit voltage 

dependent inactivation (VDI). However, studying this phenomenon is complicated in 

Cav1.2 channels due to presence of Ca2+-dependent inactivation (CDI). When Ca2+ is 

used as a charge carrier, the time course of the change in ICa shows biexponential decay 

where the faster and slower components are suggested to correspond to CDI and VDI 

respectively (Fig. 1.3B). In an effort to separate VDI from CDI, various studies have used 

Ba2+ or monovalent cations in place of Ca2+ as a charge carrier. Ba2+ is believed to be a 
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Figure 1.3. I-V curve and whole-cell Ba2+ and Ca2+ currents for the Cav1.2 channel. A, Normalized 
I-V curves obtained at 35oC from guinea pig ventricular myocytes with 3.6 mM Ca2+, 3.6 mM Ba2+ and 
90 mM Ba2+ in extracellular solution (reproduced from McDonald et al., 1994). B, Representative whole-
cell Ba2+ and Ca2+ currents from HEK 293 cells with exogenously expressed Cav1.2b and CaMKII. The 
faster component of Ca2+ current decay is due to CDI whereas, the slower component is attributed to 
VDI. Ba2+ current supposedly exhibits only VDI (reproduced from Lee et al., 2006).  
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B 
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better predictor of VDI than monovalent cations. However, Ba2+ also exhibits weak Ba2+-

dependent inactivation which implies that IBa through Cav1.2 does not exhibit VDI alone 

but a combined effect of CDI and VDI. It still remains to be determined if CDI and VDI 

are completely dependent or interdependent mechanisms of Cav1.2 regulation. 

(Josephson et al., 2010; Grandi et al., 2010) 

 

1.1.2.2. Cav1.2 regulation by Ca2+

Increased intracellular Ca2+, either due to Ca2+ influx through Cav1.2 or via other 

means (e.g. intracellular Ca2+ release), exerts both positive (Ca2+-dependent facilitation) 

and negative (CDI) feedback on the gating of Cav1.2 channels. Ca2+ dependent 

facilitation (CDF) involves an increase in the Ca2+ channel openings in response to either 

increased [Ca2+]i or repeated transient depolarization of the cell membrane (Halling et al., 

2005). The physiological role of CDF is not clear. It has been suggested that CDF of the 

active population of Cav1.2 channels may compensate for the Cav1.2 channels in the 

inactivation pool during high contractile responses in cardiac muscle. CDI, on the other 

hand, prevents intracellular Ca2+ overload in cells (Gurney et al., 1989; Nie et al., 2007). 

CDI occurs when Ca2+ entry through Cav1.2 channels results in inactivation of Cav1.2 

channels during prolonged depolarization of the cell membrane (Halling et al., 2005). In 

general, the faster component of whole-cell Ca2+ current decay during depolarization is 

attributed to CDI and the slower component to VDI (Fig. 1.3B). The majority of studies 

treat VDI and CDI as independent mechanisms. However, a recent study on unitary 

cardiac Cav1.2 channels by Josephson et al. (2010) suggests that CDI contributes to both 
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the fast and slow phases of inactivation and that VDI and CDI are interdependent 

mechanisms. According to that study, which used Ca2+ as the charge carrier, the latency-

dependent decrease in mean open time of Cav1.2 during depolarization is the “hallmark 

of CDI” (Josephson et al., 2010). The short Cav1.2 channel openings due to CDI have 

been speculated to prolong the final inactivation of channel and, therefore, are proposed 

to play a role in maintaining the plateau phase of the cardiac action potential (Josephson 

et al., 2010). 

Changes in the levels of [Ca2+]i are translated into a feedback signal for Cav1.2 

with the help of Ca2+ sensing proteins (including CaM, Ca2+ binding proteins, sorcin etc.) 

that interact directly or indirectly with Cav1.2 (Halling et al., 2005). CaM has been 

implicated in both CDI and CDF across different classes and isoforms of voltage-gated 

Ca2+ channels. The interaction site of CaM on Cav1.2 has been reported to lie within the 

pre-IQ and IQ regions of the C-terminus of Cav1.2 (Figs. 1.4 and 1.5) (Peterson et al., 

1999; Qin et al., 1999; Zühlke et al., 1999; Pitt et al., 2001; Erickson et al., 2003). Mori et 

al. (2004) established that interaction of a single CaM with Cav1.2 is sufficient to produce 

CDI. Two recent studies (Fallon et al., 2009; Asmara et al., 2010) indicate that Cav1.2 

can bind more than one molecule of CaM but the findings of these studies have not yet 

been verified for full-length functional Cav1.2 channels. Moreover, conflicting reports 

have emerged on the role of CaM and CaM dependent Kinase II (CaMKII) in CDF that 

suggest CaMKII to be the underlying molecular entity responsible for CDF (Zühlke et al., 

1999, 2000; Dzhura et al., 2000; Hudmon et al., 2005; Blaich et al., 2010). According to 

the evidence presented by Hudmon et al. (2005), CaMKII is tethered to Cav1.2 and upon 
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activation by Ca2+/CaM, phosphorylates Cav1.2 to facilitate Ca2+ current (Hudmon et al., 

2005). Several models of CDI and CDF have been proposed to regulate Cav1.2 channels 

but the exact mechanisms for both still remain to be elucidated (Soldatov, 2003; Kim et 

al., 2004; Halling et al., 2005; Cens et al., 2006; Pitt, 2007; Guo et al., 2010).  

 

1.1.2.3. Cav1.2 regulation by phosphorylation 

The activity and function of Cav1.2 channels are subject to modulation by 

multiple intracellular signaling cascades. Phosphorylation and dephosphorylation of 

serine, threonine and tyrosine residues on the intracellular domains of Cav1.2 channels, 

most importantly on the C-terminus of the α subunit, are a primary regulatory mechanism 

exerted by multiple signaling pathways. All three Cav1.2 isoforms (cardiac, Cav1.2a; 

smooth muscle, Cav1.2b; neuronal, Cav1.2c) have been shown to be regulated by 

intracellular kinases. Fig. 1.4 shows the various Cav1.2 residues that have been identified 

to be phosphorylated by PKA, PKC, CaMKII and c-Src. Fig. 1.5 shows the C-terminal 

amino acid sequences of various Cav1.2 isoforms across different species aligned to the 

rat neuronal Cav1.2 isoform. Both rat neuronal (2142 aa) and human jejunum Cav1.2 

(2138 aa) sequences are shorter than the other Cav1.2 sequences shown in Fig. 1.5 due to 

the absence of a segment of N-terminus in those two isoforms. In the following 

subsection, I will discuss Cav1.2 regulation by various kinases including PKA, PKG, 

PKC, CaMKII and c-Src.  

 

 



 

 

 

 

 

 

 

 Figure 1.4. Cav1.2 signaling complex (Reproduced and modified from Dai et al., 2009).  The Cav1.2 
map illustrating i) the AKAP interaction domain, ii) PKA phosphorylation sites on the α and the β2 
subunit (shown with red arrows), iii) PKC phosphorylation sites (shown with orange arrows), iv) 
CaMKII phosphorylation sites (shown with green arrows), v) c-Src phosphorylation site (shown with 
black arrow), vi) pre-IQ and IQ regions (shown in yellow), vii) PKG phosphorylation sites (shown with 
light-blue arrows) viii) C-terminal cleavage site (shown as the black X). NOTE: Y2122 is numbered by 
the rat Cav1.2c sequence; S533, S1700, S1928, T27 and T31 are numbered by the rabbit Cav1.2a sequence; 
S1512 and S1570 are numbered by the rabbit Cav1.2b sequence. S459, S478, S479 and T498 shown on the β 
subunit are numbered by the rat β2a sequence while S496 is numbered by the rabbit β2a sequence. 
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Rat neuronal Cav1.2   1577  EGNLEQANEE LRAIIKKIWK RTSMKLLDQV  1606 
Rat cardiac Cav1.2    1604  EGNLEQANEE LRAIIKKIWK RTSMKLLDQV  1633  
Rat aortic Cav1.2     1604  EGNLEQANEE LRAIIKKIWK RTSMKLLDQV  1633 
Rabbit cardiac Cav1.2 1605  EGNLEQANEE LRAIIKKIWK RTSMKLLDQV  1634 
Rabbit lung Cav1.2    1600  EGNLEQANEE LRAIIKKIWK RTSMKLLDQV  1629 
Human jejunum Cav1.2  1575  EGNLEQANEE LRAIIKKIWK RTSMKLLDQV  1604        
   
Rat neuronal Cav1.2   1607  VPPAGDDEVT VGKFYATFLI QEYFRKFKKR  1636 
Rat cardiac Cav1.2    1634  VPPAGDDEVT VGKFYATFLI QEYFRKFKKR  1663 
Rat aortic Cav1.2     1634  VPPAGDDEVT VGKFYATFLI QEYFRKFKKR  1663 
Rabbit cardiac Cav1.2 1635  VPPAGDDEVT VGKFYATFLI QEYFRKFKKR  1664 
Rabbit lung Cav1.2    1630  VPPAGDDEVT VGKFYATFLI QEYFRKFKKR  1659 
Human jejunum Cav1.2  1605  VPPAGDDEVT VGKFYATFLI QEYFRKFKKR  1634 
 
Rat neuronal Cav1.2   1637  KEQGLVGKPS QRNALSLQAG LRTLHDIGPE  1666 
Rat cardiac Cav1.2    1664  KEQGLVGKPS QRNALSLQAG LRTLHDIGPE  1693 
Rat aortic Cav1.2     1664  KEQGLVGKPS QRNALSLQAG LRTLHDIGPE  1693 
Rabbit cardiac Cav1.2 1665  KEQGLVGKPS QRNALSLQAG LRTLHDIGPE  1694 
Rabbit lung Cav1.2    1660  KEQGLVGKPS QRNALSLQAG LRTLHDIGPE  1689 
Human jejunum Cav1.2  1635  KEQGLVGKPS QRNALSLQAG LRTLHDIGPE  1664 
 
Rat neuronal Cav1.2   1667  IRRAISGDLT AEEELDKAMK EAVSAASEDD  1696 
Rat cardiac Cav1.2    1694  IRRAISGDLT AEEELDKAMK EAVSAASEDD  1723 
Rat aortic Cav1.2     1694  IRRAISGDLT AEEELDKAMK EAVSAASEDD  1723 
Rabbit cardiac Cav1.2 1695  IRRAISGDLT AEEELDKAMK EAVSAASEDD  1724 
Rabbit lung Cav1.2    1690  IRRAISGDLT AEEELDKAMK EAVSAASEDD  1719 
Human jejunum Cav1.2  1665  IRRAISGDLT AEEELDKAMK EAVSAASEDD  1694 
 
Rat neuronal Cav1.2   1697  IFRRAGGLFG NHVSYYQSDS RSNFPQTFAT  1626 
Rat cardiac Cav1.2    1724  IFRRAGGLFG NHVSYYQSDS RSNFPQTFAT    1753 
Rat aortic Cav1.2     1724  IFRRAGGLFG NHVSYYQSDS RSNFPQTFAT    1753 
Rabbit cardiac Cav1.2 1725  IFRRAGGLFG NHVSYYQSDS RSAFPQTFTT  1754 
Rabbit lung Cav1.2    1720  IFRRAGGLFG NHVSYYQSDS RSAFPQTFTT  1749 
Human jejunum Cav1.2  1695  IFRRAGGLFG NHVSYYQSDG RSAFPQTFTT  1624 
 
Rat neuronal Cav1.2   1627  QRPLHINKTG NNQADTESPS HEKLVDSTFT  1756 
Rat cardiac Cav1.2    1754  QRPLHINKTG NNQADTESPS HEKLVDSTFT  1783 
Rat aortic Cav1.2     1754  QRPLHINKTG NNQADTESPS HEKLVDSTFT  1783 
Rabbit cardiac Cav1.2 1755  QRPLHISKAG NNQGDTESPS HEKLVDSTFT  1784 
Rabbit lung Cav1.2    1750  QRPLHISKAG NNQGDTESPS HEKLVDSTFT  1779 
Human jejunum Cav1.2    1625  QRPLHINKAG SSQGDTESPS HEKLVDSTFT  1754 
 
Rat neuronal Cav1.2   1757  PSSYSSTGSN ANINNANNTA LGRFPHPAGY  1786 
Rat cardiac Cav1.2    1784  PSSYSSTGSN ANINNANNTA LGRFPHPAGY  1813 
Rat aortic Cav1.2     1784  PSSYSSTGSN ANINNANNTA LGRFPHPAGY  1813 
Rabbit cardiac Cav1.2 1785  PSSYSSTGSN ANINNANNTA LGRLPRPAGY  1814 
Rabbit lung Cav1.2    1780  PSSYSSTGSN ANINNANNTA LGRLPRPAGY  1809 
Human jejunum Cav1.2    1755  PSSYSSTGSN ANINNANNTA LGRLPRPAGY  1784 
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Rat neuronal Cav1.2   1787  SSTVSTVEGH GPPLSPAVRV QEAAWKLSSK  1816 
Rat cardiac Cav1.2    1814  SSTVSTVEGH GPPLSPAVRV QEAAWKLSSK  1843 
Rat aortic Cav1.2     1814  SSTVSTVEGH GPPLSPAVRV QEAAWKLSSK  1843 
Rabbit cardiac Cav1.2 1815  PSTVSTVEGH GSPLSPAVRA QEAAWKLSSK  1844 
Rabbit lung Cav1.2    1810  PSTVSTVEGH GSPLSPAVRA QEAAWKLSSK  1839 
Human jejunum Cav1.2    1785  PSTVSTVEGH GPPLSPAIRV QEVAWKLSSN  1814 
 
Rat neuronal Cav1.2   1817  RCHSRESQGA TVSQDMFPDE TRSSVRLSEE  1846 
Rat cardiac Cav1.2    1844  RCHSRESQGA TVSQDMFPDE TRSSVRLSEE  1873 
Rat aortic Cav1.2     1844  RCHSRESQGA TVSQDMFPDE TRSSVRLSEE  1873 
Rabbit cardiac Cav1.2 1845  RCHSQESQIA MACQEGASQD DNYDVRIGED  1874 
Rabbit lung Cav1.2    1840  RCHSQESQIA MACQEGASQD DNYDVRIGED  1839 
Human jejunum Cav1.2    1815  RCHSRESQAA MAGQEETSQD ETYEVKMNHD  1844 
 
Rat neuronal Cav1.2   1847  VEYCSEPSLL STDILSYQDD ENRQLTCLEE  1876 
Rat cardiac Cav1.2    1874  VEYCSEPSLL STDILSYQDD ENRQLTCLEE  1903 
Rat aortic Cav1.2     1874  VEYCSEPSLL STDILSYQDD ENRQLTCLEE  1903 
Rabbit cardiac Cav1.2 1875  AECCSEPSLL STEMLSYQDD ENRQLAPPEE  1904 
Rabbit lung Cav1.2    1840  AECCSEPSLL STEMLSYQDD ENRQLAPPEE  1899 
Human jejunum Cav1.2    1845  TEACSEPSLL STEMLSYQDD ENRQLTLPEE  1874 
 
Rat neuronal Cav1.2   1877  DKREIQPCPK RSFLRSASLG RRASFHLECL  1906 
Rat cardiac Cav1.2    1904  DKREIQPCPK RSFLRSASLG RRASFHLECL  1933 
Rat aortic Cav1.2     1904  DKREIQPCPK RSFLRSASLG RRASFHLECL  1933  
Rabbit cardiac Cav1.2 1905  EKRDIRLSPK KGFLRSASLG RRASFHLECL  1934  
Rabbit lung Cav1.2    1900  EKRDIRLSPK KGFLRSASLG RRASFHLECL  1929 
Human jejunum Cav1.2  1875  DKRDIRQSPK RGFLRSASLG RRASFHLECL  1904 
 
Rat neuronal Cav1.2   1907  KRQKDQGGDI SQKTALPLHL VHHQALAVAG  1936 
Rat cardiac Cav1.2    1934  KRQKDQGGDI SQKTALPLHL VHHQALAVAG  1963 
Rat aortic Cav1.2     1934  KRQKDQGGDI SQKTALPLHL VHHQALAVAG  1963 
Rabbit cardiac Cav1.2 1935  KRQKNQGGDI SQKTVLPLHL VHHQALAVAG  1964 
Rabbit lung Cav1.2    1930  KRQKNQGGDI SQKTVLPLHL VHHQALAVAG  1959 
Human jejunum Cav1.2  1905  KRQKDRGGDI SQKTVLPLHL VHHQALAVAG  1934 
 
Rat neuronal Cav1.2   1937  LSPLLQRSHS PSTFPRPRPT PPVTPGSRGR  1966 
Rat cardiac Cav1.2    1964  LSPLLQRSHS PSTFPRPRPT PPVTPGSRGR  1993 
Rat aortic Cav1.2     1964  LSPLLQRSHS PSTFPRPRPT PPVTPGSRGR  1993 
Rabbit cardiac Cav1.2 1965  LSPLLQRSHS PTSLPRPCAT PPATPGSRGW  1994 
Rabbit lung Cav1.2    1960  LSPLLQRSHS PTSLPRPCAT PPATPGSRGW  1989 
Human jejunum Cav1.2  1935  LSPLLQRSHS PASFPRPFAT PPATPGSRGW  1964 
 
Rat neuronal Cav1.2   1967  PLQPIPTLRL EGAESSEKLN SSFPSIHCSS  1996 
Rat cardiac Cav1.2    1994  PLQPIPTLRL EGAESSEKLN SSFPSIHCSS  2023 
Rat aortic Cav1.2     1994  PLQPIPTLRL EGAESSEKLN SSFPSIHCSS  2023 
Rabbit cardiac Cav1.2 1995  PPQPIPTLRL EGADSSEKLN SSFPSIHCGS  2024 
Rabbit lung Cav1.2    1990  PPQPIPTLRL EGADSSEKLN SSFPSIHCGS  2019 
Human jejunum Cav1.2  1965  PPQPVPTLRL EGVESSEKLN SSFPSIHCGS  1994 
 
 
 
 



 
 
Rat neuronal Cav1.2   1997  WSEETTACSG GSSMARRARP VSLTVPSQAG  2026 
Rat cardiac Cav1.2    2024  WSEETTACSG GSSMARRARP VSLTVPSQAG  2053 
Rat aortic Cav1.2     2024  WSEETTACSG GSSMARRARP VSLTVPSQAG  2053 
Rabbit cardiac Cav1.2 2025  WSGENSPCRG DSSAARRARP VSLTVPSQAG  2054 
Rabbit lung Cav1.2    2020  WSGENSPCRG DSSAARRARP VSLTVPSQAG  2049 
Human jejunum Cav1.2  1995  WA-ETTPGGG GSSAARRVRP VSLMVPSQAG  2023 
 
Rat neuronal Cav1.2   2027  APGRQFHGSA SSLVEAVLIS EGLGQFAQDP  2056 
Rat cardiac Cav1.2    2054  APGRQFHGSA SSLVEAVLIS EGLGQFAQDP  2083 
Rat aortic Cav1.2     2054  APGRQFHGSA SSLVEAVLIS EGLGQFAQDP  2083 
Rabbit cardiac Cav1.2 2055  AQGRQFHGSA SSLVEAVLIS EGLGQFAQDP  2084 
Rabbit lung Cav1.2    2050  AQGRQFHGSA SSLVEAVLIS EGLGQFAQDP  2079 
Human jejunum Cav1.2  2024  APGRQFHGSA SSLVEAVLIS EGLGQFAQDP  2053 
 
Rat neuronal Cav1.2   2057  KFIEVTTQEL ADACDMTIEE MENAADNILS  2086 
Rat cardiac Cav1.2    2084  KFIEVTTQEL ADACDMTIEE MENAADNILS  2113 
Rat aortic Cav1.2     2084  KFIEVTTQEL ADACDMTIEE MENAADNILS  2113 
Rabbit cardiac Cav1.2 2085  KFIEVTTQEL ADACDLTIEE MENAADDILS  2114 
Rabbit lung Cav1.2    2080  KFIEVTTQEL ADACDLTIEE MENAADDILS  2109 
Human jejunum Cav1.2  2054  KFIEVTTQEL ADACDMTIEE MESAADNILS  2083 
 
Rat neuronal Cav1.2   2087  GGAQQSPNGT LLPFVNCRDP GQDRAVVPE-  2115 
Rat cardiac Cav1.2    2114  GGAQQSPNGT LLPFVNCRDP GQDRAVVPE-  2142 
Rat aortic Cav1.2     2114  GGAQQSPNGT LLPFVNCRDP GQDRAVVPE-  2142 
Rabbit cardiac Cav1.2 2115  GGARQSPNGT LLPFVNRRDP GRDRAGQNEQ  2144 
Rabbit lung Cav1.2    2110  GGARQSPNGT LLPFVNRRDP GRDRAGQNEQ  2139 
Human jejunum Cav1.2  2084  GGAPQSPNGA LLPFVNCRDA GQDRAGGEE-  2112 
 
Rat neuronal Cav1.2   2116  DESCVYALGR GRSEEALPDS RSYVSNL  2142  
Rat cardiac Cav1.2    2143  DESCVYALGR GRSEEALPDS RSYVSNL  2169  
Rat aortic Cav1.2     2143  DESCVYALGR GRSEEALPDS RSYVSNL  2169 
Rabbit cardiac Cav1.2 2145  DASGACAPGC GQSEEALADR RAGVSSL  2171 
Rabbit lung Cav1.2    2140  DASGACAPGC GQSEEALADR RAGVSSL  2166 
Human jejunum Cav1.2  2113  DAGCVRARGR P–SEEELQDS RVYVSSL  2138 
 
    
 
 
 

Figure 1.5. Cav1.2 C-terminus amino acid sequences for various Cav1.2 isoforms in different 
species. Each sequence was aligned with respect to the rat neuronal Cav1.2 isoform using protein 
BLAST. The amino acids in red are the important known phosphorylation sites. Yellow highlights 
show the potential phosphorylation sites that are not conserved in Cav1.2 across species. Cyan high 
lights show the conserved IQ motif (Halling et al., 2005). The accession numbers of the Cav1.2 
sequences shown here are: rat neuronal Cav1.2 (p22002 – isoform 5), rat cardiac Cav1.2 (p22002 – 
isoform 1), rat aortic Cav1.2 (aaa85463.1), rabbit cardiac Cav1.2 (p15381.1), rabbit lung Cav1.2 
(p15381- isoform 4), human jejunum Cav1.2 (AAM70049.1).  
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Phosphorylation by PKA: PKA is a serine/threonine kinase consisting of two catalytic 

subunits that are attached to a regulatory subunit dimer. Each regulatory subunit has two 

cAMP binding sites. When the intracellular cAMP concentration increases, it binds PKA 

regulatory subunits, resulting in dissociation and subsequent activation of the two 

catalytic subunits. Intracellular cAMP levels can be raised by stimulating G-protein 

coupled receptors (GPCRs), leading to activation of adenylyl cyclase (AC) and resulting 

in increased cAMP production; likewise, inhibition of phosphodiesterases (PDEs) elevate 

cAMP by inhibiting degradation of cAMP (Trautwein and Hescheler, 1990; McDonald et 

al., 1994). Activation of PKA can initiate multiple downstream signaling cascades. One 

such downstream action of PKA is phosphorylation and subsequent upregulation of 

Cav1.2 channel activity.  

Cav1.2 channel phosphorylation by PKA has been extensively studied as a 

component of various receptor-activated signaling pathways. In cardiac muscle, 

activation of PKA by β-adrenergic receptor stimulation results in both increased single-

channel activity and potentiation of whole cell current through Cav1.2a. PKA activation 

also results in approximately 10-12 mV left shift of the I-V curve for Cav1.2a (Keef et al., 

2001; Hulme et al., 2006). Similarly, the neuronal isoform of Cav1.2 has also been shown 

to exhibit Ca2+ current potentiation and a left shift of the I-V curve in response to 

forskolin (FSK) treatment (Naguro et al., 2001). On the contrary, there are many 

conflicting reports on the effect of PKA on Cav1.2b in smooth muscle. Some studies 

report potentiation of Cav1.2b currents while others suggest either reduction or no change 
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in the current through Cav1.2b with PKA activation (Keef et al., 2001). Application of a 

membrane permeable form of cAMP (8-Br cAMP) or FSK (adenylyl cyclase activator) or 

isoproternol (β-adrenergic agonist) or the catalytic subunit of PKA leads to an increase in 

Cav1.2b current, suggesting a stimulatory effect of PKA on Cav1.2b (Keef et al., 2001). 

However, application of higher concentrations of 8-Br-cAMP, FSK and isoproternol 

reportedly inhibit Cav1.2b current (Ishikawa et al., 1993; Xiong et al., 1994). The 

inhibitory effect on Cav1.2b current is abolished with pretreatment of the cell with a PKG 

antagonist, suggesting crosstalk between PKA and PKG (Ruiz-Velasco et al., 1998). This 

observation suggests that the net result of crossover activation of PKG possibly might 

have been interpreted as an effect of PKA in previous studies (Ruiz-Velasco et al., 1998). 

The presence of this crosstalk in smooth muscle, but not in cardiac muscle, has been 

speculated to be due to higher expression of PKG in smooth muscle (Keef et al., 2001). 

Besides the controversial effect of PKA on Cav1.2b channels, two major differences have 

been reported on the effect of PKA on Cav1.2a and Cav1.2b (Keef et al., 2001): i) cAMP 

does not cause a significant left shift in the I-V relationship of Cav1.2b channels, in 

contrast to cardiac Cav1.2a channels; ii) the increase in Cav1.2b current is moderate (0.2-

5-fold) as compared to a 3-7 fold increase in Cav1.2a current. 

The neuronal and cardiac isoforms of Cav1.2 exist as long and short forms. The 

short form of each of these isoforms is similar to the long form except that the C-terminus 

of the short form is truncated. Only the long form of Cav1.2 is regulated by PKA (Dai et 

al., 2009; De Jongh et al., 1996; Hell et al., 1993). Also, the C-terminus fragment, which 

is missing in the short form of Cav1.2, tethers to A-kinase anchoring protein (AKAP). 
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PKA association with AKAP is considered to be essential for the regulation of Cav1.2 by 

PKA (Hulme et al., 2003). For these reasons, the in vivo existence of long and short 

forms of Cav1.2 and their physiological roles have been the subject of intense 

investigation. Hell et al. (1993) suggested that the short form of Cav1.2c could be a 

product of either alternative splicing or post-translational proteoloytic cleavage of the 

longer form of Cav1.2c. They provided evidence that the activation of N-methyl-D-

aspartate (NMDA) receptors in hippocampal neurons resulted in the cleavage of the long 

form of Cav1.2c to the short form (Hell et al., 1996). This proteolytic cleavage was 

mediated by calpain, a Ca2+-activated protease. In another study, Gerhardstein et al. 

(2000) exposed heterologously expressed full-length Cav1.2a to lysates from native 

cardiac myocytes to test if the truncation of Cav1.2a was simply a procedural artifact of 

protein isolation. But the truncated 190 kDa form of heterologously expressed Cav1.2a 

was not detected upon exposure to native cardiomyocyte lysates, indicating that the short 

form of Cav1.2a is not generated due to uncontrolled proteolysis during protein isolation 

and is indeed a product of post-translational proteolysis. In vitro proteolysis assays on 

full-length Cav1.2a revealed that chymotrypsin, and not calpain, produced a short Cav1.2a 

form similar to the one present in the native cardiac myocytes. But chymotrypsin is an 

extracellular serine protease and it was speculated that chymase, an intracellular protease 

with similar substrate specificity, might be responsible for in vivo proteolysis of Cav1.2a 

(Gerhardstein et al., 2000). The cleaved C-terminal fragment of Cav1.2a remained 

associated with the membrane fraction during biochemical experiments but was partially 

dissociated from the membrane fraction in the presence of 500 mM NaCl, consistent with 
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the idea that the C-terminus associates with the membrane through protein-protein 

interaction (Gerhardstein et al., 2000).  

To elucidate the possible functional role of truncated Cav1.2, a number of studies 

were performed on heterologously expressed WT and truncated Cav1.2 (Wei et al., 1994; 

Gao et al., 2001; Hulme et al., 2006). Wei et al. (1994) originally showed that the 

deletion of 46 to 70% of the C-terminus of Cav1.2a resulted in an increase in channel 

activity. This finding was supported by subsequent studies from the Hosey and Catterall 

labs. Gao et al. (2001) transiently expressed full-length and various C-terminal deletion 

mutants of Cav1.2a in tsA-201 cells and observed that the peak IBa of truncated channels 

was higher than that of full-length Cav1.2 channels. Intracellular application of the distal 

C-terminal fragment (DCT) to cells expressing channels with a truncated C-terminus led 

to inhibition of IBa. Similarly, Hulme et al. (2006) expressed full-length Cav1.2a or 

truncated Cav1.2a alone or with a distal C-terminal fragment in tsA-201 cells. IBa was 

higher in cells expressing truncated Cav1.2a compared to cells expressing full-length 

Cav1.2. Co-expression of truncated Cav1.2a with the DCT fragment attenuated IBa and 

introduced a positive shift in the voltage dependence of activation. The inhibition of 

Cav1.2a current upon expression of the DCT with truncated Cav1.2a was not due to an 

altered expression level of the Cav1.2a channel. That study further elucidated the 

mechanism of interaction between truncated Cav1.2a and its C-terminal fragment. 

Arginine residues 1696 and 1697 in the proximal C-terminal regulatory domain of 

truncated Cav1.2a and glutamate residues 2103 and 2106 and aspartate residue 2110 in 

the distal C-terminal regulatory domain of the DCT fragment were found to be important 
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for non-covalent association of truncated Cav1.2a with its C-terminal fragment. 

Collectively, these studies suggest that short forms of Cav1.2 comprise an autoinhibitory 

complex with its DCT fragment in some cells and for some Cav1.2 isoforms (Hulme et 

al., 2006). 

Activation of PKA results in potentiation of current through Cav1.2. The amino 

acid residue S1928 on the C-terminus of Cav1.2a and b (S1901 in Cav1.2c) is the classical 

PKA phosphorylation site (Figs. 1.4 and 1.5) (De Jongh et al., 1996; Perets et al., 1996; 

Gao et al., 1997 Naguro et al., 2001), but whether phosphorylation by PKA enhances the 

activity of Cav1.2 remains equivocal. In a study by Naguro et al. (2001), application of 3 

µM FSK to Baby Hamster Kidney (BHK) cells transiently expressing Cav1.2c and stably 

expressing β1a and α2δ auxiliary subunits, resulted in an increase in the whole cell Cav1.2 

current. This FSK-induced increase in ICa was not detected in cells treated with 20 µM 

protein kinase inhibitor (PKI) through the patch-pipette to block PKA (Naguro et al., 

2001). Also, potentiation of ICa by FSK was abolished after mutation of S1901A on 

Cav1.2c, even though the basal current remained comparable to that recorded in cells 

expressing WT Cav1.2c. Similarly, Gui et al. (2006) showed that application of 8-Br-

cAMP to cells expressing WT Cav1.2c enhanced whole cell current and that this increase 

was entirely eliminated in cells that expressed S1901A Cav1.2c.  

The stimulatory effect of PKA on Cav1.2 current observed in native 

cardiomyocytes could not be completely reconstituted in a heterologous expression 

system until very recently (Fuller et al., 2010). Previous studies using full-length Cav1.2a 

expressed in heterologous expression systems implicated phosphorylation of Cav1.2a on 
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S1928 for PKA-stimulated Cav1.2a current. However, the observed PKA-mediated 

potentiation of Cav1.2a current was much less than that in cardiomycytes, leading to 

speculation that S1928 phosphorylation might not be involved in Cav1.2a potentiation by 

PKA (Dai et al., 2009; Fuller et al., 2010). A study by Ganesan et al. (2006) suggested 

that S1928 is indeed not required for ICa potentiation following β-adrenergic stimulation. 

Using adenovirus, they expressed a dihydropyridine (DHP)-insensitive Cav1.2a in cardiac 

myocytes so that the native Cav1.2a channels could be blocked with DHP application. 

Under those experimental conditions, they recorded current only from DHP-insensitive 

Cav1.2a channels that were exogenously expressed. Application of isoproternol resulted 

in an increase in current through DHP-insensitive Cav1.2a and this isoproternol-induced 

current increase persisted in DHP-insensitive S1928A Cav1.2a but was absent in DHP-

insensitive Cav1.2a that was truncated after aa residue 1905 (Ganesan et al., 2006). 

Similarly, a S1928A Cav1.2 mutation in knock-in mice did not have any impact on ICa 

potentiation following β-adrenergic stimulation by isoproternol (Lemke et al., 2008). 

These findings are further supported and extended in a recent publication by Fuller et al. 

(2010). That study demonstrates the complete reconstitution of the PKA regulatory 

mechanism of Cav1.2a in a heterologous system with a dynamic range of modulation 

similar to that obtained in cardiac myocytes. They suggest that the co-expression of the 

Cav1.2 channel along with its non-covalently attached distal C-terminus and AKAP15 are 

both necessary and sufficient to mimic the physiological levels of PKA regulation of 

Cav1.2 in a heterologous system. Transient expression of Cav1.2 (truncated at residue 

1800) alone results in maximal coupling efficiency between the pore opening and the 
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gating charge movement. Measurement of gating charge movement accounts for the 

differences in channel expression between cells. Co-expression of the DCT with 

truncated Cav1.2 decreases the coupling efficiency significantly, indicating an 

autoinhibitory role of the DCT. In that study, three potential phosphorylation sites for 

PKA were tested: S1700, T1704 and S1928. S1700 and T1704 are located in the proximal C-

terminal regulatory domain (PCRD) of the truncated Cav1.2a, whereas S1928 is located in 

DCT (Figs. 1.4 and 1.5). Importantly, that study implicates both S1700 and T1704 in basal 

regulation of Cav1.2a and only S1700 in PKA-mediated potentiation of Cav1.2a, whereas 

S1928 does not play any role in either basal or PKA-mediated regulation of Cav1.2a. It is 

suggested that the introduction of negative charge by phosphorylation in PCRD may 

disrupt the interaction of truncated Cav1.2a with DCT that is responsible for 

autoinhibition (Fuller et al., 2010).  

The mechanism of Cav1.2a regulation by PKA is further complicated by the 

evidence that PKA phosphorylates β2a when it is coexpressed with a rabbit α1C subunit 

truncated at 1905, leading to a significant increase in whole cell Ba2+ current (Bünemann 

et al., 1999). Of the three PKA phosphorylation sites (S459, S478 and S479) on β2a, only S478 

and S479 are implicated as phosphorylation sites for Cav1.2a regulation by PKA (Fig. 1.4) 

(Bünemann et al., 1999).   

Collectively, the studies above suggest the involvement of different PKA 

phosphorylation sites on Cav1.2 for current potentiation. Both full-length (~20%) and 

truncated Cav1.2 (~80%) subunits exist in vivo. It is possible that while S1700 

phosphorylation is critical to produce PKA-mediated potentiation of Cav1.2, 
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phosphorylation of S1928 on full-length Cav1.2 population might exert an additive effect 

on Cav1.2 current potentiation. Further, β2a phosphorylation by PKA might further act as 

a synergistic (for truncated Cav1.2) mechanism to boost the channel activity.  

 

Phosphorylation by PKG: PKG is an intracellular kinase activated by increased levels of 

cGMP. In cardiac muscle, the cGMP/PKG pathway is considered to have both 

attenuating and potentiating effects on Cav1.2 activity. In most cases, Cav1.2a 

potentiation by the cGMP/PKG pathway is attributed to increased intracellular levels of 

cAMP. cGMP has been shown to inhibit PDE3 which results in enhanced levels of 

cAMP. The cGMP/PKG pathway can inhibit Cav1.2a activity either directly or indirectly. 

The direct mechanism involves phosphorylation of Cav1.2a by PKG (Keef et al., 2001). 

Jiang et al. (2000) expressed Cav1.2a in Xenopus oocytes and showed that the current 

through these channels was inhibited by application of 8-Br-cGMP. This 8-Br-cGMP- 

induced inhibition of current was absent in cells pretreated with the PKG inhibitor 

KT5823. Furthermore, mutation of S533A in the I-II loop of Cav1.2a also produced a 

similar effect, indicating that S533 plays a critical role in cGMP-induced inhibition of 

Cav1.2a current. However, a separate study by Yang et al. (2007) suggests that S533 is not 

phosphorylated by PKG and that the S533A mutation does not abolish the inhibition of 

Cav1.2a current induced by 8-Br-cGMP. That study suggests that PKG phosphorylates 

S1928 on the C-terminus of α1C and S496 on β2a subunit. Interestingly, the 

electrophysiological data in that study show that the 8-Br-cGMP-induced Cav1.2a current 

inhibition is reversed with a S496A mutation on the β2a subunit while a S1928A mutation of 



 
 

23

α1C does not affect 8-Br-cGMP-induced inhibition of Cav1.2a current. Cav1.2a can be also 

be indirectly inhibited by cGMP-mediated activation of a PDE or a phosphatase. 

Application of 8-Br-cGMP to guinea pig ventricular myocytes (Sakai et al., 1999) has 

been shown to inhibit Cav1.2a current enhanced by IBMX (3-isobutyl-1-methylxanthine). 

IBMX is a non-selective PDE inhibitor and its application prevents degradation of 

cAMP, resulting in increased intracellular cAMP levels leading to PKA-mediated 

potentiation of Cav1.2a. The inhibition of IBMX-stimulated Cav1.2a current was also 

reversed with the application of the phosphatase inhibitor okadaic acid, suggesting that 8-

Br-cGMP in this case presumably stimulated a phosphatase to dephosphorylate Cav1.2a. 

Increased levels of cGMP inside the cell also stimulate phosphodiesterases (e.g. PDE2), 

which help degrade cAMP and thereby inhibit Cav1.2a phosphorylation and subsequent 

current potentiation via the cAMP/PKA pathway. PKG also inhibits Cav1.2 current in 

smooth muscle but the PKG phosphorylation site(s) on Cav1.2b have not yet been 

investigated (Keef et al., 2001).  

 

Phosphorylation by PKC: PKC is a serine/threonine kinase with its N-terminus (~20-40 

kDa) containing the regulatory region and C-terminus (~45 kDa) containing the catalytic 

region. It is composed of four conserved domains (C1-C4). C1 and C2 domains form the 

regulatory region and contain diacylglycerol (DAG) and Ca2+ binding sites, respectively. 

C3 and C4 domains form the catalytic region and are separated from the regulatory 

domains by a hinge between C2 and C3 (Newton, 1995). The C1 domain is preceded by 

the autoinhibitory pseudosubstrate region. Several isoforms of PKC have been identified 
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based on the differences in their structure and regulation. They are classified as i) 

conventional PKCs (PKCα, PKCβI, PKCβII and PKCγ), ii) novel PKCs (PKCδ, PKCε, 

PKCη, PKCθ and PKCμ), and iii) atypical PKCs (PKCζ and PKCι/λ) (Newton, 1995). 

Conventional PKC isoforms are the best characterized class of PKC isoforms and are 

activated by DAG/phorbol esters and Ca2+. Novel isoforms require only DAG or phorbol 

esters for their activation. Atypical isoforms do not require either Ca2+ or phorbol esters 

for their activation. The PKC activator DAG is generated by stimulation of a variety of 

receptors (G-Protein coupled receptors, receptor tyrosine kinases, etc.), which lead to 

activation of phospholipase C (PLC) and phospholipase D (PLD) (Newton, 1995). A 

classical example of the PKC activation mechanism involves stimulation of Gq-coupled 

receptors which subsequently activate PLCγ. PLCγ hydrolyzes PIP2 (phosphatidylinositol 

4,5-biphosphate) into DAG and IP3 (inositol 1,4,5-triphosphate). DAG directly activates 

PKC while IP3 stimulates IP3 receptors, leading to release of Ca2+ from intracellular 

stores (Kamp and Hell, 2000; Dai et al., 2009). The released Ca2+ binds to Ca2+-sensitive 

PKC isoforms and increases their affinity for acidic phospholipids like 

phosphatidylserine, leading to translocation of conventional PKCs from the cytosol to 

membrane structures (Kamp and Hell, 2000; Dai et al., 2009). PKC isoforms upon 

activation can also be localized close to the membrane with the help of specific PKC 

adaptor proteins called RACKs (Receptors for Activated C-kinase) (Kamp and Hell, 

2000; Dai et al., 2009). Additionally, several isoforms of PKC have been identified to 

interact with AKAP79/150 and this interaction leads to localization of PKC close to the 
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cell membrane. The binding site for PKC on AKAP is different from the PKA binding 

site on AKAP (Klauck et al., 1996; Dai et al., 2009).  

PKC regulates CaL channels in response to a plethora of agonists. Yet, the exact 

mechanism of CaL channel regulation by PKC remains obscure. A majority of studies 

indicate PKC has a potentiating action on CaL current in native cardiac and smooth 

muscle cells as well as in heterologous expression systems (Keef et al., 2001). A study by 

Shistik et al. (1998) on rabbit Cav1.2a expressed in Xenopus oocytes suggests the 

involvement of the first 46 amino acids (aa) of Cav1.2a in PKC-mediated upregulation of 

CaL channel activity. Further, the effect of PKC on Cav1.2a is mediated through the first 

20 aa, of which the first 5 aa seem to be essential. Interestingly, none of these 5 aa are 

serines or threonines (Shistik et al., 1999). Moreover, the first 20 aa do not contain any 

PKC phosphorylation sites, suggesting that PKC phosphorylates either another site on 

Cav1.2a which interacts with the N-terminus or another unidentified auxiliary protein to 

somehow produce the observed enhancement of CaL channel current (Shistik et al., 

1999). In contrast, McHugh et al. (2000) implicated T27 and T31 on the Cav1.2a N-

terminus in PKC-dependent inhibition of rabbit Cav1.2a (Fig. 1.4). The apparently 

contradictory results between these and other studies have been attributed to the presence 

of multiple PKC isoforms within the same tissue. Indeed, cardiac CaL channel activity 

has been shown to be upregulated by novel PKC isoforms and downregulated by 

conventional PKCs in L6 rat myoblasts (Tafti and Hantash, 2008). A study by Yang et al. 

(2005) showed that PKC coimmunoprecipitates with Cav1.2 from rat cardiac and brain 

extracts. Using GST fusion peptides encoding for various intracellular regions of Cav1.2a, 
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they narrowed down the association between PKC and Cav1.2a to its C-terminus region. 

They used phosphorylation assays to further identify S1928, the classic PKA 

phosphorylation site, as a potential PKC phosphorylation site in HEK cells expressing the 

cardiac α1C subunit (Figs. 1.4 and 1.5) (Yang et al., 2005). It remains unclear whether 

phosphorylation of S1928 (as shown in vitro) occurs in vivo and, if so, whether S1928 

phosphorylation by PKC translates into significant functional modulation of the CaL 

channel. 

 

Phosphorylation by CaMKII: CaMKII has been implicated in both voltage and Ca2+ 

dependent facilitation of Cav1.2 channels (Dzhura et al., 2000; Hudmon et al. 2005; Lee 

et al., 2006) and both α and β subunits of Cav1.2 channels are reportedly involved in 

CaMKII-mediated regulation of Cav1.2 (Lee et al., 2006; Blaich et al., 2010; Greuter et 

al., 2006; Abiria and Colbran, 2010).  Lee et al. (2006) showed that the treatment of cells 

with the CaMKII inhibitor KN-93 or inclusion of CaMK inhibitory peptide in the pipette 

also inhibited ICa facilitation. S1512 and S1570 were identified as the CaMKII 

phosphorylation sites on rabbit Cav1.2b. Combined mutations of S1512 and S1570 

eliminated ICa facilitation of Cav1.2b (Fig. 1.4) (Lee et al., 2006). These findings are 

further substantiated by a recent study showing that Cav1.2 facilitation is considerably 

reduced in ventricular myocytes from mice with knock-in mutations of S1512A and S1570A 

on Cav1.2 (Blaich et al., 2010). In addition to these findings, there is also evidence that 

CaMKII phosphorylates T498 of the β2a subunit to facilitate Cav1.2 activity in ventricular 

cardiomyocytes (Greuter et al., 2006). A recent study by the same lab has also shown co-
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association between Cav1.2 β1/ β2 subunits and CaMKII in forebrain neurons. This 

interaction is not observed for β3 and β4 subunits (Abiria and Colbran, 2010).  

 

Phosphorylation by c-Src: c-Src is a broadly expressed non-receptor tyrosine kinase and 

is activated by stimulation of a variety of receptors including receptor tyrosine kinases 

(e.g. platelet-derived growth factor receptors, epidermal growth factor receptors, insulin-

like growth factor-1 receptor (IGF-1)), integrin receptors and G-protein coupled receptors 

(AT1, M2 muscarinic) (Parsons and Parsons, 1997; Thomas and Brugge, 1997; Bence-

Hanulec et al., 2000; Wu et al., 2001; Callaghan et al., 2004; Gui et al., 2006). c-Src 

consists of a myristoylation group on its N-terminus and contains Src homology (SH) 

domains 3 and 2, an SH2-kinase linker and a kinase domain. The SH2 domain interacts 

with phosphotyrosine at 527 on the C-terminus to maintain kinase activity in an inactive 

state. Dephosphorylation of Y527 by a protein phosphatase (e.g. PTPα) or 

autophosphorylation of Y416 leads to stimulation of c-Src catalytic activity. The 

numbering scheme above is based on the chicken c-Src sequence (Thomas and Brugge, 

1997; Roskoski Jr, 2005). Upon activation, c-Src triggers multiple downstream signaling 

events. The activation of c-Src by multiple receptors and its ability to, in turn, stimulate a 

variety of receptors testifies to its significance in cell signaling.  

c-Src regulates the activity of all three isoforms of Cav1.2 channels. Wijetunge 

and Hughes (1996) provided the first evidence that c-Src enhances CaL current in smooth 

muscle cells isolated from rabbit ear artery. Activation of c-Src by inclusion of (pY)EEI 

in the patch-pipette enhanced Ca2+ current while control YEEI peptide (i.e. with a non-
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phosphorylated tyrosine) was without any effect. (pY)EEI binds to the SH2 domain of c-

Src with a higher affinity than the phosphotyrosine at 527 and, therefore, relieves c-Src 

from autoinhibition. Similarly, Hu et al. (1998) showed that intracellular dialysis of a 

monoclonal c-Src antibody decreased Ca2+ current in rabbit colonic smooth muscle cells 

by 61%. Treatment of cells with PDGF-BB increased Ca2+ current and subsequent 

treatment with monoclonal c-Src antibody reversed the Ca2+ current enhancement 

induced by PDGF-BB. That study also provided evidence for a direct association 

between Cav1.2 and c-Src and for Cav1.2 phosphorylation by c-Src. However, the lack of 

negative controls for coimmunoprecipitation protocols of Cav1.2 and c-Src leaves room 

for speculation that association between Cav1.2 and c-Src could be non-specific (Hu et 

al., 1998; Dai et al., 2009). c-Src has also been implicated in the potentiation of CaL 

current by the M2 muscarinic receptor in rabbit colonic circular smooth muscle cells (Jin 

et al., 2002) and rabbit portal vein myocytes (Callaghan et al., 2004). 

In another study, Bence-Hanulec et al. (2000) examined the role of c-Src in IGF-1 

-mediated potentiation of neuronal Cav1.2c current. They demonstrated that 

overexpression of kinase-dead c-Src or application of the Src family kinase inhibitor, 

PP2, suppressed the potentiation of Cav1.2c current in response to IGF-1. They also 

showed that IGF-1 activated endogenous c-Src and that only the full-length form of 

Cav1.2 was tyrosine phosphorylated. They constructed five GST-fusion proteins encoding 

the different intracellular regions of Cav1.2c: i) I-II (405-525 aa), ii) II-III (754-903 aa), 

iii) CT1 (1480-1700 aa), iv) CT2 (1701-1931 aa), and v) CT3 (1932-2143 aa) to identify 

the c-Src phosphorylation site on Cav1.2. In vitro phosphorylation assays revealed the 
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involvement of the CT3 region, which contains only two tyrosine residues in rat Cav1.2c 

(Fig. 1.5): Y2122 and Y2139. In vitro phosphorylation assays using GST-fusion proteins 

revealed that a Y2122F CT3-GST fusion protein was not phosphorylated by c-Src. 

Furthermore, IGF-1-induced potentiation of Ca2+ current was not observed in cells 

expressing Y2122F Cav1.2c.  

c-Src is also involved in integrin-mediated regulation of Cav1.2 (Wu et al., 2001; 

Gui et al., 2006). Integrins are heterodimeric cell adhesion receptors that interact with 

extracellular matrix and anchor intracellularly to the actin cytoskeleton through α-actinin 

and talin. Although integrins lack intrinsic kinase activity, they play significant roles in 

transducing mechanical forces exerted on the cell into intracellular biological/chemical 

signals. Upon activation with a multi-valent ligand, integrins cluster and subsequently 

recruit multiple non-receptor tyrosine kinases (e.g. focal adhesion kinase and c-Src) and 

structural proteins (e.g. paxillin) along with other cytoskeleton anchoring proteins, 

resulting in formation of focal adhesions. Interactions between proteins in focal adhesions 

occur mainly through SH2 and SH3 domains that interact with phosphotyrosines and 

proline-rich domains respectively. Tyrosine phosphorylation is a key event during 

formation of focal adhesions as the inhibition of tyrosine kinase activity prevents the 

formation of focal adhesions (Clark and Brugge, 1995). A series of studies by Davis and 

colleagues (Wu et al., 2001; Gui et al., 2006) show that α5β1 integrin stimulation by beads 

coated with fibronectin or α5-antibody increase whole cell Ba2+ current (IBa) in vascular 

smooth muscle cells; c-Src is involved in this integrin-mediated regulation of Cav1.2b. In 

one of their studies, they demonstrated that i) intracellular dialysis of a c-Src monoclonal 
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antibody, ii) treatment of cells with PP2, or iii) inclusion of an inhibitory peptide specific 

to the c-Src SH2 domain, resulted in inhibition of both basal and α5-enhanced whole cell 

currents (Wu et al., 2001). These findings strongly suggest that, upon α5β1 integrin 

activation, c-Src upregulates Cav1.2 activity. This conclusion was further strengthened by 

protocols in which Cav1.2b or Cav1.2c were transiently expressed in tsA-201 cells (Gui et 

al., 2006). Overexpression of kinase-dead c-Src and WT Cav1.2c significantly reduced 

the degree of current potentiation after α5β1 activation in comparison to current 

potentiation in cells expressing WT Cav1.2c with WT c-Src. Mutation of Y2122 on Cav1.2c 

resulted in partial inhibition of α5-enhanced current while mutation of Y2139 (another 

potential c-Src phosphorylation site on Cav1.2c) did not change the α5-enhanced current 

significantly. Gui et al. (2006) further tested whether immunoprecipitated Cav1.2 (WT 

and mutant) could be phosphorylated by purified c-Src in vitro and found that c-Src 

phosphorylates residue Y2122 but not Y2139 on Cav1.2c. Although rat Cav1.2b has a 

tyrosine residue corresponding to Y2122 on rat Cav1.2c, the corresponding residue in 

rabbit Cav1.2b (Fig. 1.5) is a cysteine. Yet, Cav1.2b current in rabbit smooth muscle cells 

is upregulated by c-Src. It is possible that this effect could be mediated by other potential 

c-Src phosphorylation sites present on rabbit Cav1.2b. Similar to rabbit Cav1.2b, human 

Cav1.2b also lacks a tyrosine residue corresponding to Y2122 of rat Cav1.2c (Fig. 1.5.) but 

may be phosphorylated and subsequently regulated by c-Src at other putative tyrosine 

residues on its C-terminus. Indeed, Kang et al. (2007) recently showed that the degree of 

Cav1.2 current inhibition by PP2 is significantly reduced with Y1837F and Y2134F 

mutations of Cav1.2b (Fig. 1.5).  



 
 

31

c-Src activation by PKC: PKC has been shown to lie upstream of c-Src in 

signaling pathways controlling actin reorganization (Brandt et al., 2002), podosome 

formation (Gatesman et al., 2004), as well as in the regulation of CaL channels in smooth 

muscle (Callaghan et al., 2005). PKC may activate c-Src directly or indirectly and the c-

Src activation mechanisms may also vary among different PKC isoforms. PKC 

phosphorylates S12 and S48 (S48 is not present in mammalian c-Src) residues on chicken c-

Src (Gould et al., 1985) but these serine phosphorylation events do not lead to activation 

of c-Src (Gould and Hunter, 1988; Roskoski 2005). The physiological significance of 

serine phosphorylation of c-Src is not clear. However, a study by Moyers et al. (1993) 

showed that S12 and S48 were required for enhanced β-adrenergic signaling by 

overexpressed c-Src, although overexpression of c-Src (>10 times the endogenous levels) 

was required for the enhanced β-adrenergic response. Also, serine phosphorylation of c-

Src by PKC did not change after β-agonist treatment, indicating that these events were 

independent of activation of the β-adrenergic pathway. In a separate study, Brandt et al. 

(2002) showed that actin reorganization produced by PKC in the A7r5 vascular smooth 

muscle cell line was mediated by c-Src. A7r5 cells express various PKC isoforms: PKCα, 

PKCβ, PKCδ, PKCη and PKCθ. In a subsequent study, Brandt et al. (2003) used in vitro 

phosphorylation assays to demonstrate that PKCδ phosphorylates PTPα which, in turn, 

activates c-Src. They also tested PKCα, PKCβ, PKCδ, PKCη for PTPα phosphorylation 

and c-Src activation but none of these isoforms responded (Brandt et al., 2003). 

Similarly, Gatesman et al. (2004) have provided evidence that PKCα activates c-Src via 

AFAP-110 (actin filament-associated protein of 110 KDa) during podosome formation.  
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Of direct relevance to this dissertation, PKC dependent c-Src activation has been 

shown to regulate CaL channels. Callaghan et al. (2004) showed that M2 receptor 

stimulation by acetylcholine (Ach) enhanced Cav1.2b current in rabbit portal vein 

myocytes in a PKC/c-Src-dependent manner. The observation that PDBu-enhanced 

current was reduced significantly in the presence of PP2 indicated that PKC is upstream 

of c-Src. PDBu activates both conventional and novel PKC isoforms. PDBu-enhanced 

current was completely abolished in the presence of Gö6976 (specific conventional PKC 

isoform inhibitor) while treatment of cells with Gö6976 did not have any significant 

effect on Ach-enhanced Cav1.2b current. These findings indicate that following 

muscarinic M2 receptor stimulation, a novel isoform of PKC activates c-Src to enhance 

Cav1.2b current (Callaghan et al., 2004). Taken together with the results from other cell 

types in the preceding paragraph, these findings suggest that multiple PKC isoforms 

activate c-Src differentially under various physiological conditions.  

 

1.1.3. Methodologies to study Ca2+ channels

Conventional techniques: Essentially all of the studies cited so far used patch clamp or 

biochemical techniques to study Ca2+ channels. Biochemical techniques, like Western 

blotting and in vitro phosphorylation assays, are certainly useful for investigating 

potential interactions between the channel and other cytoplasmic or membrane-bound 

molecular entities. However, evidence from biochemical experiments may not always 

apply to channel function in vivo and therefore needs to be corroborated with 

electrophysiological data.  
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Electrophysiology techniques include the conventional intracellular recordings and 

the patch clamp technique. For intracellular recordings, cells are impaled with a sharp 

glass microelectrode. The tip of the glass microelectrode is kept small (<0.5 µm) to 

reduce cell membrane damage or leak currents. This configuration only allows for 

measurement of the whole cell response and pipettes with small tips present the problem 

of high tip resistances, therefore making it difficult to detect small signals. The patch 

clamp technique, on the other hand, enables measurement of both macroscopic whole cell 

currents and microscopic single channel currents. The tip diameter of patch pipettes is 

larger than that of sharp microelectrodes, typically 1-3 µm. Depending on the type of 

study, cells can be patch clamped in one of the following configurations: Cell-attached, 

inside-out, whole-cell and outside-out. The whole cell patch clamp configuration allows 

recording the average response of the cell and is by far the most widely used patch clamp 

configuration. It can be achieved from cell-attached configuration by applying suction 

such that the membrane underneath the pipette is ruptured, allowing access to the interior 

of the cell without disrupting the tight seal between the cell membrane and the pipette tip 

(Hamill et al., 1981; Sakmann and Neher, 1984).  

Patch clamp techniques, although quite well established, also have several 

limitations. They do not provide any information on spatial distribution of functional 

channels and do not allow simultaneous recordings from multiple single-channel 

openings (Demuro and Parker, 2004). In addition, the use of patch clamp techniques for 

studying Cav1.2 channels is hampered by the intrinsic properties of these channels. 

Cav1.2 channels exhibit small single-channel currents and open only very briefly under 
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physiological conditions. For example, the unitary Ca2+ current amplitude measured in rat 

cerebral arterial smooth muscle cells at -40 mV is 0.18 pA and ~0.4 pA at 2 and 20 mM 

extracellular Ca2+ concentrations, respectively. Such small currents are difficult to detect 

unless low-noise glass is used and the pipette tip is insulated with Sylgard or wax. Brief 

open times make single-channel current measurements all the more difficult. These 

reasons have compelled researchers to i) use high extracellular concentrations of Ba2+ or 

Ca2+ to increase the current amplitude, ii) use Cav1.2 agonists e.g. Bay-K 8644 to 

increase the channel Po, and iii) apply depolarization pulses to increase the channel Po 

instead of making steady-state current measurements to study Cav1.2 channels (Rubart et 

al., 1996). Fluorescence-based techniques in combination with patch clamp techniques 

can overcome some of the limitations mentioned above. 

  

Fluorescence-based techniques: The advent of highly sensitive Ca2+ fluorescence 

indicators and availability of high speed cameras paved the way for several promising 

Ca2+ channel imaging techniques. This subsection cites examples of currently available 

Ca2+ channel imaging techniques; a detailed comparison follows in section 1.2.3. The use 

of Ca2+ imaging techniques in conjunction with whole-cell patch clamping has facilitated 

simultaneous readouts of the fluorescence signals associated with multiple channels, 

thereby providing information not merely about the location of the channels but also 

about their function (Demuro and Parker, 2004). Wang et al. (2001) used confocal line-

scan microscopy to establish for the first time the coupling between CaL channels and 

ryanodine receptors in rat ventricular myoctes at the single channel level. Confocal line-
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scan imaging has also been utilized to study N-type Ca2+ channels expressed in Xenopus 

laevis oocytes (Demuro and Parker, 2003).  Similarly, Zou and colleagues employed a 

wide-field microscope coupled with a high speed camera to image Ca2+ fluorescence 

transients through caffeine-activated, non-selective cation channels (Zou et al., 1999) and 

stretch-activated channels in toad smooth muscle (Zou et al., 2002).  

Of late, total internal reflection fluorescence (TIRF) microscopy has been adapted 

to study N-type calcium channels (Demuro and Parker, 2004), muscle acetylcholine 

receptor (AchR) channels (Demuro and Parker, 2005) expressed in oocytes, and CaL 

channels in native smooth muscle cells as well as heterologous expression systems 

(Navedo et al., 2005, 2006). To date, these techniques have been limited to only Ca2+ 

permeable channels due to the availability of highly sensitive and selective Ca2+ 

fluorescence indicators (to ensure a multifold increase in fluorescence with Ca2+ binding). 

The lower basal cytoplasmic concentration of Ca2+ also ensures low basal Ca2+ 

fluorescence and therefore increases the dynamic range of fluorescence imaging (Demuro 

and Parker, 2005). One major concern related to these techniques is whether temporal 

fluorescence profiles for each channel can predict various parameters of channel function 

with the same fidelity as single-channel electrophysiological recordings. This issue has 

been dealt with in detail in a publication by Shuai and Parker (2005). Briefly, they 

determined the reliance of the amplitude and kinetics of Ca2+ fluorescence transients on 

experimental variables like the imaging volume, the concentration, affinity and mobility 

of the indicator and the presence of endogenous and exogenous Ca2+ buffers. The results 

from their modeling and simulation experiments validated that the temporal resolution 
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obtained by both confocal and TIRF microscopy under optimal conditions is sufficient to 

predict channel kinetics with reasonable accuracy (Shuai and Parker, 2005).  

 

1.2. Total internal reflection fluorescence (TIRF) microscopy 

TIRF microscopy has long been used to visualize fluorescence-labeled molecules 

near the cell-substrate interface. It has recently gained popularity among researchers 

studying Ca2+ channel function, due to the advantages it offers over conventional patch 

clamping and other imaging techniques. It allows for the simultaneous recording of 

localized fluorescence transients from multiple channels with minimal interference from 

background fluorescence.  

 

1.2.1. Principles of TIRF microscopy  

Total internal reflection of light occurs when the light propagates from a higher 

refractive index (RI) medium (glass coverslip) to a medium with lower RI (bath solution) 

at an angle greater than the critical angle, θc (as defined by Snell’s law) (Axelrod et al., 

1983):   

θc = sin-1(n2/n1) 

where n1 and n2 are refractive indices of coverslip and water or bath solution respectively. 

When the light beam gets totally internally reflected at the solid-liquid interface, 

an electromagnetic field called as “evanescent wave” is generated at the interface 

(Axelrod et al., 1983). The intensity of this evanescent wave decays exponentially in the 



liquid medium along z direction, perpendicular to the interface and is given by (Axelrod 

et al., 1983; Axelrod, 2001): 

I(z) = I0 e (-z/d)

where d = penetration depth of the evanescent wave in the liquid medium. Penetration 

depth, d, is defined as the z value where intensity of evanescent wave equals (1/e)I0 and is 

calculated using the following equation (Axelrod et al., 1983; Axelrod, 2001): 

2
2

2
1

2
1 sin

1
4 nn

d
−

=
θπ

λ  

where λ is the illumination wavelength and θ is the incident angle.  

Limited penetration depth of the evanescent wave results in excitation of 

fluorescent molecules only in the near-coverslip region (~100 nm), consequently 

imparting the advantages of a thin optical section and near-complete elimination of 

background fluorescence to TIRF microscopy over confocal microscopy (Axelrod et al., 

1983; Axelrod, 2001; Steyer and Almers, 2001).  

 

1.2.2. Optical configurations for TIRF  

Prism-based TIRF configuration: Most of the older TIRF imaging systems employed a 

prism to route the light at the cell-coverslip interface to achieve total internal reflection. 

Prism-based TIRF can be set up on either an upright or inverted microscope (Axelrod et 

al., 1983; Axelrod, 2001). When used with an inverted microscope, the prism is placed on 

the top of the sample, therefore restricting sample accessibility (Axelrod, 2001). Upright 

microscopes using prism-based TIRF offer more flexibility as the prism is placed 

underneath the sample (Axelrod, 2001). However, to achieve higher magnifications, 
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water-immersion objectives need to be used. This may not be the perfect solution as the 

short working distance of a water-based objective may still hamper access to the sample 

(Axelrod, 2001).  

 

Prismless or through-the-lens TIRF configuration: This mode of TIRF is set up on an 

inverted microscope and light is totally internally reflected using the objective itself (Fig. 

1.6). To achieve this, the numerical aperture (NA) of the objective needs to be 

sufficiently higher than the RI of the cells (Axelrod, 2001). For most of the cells, RI ~ 

1.38, therefore, the NA of the objective has to be greater than 1.4. Typically, 60X/100X 

oil immersion objectives with 1.45 NA are used for TIRF imaging. The use of high NA 

objectives (e.g. Olympus 100X NA = 1.65) requires the use of special coverslips (RI = 

1.78). Also, the immersion oil (RI = 1.78) for 1.65 NA objectives is volatile and leaves 

behind a crystalline residue (Axelrod, 2001). When a laser is used for excitation, it is 

focused at the periphery of the objective (off-axis illumination) so that the light is 

incident at an angle higher than the critical angle on the front optical surface of the 

objective (Fig. 1.6) (Axelrod, 2001). The availability of high NA objectives, ease of 

assembly, and scope for sample maneuverability have made through-the-lens TIRF a tool 

of choice for mainstream research.     

 

 

 

 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.6. Illustration of through-the-lens TIRF configuration (Reproduced from Trache and 
Meininger, 2008). The optical fiber can be positioned using a micrometer such that laser beam enters 
the objective at its periphery to achieve total internal reflection (represented by path c). Placing the 
optical fiber on optical axis would result in light propagation on path a. The optical fiber located 
somewhere in between would result in refraction of the light beam as shown by path b. The 
fluorescence emission is collected through the objective and directed towards the camera. θ is the angle 
of light incidence, δ is the off-axis distance of laser beam in the back focal plane of the objective and D 
is the distance of the optical fiber from the optical axis. 
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1.2.3. Comparison with other imaging modalities

Imaging in epi-fluorescence mode acquires photons from both in-focus and out-

of-focus planes, which leads to considerable blurring and loss of detail in the image 

(Demuro and Parker, 2004). TIRF microscopy or optical sectioning utilized by confocal 

microscopy eliminates background fluorescence, resulting in an image with much higher 

signal-to-noise ratio (Demuro and Parker 2003, 2004). Unlike confocal microscopy 

(except multiphoton), fluorescence excitation for TIRF microscopy is confined to the 

near-coverslip region, resulting in reduced photobleaching and photodamage of the 

sample (Steyer and Almers, 2001). Also, the optical section for TIRF imaging (≤100 nm) 

is much less than that obtained with confocal microscopy (~600 nm) (Axelrod, 2001). 

Confocal line-scan microscopy, the most prevalent confocal imaging configuration, 

provides spatial information in only one dimension and also restricts the temporal 

resolution to the scanning speed of laser. While in TIRF imaging, two-dimensional 

images can be acquired at a very high temporal resolution, limited only by the frame rate 

of the camera (Demuro and Parker, 2004, 2005). These features make TIRF the preferred 

alternative to confocal microscopy for the study of ion channels located in or near the 

plasma membrane. 

  

1.2.4. Imaging Ca2+ channels with TIRF microscopy

Ca2+ channel studies using TIRF by Demuro and Parker successfully advocated 

the use of TIRF microscopy as a powerful complement to patch clamping (Demuro and 

Parker, 2004, 2005). Elegant studies by Santana and colleagues extended the use of TIRF 
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microscopy to CaL channels and further substantiated the strength of TIRF microscopy 

for investigation of Ca2+ channel gating mechanisms (Navedo et al., 2005, 2006, 2008, 

2010a, b).  

Earlier studies on CaL channels detected stark differences between the gating 

behavior of CaL channels in the absence and presence of Bay K-8644 and isoproternol 

using the cell-attached patch clamp technique (Hess et al., 1984; Yue et al., 1990). Hess 

et al. (1984) analyzed single-channel recordings using nPo analysis, where n = no. of 

channels and Po= channel open probability. The parameter nPo provides a measure of the 

overall activity of channels in the membrane patch. Hess et al. (1984) used recordings 

from patches containing only one channel as revealed by the presence of only one 

conductance state in the recordings, to effectively measure the channel open probability 

or Po. They observed that the single-channel sweeps obtained from unstimulated cells 

were marked by either no channel-open events or brief channel-open events. Po values of 

these sweeps were always less than 0.2 (with one exception). Application of Bay K-8644 

resulted in many sweeps that exhibited frequent prolonged channel-open events. 

Calculation of Po revealed another population of sweeps with Po values between 0.5 and 

1.0, in addition to the population of sweeps that exhibited Po values less than 0.2. Hess et 

al. (1984) classified this variability in CaL channel activity as three distinct gating modes: 

i) mode 0, characterized by absence of channel-open events; ii) mode 1, characterized by 

brief channel-open events; iii) mode 2, characterized by prolonged channel-open events. 

Sweeps with gating mode 2 were also recorded from ventricular myocytes not treated 

with Bay-K 8644 but their occurrence was very rare. This observation suggested that 
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mode 2 is an intrinsic property of CaL channels and not an agonist-induced effect (Hess et 

al., 1984).  

In the cell-attached configuration, single-channel currents are measured from a 

very small area of the membrane and the rarity of mode 2 gating behavior further 

decreases the probability of recording these events. TIRF microscopy enables imaging of 

a large area of the cell membrane, making it a more efficient technique to explore the 

gating behavior of CaL channels. TIRF experiments carried out by Santana and 

colleagues have provided novel insights into the CaL channel gating behavior and its 

regulation under physiological and various pathological conditions. Those studies are 

briefly overviewed in section 1.3.  

 

1.3. Ca2+ sparklets 

1.3.1. Fundamentals of Ca2+ sparklets

In a cell loaded with a Ca2+ fluorescence indicator, Ca2+ sparklets are defined as 

localized Ca2+ fluorescence transients recorded during the opening of a single or group 

of CaL channels. Calcium sparklets were first recorded from cell-attached patches of 

cardiac ventricular myocytes using confocal line-scan microscopy (Wang et al., 2001). 

Focusing the scan-line on the membrane patch just underneath the pipette allowed for the 

simultaneous recording of Ca2+ sparklets and single-channel currents. The perfect 

coordination between Ca2+ sparklet events and single-channel openings confirmed that 

Ca2+ sparklets in cardiac myocytes were due to openings of cardiac CaL channels (Fig. 

1.7). However, the inherent limitation of imaging small areas of the membrane rendered 



the line-scan confocal imaging approach inefficient for detection of infrequent 

fluorescence events like Ca2+ sparklets.  

 

 

 

Figure 1.7. Confocal line-scan images and normalized fluorescence temporal traces with single-
channel current recordings at different depolarization potentials (Reproduced from Wang et al., 
2001). The inset shows the experimental setting in cell-attached patch clamp mode. The membrane 
patch was held at -50 mV and depolarization pulses from -40 to 0 mV were applied. The resting 
membrane potential of the cell outside the patch was cancelled by high K+/0 Ca2+ in the bath. 
Intracellular Ca2+ release was inhibited by 10 mM caffeine and 10 µM thapsigargin. The pipette 
solution contained 20 mM Ca2+ and 10 µM FPL64176, a CaL channel agonist. Fluo-4-AM was used as 
Ca2+-fluorescence indicator. Each channel opening (bottom row) is accompanied by a corresponding 
Ca2+ fluorescence transient (middle row). Top row, Confocal line-scan images; Middle row, normalized 
fluorescence traces; Bottom row, single-channel current recordings.  
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Navedo et al. (2005) used TIRF microscopy along with whole-cell voltage clamp 

to detect Ca2+ sparklets in arterial myocytes. Whole-cell voltage clamp enables 

maintenance of the membrane potential at hyperpolarized potentials and thereby i) 

increases the driving force for Ca2+ entry and ii) promotes low channel Po, which helps 

keep the basal Ca2+ levels low. TIRF microscopy allowed imaging of CaL channels over a 

larger area of the membrane using a high speed camera and revealed that not all CaL 

channels in the cell membrane have an equal probability of opening. Furthermore, 

inspection of amplitude histogram plots obtained from temporal traces of Ca2+ 

fluorescence at sparklet sites in rat arterial myocytes revealed the quantal nature of 

sparklet events as predicted from single-channel recordings. This property has been found 

to be conserved across species and tissues, i.e. in rat (Navedo et al., 2005) and murine 

(Navedo et al., 2008) arterial myocytes, cultured human aortic myocytes (Nieves-Cintrón 

et al., 2008) and also in heterologously expressed CaL channels (Navedo et al., 2006). 

The quantal value, q, varies between 34 and 38 nM at -70 mV holding potential and 20 

mM external Ca2+. Analogous to nPo analysis for single-channel data, sparklets are 

analyzed using nPs analysis, where n = no. of quantal levels and Ps = probability that a 

sparklet site is active. Based on their nPs values, Ca2+ sparklets are classified into two 

categories (Navedo et al., 2005; Hess et al., 1984): 

Low activity Ca2+ sparklets are fluorescence events resulting from random CaL 

channel openings in the cell membrane and have nPs values < 0.2. They are analogous to 

single-channel current recordings during gating mode 1. 
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Persistent (high activity) Ca2+ sparklets are fluorescence events corresponding to 

increased CaL channel open probability due to phosphorylation or membrane 

depolarization. Persistent Ca2+ sparklets exhibit nPs values ≥ 0.2. They are analogous to 

single-channel current recordings during gating mode 2. 

 Amberg et al. (2007) recorded both Ca2+ sparklets and global [Ca2+]i 

simultaneously to show that Ca2+ sparklets (both low activity and persistent) regulate 

global [Ca2+]i in arterial myocytes. Simultaneous measurement of global and local [Ca2+]i 

was achieved by setting the laser incidence angle slightly below the critical angle (θc). 

This adjustment makes the optical section broader than that achieved by TIRF and 

therefore allows for measuring intracellular Ca2+ fluorescence levels. Signal mass 

analysis of Ca2+ sparklets revealed that persistent Ca2+ sparklets lead to a higher Ca2+ 

influx than low activity Ca2+ sparklets. The PKCα-dependence of persistent Ca2+ sparklet 

activity (Navedo et al., 2005, 2006) was taken advantage of to selectively inhibit 

persistent Ca2+ sparklets. This strategy helped them estimate that persistent Ca2+ sparklet 

activity is responsible for about 50% of the steady-state Ca2+ influx through CaL channels 

under physiological conditions (-40 mV membrane potential and 2 mM external Ca2+). 

 

 

 

 

 

 



 

 

Figure 1.8. Ca2+ sparklet activity in arterial myocytes (Reproduced from Navedo et al., 2005). Top, 
Amplitude histogram of Ca2+ sparklets recorded at -70 mV membrane potential and 20 mM 
extracellular Ca2+. Black line is a multi-peak Gaussian function fit to the amplitude histogram. The first 
peak represents the quantal value of Ca2+ sparklets. Bottom, TIRF images of arterial myoctes showing a 
silent, a low activity and a persistent Ca2+ sparklet site. Ca2+ sparklet traces before and after PDBu 
(PKC activator) application for each site are shown below their respective TIRF images. PDBu 
application increases the activity at the silent and low activity sparklet sites without having any effect 
on the activity of the persistent sparklet site.  
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1.3.2. Molecular mechanisms underlying persistent Ca2+ sparklets

In a series of studies, Santana and colleagues have revealed that a functional 

coupling between PKCα and CaL channels in arterial myocytes is responsible for 

production of persistent Ca2+ sparklets (Navedo et al., 2005, 2006, 2008, 2010a). 

Application of PDBu (40 nM) to arterial myocytes induced sparklet activity at sites that 

previously showed no Ca2+ sparklet activity and increased the activity of low activity 

Ca2+ sparklets. However, PDBu application, even at a concentration as high as 100 nM, 

did not produce any further increase in the activity of persistent Ca2+ sparklet sites, 

suggesting maximal phosphorylation of the underlying channels at these sites (Navedo et 

al., 2005). They used isoform-specific PKC inhibitors to identify the PKC isoform 

responsible for production of persistent Ca2+ sparklet activity. Their data indicated the 

involvement of PKCα and this was further confirmed by TIRF experiments performed on 

arterial myocytes from PKCα knock-out mice (Navedo et al., 2006). They further 

investigated the role of PP1, PP2A and PP2B in the production of persistent Ca2+ sparklet 

activity (Navedo et al., 2006). Application of Cyclosporin A (CsA) (500 nM), a PP2B 

inhibitor, showed a similar effect on Ca2+ sparklet activity as PDBu, i.e. sites with no 

Ca2+ sparklets and low Ca2+ sparklet activity exhibited an increase in activity, while 

activity at persistent Ca2+ sparklet sites did not change significantly. Inclusion of PKC 

inhibitory peptide in the pipette inhibited Ca2+ sparklets even in presence of CsA. 

Application of l nM okadaic acid also showed an effect similar to CsA and increasing the 

concentration of okadaic acid to 100 nM did not produce any further increase in Ca2+ 

sparklet activity. Okadaic acid, at lower concentrations (1 to 10 nM), is a potent inhibitor 
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of PP2A, while at higher concentrations it blocks both PP2A and PP1. These findings 

suggested that the Ca2+ sparklet activity at a particular site is determined by the balance 

between the local activities of PKCα and protein phosphatases 2A and 2B (Navedo et al., 

2005, 2006). The higher activities of PP2A and PP2B facilitate dephosphorylation of CaL 

channels, resulting in Ca2+ sparklet sites with no activity. These sites are called “silent 

sites” because they have the potential to become active after reversal of phosphatase 

activity. The results suggest that a slight imbalance between kinase and phosphatase 

activity at a Ca2+ sparklet site, favoring sub-maximal channel phosphorylation produces 

low activity Ca2+ sparklets. Persistent Ca2+ sparklets appear to originate from sites where 

PKCα activity surpasses the local phosphatase activity to induce maximal 

phosphorylation of CaL channels (Navedo et al., 2006). Furthermore, Navedo et al. 

(2008) suggested that AKAP150 plays an instrumental role in the production of persistent 

Ca2+ sparklets by locally regulating the membrane targeting of PKCα. In another study, 

they have shown that the persistent Ca2+ sparklet activity in cerebral arterial myocytes is 

increased under acute hyperglycemia and in cells from diabetic animals. This increase in 

persistent Ca2+ sparklet activity is brought about by increased PKA activity, which is also 

targeted to the membrane by AKAP150 (Navedo et al., 2010b).  

Collectively, the findings from these studies suggest an important role for PKCα 

(under basal conditions and during hypertension) and PKA (under hyperglycemic 

conditions) in the production of persistent Ca2+ sparklets (Navedo et al., 2005, 2006, 

2010b). However, the site at which PKCα phosphorylates CaL channels has not yet been 

determined. PKCα may phosphorylate the Cav1.2b channel at the same aa residue as 



PKA. It is also possible that PKCα might phosphorylate the CaL channel at a completely 

different site directly or indirectly via an intermediary kinase. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9.  Schematic depicting signaling cascades activated during Ca2+ sparklet activity  
(modified from Santana and Navedo, 2009). Activation of a G-protein coupled receptor (e.g. 
Angiotensin Type 1R) by an agonist like Angiotensin II results in activation of Phospholipase C (PLC), 
which subsequently increases the level of DAG inside the cell. DAG stimulates PKCα, which induces 
persistent Ca2+ sparklet activity in smooth muscle. PKCα is targeted to the membrane with the help of 
AKAP150, which also binds Calcineurin (PP2B). PP2B dephosphorylates the CaL channel 
counteracting the increase in Ca2+ sparklet activity produced by cPKCα. Green arrows indicate 
activation; red arrows represent inhibition. 
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1.4. Rationale for this study 

Our laboratory had previously established that CaL channels are regulated by 

integrin-ECM interactions. c-Src, in addition to basal regulation of CaL current, is also 

partially responsible for CaL current potentiation following α5β1 integrin activation (Wu 

et al., 2001; Gui et al., 2006). We were further interested in studying the spatiotemporal 

aspects of α5β1 integrin-mediated CaL current potentiation using TIRF microscopy. TIRF 

microscopy would also allow us to explore clustering or interaction of focal adhesion 

proteins in the cell membrane and its effect on local CaL channel activity i.e. Ca2+ 

sparklets. To accomplish these goals, it was imperative to first validate whether or not c-

Src induces persistent Ca2+ sparklets under basal conditions. Also, the role of PKC in 

α5β1 integrin-mediated CaL current potentiation was not known. Our interest in PKCα 

grew further with the evidence that PKCα induces persistent Ca2+ sparklet activity in 

cerebral arterial myocytes under basal conditions (Navedo et al., 2005, 2006). This 

finding led to the possibility that PKCα and c-Src produce persistent Ca2+ sparklet 

activity through a common mechanism. The PKCα phosphorylation site on the CaL 

channel remains unresolved. Biochemical evidence pointed to S1928, the canonical PKA 

phosphorylation site, as a PKC phosphorylation site (Yang et al., 2005) but there is no 

functional evidence for the same. Moreover, it is unclear whether PKCα phosphorylates 

the α subunit of the CaL channel directly or through another kinase. Several isoforms of 

PKC have been shown to activate c-Src (Brandt et al., 2002, 2003; Gatesman et al., 2004; 

Callaghan et al., 2004).  



Based on the evidence from aforementioned studies, I hypothesized that 

persistent Ca2+ sparklet activity is chiefly determined by c-Src, which acts 

downstream of PKCα and directly phosphorylates the CaL channel at Y2122.  
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 Figure 1.10.  Schematic diagram outlining my central hypothesis 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1. Culture of HEK 293T cells 

The cells were maintained at 37oC in a 5% CO2 incubator in Dulbecco’s modified 

eagle medium supplemented with 10% fetal bovine serum and 1% penicillin and 

streptomycin solution. Cells between passages 6 and 25 were plated on autoclaved glass 

coverslips in 35 mm petridishes, 24-48 hrs before transfection.  

 

Protocol: HEK 293T cells were passed every 2-3 days depending on the experimental 

schedule. Supplemented growth medium was warmed to 37oC before use. A T75 flask at 

70-90% cell density was transferred from the incubator to the laminar flow tissue culture 

hood. The media was replaced by a non-enzymatic cell dissociation solution (Cell 

stripper, Calbiochem) to detach cells plated on the T75 flask. Dispersed cells were 

centrifuged for 5 minutes at 1000 rpm. Cell stripper was supplanted by 10 ml of growth 

medium and the pellet of cells was triturated to re-disperse the cells. 1-2 ml of this cell 

suspension was added to a new T75 flask containing 9-10 ml of growth medium. The 

new T75 flask was then labeled with passage number and date and moved back to the 

incubator. For transfection, 150 µl or 120 µl of cell suspension was added to each 35 mm 

petri dish containing the glass coverslip submerged in 2 ml of growth medium. The 35 

mm petri dishes were also maintained at 37oC until transfection. Petri dishes plated with a 
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higher density of cells (i.e 150 µl of cell suspension) were transfected after 24 hrs while 

petri dishes having 120 µl of cell suspension were used for transfection after 48 hrs. 

 

2.2. Expression of CaL channels and kinases in HEK 293T cells 

Rat neuronal wild type (WT) α1C, β1b and α2δ DNA subcloned into pcDNA3.1 

vectors were generous gifts of Dr. G.W. Zamponi. Site-directed mutagenesis was carried 

out in the Zamponi lab to obtain S1901A, Y2122F, Y2139F mutations of the rat neuronal α1C 

subunit. The neuronal isoform of the α1C subunit was used in the present study instead of 

its smooth muscle isoform because of the ready availability of the aforementioned 

constructs and additional mutants of the neuronal α1C subunit in our lab. cPKCα tagged 

with enhanced green fluorescent protein (eGFP) was a kind gift from Dr. J. Exton. 

Kinase-dead (kd) c-Src and c-Src tagged with eGFP were provided by Dr. A. P. Braun 

and Dr. G.E. Davis, respectively.  

Cells were transfected with CaL channel subunits along with either eGFP or 

protein kinase constructs tagged with eGFP using jetPEI (Polyplus transfection). The 

combinations of plasmids for transfection differed for each experimental group and are 

listed below: 

a) WT α1C + β1b + α2δ + eGFP 

b) WT α1C + β1b + α2δ + eGFP-tagged c-Src 

c) WT α1C + β1b + α2δ + kd c-Src + eGFP 

d) eGFP-tagged c-Src only 

e) Y2122F α1C + β1b + α2δ + eGFP-tagged c-Src 
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f) Y2139F α1C + β1b + α2δ + eGFP-tagged c-Src 

g) WT α1C + β1b + α2δ + eGFP-tagged cPKCα 

h) S1901A α1C + β1b + α2δ + eGFP-tagged cPKCα 

i) Y2122F α1C + β1b + α2δ + eGFP-tagged cPKCα 

j) Y2139F α1C + β1b + α2δ + eGFP-tagged cPKCα 

 

Protocol: The transfection protocol was used to transfect five 35 mm dishes, each with a 

cell density of 30-50%. Cav1.2c (WT or mutants) were diluted to a concentration of 

0.6µg/µl. All the other plasmids were diluted to achieve a concentration of 0.2 µg/ µl.   

Seven microliter of diluted α1C (WT/mutant) and five microliter each of β1b, α2δ 

and eGFP or eGFP-tagged kinase were aliquoted into a 1.5 ml microcentrifuge tube, 

labeled as tube D. Thirty microliter of JetPEI was aliquoted into a second microcentrifuge 

tube, labeled as tube J. Five-hundred of 150 mM NaCl buffer was added to each tube and 

mixed well using a micropipette. The solution in tube J was then transferred to tube D 

and blended again using a micropipette. Next, tube D was left undisturbed for a period of 

20 minutes. Finally, the solution in tube D was triturated again before adding 200 µl 

aliquots of it to each 35 mm petri dish. The petri dishes were agitated immediately after 

addition of plasmid DNA to mix it in well with the media. The petri dishes were then 

transferred back to the incubator. For transfection of cells with only eGFP-tagged c-Src, 

the rest of the DNA was replaced by an equivalent amount of DNAse and RNAse free 

water. In the case of WT Cav1.2c with kd c-Src and eGFP transfection, 5 µl aliquot of kd 

c-Src was included in addition to the aforementioned plasmids, without making any other 
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changes to the protocol. Cells were ready for patch clamping and TIRF experiments after 

approximately 20-24 hrs of transfection. 

 

2.3. Preparation of HEK 293T cells for experiments 

Before starting an experiment, cells in a petri dish were gently dissociated with a 

1000 µl micropipette and were then allowed to adhere to the glass coverslip in the petri 

dish for about 20-40 minutes. This step ensured the availability of sufficient single cells 

for the experiment. The glass coverslip was then taken out of the petri dish, the growth 

medium on its back side wiped off, and it was subsequently sealed between the two 

plexiglass plates of the experimental chamber (Fig 2.1). The cells were then continuously 

perfused with the bath solution containing 2 mM external Ca2+. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 2.1.  An image of the experimental chamber used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4. Electrophysiology 

GFP fluorescence was monitored to identify transfected cells. Successfully 

transfected single cells were voltage clamped at -70 mV in the whole cell configuration 

using an EPC9 (HEKA, Bellmore, NY), EPC10 (HEKA, Bellmore, NY) or Axopatch 

200B (Axon Instruments, Union City, CA) patch clamp amplifier controlled by Pulse 

(HEKA), Patchmaster (HEKA, Bellmore, NY) and pClamp (Axon Instruments, Union 

City, CA) software, respectively. Holding the cells at a hyperpolarized potential increased 
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the driving force for Ca2+ entry and also reduced the open probability of the CaL 

channels, thereby keeping the global [Ca2+]i (or basal Ca2+ fluorescence) levels low. Bath 

perfusion was switched to a solution containing 20 mM external Ca2+ immediately after 

the formation of a gigaseal in whole-cell mode. The exact compositions of bath solutions 

before and after seal formation and the pipette solution are given in Table 1.1. Patch-

pipette resistances were between 3-6 megaohms. All the experiments were performed at 

room temperature and the syringe containing the pipette solution was placed on ice 

during the experiments.  

 

Table 1.1. Composition of bath solutions (before and after seal formation) and pipette solution. The 
bath solution pH was adjusted to 7.4 using HCl and the pipette solution pH was adjusted to 7.2 using 
CsOH.  
 

Bath solution before seal 
formation  
(in mM) 

Bath solution after gigaohm 
seal formation  

(in mM) 

Pipette solution  
 

(in mM) 

140 NMDG 120 NMDG 87 Cs-Asp 

5 CsCl 5 CsCl 20 CsCl 

1 MgCl2 1 MgCl2 1 MgCl2

10 Glucose 10 Glucose 5 MgATP 

10 HEPES 10 HEPES 10 HEPES 

2 CaCl2 20 CaCl2 10 EGTA 

  0.2 Rhod-2 
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2.5. Application of drugs 

Voltage-clamped HEK 293T cells that were used for Ca2+ sparklet recordings 

were treated with Xestospongin C (90 µM) included in the patch-pipette solution to block 

IP3 receptors (IP3R). Tetracaine (50 µM) was added to the bath solution to inhibit 

ryanodine receptors (RyR). IP3R and RyR antagonists were applied to eliminate the 

potential occurrence of Ca2+ fluorescence transients due to Ca2+ release from intracellular 

stores. For some experiments, PP2 (10 µM) was included in the bath solution to inhibit c-

Src.  

 

2.6. Total internal reflection fluorescence microscopy  

Transfected cells were loaded with the Ca2+ fluorescence indicator, Rhod-2, 

through the patch-pipette. Rhod-2 was chosen over Fluo-5 because the excitation and 

emission spectra of Rhod-2 do not overlap with GFP and, therefore, GFP fluorescence 

from transfected cells did not interfere with the Rhod-2 fluorescence signal. Rhod-2 was 

excited using a solid-state laser tuned at 563 nm. Figure 2.1 shows the block diagram of 

the TIRF imaging system used in this study. Ca2+ sparklet images were acquired from 

voltage-clamped cells using through-the-lens TIRF configuration implemented on an IX-

71 Olympus microscope that was integrated with a high speed Andor iXON EMCCD 

camera. The microscope was mounted with an Olympus PlanApo (60X, 1.45 NA) oil-

immersion objective and appropriate filter sets to separate excitation and emission 

wavelengths. Images were acquired at a frequency > 100 Hz in TILL imaging software 

which was interfaced with the camera and also controlled the laser intensity and angle of 



laser incidence on the objective. The acquired images were eventually converted to tiff 

format for data analysis.  
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Figure 2.2.  Block diagram of the TIRF setup used in the present study. Coverslips plated with 
transfected cells were mounted on an IX-71 microscope. GFP was excited using laser 2 emitting at 491 
nm to select successfully transfected cells for patch clamping and TIRF imaging. Rhod-2 was excited at 
563 nm and the fluorescence signal was captured using a high speed EMCCD Camera. The two 
wavelengths were switched using an acousto-optic transmission filter (AOTF). Camera exposure, 
acquisition duration and TIRF angle were all controlled by the imaging software.   
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2.7. Ca2+ sparklet data analysis 

2.7.1. Detection of Ca2+ sparklets

 Images were imported into a custom program written in Interactive Data 

Language (IDL) (ITTVIS, Boulder, Colorado) where sparklet detection was performed 

based on amplitude threshold criteria used in previous studies (Cheng et al., 1999; 

Navedo et al., 2005, 2006). Briefly, a Ca2+ fluorescence event qualified as a sparklet if 

the average fluorescence amplitude of the 3x3 grid of adjoining pixels (centered at the 

pixel with the highest fluorescence amplitude) was equal to or greater than the mean 

basal fluorescence plus 2.5 times its standard deviation. 2.5 was chosen as the standard 

deviation multiple instead of 3 to maximize the number of events detected and to reduce 

the number of false negatives during the detection process.   

 

2.7.2. Ca2+ sparklet activity analysis 

Conversion to Ca2+ concentration:  

 Sparklet recordings were converted from fluorescence units to calcium 

concentration using the following equation (Grynkiewicz et al., 1985; Navedo et al., 

2005): 

[Ca2+]i = max

max

1
1

FF
RFFK f

d
−

−
∗  

where [Ca2+]i = intracellular Ca2+ concentration, Kd = dissociation constant of Rhod-2, 

and Rf = Fmax/Fmin. Kd and Rf for the experimental set up used in this study were 1200 nM 

and 286 respectively. Fmax for each cell was determined upon completion of Ca2+ sparklet 

recordings by hyperpolarizing the cell to -200 mV in 20 mM external Ca2+. This 
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calibration method is quite well-established (Navedo et al., 2005, 2006, 2008, 2010a,b) 

and has been found to be accurate as verified by conventional ratiometric measurements 

(Maravall et al., 2000). 

  

Calculation of quantal value:  

 The quantal value, q, of sparklets was calculated by plotting an all-points 

histogram of several Ca2+ sparklet recordings and then fitting the histogram with the 

following multicomponent Gaussian function: 
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where a and b are constants, [Ca2+]i = intracellular Ca2+ concentration, µ1 = mean basal 

Ca2+ level, µ2 = q, the quantal unit of Ca2+ influx. 

 

nPs analysis:  

 Ca2+ sparklet traces were exported to pClamp 9.0 (HEKA) where each Ca2+ 

sparklet recording was treated as a single-channel recording. First, a baseline was 

defined. Then, Ca2+ sparklet events were detected by “threshold detection analysis” using 

no duration constraints and the q value as the starting point for event detection. 

Analogous to single channel activity (nPo) analysis, nPs values was calculated for sparklet 

events using the following formula: 
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where n = no. of quantal events, Ps is the probability of a sparklet site being active, T = 

total recording time, i = no. of channels open and ti = time during the recording when i 

channels are open. Based on the nPs value, the Ca2+ sparklet events were classified as low 

(0 < nPs < 0.2) or persistent (nPs ≥ 0.2), as per the established convention (Navedo et al., 

2005).  

 

Computation of signal mass:  

The concept of signal mass analysis was first introduced by Sun et al. (1998). 

They used confocal line-scan microscopy to image IP3-asscociated Ca2+ fluorescence 

events and employed the “signal mass” method to estimate the amount of Ca2+ released 

during the occurrence of IP3-asscociated Ca2+ fluorescence events. The calculation of 

signal mass in their study was based on the underlying assumption that Ca2+ is released 

from a point source in a spherically symmetrical manner. If the scan-line cuts through the 

diffusion sphere in such a way that it passes through the center of the sphere, then the 

diameter of the sphere can be estimated. Integrating the fluorescence along the scan-line 

during an event in three-dimensions gives the signal mass or the total amount of Ca2+ flux 

associated with a Ca2+ release fluorescence event from an IP3 receptor. Signal mass 

calculations using confocal line-scan microscopy are accurate only for those Ca2+ 

fluorescence events that are in sharp focus and are set far apart from other Ca2+ 

fluorescence events in both time and space. The signal mass calculation was later 

modified for use with high-speed wide-field fluorescence imaging to estimate the Ca2+ 

flux associated with sparks through ryanodine receptors (ZhuGe et al., 2000) and 



SCCaFTs (single channel Ca2+ fluorescence transients) through caffeine-activated cation 

channels (Zou et al., 1999) and stretch-activated Ca2+ channels (Zou et al., 2002). The 

wide-field images contain fluorescence signals from both in- and out-of-focus planes and 

therefore, inherently incorporate the integration of fluorescence along the optical axis. 

This simplifies the calculation of signal mass for wide-field images. A signal mass 

estimate, in this case, requires only the summing of the fluorescence increase from pixels 

in a region that incorporates the whole area of the Ca2+ fluorescence transient. Amberg et 

al. (2007) employed a similar approach to calculate the signal mass of Ca2+ sparklets. For 

my experiments, I used the same approach. First, for a given Ca2+ sparklet, Ftotal for each 

time point was calculated by summing the fluorescence over a predefined region with an 

area greater than the size of the Ca2+ sparklet (Fig. 2.3A). The shape of this region 

approximated a circle with a diameter of 11 pixels (Fig. 2.2B). Ftotal of the basal 

fluorescence value was subtracted from Ftotal at each time point of the channel opening to 

calculate the ΔFtotal value. The basal Ftotal value was the minimum value obtained from a 

moving average of a set of 50-100 time points calculated over the whole sparklet 

recording (500 points). The temporal profile of ΔFtotal values was integrated in time to 

estimate the value of the total signal mass (Fig. 2.3C) using the following equation: 

∫ Δ= dttotalF  mass Signal  
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2.7.3. Ca2+ sparklet density analysis  

The density of persistent Ca2+ sparklets in each cell was determined by the 

following equation: 

/pixelm02.0 cellin  pixels of No.
sitessparklet Ca persistent of No.densitysparklet  Ca Persistent 2

 2
2

μ×
=

+
+  

The number of pixels in cells was counted using an IDL routine.  

The value 0.02 µm2 is the area of a pixel given the magnification of the microscope and 

objective system relative to the chip size and resolution of the camera 

(http://www.andor.com/scientific_cameras/ixon/). 
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Figure 2.3. Data analysis using signal mass approach. A. Representative TIRF image of a cell exhibiting a 
Ca2+ sparklet enclosed in a predefined region. B. Pixel map of the predefined region used for signal mass 
calculation. C. Bottom trace shows ΔFtotal values of a Ca2+ sparklet in time. The top trace is the integrated 
curve of the bottom trace and the value obtained at the end of the integration is the signal mass value. 
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2.8. Statistical analyses  

Sparklet signal masses in each group were first tested for normality using the 

D’Agostino-Pearson test. A one-tail t-test was used to compare the signal masses of the 

control and test groups if both groups passed the normality test. A one-tail Mann-

Whitney test was used to compare the signal masses of the control and test groups if i) 

one or both groups failed the normality test or ii) if the no. of events in the one of the two 

groups were too small to test for normality. One-tail unpaired t-tests were used to 

evaluate the differences between the sparklet densities of two transfection groups. A one-

tail paired t-test was used to test the effect of PP2 on Ca2+ sparklets. A p value < 0.05 was 

considered to be statistically significant.  

 

2.9. Chemical Reagents  

Xestospongin C and PP2 were purchased from Calbiochem (San Diego, CA). 

Rhod-2 was procured from Invitrogen (San Diego, CA). All other chemicals were 

obtained from Sigma-Aldrich (St. Louis, MO).  
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CHAPTER 3 

RESULTS 

 

3.1. Preliminary experiments 

Calculation of the quantal unit 

Accurate estimation of the quantal unit requires controlling the experimental 

conditions such that the occurrence of the basic quantal event is the most favorable 

outcome of the experiment (Del Castillo and Katz, 1954). If the occurrence of completely 

or partially overlapping multiple quantal events is higher, they may conceal the quantal 

unit during analysis. To perform quantal analysis in this study, Ca2+ sparklets were 

recorded from HEK 293T cells coexpressing WT Cav1.2c and kd c-Src. Expression of kd 

c-Src was used as a means to competitively inhibit endogenously expressed c-Src in HEK 

293 cells, which could potentially phosphorylate transiently expressed Cav1.2c channels. 

Phosphorylation of Cav1.2c channels leads to increased open probability and could 

consequently increase the number of active or open channels at a sparklet site at any 

given time. Cells loaded with Rhod-2 through the patch-pipette were voltage clamped at  

-70 mV, using 20 mM external Ca2+. Holding the membrane at a hyperpolarized potential 

during sparklet experiments has two advantages: i) Basal Ca2+ fluorescence remains low 

due to decreased or small open probability of Cav1.2, ii) The driving force for Ca2+ is 

higher, resulting in a larger Ca2+ fluorescence signal upon Ca2+ channel opening. 20 mM 

external Ca2+ also increases the electrochemical gradient for Ca2+ entry. Fig. 3.1A shows 

representative pseudo-colored TIRF images of a cell along with the time courses of 
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changes in [Ca2+]i at two sparklet sites, a and b. To estimate the quantal unit, Ca2+ 

sparklet traces exhibiting sharp open- and closed-state transitions were selected manually 

and were subjected to baseline adjustment, if needed, using the “manual baseline adjust” 

function in Clampfit. Ca2+ sparklet traces were then used to construct an amplitude 

histogram. Fig. 3.1B illustrates two representative traces of the many Ca2+ sparklet traces 

that were used to construct the amplitude histogram. Selection of sharp-transitioning 

traces and baseline adjustment of Ca2+ sparklet data prior to constructing an amplitude 

histogram helped to achieve distinct peaks in the Ca2+ sparklet amplitude histogram (Fig. 

3.1C). The best fit to the amplitude histogram using a Gaussian function with three 

components (red trace in Fig. 3.1C) yielded a quantal value of 34.4 nM (χ2 = 6.43). The 

first peak in Fig. 3.1C represents the baseline, i.e. the change in [Ca2+]i in the absence of 

Ca2+ sparklets. The second peak represents the quantal unit of Ca2+ sparklets obtained 

from HEK 293 cells transfected with Cav1.2c and kd c-Src. This quantal unit value (34.4 

nM Δ[Ca2+]i) is similar to that reported by Navedo et al. (2006) in tsA-201 cells 

expressing WT Cav1.2b channels with or without PKCα (36 nM) and also to the quantal 

value obtained from rat and murine arterial myocytes (38 nM) (Navedo et al., 2005, 

2006). The third peak in Fig. 3.1C occurred at about 65 nM Δ[Ca2+]i, a value 

approximately twice the Δ[Ca2+]i at the second peak. These data indicate that Ca2+ entry 

through Cav1.2c channels is quantal in nature (similar to Cav1.2b and Cav1.3) and suggest 

that large amplitude Ca2+ sparklet events reflect activation of multiple Cav1.2c channels 

at the same time in an independent or coupled manner.  
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Spurious Ca2+ fluorescence transients in control experiments 

Ca2+ sparklet experiments on HEK 293T cells expressing eGFP, c-Src or PKCα 

individually revealed the presence of Ca2+ fluorescence transients somewhat similar to 

Ca2+ sparklets (Fig. 3.2). The HEK 293T cell line is a well-established heterologous 

expression system for studying voltage-gated Ca2+ channels because this cell line does 

not appear to exhibit any endogenous voltage-gated Ca2+ channels (Fig. 3.5). Some Ca2+ 

fluorescence events resembled Ca2+ sparklets (in the absence of Cav1.2c transfection); 

because these did not originate from Cav1.2c channels, I termed them “spurious” Ca2+ 

fluorescence events. Suspecting Ca2+ release from intracellular stores to be the underlying 

cause of these spurious Ca2+ transients, I performed all further experiments in the 

presence of IP3 and ryanodine receptor antagonists XeC (90 µM) and tetracaine (50 µM) 

respectively. However, the treatment of cells with XeC and tetracaine reduced but did not 

completely eliminate spurious Ca2+ events. Therefore, the spurious Ca2+ event data are a 

limitation of my study, and may add some contamination to the Ca2+ sparklet data. I 

analyzed the activities of spurious Ca2+ events in a manner similar to Ca2+ sparklet data 

and showed that the frequency of spurious Ca2+ events similar to Ca2+ sparklets of interest 

in my study was very low (described in sections 3.2 and 3.3). 
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fundamental quantal value, q. A. Representative TIRF images of a cell 
biting two Ca2+ sparklets,  a and b. Traces show the temporal profiles of Ca2+ fluorescence at sites a 
b.  B. Examples of Ca2+ sparklet traces used to plot amplitude histogram for quantal value calculation  

C. Amplitude histogram of Ca2+ sparklets recorded from cells coexpressing WT Cav1.2c along with kd c-
 line is the best fit (χ2 = 6.43) to the amplitude histrogram and was obtained using a two-term 

Gaussian function described in Methods chapter. The first peak indicates the basal Δ[Ca2+] and the second 
peak at 34.4 nM represents the quantal unit, q, of Ca2+ influx during opening of a Cav1.2c channel. 

exhi
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Figure 3.2. Spurious Ca2+ fluorescence events in the absence of heterologously expressed Cav1.2c 
channels. Pseudo-colored TIRF images of a HEK 293T cell expressing only GFP. The traces show the 
normalized temporal profiles at sparklet sites a and b. F0 is the basal Ca2+ fluorescence and ΔF was 
calculated by subtracting basal fluorescence F0 from Ca2+ fluorescence, F, at each time point.  
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The occurrence of large amplitude Ca2+ fluorescence events 

Having established the quantal value of [Ca2+]i change associated with a sparklet, 

Ca2+ sparklet recordings were subjected to nPs analysis, which is similar to nPo analysis 

used for analyzing single-channel patch clamp data. Clampfit was used to perform nPs 

analysis. First, the values for baseline and different quantal levels were defined in the 

single-channel search panel, followed by event detection. Based on the idealized traces 

obtained during event detection, nPs values were calculated. The highest q level that can 

be defined in Clampfit during event detection is 8, which renders it unsuitable for 

detection of events with amplitudes greater than 8q. Also, a true estimate of the nPs value 

requires obtaining an ideal fit to the fluorescence traces, which in turn, is achieved only 

when the transitions between various states are nearly instantaneous. Fig. 3.3A shows a 

Ca2+ sparklet trace with its idealized fit obtained during event detection in Clampfit. The 

transition from open to closed state in this trace is slow and the fit trace remains at level 1 

even though the sparklet amplitude has decreased below the detection threshold. Clampfit 

in this case will overestimate the nPs value of this trace. Fig. 3.3B shows an example of a 

Ca2+ sparklet trace with an amplitude much higher than 8q. In this case, Clampfit 

truncated the amplitudes of time points that were greater than 8q, resulting in an 

underestimated nPs value. The presence of high amplitude (> 8q) Ca2+ sparklet events 

combined with gradual interstate transitions in many events (as seen in Fig. 3.3) 

necessitated the use of an alternative data analysis approach. Therefore, I explored the 

use of the signal mass analysis method, which does not have any amplitude constraints. It 

was introduced by Sun et al. (1998) to calculate the Ca2+ flux at IP3-induced Ca2+-release 
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sites imaged using confocal line-scan microscopy. They assumed that a Ca2+-release site 

is a point source of Ca2+, releasing Ca2+ in all directions symmetrically and thereby 

forming a spherical volume of Ca2+ release. They used only sharply focused events for 

signal mass calculation to validate their second assumption that the scan-line passes 

through the center of the Ca2+ flux sphere. Integration of the fluorescence increase on the 

scan-line i.e. the diameter of the sphere in three-dimensions helped estimate the signal 

mass value. This analysis approach has also been used with wide-field fluorescence and 

TIRF microscopy (Zou et al., 1999, 2002, 2004; ZhuGe et al., 2000; Amberg et al., 

2007). For use with wide-field images, signal mass can be calculated by simply adding 

the fluorescence from a region that incorporates the whole signal because the wide-field 

images include the fluorescence signal from all the planes. Similarly, TIRF images are 

also two-dimensional and collect fluorescence from all the image planes in the optical 

section and signal mass can be estimated using the same procedure. In other words, signal 

mass at each time point can be estimated from TIRF images by summing of fluorescence 

from a region greater than the area of sparklet site. Integration of the signal mass value 

over time gives the total signal mass value of a Ca2+ sparklet recording.  
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 during nPs analysis. Events were accepted and rejected based on the information provided 
by the custom IDL program. B. Example of a Ca2+ sparklet trace with an amplitude that exceeded the 

ighest permissible quantal level in Clampfit, resulting in an inaccurate estimate of Ca2+ sparklet activity. 
ed lines represent quantal levels.  
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Figure 3.3. Limitations of Clampfit while performing nPs analysis. A. Ca2+ sparklet fitted with an 
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3.2. Ca2+ sparklets in HEK 293T cells expressing WT Cav1.2c channels 

First, Ca2+ sparklet activity was quantified in HEK 293T cells expressing only 

WT Cav1.2c channels. Cells were maintained in bath solution containing 2 mM Ca2+, 

which was switched to 20 mM Ca2+ bath solution (containing 50 µm tetracaine to block 

intracellular Ca2+ release through RyRs) after breaking into the cell. The patch-pipette 

contained Rhod-2 (200 µM) for measurement of Ca2+ and XeC (90 µM) to inhibit IP3R 

activity. Detection of Ca2+ sparklets under these conditions revealed that some Ca2+ 

sparklet sites had seemingly higher activity than other sites in the same cell. To 

objectively quantify this observation, total signal mass values were calculated for Ca2+ 

sparklet recordings for all sites. To further characterize Ca2+ sparklet activity using the 

signal mass method, I implemented a criterion analogous to the cutoff of 0.2, which is 

used in nPs analysis to demarcate low activity Ca2+ sparklets from persistent Ca2+ 

sparklets (Navedo et al., 2005, 2006). This criterion was determined empirically by 

constructing an amplitude histogram of the total signal mass values and fitting it with the 

sum of two Gaussian functions (Fig. 3.4). The two-peak Gaussian function fit was 

performed in order to separate Ca2+ sparklet activities into two groups. Similar 

characterization of Ca2+ sparklet activity has been described in previous studies (Navedo 

et al., 2005, 2006). Based on the fit, I chose a signal mass value of 30,000, located in the 

trough between the two peaks of the Gaussian fit, to separate two groups of Ca2+ sparklet 

signal mass values. Ca2+ sparklet signal masses below 30,000 were classified as low 

activity Ca2+ sparklets and all signal mass values higher than the threshold (30,000) were 

classified as persistent Ca2+ sparklets.  
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TIRF imaging of non-transfected cells, under conditions similar to those 

mentioned in previous paragraph, revealed the occurrence of spurious Ca2+ transients. 

Patch clamp recordings revealed that non-transfected cells did not exhibit any measurable 

Ca2+ current (ICa) upon depolarization as opposed to cells expressing Cav1.2c channels 

that, upon depolarization, elicited measurable ICa. Fig. 3.5 shows a representative ICa 

recording, elicited by a depolarization step from -80 mV to +30 mV, from a non-

transfected cell and a cell expressing WT Cav1.2c channel (peak ICa ~ 160 pA). The 

nature of spurious Ca2+ events in HEK 293T cells could not be deciphered within the 

scope of this study. Of note, irrespective of their activity, the mean number of spurious 

Ca2+ transient sites/cell in non-transfected cells (n = 9) was significantly lower than the 

mean number of Ca2+ sparklet sites/cell in cells expressing Cav1.2c channels (n = 10)  

(Fig. 3.6). I performed signal mass analysis on spurious Ca2+ transients and characterized 

them as low activity and persistent spurious Ca2+ transients for comparison with low 

activity and persistent Ca2+ sparklets. The scatter plots of signal masses (Fig. 3.7) for 

each of these transfection groups revealed that the majority of the spurious Ca2+ 

transients in non-transfected cells corresponded to low activity Ca2+ sparklets. There were 

very few spurious Ca2+ transients in non-transfected cells that mimicked persistent Ca2+ 

sparklets. The median signal mass of persistent spurious Ca2+ transients in non-

transfected cells was more than two-fold lower than that of persistent Ca2+ sparklets in 

cells expressing WT Cav1.2c channels (Fig. 3.7B). Moreover, the mean persistent Ca2+ 

sparklet density was about four-fold higher in cells expressing Cav1.2c channels as 

compared to non-transfected cells. These data indicated that Cav1.2c channels were 



responsible for almost all of the persistent Ca2+ sparklet activity in these experiments 

such that the spurious Ca2+ transients would not substantially influence the persistent 

Ca2+ sparklet data analysis in further experiments.  

 

 

 

Signal mass
0 50000 100000 150000 200000 250000 300000

C
ou

nt
 (N

)

0

4

8

 

 

 

 

Figure 3.4. Amplitude histogram of signal mass values of Ca2+ sparklets recorded from HEK 293T 
cells expressing Cav1.2c channels. The red line is the best fit obtained from a two-component Gaussian 
function (χ2 = 10.05) and reveals 30,000 signal mass as a distinction criterion for low activity and 
persistent modes.   
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Figure 3.5. Whole-cell ICa evoked by application of a depolarization step from -80 mV to +30 mV in 
representative non-transfected and WT Cav1.2c expressing HEK 293T cells. Bath solution contained 
20 mM Ca2+.  
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Figure 3.6. Bar plot of mean ± SEM of Ca2+ sparklet or spurious Ca2+ fluorescence event sites in 
ng WT Cav1.2c (n = 10) or non-transfected cells (n = 9), respectively. Error bars 

resent SEM values. Cells in both groups were loaded with Rhod-2 (200 µM) and xestospongin C (90 
lution consisted of 20 mM Ca2+ and tetracaine (50 µM). Membrane potential was held at -70 

V.  *, p < 0.05. 

  

  

 

 

 

 

 

 

 

 

 cells expressi
rep

 
µM), Bath so
m

 



 

 
 

79

igure 3.7. Scatter plots of (A) low activity and (B) persistent Ca2+ sparklets in non-transfected cells 
(n = 7) and in cells expressing WT Cav1.2c (n = 10). Cells that did not show any Ca2+ sparklet activity 

ut exhibited ICa upon depolarization were not included in these scatter plots. Gray bars mark the mean 
nd median signal mass for each group in A and B, respectively. *, p < 0.05; ns, not significant. 
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gure 3.8. Bar plot of mean ± SEM of persistent Ca2+ sparklet densities in non-transfected cells (n = 
9) and cells expressing WT Cav1.2c (n = 10).  Cells that had no Ca2+ sparklets were included in mean 
sparklet density calculation if they exhibited measurable whole-cell ICa upon depolarization. *, p < 0.05. 
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3.3. c-Src underlies persistent Ca2+ sparklets produced by Cav1.2c in HEK 293T 

cells 

Previously, PKCα has been linked to persistent Ca2+ sparklet activity in rat and 

murine arterial myocytes. These findings were also extended to HEK 293T cells 

coexpressing WT Cav1.2b and PKCα (Navedo et al., 2005, 2006), i.e. in the absence of 

exogenously expressed PKCα, persistent Ca2+ sparklets were never observed by those 

invetigators. These findings imply that any intracellular kinase that potentiates CaL 

channel activity should be able, in principle, to switch no-activity or low-activity sites to 

persistent Ca2+ sparklet sites.   

Arterial smooth muscle generally shows high expression levels of c-Src (Oda et 

al., 1999). A study by Wu et al. (2001) has shown that c-Src regulates CaL channels in 

arterial smooth muscle under basal conditions. They treated arterial smooth muscle cells 

with a c-Src specific monoclonal antibody, PP2, and an inhibitory peptide specific to the 

Src SH2 domain, in three different sets of experiments. All three treatments resulted in a 

reduction of basal Ba2+ current but the percentage or degree of reduction varied between 

treatments. These findings made c-Src a likely candidate for regulation of persistent Ca2+ 

sparklet activity in arterial smooth muscle. In this study, I wanted to test if c-Src could, in 

principle, regulate the activity of Ca2+ sparklets. To accomplish that, I recorded and 

analyzed Ca2+ sparklets from HEK 293T that overexpressed Cav1.2c and c-Src. 
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Determination of the threshold for persistent Ca2+ sparklets: An amplitude histogram of 

signal mass values for Ca2+ sparklets recorded in HEK cells transfected with Cav1.2c 

(WT/Y2122F/Y2139F) and c-Src (active or dead) was constructed and fitted with a two peak 

Gaussian function (Fig. 3.9). This allowed me to verify if the previously used cutoff of 

30,000 for persistent Ca2+ sparklets in cells expressing WT Cav1.2c alone was also 

applicable to cells co-expressing Cav1.2c and c-Src. Interestingly, the trough between the 

two Gaussian peaks showed a positive shift, constraining the use of 30,000 in this case. 

Based on the fit obtained in Fig. 3.9, I chose a signal mass value of 50,000 as the 

threshold for persistent Ca2+ sparklet activity in cells that expressed c-Src (active or dead) 

along with Cav1.2c (WT/Y2122F/Y2139F). 

 

The first set of experiments in this section involved comparison of Ca2+ sparklet 

activity in cells co-expressing WT Cav1.2c and GFP-tagged c-Src with that of cells 

transfected with GFP-tagged c-Src alone. The latter group of cells served as a control. 

Although depolarization of control cells to +30 mV failed to elicit any voltage-gated ICa 

(Fig. 3.10), this procedure was associated with a relatively high incidence of spurious 

Ca2+ transients. The median signal mass of the spurious Ca2+ transients in control cells (n 

= 6) was remarkably lower than the signal mass of low activity Ca2+ sparklets in cells co-

expressing WT Cav1.2c and c-Src (n = 8) (Fig. 3.11A). Out of the 9 control cells, only 3 

cells expressed spurious Ca2+ transients that resembled persistent Ca2+ sparklet activity 

recorded from cells transfected with WT Cav1.2c and c-Src. The median signal mass of 

the 4 spurious Ca2+ transients from these 3 control cells was significantly lower than the 



 
 

82

median signal mass of persistent Ca2+ sparklets (Fig. 3.11B). Furthermore, the persistent 

Ca2+ sparklet density in cells co-expressing WT Cav1.2c with c-Src (n = 9) was almost 

five times higher than that in cells expressing c-Src alone (n = 9) (Fig. 3.12). These data 

provide evidence that the presence of spurious Ca2+ transients would not significantly 

affect persistent Ca2+ sparklet data analysis.   
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Figure 3.9. Amplitude histogram of Ca2+ sparklet signal masses from cells expressing WT/mutant 
Cav1.2c + c-Src. The red line represents the best fit estimated from a two-component Gaussian function 
(χ2 = 16.1).  

Figure 3.10. Representative current traces obtained from cells transfected with c-Src alone or WT 
Cav1.2c + c-Src upon depolarization from -70 mV to + 30 mV. 

 

 
 

83
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 3.11. Signal mass scatter plots of (A) low activity and (B) persistent Ca2+ sparklets from cells 
expressing WT Cav1.2c + c-Src (n = 8) or c-Src alone (n = 6). Gray horizontal lines represent the 
median signal mass values for each group. Cells that had no Ca2+ sparklet activity were excluded from 
scatter plots. *, p < 0.05. 

  

Figure 3.12. Bar plot of mean ± SEM persistent Ca2+ sparklet densities in cells expressing WT 
Cav1.2c + c-Src (n = 9) or c-Src alone (n = 9).  Cells that had no Ca2+ sparklets were included in the 
mean sparklet density calculation if they exhibited measurable whole-cell ICa upon depolarization. *, p < 
0.05. 
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Since persistent Ca2+ sparklet activity was detected in cells that were transfected 

with WT Cav1.2c (Figs. 3.7B and 3.8) regardless of exogenous c-Src expression, it was 

not clear if c-Src played any role in the production of persistent Ca2+ sparklet activity 

through Cav1.2c. Therefore, Ca2+ sparklet activity was recorded from cells transfected 

with WT Cav1.2c + c-Src before and after application of PP2 (10 µM). PP2 is a 

membrane-permeable c-Src antagonist. PP2 treatment resulted in a 2.5-fold decrease in 

the signal mass of persistent Ca2+ sparklets (n = 5) (Fig. 3.13C). No significant difference 

in the signal mass of low activity Ca2+ sparklet sites was observed before or after PP2 

application (Fig. 3.13B), consistent with previous evidence that c-Src is not responsible 

for generation of low activity Ca2+ sparklets (Fig. 3.11A). To analyze the effect of PP2 on 

Ca2+ sparklet activity, I used only those Ca2+ sparklet sites that showed activity both 

before and after application of PP2. I discarded data from sites that showed activity 

before and became completely silent after PP2 application, or vice versa. The rationale 

for this exclusion criteria was that i) the complete silence at a Ca2+ sparklet site after PP2 

application could also be attributed to channel inactivation, and ii) bursts of activity at a 

Ca2+ sparklet site after PP2 application, which was completely silent before PP2 

application, could be due to the stochastic nature of channel activation. A significant 

decrease in the mean signal mass of persistent sparklets after PP2 application suggested 

that c-Src was involved in production of persistent Ca2+ sparklets.  

To further test this hypothesis, kd c-Src was expressed in cells along with WT 

Cav1.2c channels. The median signal masses of low activity Ca2+ sparklets were similar 

for both transfection groups, indicating that c-Src activity did not affect random openings 
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of Cav1.2c (Fig. 3.14A). Out of 6 patch-clamped cells that co-expressed kd c-Src and WT 

Cav1.2c, persistent Ca2+ sparklet activity was observed in only 2 cells. The median signal 

masses of persistent Ca2+ sparklets in cells co-expressing WT Cav1.2c with c-Src vs kd c-

Src could not be statistically compared as there were only two persistent Ca2+ sparklets in 

the latter group. Nonetheless, evaluation of persistent Ca2+ sparklet density revealed a 

six-fold decrease with co-expression of WT Cav1.2c and kd c-Src (Fig. 3.15). Together 

these data provide evidence that modulation of Cav1.2c activity by c-Src results in 

persistent Ca2+ sparklets.  
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 after application of PP2. Bar plot of mean ± SEM signal mass of (B) low activity Ca2+ sparklet sites 
 5), and (C) persistent Ca2+ sparklet sites (N = 10), before and after PP2 application. n, no. of cells; N, 

. of sparklet sites; *, p < 0.05; ns, not significant. 
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ure 3.13. Effect of PP2 (10 µM) on Ca2+ sparklet activity in HEK 293T cells co-expressing WT 
Cav1.2c and c-Src (n = 5). A. Representative traces of low activity and persistent Ca2+ sparklets before 
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gure 3.14. Signal mass scatter plots of (A) low activity and (B) persistent Ca2+ sparklets from cells 
expressing WT Cav1.2c + c-Src (n = 8) and WT Cav1.2c + kd c-Src (n = 3). Gray horizontal lines 

nt median values. Data was included from only those cells that exhibited Ca2+ sparklet activity. ns, 
ot significant.  
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 Figure 3.15. Bar plot of mean ± SEM persistent Ca2+ sparklet density in cells expressing WT 
Cav1.2c + c-Src (n = 9) and WT Cav1.2c + kd c-Src (n = 6). Data from cells that did not show any Ca2+ 
sparklet activity was included if those cells exhibited ICa upon depolarization. *, p < 0.05 
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3.4. c-Src phosphorylates Cav1.2c at residue Y2122 to produce persistent Ca2+ 

sparklets  

To elucidate the mechanism by which c-Src enhances Cav1.2c activity, I tested rat 

Cav1.2c constructs with mutations at two potential phosphorylation sites (Y2122 and Y2139) 

on their C-terminus. There are multiple tyrosine residues throughout the Cav1.2c 

sequence, out of which 13 residues are predicted by NetPhos2.0 to be potential 

phosphorylation sites (Appendix 1). Bence-Hanulec et al. (2000) tested various 

intracellular regions on Cav1.2c for tyrosine phosphorylation and found that c-Src 

phosphorylates Cav1.2c on a region between C-terminus residues 1932-2143 (Fig. 1.5) in 

response to IGF-1. There are 2 tyrosine residues in this region at positions 2122 and 

2139. NetPhos2.0 predicts Y2139 as the more likely phosphorylation site with a prediction 

score of 0.913 on a scale of 1 while Y2122 has a score of 0.11 (Fig. 3.16). Contrary to this 

prediction, Bence-Hanulec et al. (2000) found that c-Src phosphorylates Cav1.2c at Y2122 

with IGF-1 receptor stimulation. Gui et al. (2006) also tested Y2122 and Y2139 for 

phosphorylation by c-Src following α5β1 integrin activation and found Y2122 to be the 

major c-Src phosphorylation site on Cav1.2c. Due to this conflict between the prediction 

and the previous experimental evidence regarding the phosphorylation of Y2122 and Y2139, 

I decided to test both sites. Ca2+ sparklet data from cells co-transfected with WT Cav1.2c 

and c-Src was used as a control for this set of experiments. While the median signal mass 

of low activity Ca2+ sparklets did not change significantly with the Cav1.2c Y2122 

mutation (Fig. 3.17A), the persistent Ca2+ sparklet signal mass in cells co-expressing 

Y2122F Cav1.2c + c-Src (n = 17) decreased to almost half of the median signal mass 



observed in the control group (n = 17) (Fig. 3.17B). Additionally, the persistent Ca2+ 

sparklet density in cells expressing Y2122F Cav1.2c + c-Src (n = 19) was 1.8-fold less than 

that of control cells (n = 19) (Fig. 3.18). No such differences were observed between 

persistent Ca2+ sparklet signal masses and densities in cells co-expressing Y2139F Cav1.2c 

+ c-Src (n = 12 for median signal mass and n = 17 for sparklet density data) and control 

cells (n = 17 for median signal mass and n = 19 for sparklet density data) (Figs. 3.17B 

and 3.18). The median signal mass of low activity Ca2+ sparklets in cells expressing 

Y2139F Cav1.2c + c-Src was also similar to that of control cells (Fig. 3.17A). These 

findings indicate that Y2122 on the C-terminus of Cav1.2c is the major phosphorylation 

site involved in production of persistent Ca2+ sparklets by c-Src. 

 

 

 

 Figure 3.16. Predicted tyrosine phosphorylation sites on rat Cav1.2c (NetPhos 2.0)
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gure 3.17. Signal mass scatter plots of (A) low activity and (B) persistent Ca2+ sparklets from cells 
expressing WT Cav1.2c + c-Src (n = 17), Y2122F Cav1.2c + c-Src (n = 17) and Y2139F Cav1.2c + c-Src 

12). Gray horizontal lines represent median values for each group. Data was included from only those 
cells that exhibited Ca2+ sparklet activity. *, p < 0.05; ns, not significant. 
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m cells that did not show any Ca2+ sparklet activity was included if those cells exhibited ICa upon 
olarization. *, p < 0.05; ns, not significant.  

fro
dep

Bar plot of mean ± SEM persistent Ca2+ sparklet density in cells expressing WT 
Cav1.2c + c-Src (n = 19), Y2122F Cav1.2c + c-Src (n = 19) and Y2139F Cav1.2c + c-Src (n = 17). Data 
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3.5. c-Src and PKCα produce persistent Ca2+ sparklets independently 

Experiments described in the previous two sections provided an understanding of 

how c-Src produces persistent Ca2+ sparklets. The mechanism by which PKCα produces 

persistent Ca2+ sparklets is not yet clear. Phorbol esters are PKC activators and have been 

shown previously to stimulate c-Src activity. Also, many PKC isoforms are known to 

activate c-Src (Brandt et al., 2002; Gatesman et al., 2004; Callaghan et al., 2004). For 

these reasons, I decided to investigate if PKCα generated persistent Ca2+ sparklets by 

activating c-Src (Fig. 1.10). To accomplish this, I tested if PKCα could induce persistent 

Ca2+ sparklet activity in the Y2122F and Y2139F Cav1.2c constructs. 

 

Determination of threshold for persistent Ca2+ sparklets: Signal masses of Ca2+ sparklets 

from cells co-expressing Cav1.2c (WT or mutant) and PKCα were used to construct an 

amplitude histogram (Fig. 3.19). Based on the two-peak Gaussian function fit of the 

amplitude histogram (Fig. 3.19), I chose a signal mass value of 30,000 as the threshold 

for persistent Ca2+ sparklet activity for the experiments described in this and the 

following sections of this chapter. 

 

For this set of experiments, cells transfected with WT Cav1.2c + PKCα were used 

as a control. The signal masses of both low and persistent Ca2+ sparklets in cells 

expressing Y2122F Cav1.2c + PKCα (n = 7) or Y2139F Cav1.2c + PKCα (n = 7) were not 

significantly different from that of the control group (n = 9) (Fig. 3.20A and B). 

Additionally, the mean persistent Ca2+ sparklet densities of the two test groups (Y2122F 



Cav1.2c + PKCα, n = 12; Y2139 F Cav1.2c + PKCα, n = 8) were not significantly different 

from the mean persistent Ca2+ sparklet density of the control group (n = 9) (Fig. 3.21). 

These data suggest that neither of these tyrosine residues is involved in the production of 

PKCα-induced persistent Ca2+ sparklet activity. According to my original hypothesis, c-

Src is downstream of PKCα (Fig. 1.10) in the series of events that lead to production of 

persistent Ca2+ sparklets. The mutation of Y2122 on Cav1.2c has a negative impact on c-

Src-induced persistent Ca2+ sparklet activity (Figs. 3.17B and 3.18) but not on persistent 

Ca2+ sparklet activity induced by PKCα (Figs. 3.20B and 3.21). Collectively, these 

findings suggest that PKCα does not induce persistent Ca2+ sparklet activity via c-Src.  

 

Signal mass
0 50000 100000 150000 200000 250000 300000

C
ou

nt
 (N

)

0

20

40

 

 

 
Figure 3.19. Amplitude histogram of Ca2+ sparklet signal masses from cells expressing WT/mutant 
Cav1.2c + PKCα. The red line represents the best fit estimated from a two-component Gaussian function 
described in previous chapter (χ2 = 17.89).  
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Figure 3.20. Signal mass scatter plots of (A) low activity and (B) persistent Ca2+ sparklets from cells 

 expressing W
(n =

T Cav1.2c + PKCα (n = 9), Y2122F Cav1.2c + PKCα (n = 7) and Y2139F Cav1.2c + PKCα 
 7). Gray horizontal lines represent median values for each group. Data was included from only those 

cells that exhibited Ca2+ sparklet activity. ns, not significant. 
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om cells that did not show any Ca2+ sparklet activity was included if those cells exhibited ICa upon 
depolarization. ns, not significant. 
 fr

igure 3.21. Bar plot of mean ± SEM persistent Ca2+ sparklet density in cells expressing WT 
Cav1.2c + PKCα (n = 9), Y2122F Cav1.2c + PKCα (n = 12) and Y2139F Cav1.2c + PKCα (n = 8). Data 
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3.6. Does PKCα phosphorylate S1901 to produce persistent Ca2+ sparklets? 

If PKCα does not evoke persistent Ca2+ sparklet activity via c-Src in cells 

expressing Cav1.2c, then it may do so by directly phosphorylating the α or β subunit of 

the channel. Recently, a study by Yang et al. (2005) reported that PKCα phosphorylates 

Cav1.2a on S1928 (corresponding to S1901 on Cav1.2c). However, that study did not provide 

evidence that phosphorylation of S1928 on Cav1.2a by PKCα leads to functional changes 

in Cav1.2a activity. I tested PKCα phosphorylation of residue S1901 on Cav1.2c as a 

potential trigger mechanism for persistent Ca2+ sparklet activity. Signal masses of Ca2+ 

sparklets in cells expressing S1901A Cav1.2c + PKCα (n = 5) were compared with cells 

transfected with WT Cav1.2c + PKCα (control, n = 9). The median signal mass of low 

activity Ca2+ sparklets in cells expressing S1901A Cav1.2c + PKCα was similar to that of 

the control group (Fig. 3.22A). Interestingly, the median signal mass of persistent Ca2+ 

sparklets in cells expressing S1901A Cav1.2c + PKCα decreased more than 2-fold in 

comparison to control (Fig. 3.22B). In contrast, the persistent Ca2+ sparklet density 

observed in cells expressing S1901A Cav1.2c + PKCα (n = 8) was similar to that of cells 

expressing WT Cav1.2c + PKCα (n = 9) (Fig. 3.23). To resolve whether PKCα 

phosphorylation of Cav1.2c at residue S1901 produces a functional change in the activity of 

Cav1.2, more electrophysiological and Ca2+ sparklet experiments need to be performed. 
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Figure 3.22. Signal mass scatter plots of (A) low activity and (B) persistent Ca2+ sparklets from cells 
expressing WT Cav1.2c + PKCα (n = 9) and S1901A Cav1.2c + PKCα (n = 5). Gray horizontal lines 
represent median values for each group. Data was included from only those cells that exhibited Ca2+ 
sparklet activity. *, p < 0.05; ns, not significant. 

 

 

 

 

 

 

 

 

 
Figure 3.23. Bar plot of mean ± SEM persistent Ca2+ sparklet density in cells expressing WT 
Cav1.2c + PKCα (n = 9) and S1901A Cav1.2c + PKCα (n = 8). Data from cells that did not show any Ca2+ 
sparklet activity was included if those cells exhibited ICa upon depolarization. ns, not significant. 
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CHAPTER 4 

DISCUSSION 

 

Central hypothesis revisited: 

Persistent Ca2+ sparklet activity is chiefly determined by c-Src, which acts 

downstream of PKCα and directly phosphorylates the CaL channel at Y2122. 

 

4.1. c-Src as a determinant of persistent Ca2+ sparklets 

The present study is the first to investigate the role of c-Src in the production of 

persistent Ca2+ sparklets. Navedo et al. (2005, 2006) have previously shown the 

occurrence of both low activity and persistent Ca2+ sparklets in rat cerebral arterial 

myocytes.  They have provided evidence that persistent Ca2+ sparklet activity is induced 

by PKCα. Application of PDBu increases the activity of Ca2+ sparklets whereas both 

application of Gö6976 (inhibits classical PKC isoforms) and intracellular dialysis of PKC 

inhibitory peptide block persistent Ca2+ sparklet activity. The observation that PKCβ 

inhibitory peptide does not block persistent Ca2+ sparklets rules down the involvement of 

PKCβ isoform and indirectly suggest a role of PKCα in production of persistent Ca2+ 

sparklets. This is further supported by the evidence that arterial myocytes from PKCα 

knock-out mice do not exhibit persistent Ca2+ sparklet activity as opposed to arterial 

myocytes from WT mice.  

TIRF imaging of HEK 293T cells expressing WT Cav1.2c with c-Src revealed the 

occurrence of persistent Ca2+ sparklets in these cells. Persistent Ca2+ sparklets were also 
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detected in cells expressing Cav1.2c alone. One possible explanation is that Cav1.2c 

phosphorylation by endogenously expressed c-Src in HEK 293T cells is responsible for 

persistent Ca2+ sparklets in cells that were transfected with Cav1.2c alone. To determine if 

c-Src produces persistent Ca2+ sparklets, I exposed the cells co-expressing WT Cav1.2c 

and c-Src to a membrane permeable, c-Src specific inhibitor, PP2, through the bath 

solution. Application of PP2 (10 µM), decreased persistent Ca2+ sparklet activity 

significantly without having an effect on low activity Ca2+ sparklets, which presumably 

occur due to random CaL channel openings in the membrane. In my protocols, 

overexpression of c-Src in HEK 293T cells required the use of a higher concentration of 

PP2 (10 µM) to achieve significant inhibition. Although this dose could potentially 

produce non-specific effects by blocking other endogenous protein kinases, no such 

effects have been reported (http://www.emdchemicals.com/). Therefore, overexpression 

of kd c-Src was used to further substantiate the involvement of c-Src in generating 

persistent Ca2+ sparklets. Exogenously expressed kd c-Src would competitively inhibit 

endogenous c-Src in HEK 293T cells (Gui et al., 2006). Indeed, the frequency of 

persistent Ca2+ sparklets was found to be reduced in HEK 293T cells expressing WT 

Cav1.2c with kd c-Src. The occasional occurrence of persistent Ca2+ sparklets under these 

conditions might have been due to a failure of the cells to co-express kd c-Src. In the 

absence of kd c-Src, endogenous c-Src could potentially phosphorylate Cav1.2c, though 

the level of Cav1.2c phosphorylation may be low. Indeed, Gui et al. (2006) provided 

evidence for low levels of tyrosine phosphorylation of WT Cav1.2c by endogenous c-Src. 

They immunoprecipitated heterologously expressed WT Cav1.2c from tsA-201 cells and 
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subjected it to in vitro phosphorylation in the presence and absence of purified, 

exogenous c-Src. WT Cav1.2c was tyrosine phosphorylated when exposed to purified c-

Src. Low levels of WT Cav1.2c phosphorylation were also observed in the absence of 

exogenous c-Src. Similarly, WT Cav1.2c exhibited tyrosine phosphorylation whereas a 

very low level of tyrosine phosphorylation was detected in Cav1.2c immunoprecipitates 

from cells expressing WT Cav1.2c alone (Gui et al., 2006). Further, the strategies that I 

applied to inhibit c-Src-induced persistent Ca2+ sparklets have previously been used by 

used by Gui et al. (2006) and Bence-Hanulec et al. (2000). Gui et al. (2006) have shown 

that the c-Src-mediated potentiation of Cav1.2c current following α5β1 integrin is reversed 

with PP2 application or co-expression of Cav1.2c with kd c-Src instead of WT c-Src. 

Further, they did not detect phosphorylation of immunoprecipitated Cav1.2c, probed by 

an antiphosphotyrosine antibody, when kd c-Src was co-expressed with Cav1.2c in cells 

while co-expression of WT c-Src and Cav1.2c showed high channel phosphorylation 

levels. Similar effects of PP2 application and exogenously expressed kd c-Src have been 

reported on c-Src-mediated Cav1.2c potentiation by IGF-1 by Bence-Hanulec et al. 

(2000), suggesting that the measures taken in my protocols to inhibit c-Src activity were 

effective.  

To determine the mechanism by which c-Src produces persistent Ca2+ sparklet 

activity, I used two mutant channels that could not be phosphorylated at specific tyrosine 

residues (Y2122F Cav1.2c and Y2139F Cav1.2c). Coexpression of Y2122F Cav1.2c and c-Src 

in HEK 293T cells caused a significant reduction in both the median signal mass and the 

mean density of persistent Ca2+ sparklets compared to cells that expressed WT Cav1.2c + 
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c-Src. Neither median signal mass nor mean density of persistent Ca2+ sparklets changed 

significantly with Y2139F Cav1.2c + c-Src expression compared to WT Cav1.2c + c-Src 

expression. Although there are many predicted tyrosine phosphorylation sites on Cav1.2c 

(Appendix 1), I chose to test Y2122 and Y2139 residues for their involvement in c-Src-

induced persistent Ca2+ sparklet activity. I made that choice based on the evidence 

provided by two previous studies (Bence-Hanulec et al., 2000; Gui et al., 2006) and also 

because Cav1.2c mutated at Y2122 and Y2139 were readily available in our lab. Bence-

Hanulec et al. (2000) suggested tyrosine phosphorylation and subsequent potentiation of 

Cav1.2c in response to IGF-1. They tested multiple intracellular regions of Cav1.2c for 

phosphorylation by exposing GST-fusion proteins encoding for various intracellular 

regions to the lysates of IGF-1 stimulated neuroblastoma (SH-SY5Y) cells. GST-proteins 

encoding for two regions: i) amino acids 1701-1931 ii) amino acids 1932-2143 were 

phosphorylated by exogenous c-Src. However, there are many predicted phosphorylation 

sites on rat brain Cav1.2c within the span of these two regions (Appendix 1). They further 

performed in vitro kinase assays on these two GST-fusion proteins using purified c-Src 

and detected phosphorylation in the region between 1932-2143. Mutation experiments on 

the only two putative tyrosine phosphorylation sites in this region were consistent with 

Y2122 being the c-Src phosphorylation site on Cav1.2c. The involvement of this tyrosine 

residue was further corroborated by two previous studies in our lab. Wu et al. (2001) 

dialyzed vascular smooth muscle cells with a peptide identical to amino acids from E2116 

to R2126 on Cav1.2 to compete with endogenous Cav1.2 for c-Src phosphorylation. This 

led to inhibition of both basal and α5β1 integrin-enhanced CaL current in vascular smooth 
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muscle cells while a scrambled peptide was without any effect. Subsequently, Gui et al. 

(2006) provided evidence for Y2122 as the c-Src phosphorylation site on Cav1.2c, using 

both in vitro phosphorylation assays and patch clamp experiments. In agreement with 

previous evidence, the results of my study suggest that residue Y2122 on Cav1.2c is the 

primary site of action for c-Src. However, mutation of Y2122 does not completely 

eliminate persistent Ca2+ sparklet activity in cells that express Y2122F Cav1.2c and c-Src. 

There are several possible explanations for the residual persistent Ca2+ sparklet activity in 

Y2122F Cav1.2c including Cav1.2 phosphorylation by c-Src at an additional site and/or 

phosphorylation of Cav1.2 by another c-Src activated, endogenously expressed kinase in 

parallel. Collectively, findings for this set of experiments point to residue Y2122 on 

Cav1.2c as the phosphorylation site for c-Src leading to production of persistent Ca2+ 

sparklet activity although the direct effect of Y2122 mutation on channel open probability 

can be completely excluded. 

Although not directly tested, it is highly likely that c-Src also induces persistent 

Ca2+ sparklet activity in vascular smooth muscle cells. c-Src has been shown to increase 

CaL current in rat arteriolar, rabbit portal vein and human colonic smooth muscle cells 

(Hu et al., 1998; Wu et al., 2001; Jin et al., 2002; Callaghan et al., 2004; Gui et al., 2006). 

Since the amino acid sequence of rat Cav1.2c around residue Y2122 is exactly the same as 

that of rat Cav1.2b, these results can be extended to rat Cav1.2b behavior. Both rabbit and 

human Cav1.2b lack this tyrosine residue, suggesting that Cav1.2b is phosphorylated by c-

Src at another tyrosine residue (Kang et al., 2007).  
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The activity of a channel at any given time is a function of the kinase and 

phosphatase activity in its immediate vicinity. The balance between the local activities of 

PKCα, PP2A and PP2B has previously been suggested to produce different patterns of 

Cav1.2 activity across the cell membrane and classified as silent, low and persistent Ca2+ 

sparklet activity sites (Navedo et al., 2006). Preferential phosphorylation of some Cav1.2 

channels over the others by PKCα, based on the distribution of PKCα, has also been 

shown to be responsible for the production of persistent Ca2+ sparklet activity (Navedo et 

al., 2005). Immunofluorescence and confocal imaging studies performed by Navedo et al. 

(2005) revealed that Cav1.2 channels have a diffuse distribution while PKCα appears to 

be distributed in clusters near the membrane. Whether c-Src has a diffuse or clustered 

distribution on the cell membrane is not known and was not tested in my study, but 

numerous studies indicate that c-Src preferentially localizes to focal adhesions in 

adherent cells (Vuori, 1998; Wu et al., 2001). Also, the action and the identity of the 

phosphatase that might dephosphorylate the tyrosine residue on Cav1.2, to my 

knowledge, are not known. Based on the observation that both low activity and persistent 

Ca2+ sparklets occur in cells transfected with WT Cav1.2c and c-Src, it can be speculated 

that c-Src, like PKCα, upregulates only a small population of Cav1.2 on the cell 

membrane. In this case, the activity of a sparklet site may be determined by the activities 

of nearby c-Src and phosphatases.  
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4.2. PKCα-induced persistent Ca2+ sparklet activity 

The role of c-Src

PKCα reportedly induces persistent Ca2+ sparklet activity in arterial smooth 

muscle (Navedo et al., 2005, 2006) but the exact mechanism remains unknown. I 

hypothesized that PKCα mediates persistent Ca2+ sparklet activity by stimulation of c-

Src. My hypothesis was based on the previous evidence that several isoforms of PKC 

activate c-Src. Brandt et al. (2002) showed that PKC stimulated c-Src during actin 

organization in the A7r5 vascular smooth muscle cell line. They further established that 

the PKCδ isoform phosphorylates PTPα which, in turn, activates c-Src (Brandt et al., 

2003). Gatesman et al. (2004) have shown the involvement of the PKCα/AFAP-110/c-Src 

pathway during podosome formation. A study by Callaghan et al. (2004) has suggested 

that PKC novel isoforms work through c-Src to modulate CaL channel activity in smooth 

muscle.  

To determine if PKCα induces persistent Ca2+ sparklet activity through c-Src, I 

tested the effect of Y2122 and Y2139 mutation of Cav1.2c on persistent Ca2+ sparklet 

activity. Y2122 and Y2139 are the two predicted c-Src phosphorylation sites on Cav1.2. Of 

these two sites, experimental data (from my experiments; Gui et al., 2006; Bence-

Hanulec et al., 2000) support the conclusion that Y2122 is the key site of c-Src action on 

Cav1.2c. If PKCα acts via c-Src to produce persistent Ca2+ sparklets, mutation of either 

Y2122 or Y2139 would inhibit the action of PKC on Cav1.2c partially or completely, thereby 

causing a reduction or elimination of persistent Ca2+ sparklet activity. However, I 

detected persistent Ca2+ sparklets in cells that expressed Y2122F Cav1.2c + PKCα or 
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Y2139F Cav1.2c + PKCα. The signal masses and density of persistent Ca2+ sparklets for 

both of these transfection groups were similar to those seen with the WT Cav1.2c + PKCα 

expression. These findings suggest that PKCα induces persistent Ca2+ sparklet activity in 

a c-Src independent manner. My conclusion from this set of data is, in fact, in agreement 

with Callaghan et al. (2004). They studied muscarinic M2 receptor-mediated CaL current 

in rabbit portal vein myocytes and established the involvement of a PI3-kinase/PKC/c-

Src pathway in the potentiation of CaL current upon Ach application. Treatment of cells 

with a classical and novel PKC isoform inhibitor, calphostin C, reversed the Ach-

mediated CaL current potentiation while Gö6976, an antagonist specific to classical PKC 

isoforms, did not have any effect on the Ach response. Application of PDBu, which 

enhances the activity of both classical and novel isoforms, caused CaL current 

potentiation. This PDBu-induced current potentiation was completely reversed by 

calphostin C and partially reversed by Gö6976. This suggested that while both novel and 

classical PKC isoforms enhance CaL current, only a novel PKC isoform participates in 

Ach-mediated CaL current potentiation. In the presence of PP2, a c-Src inhibitor, Ach-

mediated CaL current potentiation was not observed, implicating the involvement of c-Src 

in this response. To establish that it was indeed a novel PKC isoform that acted upstream 

of c-Src, they treated the portal vein myocytes with PDBu in the presence of PP2. This 

resulted in CaL current potentiation that was completely reversed by Gö6976. The 

observation that stimulation of novel PKC isoforms, in the presence of PP2, did not lead 

to a novel PKC-dependent increase in CaL current indicated that c-Src is downstream of 

the novel PKC in the pathway. Also, these findings suggested that classical PKC-
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dependent CaL current potentiation is independent of c-Src (Callaghan et al., 2004). In 

light of these collective findings, the central hypothesis of my study, which stated that 

PKCα acts via c-Src to produce persistent Ca2+ sparklets, is negated.  

This leads back to the question of how PKCα induces persistent Ca2+ sparklet 

activity. It is possible that PKCα directly phosphorylates Cav1.2c to produce persistent 

Ca2+ sparklets. The N-terminus of the cardiac Cav1.2a isoform has been implicated in 

both PKC-mediated stimulation and inhibition of Cav1.2a (Shistik et al., 1999; McHugh 

et al., 2000) but the N-terminus of the Cav1.2c isoform is shorter than cardiac Cav1.2 and 

lacks the potential serine and threonine PKC phosphorylation sites. The occurrence of 

persistent Ca2+ sparklets in cells expressing WT Cav1.2c + PKCα suggests that PKCα 

does not phosphorylate Cav1.2c on its N-terminus to produce persistent Ca2+ sparklet 

activity.  

 

The role of Cav1.2c S1901 phosphorylation by PKCα

S1901 on Cav1.2c (S1928 on Cav1.2a and b) is conserved among different CaL 

channel isoforms in different species. This site has long been considered the primary 

PKA phosphorylation site on CaL channels. However, a few recent studies have 

challenged its role in PKA-mediated upregulation of rabbit Cav1.2 current (Ganesan et 

al., 2006; Lemke et al., 2008; Fuller et al., 2010). S1928 is also reported to be 

phosphorylated by PKCα (Yang et al., 2005). Yang et al. (2005) used 

immunoprecipitation assays to show association of PKCα with native and heterologously 

expressed Cav1.2a. In vitro phosphorylation assays on GST-fusion proteins encoding the 
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WT Cav1.2a C-terminal fragment between amino acids 1906-2170 revealed 

phosphorylation by PKCα while S1928A Cav1.2a eliminated phosphorylation of this 

fragment by PKCα. Phosphorylation assays on heterologously expressed WT Cav1.2a or 

S1928A Cav1.2a yielded results similar to those with GST-fusion proteins. These findings 

suggested that PKCα can potentially phosphorylate Cav1.2a on S1928. However, these 

authors did not test whether or not the PKCα phosphorylation of S1928 translates into an 

increase in channel function. In another study by the same group, S1928 was also 

implicated as a PKG phosphorylation site using an in vitro phosphorylation assay. 

Electrophysiological experiments revealed that application of 8-Br-cGMP + calyculin 

inhibits Cav1.2 current in cells expressing WT Cav1.2 as well as current in cells 

expressing S1928A Cav1.2. The failure of the S1928A Cav1.2 construct to abrogate the 

inhibition of current caused by 8-Br-cGMP indicates that PKG phosphorylation of S1928 

on Cav1.2 does not modulate Cav1.2 function. Similarly, it is possible that in vitro 

phosphorylation of Cav1.2a residue S1928 by PKCα may also be inconsequential to Cav1.2 

function.  

To determine the effect of S1928 phosphorylation by PKCα on persistent Ca2+ 

sparklet activity, I performed TIRF imaging on HEK cells expressing S1901A Cav1.2c + 

PKCα. The median signal mass of persistent Ca2+ sparklets in cells co-expressing S1901A 

Cav1.2c + PKCα was significantly lower than that of cells expressing WT Cav1.2c + 

PKCα. Examination of persistent Ca2+ sparklet density revealed that the mean densities of 

these two groups were comparable. One possible explanation for this inconsistency is that 

another endogenous kinase like c-Src, which phosphorylates Cav1.2c at a different site, 
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compensated for the reduction in PKCα-induced persistent Ca2+ sparklet activity brought 

about by S1901A Cav1.2c. Parallel phosphorylation of Cav1.2c by another kinase might 

have masked the effect of the S1901A mutation on persistent Ca2+ sparklet activity 

produced by PKCα. It is also possible that PKCα phosphorylates Cav1.2 at a different, yet 

unknown site. As discussed in chapter 1, both Cav1.2a and c isoforms are truncated and 

colocalize with their DCT fragments in vivo (at least in some cell types). Fuller et al. 

(2010) suggest that PKA phosphorylates Cav1.2a (rabbit) at S1700 to enhance Cav1.2 

current upon FSK treatment in tsA-201 cells expressing truncated Cav1.2a (at position 

1800) and its C-terminal fragment. They also showed that full-length Cav1.2a channels 

did not exhibit any change in the phosphorylation level of S1700 with FSK treatment while 

phosphorylation of S1928 increased significantly. These data clearly indicate that the 

phosphorylation response of full-length Cav1.2a is different from phosphorylation of 

truncated Cav1.2a colocalized with its DCT.  Since both long and short forms of Cav1.2a 

are present in vivo, it is possible that PKCα phosphorylates Cav1.2a at S1928 and that the 

short form of Cav1.2a (colocalized with its C-terminus) is phosphorylated by PKCα at 

another Ser/Thr residue on the Cav1.2a C-terminus to bring about the full potentiation of 

Cav1.2 channel function in response to PKC activation. Phosphorylation of this site might 

not be easily detectable in full-length Cav1.2 a and c isoforms. Appendices 2, 3 and 4 

show potential PKC phosphorylation sites on rabbit Cav1.2a, rat Cav1.2a and rat Cav1.2c, 

respectively.  
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4.3. Retrospective analysis of my experimental design 

Was TIRF microscopy the best choice?  

Our long-term goal is to understand whether α5β1 integrin activation potentiates 

whole cell CaL currents by increasing the overall CaL channel function or by dramatically 

increasing the activity of only a small population of CaL channels that might colocalize 

with integrins or other focal adhesion proteins. A TIRF microscope coupled with a high 

speed camera allows imaging not only the simultaneous CaL channel openings but also 

the spatial clustering or localization of other proteins in parallel. The latter can be 

achieved by exciting the protein-tagged fluorophores at a wavelength different than the 

wavelength of the Ca2+ fluorescence indicator used for parallel recording of Ca2+ sparklet 

activity and then by alternating between two excitation wavelengths. These features of 

TIRF imaging made it an optimal technique for us to accomplish our long-term goals.  

The primary objective of my study was to understand how c-Src and PKC 

regulate CaL channels at the single-channel level, for which I used the TIRF imaging 

technique. Another possible approach to accomplish this objective was to perform cell-

attached patch clamp recordings to measure the activity of CaL channels under different 

experimental conditions controlling the activation levels of PKC and/or c-Src. Since the 

cell-attached patch clamp configuration allows current recording from only a small patch 

of the cell membrane, hundreds or even thousands of single-channel recordings would be 

required in order to obtain the representative behavior of the CaL channel population. As 

observed previously (Navedo et al., 2005) and in this study, persistent Ca2+ sparklets 

occur over a very small area of the cell membrane. Due to these reasons, the probability 
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of recording Ca2+ currents corresponding to persistent Ca2+ sparklets in the cell-attached 

configuration would be very low. Additionally, detection of persistent Ca2+ currents in 

the cell-attached mode might have required the use of CaL channel agonists like Bay-K to 

increase the mean open time and open probability of CaL channels (Hess et al., 1984; 

Navedo et al., 2010a). Also, the small amplitudes of single-channel Ca2+ current have 

compelled most of the researchers to use Ba2+ as charge carrier to study CaL channels. 

Ba2+, besides being non-physiological, could potentially mask the effect of various Ca2+-

activated signaling molecules that might, in return, affect the behavior of CaL channels 

under those conditions. One example of such a scenario is the use of Ba2+ as a charge 

carrier to study CaL channel regulation by PKCα at single-channel level. Ca2+ entry 

through a random CaL channel opening may activate nearby PKCα, which, in turn, might 

phosphorylate the channel to induce persistent Ca2+ sparklets. The probability of 

observing such persistent events would be much lower with Ba2+ as a charge carrier. 

TIRF microscopy, on the other hand, relies on highly sensitive and selective Ca2+ 

fluorescence indicators. These indicators, upon binding with Ca2+, exhibit a multifold 

increase in fluorescence. Therefore, localized fluorescence transients generated during 

Ca2+ influx are amplified manifestations of the underlying Ca2+ currents. The ability to 

capture these fluorescence signals at high speed with good fidelity using cooled EMCCD 

cameras has made it easier to study CaL channel gating behavior under physiological 

conditions. Imaging fluorescence associated with Ca2+ influx in TIRF mode with a high 

speed EMCCD camera was a more efficient alternative to cell-attached patch clamp for 

my experiments. It enabled visualization of a larger area of the cell membrane, allowing 
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for simultaneous recordings from multiple CaL channel openings. Although TIRF 

imaging provides the option of spatial mapping of channels and studying clustering or 

association of CaL channels with other proteins, these features were not implemented in 

my studies.  

One of the challenges I faced using TIRF microscopy was the detection of 

spurious Ca2+ events in non-transfected cells. Interestingly, such events have also been 

observed in oocytes expressing N-type Ca2+ channels at negative (-60 to -120 mV) 

holding potentials (Demuro and Parker, 2003). These authors reported that the spurious 

Ca2+ events recorded under the conditions of their experiments had similar amplitudes, 

durations and spatial spread as channel fluorescence events. However, the spurious 

events exhibited smaller amplitudes with the application of depolarizing pulses that were 

used to record fluorescence events associated with N-type Ca2+ channel openings. The 

origin of such spurious events could not be resolved in this way in my study for at least 

two reasons: i) CaL channels exhibit higher open probability with membrane 

depolarization which would result in increased basal Ca2+ fluorescence; ii) the driving 

force for Ca2+ decreases at higher potentials leading to smaller changes in Ca2+ during 

CaL channel openings, subsequently, leading to small, undetectable changes in Ca2+ 

fluorescence. The smaller size of HEK 293T cells in comparison to oocytes makes them 

all the more susceptible to the consequences of depolarization. These limitations required 

me to focus on the analysis of persistent Ca2+ sparklet activity. Persistent Ca2+ sparklets 

have previously been shown to account for the majority of steady state Ca2+ influx under 

physiological conditions and thus play an in integral role in determining global [Ca2+]i 
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(Amberg et al., 2007). Importantly, the frequency of spurious Ca2+ transients resembling 

persistent Ca2+ sparklets was low, therefore making the results less prone to errors caused 

by the presence of such events among persistent Ca2+ sparklets in cells that expressed 

Cav1.2c alone or with kinases.  

 

Signal mass as a measure of Ca2+ sparklet activity 

Previously, the activity of Ca2+ sparklets was determined with nPs analysis, which 

is similar to nPo analysis for single-channel data. nPs analysis is performed on Ca2+ 

sparklet temporal traces extracted from TIRF images by averaging the signal over a 3x3 

region. This region is centered at the pixel corresponding to the highest fluorescence 

signal value at that sparklet site in a recording. Based on nPs values, Navedo et al. (2005) 

have deduced bimodal gating behavior of CaL channels. All sparklets with nPs values < 

0.2 are classified in low activity mode while sparklets with nPs values ≥ 0 .2 are 

considered to be in persistently active mode. For my study, I initially performed nPs 

analysis on Ca2+ sparklet recordings. Later, I switched to the signal mass approach for 

data analysis primarily due to the occurrence of very high amplitude fluorescence events. 

Total signal mass values do not directly correspond to nPs values of Ca2+ sparklets. But 

they are still indicative of Ca2+ sparklet activity as the signal mass value is a measure of 

total Ca2+ flux at a site. I separated the different modes of Ca2+ sparklet activity by 

establishing a decision criterion similar to 0.2 used by Navedo et al. (2005) and 

established the decision criterion for each transfection group separately. This was done to 
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account for the susceptibility of fluorescence signals for experimental variables such as 

different batches of cells. 

 

4.4. Coordinated, constitutively-active vs stochastic, voltage-dependent CaL channels 

A series of studies by Santana and colleagues suggest the presence of a 

persistently active mode of CaL channel activity (Navedo et al., 2005, 2006, 2008, 

2010a,b). CaL channels operating in this mode have a higher Po than other CaL channels 

in the membrane and are not stochastically gated. Instead the activity and location of sites 

exhibiting persistent Ca2+ sparklet activity is controlled by the underlying PKCα activity 

(Navedo et al., 2005, 2006). These persistently active channels appear to be 

physiologically important as they contribute about 50% of the steady state Ca2+ entry 

through CaL channels under physiological conditions (Amberg et al., 2007). These 

findings challenge previously accepted assumptions that these channels are stochastically 

gated and all functional channels in the membrane exhibit similar Po at a given potential 

(Navedo et al, 2005). McCarron et al. (2009) undertook a study to explore the 

contribution of persistently active CaL channels to global intracellular Ca2+ levels in 

gastrointestinal and vascular smooth muscle. However, they detected persistent Ca2+ 

sparklets in only 2 out of 306 cells. Application of the PKC activator, Indolactam-V also 

did not induce persistent Ca2+ sparklet activity. Further, they suggested that it is the 

stochastic gating of voltage-dependent Ca2+ channels that cause the intracellular Ca2+ 

levels to rise. The conflict between the findings of that study and previous studies by 

Santana and colleagues could be due to different experimental conditions. McCarron et 
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al. (2009) used 5 µM of Fluo-5 AM as Ca2+ fluorescence indicator. While loading the 

cells with Fluo-5, the cells were also treated with the MLCK inhibitor wortmannin to 

prevent cell contraction. Moreover, they did not include EGTA in the intracellular 

solution, the extracellular solution contained only 3 mM Ca2+, and the cells were not 

treated with thapsigargin. On the other hand, Navedo et al. (2005) loaded Fluo-5 (200 

µM) into the cells via the patch-pipette. They included 10 mM EGTA in the intracellular 

solution, the cells were treated with 1 µM thapsigargin and studied in 20 mM external 

Ca2+. Interestingly, McCarron et al. (2009) could not detect persistent sparklet activity 

even after they increased extracellular Ca2+ to 20 mM, treated the cells with 1 µM 

thapsigargin and included 10 mM EGTA in intracellular solution.  

 

4.5. Conclusions 

Both cPKCα and c-Src have been implicated in regulating the basal activity of 

CaL channels in vascular smooth muscle cells, which are responsible for maintaining 

vascular tone (Nelson et al., 1990; Wu et al., 2001; Navedo et al., 2005). Moreover, 

persistent Ca2+ sparklets, induced by PKCα, have been revealed to be the primary 

determinants of both steady state Ca2+ entry and global [Ca2+]i levels under physiological 

conditions (2 mM external Ca2+ and -40 mV membrane potential), despite their 

confinement to only a small fraction of the cell membrane (Amberg et al., 2007). The 

results from the present study throw more light on the mechanism of CaL channel 

regulation by c-Src by identifying the tyrosine residues on the CaL channel that are 

phosphorylated to produce persistent Ca2+ sparklets. Also, it has become clear that PKCα 
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does not activate c-Src to produce persistent Ca2+ sparklets under basal conditions. The 

findings of my study form the basis for understanding the functional changes in CaL 

channel activity that are brought about by integrin activation and mediated, in part, by c-

Src (Gui et al., 2006). Ca2+ entry under basal conditions as well as following integrin 

activation modulates vascular tone and thereby, impacts pressure and flow regulation by 

arterial smooth muscle in different tissues and organs.  
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CHAPTER 5 

FUTURE DIRECTIONS 

 

The findings of my study suggest that c-Src, like PKCα, induces persistent Ca2+ 

sparklet activity through CaL channels but that PKCα-induced persistent Ca2+ sparklet 

activity is not mediated by c-Src. In the following section, I outline possible future 

studies to extend my work as well as present perspectives on what I would have done 

differently in retrospect, knowing what I know now: 

1. To resolve if PKCα phosphorylates S1901 to produce persistent Ca2+ sparklet 

activity. The site at which PKCα acts on on CaL channels to produce persistent Ca2+ 

sparklet activity is not clear. Yang et al. (2005) provided evidence for in vitro 

phosphorylation of S1928 on Cav1.2a (analogous to S1901 on Cav1.2c) by PKCα. 

However, they did not test the effect of S1928 phosphorylation by PKCα on CaL 

channel function. My data show a significant reduction in the signal mass of persistent 

Ca2+ sparklets in cells transfected with S1901A Cav1.2c + PKCα compared to that of 

cells transfected with WT Cav1.2c + PKCα (refer to section 3.6.). However, the 

persistent Ca2+ sparklet density analysis performed on these two transfection groups 

revealed similar values for both. One of the possible reasons for this inconsistency 

could be that endogenous c-Src phosphorylates Cav1.2c at Y2122 in cells expressing 

S1901A Cav1.2c and masks the reduction in persistent Ca2+ sparklet density brought 

about by the S1901A mutation. This could be resolved by performing Ca2+ sparklet 

experiments on i) cells expressing S1901AY2122F Cav1.2c + PKCα, ii) cells expressing 
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S1901A Cav1.2c + PKCα + kd c-Src, and iii) cells expressing S1901A Cav1.2c + PKCα + 

pretreatment with PP2. Under all these conditions, there should be a significant 

decrease in both signal mass and density of persistent Ca2+ sparklets. 

 

2. To determine if c-Src produces persistent Ca2+ sparklets in vascular smooth 

muscle cells. From my data (refer to sections 3.3 and 3.4) and previous evidence 

(Bence-Hanulec et al., 2000; Gui et al., 2006), it is clear that c-Src phosphorylates 

exogenously and heterologously expressed rat Cav1.2c at Y2122 to increase the activity 

of these channels in HEK 293T cells. Future Ca2+ sparklet experiments on freshly 

isolated smooth muscle will help establish the contribution of c-Src in the production 

of persistent Ca2+ sparklet activity in the Cav1.2b isoform. Since both PKC and c-Src 

regulate CaL channels under basal conditions, one of the challenges for our future 

experiments will be to separate the c-Src-induced persistent Ca2+ sparklets from 

PKCα-induced persistent Ca2+ sparklets. This could be accomplished by treatment of 

cells with appropriate c-Src and PKCα specific pharmacological agents.  

 

3. To determine if α5β1 integrin activation leads to an increase in the number of 

persistent Ca2+ sparklet sites or increases the overall sparklet activity 

(represented by signal mass) without recruitment of new persistent Ca2+ sparklet 

sites. Integrins are transmembrane, heterodimeric proteins that play significant roles in 

many physiological functions, particularly cell adhesion. Our lab has previously 

established that c-Src, along with PKA, is responsible for CaL current potentiation 
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following α5β1 integrin activation (Wu et al., 2001; Gui et al., 2006). Whether α5β1 

integrin activation results in an increased number of functional channels within the cell 

membrane or clustering of existing CaL channels to potentiate CaL current has 

remained a puzzle. TIRF microscopy is a promising technique to explore this issue. In 

the future, Ca2+ sparklet experiments could be performed to understand how c-Src 

brings about enhancement of CaL current after α5β1 integrin activation. It will be 

important to distinguish between the Ca2+ sparklets produced by PKCα and c-Src, 

especially if PKCα is found to be activated in the signaling pathway(s) downstream 

from α5β1 integrin. It is possible that PKCα may solely be responsible for persistent 

Ca2+ sparklets under basal conditions and that α5β1 integrin activation may induce 

persistent Ca2+ sparklets through c-Src, eventually resulting in a net increase in 

persistent Ca2+ sparklet activity. A recent publication by Navedo et al. (2010a) has 

suggested the existence of coupled gating in CaL channels. Their findings indicate that 

the C-termini of CaL channels in a cluster interact transiently, resulting in their 

coordinated opening and closing. They also propose that the coupled gating of CaL 

channels may bring about larger increases in current more efficiently than independent 

gating under certain physiological and pathological conditions (Navedo et al., 2010a). 

It is intriguing to speculate that α5β1 integrin activation potentiates CaL current by 

increased coupled gating of CaL channels. One plausible scenario is that activation of 

α5β1 integrins and their subsequent clustering brings CaL channels physically close to 

each other resulting in the recruitment of more CaL channels to already dynamically 

coupled CaL channels at a site. In this case, there will not be an increase in the 
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persistent Ca2+ sparklet density but the signal masses of persistent Ca2+ sparklet sites 

will increase significantly. Another possibility is that α5β1 integrin activation and its 

clustering in the membrane brings CaL channels that are previously isolated close 

enough to couple them together with the help of an anchoring entity similar to AKAPs, 

which have previously been shown to be involved in coupled gating of CaL channels at 

persistent Ca2+ sites produced by PKCα (Navedo et al., 2010a). Such a situation would 

result in a significant increase in persistent Ca2+ sparklet density while there may or 

may not be a significant change in the signal masses at Ca2+ sparklet sites. TIRF 

microscopy combined with whole cell patch clamping could help elucidate the 

mechanisms that underlie CaL current potentiation following α5β1 integrin activation.  
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APPENDIX 1: Predicted tyrosine phosphorylation sites on Rat Cav1.2c  
(NetPhos 2.0) 

 
 
 
Pos    Context    Score  Pred 
__________________________v__ 
   9   NTRMYVPEE  0.039    . 
  20   QGSNYGSPR  0.319    . 
  86   KRQQYGKPK  0.189    . 
 144   ALAIYIPFP  0.049    . 
 164   ERVEYLFLI  0.101    . 
 181   KVIAYGLLF  0.008    . 
 190   HPNAYLRNG  0.599  *Y* 
 282   VIIIYAIIG  0.108    . 
 299   HKTCYNQEG  0.540  *Y* 
 370   TDVLYWMQD  0.219    . 
 378   DAMGYELPW  0.106    . 
 384   LPWVYFVSL  0.009    . 
 437   DLKGYLDWI  0.051    . 
 505   KFSRYWRRW  0.054    . 
 527   SNVFYWLVI  0.134    . 
 546   ASEHYNQPH  0.772  *Y* 
 576   LLKMYSLGL  0.005    . 
 583   GLQAYFVSL  0.013    . 
 633   KITRYWNSL  0.345    . 
 713   NSVMYDGIM  0.070    . 
 719   GIMAYGGPS  0.007    . 
 732   LVCIYFIIL  0.011    . 
 742   ISPNYILLN  0.303    . 
 941   GNADYVFTS  0.859  *Y* 
 958   KMTAYGAFL  0.439    . 
 971   FCRNYFNIL  0.278    . 
1058   KGKLYTCSD  0.338    . 
1075   SKGNYITYK  0.893  *Y* 
1078   NYITYKTGE  0.044    . 
 

 
Pos    Context    Score  Pred 
__________________________v__ 
1124   PELLYRSID  0.866  *Y* 
1138   KGPIYNYRV  0.107    . 
1140   PIYNYRVEI  0.005    . 
1151   FFIIYIIII  0.099    . 
1179   GEQEYKNCE  0.913  *Y* 
1194   QCVEYALKA  0.496    . 
1204   PLPRYIPKN  0.333    . 
1212   NQHQYKVWY  0.165    . 
1216   YKVWYVVNS  0.748  *Y* 
1222   VNSTYFEYL  0.201    . 
1225   TYFEYLMFV  0.025    . 
1243   AMQHYGQSC  0.505  *Y* 
1280   KPKHYFCDA  0.073    . 
1364   QALPYVALL  0.275    . 
1376   LFFIYAVIG  0.121    . 
1457   FAVFYFISF  0.021    . 
1462   FISFYMLCA  0.021    . 
1483   DNFDYLTRD  0.812  *Y* 
1506   IWAEYDPEA  0.043    . 
1621   VGKFYATFL  0.025    . 
1629   LIQEYFRKF  0.008    . 
1711   NHVSYYQSD  0.239    . 
1712   HVSYYQSDS  0.068    . 
1760   TPSSYSSTG  0.742  *Y* 
1786   HPAGYSSTV  0.128    . 
1849   EEVEYCSEP  0.977  *Y* 
1863   DILSYQDDE  0.145    . 
2121   ESCVYALGR  0.110    . 
2138   DSRSYVSNL  0.913  *Y*

________________________________________________________________________ 
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APPENDIX 2: Predicted PKC phosphorylation sites on Rabbit Cav1.2a  
Method: NetPhosK without ESS filtering, threshold: 0.5 

 
 
 

Site   Kinase   Score 
--------------------- 
T-27      PKC    0.52 
T-105     PKC    0.74 
S-107     PKC    0.82 
S-108     PKC    0.70 
T-109     PKC    0.90 
T-125     PKC    0.75 
T-126     PKC    0.52 
T-138     PKC    0.64 
T-163     PKC    0.79 
T-201     PKC    0.59 
S-290     PKC    0.60 
T-350     PKC    0.58 
T-360     PKC    0.81 
T-385     PKC    0.72 
T-501     PKC    0.52 
S-530     PKC    0.68 
T-661     PKC    0.64 
S-677     PKC    0.75 
T-714     PKC    0.57 
S-717     PKC    0.56 
T-718     PKC    0.54 
T-728     PKC    0.80 
T-848     PKC    0.65 

 

 
 
 

Site   Kinase   Score 
--------------------- 
T-956     PKC    0.66 
S-957     PKC    0.51 
S-1010    PKC    0.64 
T-1067    PKC    0.55 
T-1087    PKC    0.52 
S-1089    PKC    0.56 
T-1095    PKC    0.59 
T-1140    PKC    0.72 
S-1274    PKC    0.63 
T-1382    PKC    0.83 
T-1431    PKC    0.52 
T-1753    PKC    0.75 
S-1786    PKC    0.53 
S-1787    PKC    0.65 
T-1820    PKC    0.57 
S-1842    PKC    0.85 
S-1843    PKC    0.93 
S-1977    PKC    0.67 
S-2010    PKC    0.67 
S-2016    PKC    0.51 
T-2048    PKC    0.62 
S-2114    PKC    0.73 

 

_______________________________________________________________________ 
 

Highest Score:   0.93 PKC at position 1843 
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APPENDIX 3: Predicted PKC phosphorylation sites on Rat Cav1.2a 
Method: NetPhosK without ESS filtering, threshold: 0.5 

 
 

Site   Kinase   Score 
--------------------- 
T-24      PKC    0.55 
T-105     PKC    0.74 
S-107     PKC    0.82 
S-108     PKC    0.70 
T-109     PKC    0.90 
T-125     PKC    0.76 
T-126     PKC    0.50 
T-138     PKC    0.64 
T-163     PKC    0.79 
T-201     PKC    0.59 
S-290     PKC    0.60 
T-350     PKC    0.58 
T-360     PKC    0.81 
T-385     PKC    0.72 
T-501     PKC    0.52 
S-530     PKC    0.68 
T-638     PKC    0.68 
T-661     PKC    0.64 
S-677     PKC    0.61 
T-714     PKC    0.57 
S-717     PKC    0.56 
T-718     PKC    0.54 
T-728     PKC    0.80 
T-848     PKC    0.65 
T-956     PKC    0.66 
S-957     PKC    0.51 

Site   Kinase   Score 
--------------------- 
S-1010    PKC    0.64 
T-1066    PKC    0.55 
T-1086    PKC    0.52 
S-1088    PKC    0.56 
T-1094    PKC    0.70 
T-1139    PKC    0.72 
S-1273    PKC    0.63 
S-1323    PKC    0.54 
T-1381    PKC    0.83 
T-1430    PKC    0.52 
S-1741    PKC    0.56 
S-1785    PKC    0.53 
S-1786    PKC    0.65 
T-1819    PKC    0.67 
S-1841    PKC    0.85 
S-1842    PKC    0.93 
S-1850    PKC    0.63 
T-1854    PKC    0.68 
S-1867    PKC    0.79 
T-1976    PKC    0.84 
T-2000    PKC    0.53 
S-2009    PKC    0.50 
S-2015    PKC    0.51 
S-2035    PKC    0.56 
T-2047    PKC    0.62 

 
_______________________________________________________________________ 
 

Highest Score:   0.93 PKC at position 1842 
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APPENDIX 4: Predicted PKC phosphorylation sites on Rat Cav1.2c  
Method: NetPhosK without ESS filtering, threshold: 0.5 

 
 

 
Site   Kinase   Score 
--------------------- 
T-75      PKC    0.74 
S-77      PKC    0.82 
S-78      PKC    0.70 
T-79      PKC    0.90 
T-95      PKC    0.76 
T-96      PKC    0.50 
T-108     PKC    0.64 
T-133     PKC    0.79 
T-171     PKC    0.59 
S-260     PKC    0.60 
T-320     PKC    0.58 
T-330     PKC    0.81 
T-355     PKC    0.72 
S-500     PKC    0.68 
T-608     PKC    0.68 
T-631     PKC    0.64 
S-647     PKC    0.61 
T-684     PKC    0.57 
S-687     PKC    0.56 
T-688     PKC    0.54 
T-698     PKC    0.80 
T-929     PKC    0.66 
S-930     PKC    0.51 
T-944     PKC    0.54 

 
Site   Kinase   Score 
--------------------- 
S-983     PKC    0.64 
T-1039    PKC    0.55 
T-1059    PKC    0.52 
S-1061    PKC    0.56 
T-1067    PKC    0.70 
T-1112    PKC    0.72 
S-1246    PKC    0.63 
T-1354    PKC    0.83 
T-1403    PKC    0.52 
S-1714    PKC    0.56 
S-1758    PKC    0.53 
S-1759    PKC    0.65 
T-1792    PKC    0.67 
S-1814    PKC    0.85 
S-1815    PKC    0.93 
S-1823    PKC    0.63 
T-1827    PKC    0.68 
S-1840    PKC    0.79 
T-1949    PKC    0.84 
T-1973    PKC    0.53 
S-1982    PKC    0.50 
S-1988    PKC    0.51 
S-2008    PKC    0.56 
T-2020    PKC    0.62 

 
 
_______________________________________________________________________ 
 

Highest Score:   0.93 PKC at position 1815 
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